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The surface connection between the Ionian Sea (central Mediterranean Sea) and the surrounding areas is studied
by looking at the statistical properties of 1632 near-surface Lagrangian trajectories. The choice of the area is due
to the key role in the dynamics of the Mediterranean Sea and to the geographical distribution of data. The
Lagrangian drifter data were taken from the OGS Mediterranean drifter database, which gathers drifter data
collected in the Mediterranean Sea from various institutions and countries between 1986 and 2016. The database
has proved to be sufficiently complete, but the spatial and temporal data coverage are less satisfactory in the case
of selection of a specific study area and temporal range. The strategy used in this work aims to limiting the
problem of data coverage by choosing many target boxes around the study area, choice based on drifter tra
jectories, current patterns and areas of interest. The pseudo-eulerian analysis obtained from all trajectories
passing through the Ionian Sea show the main dynamic structure present in the central Mediterranean Sea (e.g.
Atlantic Ionian Stream, Mid Ionian Jet, etc.).On the other hand, the data density decreases progressively toward
the eastern and western sectors of the Mediterranean. The highest connection was observed with the Strait of
Sicily, Eastern Ionian and Adriatic Sea, with connection percentages 30%, 25% and 16% respectively. The transit
times between the Ionian Sea and these target boxes are about 20–50 days. The Ionian Sea is characterized by
phenomena of inversion of the basin surface circulation, from cyclonic to anti-cyclonic, over a ten-year timescale,
the so-called Adriatic-Ionian Bimodal Oscillating System (BiOS, e.g. Gačić et al., 2010; Gačić et al., 2011). An
application of the “target box methodology” has been used to describe how the cyclic variability of the dynamic
surface currents generates an equally cyclical fluctuation of the connectivity between the Ionian Sea and the
surrounding areas during the BiOS phases.

1. Introduction
The study of connectivity between basins of the Mediterranean Sea is
becoming increasingly important because it may provide information on
transport of marine litter, on invasion of alien marine species and species
protection and conservation through the creation of Marine Protected
Areas (MPAs) (Rossi et al., 2014; Boero et al., 2016a, 2016b; Carlson
et al., 2016; Dubois et al., 2016). Connectivity is a measure of the
probability of propagule exchange between different populations along
a defined path, and currents are the main driver of connectivity in the
ocean (Boero et al., 2016b). From a statistical point of view, connectivity
can be defined by means of a probability density function, the Green
function (Holzer and Hall, 2000). It describes the probability that a

particle, starting from its initial position (r, t) reaches a position (r’, t’).
The first moment of the pdf obtained from all the t – t’ values, is called
mean transit time or mean age (Holzer and Hall, 2000).
The Lagrangian approach is very well suited to studying the
connection inside a basin (e.g., Cianelli et al., 2017; Miron et al., 2017;
Zambianchi et al., 2017; Olascoaga et al., 2018; Miron et al., 2019; Paris
et al., 2020) or between different basins (Davis, 1991; Carlson et al.,
2016; see a brief discussion in Sciascia et al., 2018). Statistics inferred
from drifter data can be used to quantify and describe the connectivity in
a straightforward way. In principle, to obtain good quality Lagrangian
statistics a complete data coverage of the study area would be required.
This would be possible only deploying drifters with time continuity and
space homogeneity in order to maintain a high number of buoys
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constantly active. In the Mediterranean Sea, the drifter mean lifetime is
about 70 days (see below, and Zambianchi et al., 2017), due to battery
life, collisions with ships, strandings, etc. Thus, in order to increase data
density in terms of temporal/spatial coverage it would be necessary to
deploy even more units, with consequent logistics issues. To overcome
the lack of data in some portions of the Mediterranean, virtual drifter
trajectories generated by the Lagrangian models can be used. In the
Mediterranean area, some authors (Serra et al., 2010; Andrello et al.,
2013; Rossi et al., 2014; Berline et al., 2014; Dubois et al., 2016) used
Lagrangian models to study transport and dispersion of marine organ
isms and/or larvae between MPAs of in the entire basin. Some authors
(Poulain and Hariri, 2013; Carlson et al., 2016) studied connectivity by
means of transit and residence time analyses (Buffoni et al., 1997) inside
the Adriatic basin, using drifter data along with virtual trajectories
simulated by Lagrangian models. Zambianchi et al. (2017), used a
Lagrangian model built on real drifter data to estimate the probability of

debris particles reaching different subareas of the Mediterranean basin.
In this context, our work has been thought to characterize the connec
tivity between different Mediterranean sub-basins using only data from
Lagrangian instruments (drifters); ad hoc statistics were also calculated
to quantify the connectivity. To do this, the Ionian Sea was chosen as the
focus of our investigation and residence/transit time statistics have been
computed to study the connectivity between it and selected target sub
areas. The choice of the Ionian Sea is due to its key role in the dynamics
of and in the water exchange processes occurring inside the Mediterra
nean Sea. The Ionian Sea is also the area where an important phenom
enon, characterizing the decadal variability of the circulation in the
sub-basin, takes place, namely the Adriatic-Ionian Bimodal Oscillating
System (BiOS, Gačić et al., 2010). How the change in the surface circu
lation associated with the BiOS phase, influences the connectivity of the
study area (with other region of the Mediterranean Sea), is a key point
we also addressed in this work. Furthermore, given the high drifter data
Fig. 1. (A) Map of the Mediterranean sea with the
outline of the study area (Ionian Sea) and target
boxes in black (identified by a letter). Drifter tra
jectories passing through the Ionian Sea are color
coded according to the time elapsed since the
deployment. (B) Data Coverage of all drifters
passing through the Ionian Sea. Logarithmic scale
shows the number of trajectories passing through
each bin. (C) Data Density of all drifters passing
through the Ionian Sea. Logarithmic scale shows
the number of data transmitted from each bin. (bin
size ½ degree by ½ degree). (For interpretation of
the references to color in this figure legend, the
reader is referred to the Web version of this
article.)
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density and distribution in the Ionian Sea, residence and transit time
statistics were calculated from drifter data to point out possible changes
associated with the BiOS.

drifter trajectories in the database are reported in Fig. 1B and C. The
highest density coverage can be observed between the Ligurian Sea and
the French coasts, along the Northern Current (NC); in the Adriatic Sea,
in particular along the Western Adriatic Current (WAC); in the Strait of
Sicily, where the Atlantic Ionian Stream (AIS) flows; along the Algerian
Coast, near the Balearic Island, in the Northern Ionian Sea and in the
Cretan Passage (Poulain et al., 2013). The yearly temporal distribution
of the drifter data (Fig. 2, upper panel) is inhomogeneous.
Since the database represents a composite of observations gathered
during independent experiments. A mean satisfactory coverage was
achieved between 1995 and 1998 and between 2001 and 2016, even
though with strong variations of the daily number of available drifters.
The average seasonal and monthly coverage is quite homogeneous over
the whole 30-year period.

2. Data and methods
2.1. Dataset
2.1.1. Drifters
In this work, we used drifter trajectories provided by the MedSVP
database. All data are managed and pre-processed by the National
Institute of Geophysics and Oceanography of Trieste (OGS). Data are
quality controlled to eliminate errors caused mainly by malfunction of
the sensors or of the localization system, by the action of swell and wind.
Positions are also low-pass filtered (Hansen and Poulain, 1996) and
interpolated every 6 h. The data are finally accessible through the
MedSVP website (http://nodc.ogs.trieste.it/nodc/metadata/doidetails?
doi=10.6092/7a8499bc-c5ee-472c-b8b5-03523d1e73e9). Most of the
drifters in the database are of three types, namely: CODE and modified
CODE drifters (e.g., Pisano et al., 2016), CMOD and WOCE-SVP ones. In
addition, there are a limited number of GDP-MINIMET, TRISTAR and
A106/111 drifters (Poulain et al., 2012). Design and structure, water
following skills and performance of each drifter model are reported in
Menna et al. (2017) (a further discussion on SVP water following
modifications in case of drogue loss can be found in Corrado et al.,
2017).
In total, 1632 drifter trajectories active in the period 1986–2016
were used (their trajectories are shown in Fig. 1A). They correspond to
about 311 drifter-years. Since drifters were deployed in the framework
of different projects and experiments, their initial positions are
concentrated in specific regions like the Strait of Sicily, the Adriatic Sea
and the Gulf of Lion. Data coverage and data density obtained from all

2.2. Methods
2.2.1. Pseudo-eulerian velocity statistics
The pseudo-Eulerian analysis of Lagrangian data consists of aver
aging Lagrangian quantities over regularly sized spatial bins (Davis,
1985; for a review on methods for processing Lagrangian data in the
ocean see LaCasce, 2008). It assumes that a clear scale separation be
tween the mean and the eddy field exists (e.g., Zambianchi and Griffa,
1994). The velocity drawn from subsequent drifter displacements, Ut , is
considered as the sum of two components representing processes at
different temporal and spatial scales: U, the mean component of the
′
motion, characterized by larger spatial scales; u , the turbulent compo
nent, associated with subgridscale processes. The motion of a water
particle, measured by the drifters, is then the result of the advection due
′
to the mean flow U and the diffusion due to the turbulent component u .
Knowing Ut , the general approach is to determine the mean component,
dividing the study area in bins of regular size. The mean Uk of all nk

Fig. 2. (A) Annual and monthly temporal distribution of all drifters in the database; (B) BiOS phases (Gačić et al., 2010, 2011).
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values of the velocity Utk measured by drifters inside each k-th bin is
computed to obtain a single current vector for each k-th bin (Poulain and
Niiler 1989; Davis 1991). Generally, the bin size is a compromise be
tween spatial resolution (to resolve the basin and subbasin circulation of
the Mediterranean Sea on one hand and to avoid shear dispersion inside
the bin on the other hand) and statistical accuracy (bin size too small
might result in a too small number of data inside each bin, thus not
ensuring robust statistics, as discussed, e.g., by, Falco and Zambianchi,
2011). In this work, the domain encompasses the entire Mediterranean
Sea; based on the data distribution, the bin size was set at ½ degree by ½
degree, equivalent to about 55 km in latitude and 40 km in longitude,
and we considered bins populated by at least 20 data points, as sug
gested for the Mediterranean by Falco et al. (2000). This complies with
the same authors’ suggestion that bin size be larger than the Rossby
radius of deformation, so as to average out mesoscale and best describe
the mean flow, and that the time span corresponding to the minimum
number of observations considered be longer than the Lagrangian
decorrelation time scale of the basin (these scales are of the order of 10
km and 2–3 days, respectively, see Grilli and Pinardi, 1998; Falco et al.,
2000; Poulain and Zambianchi, 2007).

et al., 2001). Thus, we considered a source region from which the drifter
begins its track and a destination region where the same track ends. The
time taken to follow this path represents the drifter tt for the specific
source/destination regions. Furthermore, considering that a drifter can
cross the source and destination regions several times, entering and
exiting from them, according to Carlson et al. (2016) the tt can be
defined as the time from the first exit from a source region to the time of
first entry into the destination region (Fig. 3-A). For this reason, there is
one source region and more destination regions (Fig. 3-C) and each
drifter trajectory can be subdivided into before and after entering the
source area (Fig. 3-B). Thus, a trajectory may cross, in chronological
order, first the source area and then one of the destination areas, but
may also pass first through one of the destination areas and then through
the source area. Therefore, the tt can be divided in: forward transit time
(ftt), defined as the time from first exit from a source region to the time
of first entry in a destination region and backward transit time (btt),
namely the time from the first exit from a destination region to the time
of first entry in a source region.
Furthermore, it is possible to compute the mean tt (TTM; Berline
et al., 2014) as follows:

2.2.2. Residence time
Several authors studied flow dispersion in semi-enclosed basins (see
Buffoni et al., 1997; Falco et al., 2000, and references therein). The
circulation in these domains is typically characterized by closed or
semi-closed circulations, and dispersion processes can there play a key
role in different contexts (ecological, biological, dynamical, etc.). Buf
foni et al. (1997) proposed to use as integral descriptors of such pro
cesses the normalized quantity C (t) and the residence time T of
Lagrangian drifters. The former is defined as:
C(t) =

N(t)
N(0)

TTM(S, j) =

3. Study area
The Ionian Sea (IS) was chosen as source region due to two main
reasons: its key role in the dynamics of the Mediterranean (e.g. Berga
masco and Malanotte-Rizzoli, 2010) and the geographical distribution
of available data. The Ionian basin is characterized by a very deep
seabed (about 5000 m) and a width of about 1000 km from the
south-west to the north-east coast. The IS connects the Levantine basin
with the Adriatic basin: its surface layer (~200 m) is occupied by
Modified Atlantic Water (MAW) coming from the Strait of Sicily, that
flows through the northern part of Basin forming the Mid Ionian Jet
(MIJ). The Levantine Intermediate Water (LIW) flows in the

Where N(t) is the number of drifters inside the basin at a certain time
and N(0) is the total number of drifters released at t=0. The residence
time, i.e. the average time that a drifter spends in the basin can be
calculated as:
(2)

t→∞

Where T* is defined as:
T * (t) = t

N (t)

e
N(t) ∑
tei
+
N(0) i=1 N(0)

(4)

where: ttn (S, j) is the tt (ftt or btt as defined in Carlson et al., 2016) for the
n-th drifter trajectory passing through the source area S and the j-th
target box; M is the total number of trajectories passing through S and
the target box.

(1)

T = lim T * (t)

n=M
1 ∑
ttn (S, j)
M n=1

(3)

in which Ne (t) is the number of drifters that have already left the basin at
time t and tei is the escape time of the i-th particles (time to get out of the
basin).
2.2.3. Transit time
Holzer and Hall (2000) defined the transit time as the time taken by
tracer particles to be transported from one region to another in a
three-dimensional domain. From an analytical point of view, the prob
ability density function that describes the transit time is the Green
function G(r, t| r’, t’), where (r, t) is the initial position at time t and (r’,
t’) is the final position at time t’. The Green function describes the
probability that a particle, starting from its initial position r, at time t,
reaches a position r’ at time t’ taking a time t’ – t. The first moment of
this pdf is the mean transit time or mean age and is a common statistical
proxy used in the Lagrangian framework (e.g., Poulain and Hariri, 2013)
to study connectivity. In this work, considering that the available data
are real surface drifter trajectories, transport takes place in a
two-dimensional domain. For this reason, we chose the approach pro
posed by Carlson et al. (2016) to calculate transit times tt (for earlier
exit/discrete time approaches see also Castiglione et al., 1999; López

Fig. 3. (A) Transit time definition from Carlson et al. (2016). S is a source
region and D is a destination region. (B) Drifter track before and after the
passing through the source area. (C) Forward and Backward transit time.
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intermediate layer, westwards, toward the Strait of Sicily, and north
wards, eventually entering the Adriatic Sea. The deepest layer is wholly
occupied by deep water of Adriatic origin (the Eastern Mediterranean
Deep Water, or EMDW).
Over 341 drifters passing through the IS, 111 have origin in the subbasin. The remaining 230 came from outside, mainly from the Strait of
Sicily and the Adriatic Sea (Fig. 1A).Drifters coming from the Strait of
Sicily are advected by the AIS and cross the Ionian Sea in 20–30 days;
those coming from the Adriatic follow the Southern Adriatic Gyre (SAG)
and enter the Ionian basin through the Otranto Strait after about 50
days. Few instruments deployed in the Gulf of Lion and in the Alborán
Sea reached the IS, transported respectively by the southern branch of
the Lion Gyre (LG) and by the Algerian Current (AC). The lifetime is
lower than 200 days for most of the 341 drifters, the mean value is 112
days and the maximum value is 767 days. Drifter lifetimes are affected
by structural limits of the instruments, such as battery consumption,
wear of materials exposed to salt water, etc.; geomorphological pecu
liarities of the Ionian Sea, which favor the stranding of the drifters on to
the coasts; high number of collisions between drifters and ships due to
the intense maritime traffic.
The Ionian Sea is characterized by a reversal of the circulation (from
cyclonic to anticyclonic) at decadal time scale, the so-called AdriaticIonian Bimodal Oscillating System (BiOS, e.g. Gačić et al., 2010; Gačić
et al., 2011). The reason for this definition is that the whole area of the
Adriatic and Ionian basins behaves like a bimodal system (e.g. Gačić
et al., 2010), switching between two different regimes represented by
cyclonic and anti-cyclonic circulation of the surface and intermediate
layers in the IS. During the anti-cyclonic phase, the MAW (depth =
100–200 m, S = 36.5) and LIW (depth = 200–300 m, S = 38.4–39.1, T =
13◦ C–16 ◦ C) are partially diverted northwards in both basins. During the
cyclonic phase, the MAW arrives in the eastern Mediterranean directly,
crossing the IS without deviations. According to Gačić et al. (2011), the
alternation of the two circulation regimes is driven by an internal
feedback mechanism linked to the salinity of the water masses entering
the Adriatic. In these conditions, the effect of local winds is not the
primary force driving the surface currents which, on the other hands,
change significantly their pattern as well as the connectivity between
west and east Mediterranean. The BiOS phases identified over the last
three decades are (Gačić et al., 2014; Menna et al., 2019):
1.
2.
3.
4.

1986–1996
1997–2005
2006–2010
2011–2016

4. Results
4.1. Pseudo-eulerian statistics
The pseudo-eulerian current field portrays the Ionian surface circu
lation as well as the main dynamical features of the central Mediterra
nean Sea. To obtain a correct representation of the mean flow, the bin
where there are less of 20 drifter data have been removed. In the Strait of
Sicily, the AIS is well described together with the Maltese Channel Crest
(MCC, see Robinson et al., 1999) and the Mid Ionian Jet (MIJ). In the
Adriatic Sea, the mean flow shows the central and meridional gyre
(SAG), as well as the East and West Adriatic Current (EAC and WAC)
along the basin boundaries. The data density decreases progressively
toward the eastern and western sectors of the Mediterranean. However,
some structures are still recognizable, for instance, the Pelops Gyre (PG)
south of Peloponnese, the Northern and Algerian Currents along the
French and Algerian coast, respectively. The velocity field is homoge
neous in the Ionian basin, about 0.2–0.3 m/s, slightly higher velocities
are observed in the southern Adriatic, where values ranging between
0.4 m/s and 0.6 m/s can be found in the AC (in agreement with Poulain
et al., 2012).
4.2. Residence and transit time statistics
To evaluate the residence time of the studied area, the asymptotic
limit of the quantity T* (t) (eq. (3)) was computed using the 341 drifter
trajectories passing through it. As can be seen from eq. (3), and
confirmed by previous works (e.g. Buffoni et al., 1997; Falco et al.,
2000), the behavior of the T* curve is expected to grow at the beginning
and reach a plateau asymptotically. The residence time is then the

(anti-cyclonic circulation)
(cyclonic circulation)
(anti-cyclonic circulation)
(cyclonic circulation)
Fig. 5. Residence time of the Ionian Sea; the asymptotic value T * is 39 days.
Fig. 4. Mean flow from the pseudo-Eulerian anal
ysis of trajectories passing through the Ionian Sea
(shaded area), along with a handmade sketch of
the circulation (black lines); AC: Algerian Current;
AIS: Atlantic – Ionian Stream; EAC: East Adriatic
Current; LG: Lions gyre; MCC: Maltese Channel
Crest; MIJ: Mid – Ionian Jet; NC: Northern Current;
NBF: North Balearic front; PG: Pelops Gyre; SAG:
Southern Adriatic Gyre; WAC: West Adriatic Cur
rent (bin size ½ degree by ½ degree, results shown
only for bins with more than 20 data points).
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Fig. 6. (A) Forward and (B) backward connection percentages.

asymptotic value. The results in Fig. 5 shows that the asymptotic value
T* is about 39 days.
The number and geographical position of each target box (Fig. 1 A)
were chosen according to three main factors:

in order to achieve a good compromise between the need to encompass
as much data as possible and be far enough from the source area. Most of
the target boxes are located at a distance varying between 900 and 1100
km from the source area (Fig. 1 A). With many target boxes and one
source area, it is possible to compute connection percentage values to
obtain a first estimate of connectivity. Every trajectory was subdivided
into two segments, before and after entering the source area (Fig. 3-C),
and forward and backward connection percentages between the source
area and the individual target boxes were calculated (Fig. 6).
The highest forward connection percentages are found in the boxes
near the Libyan Coast and Crete Island with values between 12% and
16%. This means that the 12%–16% of all drifters coming out of the
study area enter the boxes located near Cretan and Libyan coast. The
percentages are much lower (4%–5%) for the other boxes, except for the
Southern Adriatic where they are about 12%. Very high values of
backward connections percentages, about 25%, are found in the South
Adriatic, in the target box located in the Gargano area, probably due to
the WAC. Moreover, a percentage of about 30% is found inside the Strait
of Sicily, a value very likely determined by the AIS. It is worth noticing
that percentages do not sum to 100% because a number of trajectories
stay in the source area, and another, very minor, fraction reaches areas
out of the target boxes. Following Fig. 3, the distributions of forward and
backward transit time were obtained for each study area-target box pair.
Fig. 7 and Table 1 show the TTM values of ftt and btt, for each target box,
colored in green or yellow depending on the number of trajectories
available for the distribution evaluation: green, if there are more than 8
trajectories, yellow if they are less than or equal to 8. The value 8 is the
threshold chosen to discard or keep the tt distribution: the distributions
with eight or less trajectories are difficult to interpret and do not have a
well-defined shape. Results obtained with more than 8 trajectories show

a) Distribution of data, i.e. data coverage and density.
b) Surface circulation pattern, with a focus on the dynamical structures
of interest (see above, previous section).
c) Socio-economic importance of the area, in terms of presence of
MPAs, of areas of tourist and environmental importance.
We first identified regions of relative maxima of data density of
drifters passing through the source region (Fig. 1 B and C). Upstream,
they correspond to some significant sites for the Western Mediterranean
circulation: the Gulf of Lion, the mid Algero-Provencal basin, the
Algerian shelf, the Strait of Sicily. Downstream they are typically located
at the physical boundaries: the Adriatic, Libyan and Southern Greek
coast, and the transition between Ionian and Levantine basins, where
drifter trajectories from the source region typically end because of their
limited lifetime.
The above regions are represented, in our study, by target boxes of
standard size (100 km by 100 km). Where the relative highest data
density region was wider than the target box size, we selected sites of
interest based on further aspects, such as the presence of MPAs and of
sites of biological interest in the Adriatic Sea (see, e.g., Boero et al.,
2016a,b; Carlson et al., 2016; Sciascia et al., 2018) or of an area of
surface flow intensification off the Libyan coasts (Poulain and Zam
bianchi, 2007). It is worth pointing out that such a procedure introduces
a bias as only well-connected boxes are selected.
The size of each target box was set at 1◦ in latitude by 1◦ in longitude
6
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Fig. 7. Forward (A) and backward (B) mean
transit time for the drifters passing through the
Ionian Sea (contoured in black). The red vectors in
the background represent the Pseudo-Eulerian
mean flow, the black lines a handmade sketch of
the circulation (see Fig. 4). Boxes in green repre
sent the currents and transit times calculated on a
number of trajectories greater than 8; in yellow
those obtained from a number of drifters less than
or equal to 8. (For interpretation of the references
to color in this figure legend, the reader is referred
to the Web version of this article.)

Table 1
Quantiles (Q) and standard deviation (STD) of forward and backward transit times. (FWD and BWD are respectively forward and backward).
TARGET BOX

NUM. OF TRAJ.

FTT

BTT

Q (in days)
A
B
C
D
E
F
G
H
I
J
K
L
M
N
O
P

STD

FWD

BWD

0.025

0.25

0.5

0.75

0.975

33
24
23
9
19
18
7
6
12
0
0
0
0
0
0
0

1
0
4
0
2
25
56
26
9
15
68
17
7
9
6
6

2
7
5
17
2
4
25
43
11
//
//
//
//
//
//
//

8
19
18
40
7
5
29
50
19
//
//
//
//
//
//
//

31
36
31
72
11
11
35
51
30
//
//
//
//
//
//
//

81
75
51
123
32
15
59
75
52
//
//
//
//
//
//
//

194
147
345
444
117
94
80
88
102
//
//
//
//
//
//
//

that the Ionian Sea is connected to the Adriatic basin, with areas near the
Libyan and the Peloponnese coasts and close to the Strait of Sicily. For
the ftt reported in Fig. 7-A, it took the drifters driven by the Southern
Adriatic Gyre (SAG) 17–37 days to reach the meridional and central
Croatian coast; moreover, it took the units about 43 days to reach the
Gargano coast. The drifters that left the Ionian basin from the southern
side reached the coasts of Libya in about 51–53 days. Meanwhile, the

55
41
71
127
28
22
20
16
26
//
//
//
//
//
//
//

Q (in days)

STD

0.025

0.25

0.5

0.75

0.975

//
//
29
//
//
10
5
16
21
31
5
10
32
50
79
65

//
//
44
//
//
29
7
28
28
45
10
20
40
67
137
72

//
//
69
//
//
36
11
33
37
63
16
29
52
104
157
131

//
//
87
//
//
63
17
45
53
87
31
40
134
119
183
157

//
//
95
//
//
150
63
91
120
95
89
96
259
398
218
286

//
//
25
//
5
33
13
20
29
22
21
22
77
99
42
73

drifters leaving the basin from the eastern side reached the coasts of
Crete and Egypt in 25–117 days. As to the btt reported in Fig. 7-B, we
estimated values of 41 and 65 days to reach the study area from the
central and northern Adriatic basin respectively. Furthermore, from the
target boxes located along the Montenegro and Gargano coasts, it took
drifters 15 and 48 days respectively to reach the study area. Finally,
drifters driven by the AIS reached the Ionian basin from the Straits of
7
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emphasizing two important aspects. First, the number of drifters that
passed through the study area during the second anticyclonic BiOS phase
(2006–2010), is about half the number of available trajectories during
the other phases. This might suggest that the statistics computed with
these data are biased. However, we checked that this is not the case by
subsampling the data relative to the different phases so as to work on the
same number of data. The subsampling (not shown) was carried out both
randomly and by bootstrapping, and did not yield any remarkable dif
ference, apart from an increase of the standard deviation, as expected.
Second, the drifter trajectories allow to analyze only the BiOS surface
fingerprint, though the overall processes can involve internal thermo
haline forcing mechanisms associated with the whole upper thermoha
line cell of the Eastern Mediterranean (Velaoras et al., 2014). The BiOS is
a 3D process, in which complex feedback mechanisms and the variations
of physical and biogeochemical properties of local water masses concur
to the reversal of the circulation (Rubino et al., 2020), which is observed
in the surface layer as well as at the LIW level (Fig. 2b). However, these
aspects, even though crucial to the variability of the IS, are beyond the
scope of this work.
To evaluate the residence time during the considered phases, the
asymptotic limit of the quantity T* (t) (eq. (4)) has been computed using
the drifter trajectories passing through the Ionian Sea.
Fig. 8 shows the results obtained for the four phases. Interestingly,
three phases out of four differ only by few days and one (the third)
differs by about 40%. During the two cyclonic phases (1997–2005 and
2011–2016) and the first anti-cyclonic phase (1986–1996) the drifters

Fig. 8. Residence time of the Ionian Sea during different BiOS phases.

Sardinia and Sicily in 36 and 23 days, respectively.
4.3. Analysis of connectivity during the BiOS phases
To analyze the possible effects of the BiOS on connectivity in the
Mediterranean basin, all 341 drifter trajectories passing through the
study area of the Ionian Sea have been temporally subdivided according
to the four phases. Therefore, we selected 147 drifter trajectories during
the 1986–1996 period, 123 trajectories between the 1997 and 2005, 62
drifters during the phase of 2006–2010 and 113 trajectories during the
last BiOS phase, 2011–2016. Before describing the results, it is worth

Fig. 9. (A) Source and destination areas (highlighted in black whit number 1 and 2 respectively) adopted to compute tt for drifter trajectories (highlighted in red)
passing through the Ionian Sea. (B) tt mean value and standard deviation for the different BiOS phases, computed with n drifters. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)
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This gap is due to difference in magnitude of surface flows entering and
leaving the IS. As shown above, surface currents like the WAC and the
AC are much more stable and stronger than the outgoing flows like the
AIS. The positions of target boxes with the highest values of connection
percentages show that a passive tracer inside the IS is more likely
transported southward, southeastward or into the Southern Adriatic Sea.
On the other hand, a passive tracer coming from outside the IS, is more
likely transported inside the basin, if it comes from the Sicily Strait or the
Southern Adriatic Sea. The southern Adriatic and IS are therefore,
strongly connected in both directions, with a steady water exchange. In
agreement with these results, ftt and btt maps (Fig. 7A and B) show that
in target boxes with the highest values of connection percentage there
are more than eight drifter trajectories. Furthermore, the mean ftt
computed for the target located in Eastern and Southern Ionian Sea is
about twice as large (about 50 days) as the btt obtained in the target
boxes in the Sicily Strait and Southern Adriatic Sea (about 20 days). The
presence of these strong connections is related to the dynamical char
acteristics of the surface currents, rather than being due to the proximity
of the target box with the study area. This means that a passive tracer in
the Strait of Sicily or in Southern Adriatic Sea will reach the Ionian Sea in
a few tens of days, but it will take more than twice to get out the basin
and reach the coast of Libya and the eastern Mediterranean Sea.
In this work we also investigated the BiOS’s influence on the con
nectivity between the Ionian Sea and adjacent areas, here represented by
the target boxes. The results are not conclusive even though some
interesting insights can be pointed out.
First, the residence time statistics show that during the second anticyclonic phase (2006–2010) the drifters stay within the study area about
40% of time less than in the cyclonic BiOS phases. This result is
consistent with the current pattern during this phase, namely a swift
eastward flow (Fig. 2B). During cyclonic phases, the water masses of
Atlantic origin do not deviate towards the center of the basin but flow
through the southernmost area of the IS straight towards the Levantine
basin (Menna et al., 2019; Gačić et al., 2014). But at the same time,
during the cyclonic phases the surface circulation within the IS is slower
and weaker than in the anti-cyclonic phase, thus the drifters in this area
tend to stay there for a longer time. On the other hand, during the first
anti-cyclonic phase the residence time is close to the value of the
cyclonic phases. This result suggests that different mechanisms act to
control the exchanges between the IS and surrounding areas, an aspect
which deserves further investigation.
The cyclic variability of the surface currents generates an equally
cyclical fluctuation of the tt to cross Ionian Sea during the BiOS phases
(Fig. 9B). In agreement with Menna et al. (2019) and Gačić et al. (2014),
during the anti-cyclonic phases a northward deviation of the MAW oc
curs, with a weakening of the current flow crossing the southern area of
the IS from west to east. Therefore, there is an increase of the tt taken by
drifters to cross the southern IS from the “area 1” to the “area 2” (Fig. 9A
and B). These results may have important implications for the surface
transport of larvae, marine litter and generic passive tracer. During the
cyclonic phase, a passive tracer will cross the Ionian Basin in about half
the time compared to the anti-cyclonic phase. If this tracer is found in
the Sicilian Strait during a cyclonic phase, it will most likely be observed
in the Levantine basin after about 35–40 days. Viceversa, during an
anti-cyclonic phase, it will take the tracer about 60–70 days to cross the
IS. Considering the transport of larvae through the Ionian Sea, the
variation of tt between the cyclonic and anti-cyclonic phase can have an
influence on which species would reach the Levantine Basin alive, since
each species has a specific pelagic larval duration (e.g. Macpherson and
Raventós, 2006) or lifetime. It is worth noticing that the standard de
viation associated with the mean tt, are large enough to produce a
reduction (and therefore more similar value) of the differences in tt
between the two phases.
In the future the methodology used in this work is planned to be
extended to other study areas such as the Sicily Strait, the Gulf of Lion,
the Alborán Sea and the Crete Passage, all areas that contribute in a

tend to stay for a slightly longer time within the study area (T*≈ 33, 34
and 30 days respectively), than in the second anti-cyclonic phases
(2006–2010) when T*≈ 19 days.
To evaluate if and how the surface current patterns, during the BiOS
phases, influence the tt across the Ionian basin, we chose two sub-areas
(Fig. 9-A) in the Strait of Sicily (area 1) and the Cretan Passage (area 2).
Applying equation (4) to the drifter trajectories between the two areas
during the BiOS phases, the tt of drifters crossing the Ionian basin,
(namely, exiting from “area 1” and entering “area 2”) were computed.
The results (Fig. 9-B) shows that the inversion of surface currents
influenced the time spent by the drifters to cross the basin during the
BiOS phases, in particular there was an alternation of the mean tt among
the phases. During two anti-cyclonic phases (1986–1996 and 20062010), it took drifters on average about 64 and 55 days, respectively,
to cross the Ionian basin, while during the cyclonic phases (1997–2005
and 2011–2016), the mean tt was reduced to about 35 and 38 days. Note
that the low number of trajectories available for each phase (Fig. 9-B),
was due to the strongly restrictive choice to use only drifters that during
each BiOS phase crossed the Ionian Sea from “area 1” to “area 2”.
5. Discussion and conclusions
The surface circulation in the Mediterranean Sea is the result of the
combination of currents at different spatial and temporal scales. Con
nectivity ensured by such a spatially and temporally complex pattern is
well described with the Lagrangian, water following, approach. The
present study uses surface drifter observations belonging to the Medi
terranean Surface Velocity Programme (medSVP), to quantify the
connection between the Ionian Sea, and a selected set of 16 target boxes.
Using all drifter trajectories passing through the IS, from the pseudoeulerian analysis (Fig. 4) we obtained the mean surface current field and
the main currents. The picture of the general circulation obtained by the
drifters passing through the source region, agrees very well with earlier
findings on the surface circulation of the Mediterranean (e.g., in
particular, the general description by Robinson et al., 2001; the
up-to-date and exhaustive review by Bergamasco and Malanotte-Rizzoli,
2010, and references therein). All historical descriptions above are in
good agreement each other, except for the Ionian Sea, as discussed by
Poulain et al. (2012), where cyclonic or anticyclonic circulations have
been observed, depending on the BIOS phase, whose existence was
ascertained after the mentioned reviews of the Mediterranean
circulation.
The mean current speed of the study area measured by drifters is
relatively low, about 0.07 m/s, and the residence time is about 40 days
(Fig. 5). The mean surface speed is much higher in the Western Medi
terranean Sea (about 0.18 m/s) and along the Algerian coast (AC. In the
Adriatic basin the surface dynamics, described by steady gyres (e.g.
SAG), by the EAC and WAC, favors the flow of surface waters and the
elements transported by the currents (e.g. surface particles, larvae, etc.),
towards the IS.
In terms of tt statistical evaluation, the database has proved to be
sufficiently complete, but the spatial and temporal data coverage
decrease if specific study areas and/or temporal ranges are selected. The
strategy used in this work aims to limit the problem of data coverage by
choosing many target boxes around the study area, the choice being
based on drifter trajectories, current patterns and areas of interest. The
connection percentages, obtained considering the forward and back
ward drifter trajectories (Fig. 3) passing through each study area-target
box pair, show that there is one or more target boxes, for both cases,
whose values are two or three times higher than the adjacent areas. The
difference in the results is due to the characteristics of the forward or
backward trajectories, both in terms of percentage values and target box
position. The highest backward connection percentages, 25% and 30%
in the Southern Adriatic Sea and Strait of Sicily respectively, are about
twice as large as the highest forward connection percentages, 12% in
Eastern Ionian and Adriatic Sea and 16% in the Southern Ionian Sea.
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specific and important way to the Mediterranean dynamics and thus to
the connection among sub-basins. To mitigate the problem of the lack of
data, it is desirable that new drifter deployments will take place, to have
a more complete database, to reinforce the statistical strength of the
data, and to allow the study of the connectivity seasonal variability.
Additionally, it may be important to improve spatial data coverage, both
at large scale, such as in the Tyrrhenian Sea or the Alborán Sea, and at
smaller scale, such as a within gulfs and channels, near river mouths or
oil platforms. In such cases, it would be possible to apply the method
ology used in this work to study transit times, by choosing the width of
the study areas and their target boxes based on data coverage and
morphological characteristics of the area.

Corrado, R., Lacorata, G., Palatella, L., Santoleri, R., Zambianchi, E., 2017. General
characteristics of relative dispersion in the ocean. Sci. Rep. 7, 46291.
Davis, R.E., 1991. Observing the general circulation with floats. Deep-Sea Res. 38 (I)
https://doi.org/10.1016/S0198-0149(12)80023-9. S531–S57I.
Davis, R.E., 1985. Drifter observations of coastal currents during CODE: the method and
descriptive view. J. Geophys. Res. 90, 4741–4755. https://doi.org/10.1029/
jc090ic03p04741.
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2019. Decadal variations of circulation in the Central Mediterranean and its
interactions with mesoscale gyres. Deep-Sea Res. Part II 164, 14–24. https://doi.org/
10.1016/j.dsr2.2019.02.004.
Miron, P., Beron-Vera, F.J., Olascoaga, M.J., Sheinbaum, J., Pérez-Brunius, P.,
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