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Abstract. An array of Lagrangian instruments (more than
100 drifters and a profiling float) were deployed for several
days in the coastal waters of the southeastern Ligurian Sea to
characterize the near-surface circulation at the submesoscale
(< 10km). The drifters were trapped in an offshore-flowing
filament and a cyclonic eddy that developed at the south-
western extremity of the filament. Drifter velocities are used
to estimate differential kinematic properties (DKPs) and the
relative dispersion of the near-surface currents on scales as
small as 100 m. The maximum drifter speed is ~50cms™!.
The DKPs within the cluster exhibit considerable spatial and
temporal variability, with absolute values reaching the order
of magnitude of the local inertial frequency. Vorticity pre-
vails in the core of the cyclonic eddy, while strain is domi-
nant at the outer edge of the eddy. Significant convergence
was also found in the southwestern flow of the filament. The
initial relative dispersion on small scales (100-200 m) is di-
rectly related to some of the DKPs (e.g., divergence, strain
and instantaneous rate of separation). The mean squared sep-
aration distance (MSSD) grows exponentially with time, and
the finite-size Lyapunov exponent (FSLE) is independent of
scale. After 5-10h of drift or for initial separations greater
than 500 m, the MSSD and FSLE show smaller relative dis-
persion that decreases slightly with scale.

1 Introduction

Coastal filaments and eddies play an important role in the
transport between coastal and deep open-sea waters and are
therefore critical to the local ecosystem dynamics and fish-
eries. They can be quite small (< 10km, hereafter referred
to as submesoscale) and evolve rapidly at daily or smaller
timescales. They can be seen in satellite imagery of coastal
areas, especially where rivers discharge water with different
physical (e.g., temperature) or biological (e.g., chlorophyll
or dissolved organic matter) properties into the sea. Exam-
ples of coastal filaments and eddies detected by satellite im-
agery of sea surface temperature or chlorophyll concentra-
tion and observed by in situ measurements in the oceans and
semi-enclosed seas can be found in numerous publications
(e.g., Flament et al., 1985; Wong et al., 1988; Zatsepin et
al., 2003; Poulain et al., 2004, 2020; Schroeder et al., 2011,
2012; Schaeffer et al., 2017).

In situ observations of coastal dynamics using traditional
methods based on surveys with research vessels and moored
instruments are not ideal for sampling high-frequency and
small-scale dynamics, especially when there are hazards
or limitations due to local fisheries and other coastal mar-
itime activities. An alternative approach is to use numerous,
low-cost, freely drifting (Lagrangian) instruments deployed
rapidly in a specific area and tracked over time (e.g., Ma-
hadevan et al., 2020; D’ Asaro et al., 2018). Such a sampling
strategy was adopted off Livorno (Italy) in the southeastern
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Ligurian Sea (SLS; Fig. 1) in October 2020 to provide three-
dimensional (3D) spatial characterization and rapid temporal
monitoring of the coastal environment at scales as small as
~ 100 m (Poulain, 2020).

Circulation in the SLS is dominated by the East Corsica
Current (ECC), which flows northward between the islands
of Corsica and Elba (Fig. 1). The ECC varies seasonally (As-
traldi and Gasparini, 1992) and is also characterized by ve-
locity fluctuations with periods of 2—15d with intermittent
reversals (Astraldi et al., 1990). The ECC generally rotates
clockwise around the island of Capraia, forming an anticy-
clonic eddy centered on the island (Poulain et al., 2012; Ciuf-
fardi et al., 2016; Iacono and Napolitano, 2020). This Lig-
urian Eddy or Capraia Eddy is dominant in summer when
the ECC is weak (Iacono and Napolitano, 2020). Coastal
circulation and dispersion in the SLS region have been de-
scribed using ocean color satellite imagery and drifter data
(Schroeder et al., 2012; Poulain et al., 2020). Coastal cur-
rents were shown to vary strongly with local winds, including
intermittent complete reversals in direction. Coastal disper-
sion was found to be 1 order of magnitude larger than in the
offshore Ligurian Sea and was significantly underestimated
by numerical ocean circulation simulations (Schroeder et al.,
2012).

The objective of this work is to describe the spatial struc-
ture and temporal evolution of a particular submesoscale
offshore-flowing filament and a small cyclonic eddy sampled
by Lagrangian drifters in the coastal SLS, focusing on the
local surface dispersion and the kinematic properties of the
surface currents. The circulation and dispersion measured by
the drifters during a short period of 2 d are described using
a mix of Lagrangian and Eulerian metrics. First, relative dis-
persion is evaluated by calculating the mean squared separa-
tion distance (MSSD) of drifter pairs and by estimating the
scale-dependent finite-size Lyapunov exponent (FSLE). The
MSSD and FSLE results are compared qualitatively with the
theoretical dispersion regimes of two-dimensional geophys-
ical turbulence. Second, Eulerian maps of surface currents
are produced using an optimum interpolation technique, and
differential kinematic properties (DKPs) of the flow are com-
puted.

The experimental site was chosen to be east of the ECC
and Ligurian Eddy, about 15km from the Italian coast
(Fig. 1), south of the major industrial port of Livorno and
south of a floating regasification terminal. Monitoring and
predicting currents and dispersion in this area are important
due to the higher probability of accidental releases of pollu-
tants in the coastal waters. A cloud-free Moderate Resolu-
tion Imaging Spectro-radiometer (MODIS) chlorophyll con-
centration image taken on 8 October 2020 reveals several
coastal filaments and eddies transporting nutrient-rich water
offshore from the Italian coast. In particular, a filament ex-
tending tens of kilometers in the southwest direction prevails
near the northwestern edge of the drifter deployment array.
On the same day, operational numerical simulations provided
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by the Copernicus Marine Environment Monitoring Service
(CMEMS) show a well-defined coastal area with fresher wa-
ter to the east and north of our experimental site, mainly due
to the outflow of the Arno River near Livorno. CMEMS cur-
rents are rather weak (< 10cms™!) in this coastal area. In
contrast, a noteworthy meandering ECC and Ligurian Eddy
dominate the near-surface circulation offshore (Fig. 1).

More than 100 drifting instruments deployed quickly in
a small array on the morning of 8 October 2020 were used
to study the near-surface relative dispersion and kinematic
properties of an offshore-flowing filament and cyclonic eddy.
Additional drifters and a float were deployed to provide an-
cillary data on surface waves and vertical profiles of temper-
ature, salinity and currents. All the drifting instruments de-
ployed during the experiment are briefly described in Sect. 2,
including information on their deployments and the process-
ing of their data. Data analysis methods are also described.
Results are presented and discussed in Sect. 3, focusing on
the kinematic properties of the near-surface circulation and
lateral relative dispersion. The results are discussed and con-
clusions are drawn in Sect. 4.

2 Data and methods
2.1 Lagrangian instruments

The drifters and profiling float used in the coastal SLS are
described in detail in Poulain (2020). Only a summary is
provided below. Most drifters were Coastal Ocean Dynam-
ics Experiment (CODE; Davis, 1985), Consortium for Ad-
vanced Research on Transport of Hydrocarbon in the Envi-
ronment (CARTHE; Novelli et al., 2017) and Palo Alto Re-
search Centre (PARC; Waterston et al., 2019; Cocker et al.,
2022) drifters using GlobalStar or Iridium satellite teleme-
try systems. Global Positioning System (GPS) positions were
measured every 5 to 20 min. They measured surface currents
within 1 m of the sea surface. The effects of wind and waves
on the motion of CODE and CARTHE drifters are compara-
ble (Poulain et al., 2022). The main error is a wind-induced
slip of about 0.1 % of the wind speed (Poulain and Gerin,
2019). The wind- and wave-induced slip of the PARC drifters
has not yet been studied. A total of 50 CODE, 20 CARTHE
(Berta et al., 2021) and 30 PARC drifters were deployed.
Additional Lagrangian instruments included (1) the
RIVER drifter, a CODE-like drifter equipped with a down-
looking acoustic Doppler current profiler (ADCP) to mea-
sure relative current profiles between 2 and 20 m depth with
a vertical resolution of 1m; (2) the Surface Velocity Pro-
gram (SVP) drifter (Niiler, 2001) with a drogue centered at
15 m nominal depth; (3) the directional wave spectra (DWS)
drifter (Centurioni et al., 2017) to measure the directional sta-
tistical properties of the surface wave; and (4) the Arvor-C
float (André et al., 2010) to measure temperature and salin-
ity profiles with a pumped conductivity, temperature and
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Figure 1. (a) CMEMS near-surface currents (arrows) and salinity (colors) and (b) MODIS chlorophyll concentration (OCI algorithm) on 8
October 2020 at 12:00 UTC in the SLS. The Italian mainland is to the east. The drifter deployment locations are indicated with white dots
6x6 km? array). The ECC and Ligurian Eddy are schematized in white.

depth (CTD) sensor between the surface and ~ 120 m depth
with 1 m vertical resolution. Five SVP, two RIVER and three
DWS drifters were operated.

The GPS position data of the drifters were quality con-
trolled and interpolated at 0.5 h intervals using a kriging tech-
nique (Menna et al., 2017, and references therein). Velocities
were calculated by finite differencing the interpolated posi-
tions (central difference with hourly interval).

2.2 Remotely sensed data and operational products

MODIS satellite images of the chlorophyll concentration of
the study area were used to describe the spatial structure and
temporal evolution of the surface circulation assuming that
chlorophyll is a passive tracer advected by the surface hori-
zontal currents. As previously shown in Poulain et al. (2020),
chlorophyll concentration images were preferred over sea
surface temperature images as they better represent circula-
tion features. Since we are in a coastal area where a river
drains nutrient-rich water, there is a sharp contrast between
coastal and offshore water, with the former being richer
(higher chlorophyll) and more turbid. Daily images have a
horizontal resolution of 1 km.

Atmospheric data (wind speed and direction 10 ma.s.l.)
and surface wave data (significant wave height, main wave
period and direction, Stokes drift) of the fifth-generation
European Centre for Medium-Range Weather Forecasts
(ECMWF) reanalysis (ERAS) for the global climate and
weather were downloaded from the Copernicus Climate Data
Store for October 2020 in the SLS. They are provided with
a horizontal resolution of 0.25° (wind) and 0.5° (waves).
CMEMS reanalysis products at 1/24th degree (~ 4 km) hor-
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izontal resolution were also downloaded. Simulated hourly
mean currents at the sea surface were used.

2.3 Deployment strategy

In situ data were collected as part of the Drifter Demon-
stration and Research 2020 (DDR20) experiment (Poulain,
2020), which took place off the coast of Italy on 8-10 Oc-
tober 2020. DDR20 was a rapid environment assessment
(REA) exercise whose general objective was the 3D char-
acterization of the oceanographic and acoustic environment
using a network of compact and low-cost, freely drifting in-
struments over a few days. A total of 110 drifters and 1 float
were quickly deployed in a 6 x 6km? array in the coastal
LSL (Fig. 1) using two ships between 08:09 and 12:28 UTC
on 8 October 2020. The minimum distance between drifters
at release was 0.5 km if drifters deployed at the same time
and position are not considered (Poulain, 2020). One-third of
these drifters and the float were successfully recovered after
about 2 d, starting at 09:22 UTC on 10 October 2020.

The experiment took place after a storm with westerly
winds and waves up to 15ms~! and 2.5 m, respectively, on
7 October (Fig. 2). During the 2 d of drifter operations men-
tioned above, calm meteorological conditions prevailed with
winds less than 5ms~! and waves less than 0.5 m significant
wave height. The surface Stokes drift estimated by ERAS
was as large as 20cms™! on 7 October but decreased (to a
few cms™!) on subsequent days. Note that ERAS underesti-
mates the significant wave height by up to 0.5 m compared to
the DWS drifter measurements (Fig. 2).

Unfortunately, 28 CODE drifters experienced transmis-
sion problems and did not transmit on 8 October between
14:00 and 22:00 UTC (~ 8h data gap) and between 9 Oc-
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Figure 2. ECMWF ERAS atmospheric and surface wave products
at 43° N, 10°E (black curves): 10 m wind speed (WS) and direc-
tion (WD), significant wave height (SWH), mean wave direction
(MWD), and surface Stokes drift. The surface properties measured
by the DWS drifters are superimposed with gray dots. Wind and
wave direction are clockwise from true north (from).

tober 10:00 UTC and 10 October 03:00 UTC (~17h data
gap). Since the winds, waves and Stokes drift were relatively
weak during the experiment, all CODE, CARTHE and PARC
drifters were merged to investigate the kinematics and disper-
sion of the near-surface currents.

2.4 Analysis methods

The relative dispersion of a drifter cluster can be quantified
using both the MSSD as a function of time after deployment,
Dz(t), and the FSLE versus scale (Lacorata et al., 2001;
Schroeder et al., 2011, 2012; Corrado et al., 2017; Boffetta
et al., 2020). Unlike the MSSD, for which pair separation is
averaged at a given time, the FSLE computes the averages of
separation times at a given separation distance. Thus, it has
the advantage of isolating different rates of dispersion due to
velocity fluctuations at a given scale. The MSSD of drifter
pairs is defined as

DXty =< xV () —xP1)* >, (1

where the superscripts denote the two drifters of the pair that
are located at vector position x (¢) at time ¢, and the brackets
denote the average over all pairs with the same initial spac-
ing. The time derivative of the MSSD is referred to as the
relative diffusivity. The FSLE, A, is inversely proportional to
the average time, < t >, for two drifters initially separated
by J, to reach a prescribed separation, 6 7 :

1
(80, 8) = 1 In(3/80). )
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Following Schroeder et al. (2011), we chose an amplification
factor § /8, =1.2. The average time <t > is often called
the doubling time even though the amplification factor is not
necessarily equal to 2.

The FSLE can be sensitive to the temporal resolution of
the drifter positions, especially at a small separation distance
for which the doubling time approaches the sampling time
interval. Several methods have been proposed to reduce this
problem (Boffetta et al., 2000; Lumpkin and Elipot, 2010;
Haza et al., 2014). In this study, we have adopted two meth-
ods. For the first one, the drifter data were linearly interpo-
lated using small time steps of 0.01 h before estimating the
doubling times and averaging them. The second one was pro-
posed by Boffetta et al. (2000). The following equation (see
Eq. A4 in the Appendix of their paper) was used with the
original drifter positions sampled at 0.5 h intervals:

A (80, 8f) = % <In(8f(v)/80) > . 3)

Relative dispersion by two-dimensional geophysical turbu-
lence has the following dispersion regimes: exponential (D>
~ % )\ = constant), Richardson (D? ~ 3, » ~§2/3), bal-
listic (D? ~¢%, A ~8~1) and diffusive (D?> ~¢, A ~872)
(Schroeder et al., 2012; Corrado et al., 2017).

To describe the small-scale surface circulation following
the cluster of drifters, their motions with respect to the cen-
ter of mass of the cluster were considered, and the DKPs
of the surface currents were calculated. The DKPs of a flow
describe how the surface water can decrease or increase in
area, how it can rotate, and how it can be stretched or sheared
(Okubo, 1970; Okubo and Ebbesmeyer, 1976; Molinari and
Kirwan, 1975). They are defined by a first-order Taylor ex-
pansion of the velocity field:

u=8+0n)/2x + (05— ¢)/2y, “)
v=(05+¢)/2x 4+ (8 —an)/2y, ®)

with the following DKPs: divergence (§ = du/dx + dv/dy),
vorticity ({ =dv/dx —du/dy), shearing deformation rate
(0s = dv/0x+0du/dy) and stretching deformation rate (o,, =
ou/dx —0dv/dy), where u and v are the zonal and meridional
velocity components; x and y are the zonal and meridional
coordinates, respectively, in the system of reference moving
with the center of mass of the cluster.

Other metrics like the strain (p = [052 + U,%]l/ 2y, Okubo—
Weiss parameter (OW = p? — ¢?) and instantaneous rate of
separation (IROS =6+ p) were also estimated. The OW
measures the relative importance of strain and vorticity: el-
liptic regions (OW < 0) are dominated by rotation, whereas
hyperbolic regions (OW > 0) are dominated by strain and
deformation (Provenzale, 1999; D’Ovidio et al., 2009). The
IROS is the zero-order Lagrangian rate of separation at the
initial time (Schaeffer et al., 2017; Lorente et al., 2021) and
is therefore related to the dispersion statistics defined above,
particularly the initial exponential spreading.
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There are two approaches to estimating the DKPs of hori-
zontal currents. In the first method, small clusters of n drifters
(with n > = 3) are used to solve Egs. (4) and (5) using least
squares (Molinari and Kirwan, 1975; Essink et al., 2019;
Tarry et al., 2021). In the second method, the drifter veloci-
ties are interpolated on a uniform regular grid to directly cal-
culate the horizontal derivatives of velocities and the DKPs
(Lodise et al., 2020). In this work, we chose the second
method and used the Data Interpolating Variational Analysis
(DIVA, Troupin et al., 2012) to interpolate drifter velocities
on a regular horizontal grid with a cell size of 0.1 km and
zonal and meridional correlation scales of 1 km. This partic-
ular interpolation method was preferred because it provides a
better estimate of the error field. In practice, interpolated val-
ues were not considered if the relative error exceeded 50 %.
Gradients were estimated by central finite differences of the
interpolated velocity field.

Uncertainties in the abovementioned statistics are due to
the drifter position error, the drifter slippage and the finite
number of samples. The drifter GPS positioning error can
be approximated as white-noise variability with an isotropic
standard deviation oy = oy ~5m (Rypina et al., 2021), un-
correlated from one drifter to another. Using a simple back-
of-the-envelope calculation, the corresponding standard de-
viation of the squared separation distance is equal to 4%2
~100m? = 10~*km?. Velocities estimated by finite central
differencing the GPS positions interpolated or measured at
dr =0.5h intervals have an error of o, =0, =21/2c7x/2 dr
~0.2cms™ 1. As mentioned above, under low-wind condi-
tions (wind speed less than 5 m s~1), the drifter velocity error
due to wind and waves is less than 0.5 cms~!. Hence the in-
strumental error of the drifter velocity is roughly 1cms™!.
The standard error of the statistics due to the finite num-
bers of observations can be estimated by the bootstrapping
method. The 95 % confidence intervals of the MSSD and
FSLE were estimated using the bootstrapping estimates of
the means included in their definition (squared brackets in
Egs. 1 and 2).

Since the order of magnitude of the drifter velocities is
10cms~—! with an error of ~1cms™!, we used a signal-
to-noise ratio of 10 in the DIVA spatial interpolation. The
estimation of the DKP errors estimated from the DIVA-
interpolated maps is beyond the scope of this study.

3 Results

3.1 Drifter trajectories and qualitative description of
the circulation

The surface drifters were released near the southern edge
of a filament of coastal water extending tens of kilometers
offshore. Satellite imagery (Fig. 3) shows the development
and morphology of the filament whose extremities form a
mushroom-like feature with anticyclonic and cyclonic eddies
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Figure 3. MODIS chlorophyll images on 7, 8 and 9 October 2020
and tracks of the drifters from deployment until 12:00 UTC on the
respective days (white circles). Chlorophyll concentration is in mil-
ligrams per cubic meter (mg m~3).

expanding to the north and south, respectively. The bulk of
the drifters ended up in the southern cyclonic eddy. After
an initial mean southward-converging drift until 9 October
00:00 UTC, they turned eastward and then northward as they
diverged (Fig. 4). There is only a very qualitative agreement
between the drifter velocities and the surface currents simu-
lated by CMEMS (Fig. 4). The modeled coastal currents are
essentially southeastward. At the drifter locations, they can
turn toward the southwest and west, with significant differ-
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Figure 4. Track segments of all the drifters. Segments are 6 h long and end with an open circle for each drifter on the date and time posted
in the panels. CMEMS surface currents are overlaid in gray for the central hour.

ences with respect to the drifter motion. Hence, the south-
east motion of the drifter cluster is more or less simulated
well, but there is no signature of a cyclonic circulation in the
model. In particular, on 10 October at 12:00 UTC, several
drifters moved to the north, on the eastern edge of the eddy,
while collocated CMEMS currents remained southeastward.

If we focus on the initial motion of the drifters, numerous
surface instruments (i.e., the CODE, CARTHE and PARC
drifters deployed in the central and northeastern portions of
the array) moved anticyclonically with the inertial (17.55h)
or diurnal (24 h) period (Fig. 5). In contrast, SVP drifters de-
ployed at the same locations moved directly southward, with
no anticyclonic rotation. Considering the short record dura-
tion, it is not easy to separate inertial and diurnal currents.
It is doubted that diurnal tidal currents are dominant in the
SLS (Poulain et al., 2018). Therefore, we can speculate that
the anticyclonic rotation in the tracks is the remnant of near-
inertial surface currents, which were likely generated by the
storm a day earlier.

The vertical structure of thermohaline properties and cur-
rents in the area sampled by the drifters was measured by an
Arvor-C profiling float and two RIVER drifters (see their ini-
tial tracks in Fig. 5). Significant shear of horizontal currents
between the surface and 20 m depth was measured by the
ADCP on the two RIVER drifters. The difference between
the speeds at the surface and at 15 m can be up to 10cms™!
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Figure 5. Tracks between 12:00 and 15:00 UTC on 8 October for
all CODE, CARTHE and PARC drifters (thin curves and open cir-
cles), for the five SVP drifters (thick curves and black dots), and for
the two RIVER drifters (green). Symbols are at the end of the tra-
jectory segments. The position of the Arvor-C float during the same
period is shown with a red dot. Coherent anticyclonic motions of
the surface drifters contrast with the mean southward motion of the
SVP drifters.
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Table 1. Maximum and minimum number of drifter pairs used to
compute the relative dispersion statistics between 8 October 2020
at 12:00 UTC and 10 October 2020 at 07:00 UTC for selected sepa-
ration ranges.

Initial separation ~Max no.  Min no.
range (m) pairs pairs
50-150 9 8
450-550 32 30
950-1050 58 52
2450-2550 76 72
4950-5050 27 27

(Poulain, 2020) and is compatible with the different motions
of the CODE and SVP drifters discussed above. Temperature
and salinity values measured by the Arvor-C float near the
drifters (not shown) indicate a well-mixed surface layer with
a temperature of about 21 °C and a salinity between 37.94
and 38.00 PSU, extending down to a depth of about 40 m. At
this depth, there is a sharp thermocline and a minimum salin-
ity (Poulain, 2020). Large vertical and temporal variations of
salinity associated with the offshore-flowing filament were
not observed, probably because the float deployed in the cen-
ter of the drifter array (Fig. 5) remained outside of the fila-
ment (see satellite image in Fig. 3).

A quick look at a velocity scatter diagram (not shown) re-
veals that individual drifter speeds vary in the range of 0-
50cms~!. The center of mass of the drifter cluster moved
southeastward, with speeds in the range of 10-20cm s ™!, and
relative drifter speeds with respect to this motion had a stan-

dard deviation between 3 and 8 cms~!.

3.2 Relative surface dispersion

All CODE, CARTHE and PARC drifters were considered to-
gether to search for pairs near the time of deployment (8 Oc-
tober, 12:00 UTC) with selected separation distances of 100,
500, 1000, 2500 and 5000 m. Since the data set is limited
to 10 October at 07:00 UTC and since some drifters stopped
transmitting before that time, the number of pairs may de-
crease with time. The initial (maximum) number of pairs and
the minimum number of pairs (at 07:00 UTC on 10 October)
are listed in Table 1. They vary between 8 and 76.

The surface MSSD versus time, starting at 12:00 UTC on
8 October, is shown in a log—log diagram in Fig. 6. Despite
the relatively small number of pairs, the rate of change of the
MSSD with time (also called relative diffusivity) during the
first 10h of drift appears to be significantly larger with the
short initial spacing of 100 m than with the other larger ini-
tial distances. It can possibly be approximated by exponential
growth. For longer times, the MSSD can be approximated by
a power law, with the slope decreasing with increasing initial
distance. However, comparison with theoretical dispersion
regimes of geophysical turbulence is not straightforward. Af-
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Figure 6. MSSD versus time for selected initial distances of 100,
500, 1000, 2500 and 5000 m in a log—log plot. Initial time is 8 Octo-
ber at 12:00 UTC. Thin curves are the bootstrapped 95 % confidence
intervals. Slopes corresponding to theoretical dispersion regimes are
also shown.

ter ~ 10 h, the MSSD values starting with separations of 100
and 500 m reach similar values near 0.8 km?. Between 10 and
20h of drift, there is a local minimum in MSSD. This de-
crease in relative dispersion is related to the convergence of
many drifters into the small cyclonic eddy (see top panels of
Fig. 4). After about a day, the MSSDs with initial separations
of 100, 500 and 1000 m are all near 4 km?.

The FSLE for initial pair spacing between 100 m and 7 km
was estimated in a similar manner, i.e., for pairs starting
on 8 October at 12:00 UTC and tracked until 10 October at
07:00 UTC. The FSLE was calculated for scales divided into
non-overlapping 100 m intervals using Eq. (2). The results
are shown in Fig. 7 in a log—log plot, along with the number
of pairs in the scale intervals. Because pairs are tracked over
a limited period of 43 h, some of them do not have time to
separate by the prescribed amplification factor (1.2) and do
not contribute to the estimate of the average separation time,
< 1 >, of Eq. (1). The number of pairs whose separation in-
creases by 120 % in less than 43 h is also shown in Fig. 7. It is
generally smaller than the initial number of pairs considered,
especially for large scales. The doubling time increases if the
separation distance varies from 0.7 h (for small scales) to 27 h
(for large scales). In general, the FSLE decreases with scale.
At small scales (100-200 m), it is large (~ 6d—1) and fairly
constant. As scales increase (200400 m), there is a strong
negative slope. At larger separation distances (1-6 km), the
FSLE decreases weakly with scale, with values near 0.3—
0.5d~!. Again, comparison with theoretical relative disper-
sion slopes is not obvious. Note that the FSLE estimated us-
ing Eq. (3) (Boffetta et al. (2000) method, red curve in Fig. 7)
does not differ significantly from that obtained with Eq. (2).
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Figure 7. (a) Scale-dependent FSLE A(3,) as a function of scale §,
in a log-log plot using pairs tracked from 8 October at 12:00 UTC.
The diffusive (8, 2), ballistic (8, 1) and Richardson (8, 2/ 3) regimes
are indicated by straight lines. Thin gray curves indicate the boot-
strapped 95 % confidence intervals. Estimate using Boffetta et
al. (2000)’s method (red curve). Doubling times are posted to the
right in hours. (b) Number of initial pairs considered in 100 m scale
bins versus the scale (thin) and the number of pairs whose separa-
tion distance was amplified by 120 % or more during the 43 h drift
period (thick).

For several reasons, the confidence intervals for MSSD
and FSLE displayed in Figs. 6 and 9 can be quite large. First,
the number of pairs is small for small separation. Second,
the distributions of squared separation distances and separa-
tion times are generally not Gaussian, and their mean values
may be meaningless. Third, the drift period of 43 h is short,
and the FSLE may be overestimated because a substantial
fraction of pairs does not reach the 120 % amplification fac-
tor during the limited tracking period (see bottom panel of
Fig. 7), and long doubling times are not considered. Nonethe-
less, our relative dispersion results provide some useful infor-
mation, as discussed later.

3.3 Surface DKPs

We now examine the DKP maps at selected times to char-
acterize the flow within the cluster and to monitor the shape
(extent and deformation) of the area covered by the drifters.
Figures 8 to 15 show the interpolated currents and the

Ocean Sci., 19, 1617-1631, 2023

DKPs at 6 h intervals between 12:00 UTC on 8 October and
06:00 UTC on 10 October, excluding the values with more
than 50 % relative error. The order of magnitude of the DKPs
is equal to the local inertial frequency.

On 8 October at 12:00 UTC, almost all the drifters were
deployed, but the planned square geometry of the deploy-
ment was already modified due to the prevailing south-
ward motion of the drifters released earlier and more to the
north. As a result, the initial cluster (Fig. 8) became quasi-
rectangular with sides of ~ 6 and ~ 8 km. Inside the sampled
area, the DKPs were rather patchy. Approximately 6 h after
the last deployments (at 18:00 UTC, Fig. 9), the cluster had
mainly expanded in the meridional direction, mainly due to
the drifters near the southern edge moving rapidly southward
and showing significant convergence and strain. The size of
the cluster reached 10 km, in both zonal and meridional di-
rections.

After 6 h (Fig. 10), the northern portion of the cluster had
further extended zonally, and its southern edge formed a thin
branch extending southward and turning cyclonically. The
divergence was generally weak. Positive vorticity prevailed
east of the southward-flowing limb, while strain dominated
on the opposite west side. The size of the cluster increased to
~ 12 km in the meridional direction.

By the morning of the next day (9 October at 06:00 UTC;
Fig. 11), the southern limb had extended further in a cyclonic
eddy. The divergence was patchy. A large positive vorticity
exceeding f occurred in the inner part of the eddy. Outside
the eddy, a hint of negative vorticity was evident. Strain was
significant, especially just outside the eddy. The cluster had
reached a typical size of 15 km.

On 9 October at 12:00 and 18:00 UTC (Figs. 12 and 13)
and on 10 October at 00:00 UTC (Fig. 14), the cluster size
reached a saturation value near 17 km. Some drifters moved
northward and nearly closed the loop of the cyclonic eddy
in its northern sector. There was still a strong signature of
positive vorticity in the eddy core and significant dispersion
(strain and IROS) near its external edge.

On 10 October at 06:00 UTC, a few hours before the re-
covery operations (Fig. 15), a few drifters completed a full
cyclonic loop in the eddy, now sampled more uniformly in
all sectors.

As expected, the OW in the maps of Figs. 11-15 is al-
ways negative in the eddy core, corresponding to elliptic
flow, while outside the eddy, the flow is hyperbolic and domi-
nated by strain and deformation (positive OW). The horizon-
tal divergence is essentially zero near the center of the eddy.

4 Discussion and conclusions

A small cluster (scale ~6km) of numerous Lagrangian in-
struments (more than 100 drifters and 1 profiling float) were
deployed in the SLS coastal area on 8 October 2020 to char-
acterize the near-surface submesoscale circulation and rel-
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than 50 % are excluded.

ative lateral dispersion. The instruments were tracked for
about 2 d, and some of them were recovered on 10 October.
During this period, the drifters were trapped in an offshore-
flowing filament and a small cyclonic eddy. Satellite imagery
of ocean color (near-surface chlorophyll concentration) re-
vealed the shape of the filament extending tens of kilome-
ters offshore in the southwestward direction and its evolu-
tion over time into a mushroom-like feature with small ed-
dies developing at its southern and northern ends (Figs. 1
and 3). The speed of the near-surface currents measured
by the drifters varied between 0 and 50cms™!. The cluster
moved toward the southeast at a mean speed of 10-20cm s ™!
(Fig. 8). In 1d, the cluster almost tripled in size (from ~ 6 to
~ 17 km).

Drifter velocities were used to estimate the DKPs and the
relative dispersion of the near-surface currents on scales as
small as 100m. The DKPs within the cluster exhibit sig-
nificant spatial and temporal variability, with absolute val-
ues reaching the order of magnitude of the local inertial fre-
quency. Significant convergence was observed in the south-
westward flow of the filament. A divergence of the order of f
may correspond to significant vertical velocities in the upper
mixed layer (Essink et al., 2019; Lodise et al., 2020; Tarry
et al., 2021), leading to significant 3D dispersion of near-

https://doi.org/10.5194/0s-19-1617-2023

surface tracers (contaminants, biological organisms, etc.).
Unfortunately, due the small number of SVP drifters drogued
at 15m, it is not possible to estimate vertical velocity in
the study area. However, an approximate estimate of diver-
gence at 15 m depth, based on the area rate of change method
(Molinari and Kirwan, 1975) applied to the sparse coverage
of independent SVP drifter triplets within the size range 2—
7 km and with an aspect ratio larger than 0.2 (Esposito et al.,
2021), shows an average value of 0.2 f, which is weaker
than the magnitude found at the sea surface. Vorticity dom-
inates in the core of the cyclonic eddy, where horizontal di-
vergence is negligible. Strain prevails at the outer edge of
the eddy. The Okubo—Weiss parameter shows areas of ellip-
tic flow (OW < 0) in the eddy and hyperbolic flow (OW > 0)
outside.

The relative dispersion on small scales (~ 100-300m) is
initially exponential and related to some of the DKPs (e.g.,
instantaneous separation rate, strain and divergence; Figs. 6
and 7). After 5-10h, or for initial separations greater than
500 m, the MSSD and FSLE show smaller relative disper-
sion rates with a slight decrease as a function of scale. The
slope of the FSLE appears to be less than Richardson’s —2/3
power law. This is expected since this theoretical law gener-
ally applies to scales larger than 10 km (Corrado et al., 2017;

Ocean Sci., 19, 1617-1631, 2023
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Lumpkin and Elipot, 2010; Bouzaiene et al., 2020), and in
our study, the maximum separation scale is 7 km. Similarly
to Schroeder et al. (2012), maximum FSLE values between 1
and 10 d~! for scales smaller than 300 m confirm that subme-
soscale dispersion is much larger in the coastal zone than in
the open Mediterranean Sea (Lacorata et al., 2001; D’Ovidio
et al., 2009) and open ocean (Corrado et al., 2017; Essink et
al., 2019; Lumpkin and Elipot, 2010). In general, direct com-
parison of our dispersion results with the slopes predicted by
two-dimensional geophysical turbulence theory is not satis-
factory. This is not surprising since dispersion is due to ad-
vection by deterministic velocity fields that are highly vari-
able in time and space, and the integration time of ~2d is
not sufficient to consider dispersion as a random process. De-
ploying more drifters with smaller separation distances (tens
of meters) and tracking them over a longer period (weeks)
should provide more robust results that may be more com-
parable to the theoretical laws. However, the vicinity of the
coastline might reduce dispersion rates.

In general, offshore transport and dispersion of coastal
waters are shown to be significant at the submesoscale
(< 10km), including fast currents (up to 50cm s~1) that
change rapidly (hours). Current operational numerical mod-
els for diagnosing or predicting coastal circulation (e.g.,
CMEMS; see Figs. 1 and 4) are not capable of simulating this
variability and therefore are not yet suitable for investigating
or predicting the complex coastal dynamics, particularly the

https://doi.org/10.5194/0s-19-1617-2023

advection and dispersion of tracers, such as biological con-
stituents (e.g., chlorophyll) and contaminants. To achieve this
goal, numerical models with higher spatial and temporal res-
olutions are needed, possibly nested in CMEMS simulations
and driven by atmospheric models with similar resolution.
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quest to Pierre-Marie Poulain. The CARTHE drifter data are avail-
able at https://doi.org/10.17882/85161 (Berta et al., 2021).

Author contributions. Conceptualization, methodology, formal
analysis, investigation, resources, writing — original draft prepara-
tion, funding acquisition: PMP. Resources: CB, ST, LC, MB and
MM. Data curation: PMP and MM. Writing — review and editing:
PMP, CB, ST, LC, MB and MM. All the authors have read and
agreed to the published version of the paper.

Competing interests. The contact author has declared that none of
the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-

Ocean Sci., 19, 1617-1631, 2023


https://doi.org/10.17882/85161

1630 P.-M. Poulain et al.: Relative dispersion and kinematic properties

ery effort to include appropriate place names, the final responsibility
lies with the authors.

Special issue statement. This article is part of the special issue
“Oceanography at coastal scales: modelling, coupling, observa-
tions, and applications”. It is not associated with a conference.

Acknowledgements. We thank all the people who contributed to
the success of the DDR20 sea trial, including the administra-
tive and scientific personnel of CMRE, the captains and crew
of all participating ships, and the Italian Coast Guard (Capitane-
ria di Porto of Livorno). Special thanks go to Marina Ampolo-
Rella and Lancelot Braasch for their efforts during the experi-
ment and to John Waterston for providing the PARC drifters. This
study was conducted using EU Copernicus Marine Service Infor-
mation (CMEMS; DATASET-DUACS-NRT-MEDSEA-MERGED-
ALLSAT-PHY-L4-V3) and wind products from the Climate Data
Store (ERAS5 hourly data on single levels from 1940 to present). We
thank the reviewers for providing valuable comments on the origi-
nal paper.

Financial support. This research was primarily supported by the
NATO Allied Command Transformation Future Solutions Branch.
Maristella Berta’s contribution was supported by the JERICO-S3
project (EU-funded H2020 15 Programme, grant no. 871153).

Review statement. This paper was edited by Manuel Espino In-
fantes and reviewed by two anonymous referees.

References

André, X., Le Reste, S., and Rolin, J.-F.: Arvor-C: A coastal au-
tonomous profiling float, Sea Technol., 51, 10-13, 2010.

Astraldi, M. and Gasparini, G. P.: The seasonal characteristics of the
circulation in the North Mediterranean basin and their relation-
ship with the atmospheric climatic conditions, J. Geophys. Res.,
97, 9531-9540, 1992.

Astraldi, M., Gasparini, G. P., Manzella, G. M. R., and Hopkins, T.
S.: Temporal variability of currents in the eastern Ligurian Sea,
J. Geophys. Res., 95, 1515-1522, 1990.

Berta, M., Poulain, P.-M., Sciascia, R., Griffa, A., and Mag-
aldi, M.: CARTHE drifters deployment within the DDR20

“Drifter demonstration and Research 2020” experi-
ment in the NW Mediterranean Sea, SEANOE [data set],
https://doi.org/10.17882/85161, 2021.

Boffetta, G., Celani, A., Cencini, M., Lacorata, G., and Vulpiani,
A.: Nonasymptotic properties of transport and mixing, Chaos,
10, 50-60, https://doi.org/10.1063/1.166475, 2000.

Bouzaiene, M., Menna, M., Poulain, P.-M., Bussani, A.,
and Elhmaidi, D.: Analysis of the surface dispersion in
the Mediterranean sub-basins, Front. Mar. Sci., 7, 486,
https://doi.org/10.3389/fmars.2020.00486, 2020.

Ocean Sci., 19, 1617-1631, 2023

Centurioni, L., Braasch, L., Di Lauro, E., Contestabile, P., De Leo,
F., Casotti, R., Franco, L., and Vicinanza, D.: A new strate-
gic wave measurement station off Naples port main breakwater,
Coastal Engineering Proceedings, 1, 12 pp., 2017.

Ciuffardi, T., Napolitano, E., Iacono, R., Reseghetti, F., Raiteri, G.,
and Bordone, A.: Analysis of surface circulation structures along
a frequently repeated XBT transect crossing the Ligurian and
Tyrrhenian Seas, Ocean Dynam., 66, 767-83, 2016.

Cocker, E., Bert, J., Torres, F., Shreve, M., Kalb, J., Lee,
J., Poimboeuf, M., Fautley, P, Adams, S., Lee, J., Lu,
J., Chua, C., and Chang, N.: Low-cost, intelligent drifter
fleet for large-scale, distributed ocean observation. OCEANS
2022, Hampton Roads, Hampton Roads, VA, USA, 1-8,
https://doi.org/10.1109/0CEANS47191.2022.9977209, 2022.

Corrado, R., Lacorata, G., Palatella, L., Santoleri, R., and Zam-
bianchi, E.: General characteristics of relative dispersion in the
ocean, Sci. Rep., 7, 46291, https://doi.org/10.1038/srep46291,
2017.

D’Asaro, E. A., Shcherbina, A. J., Klymak, J. M., Molemaker, J.,
Novelli, G., Guigand, C. M., Haza, A. C., Haus, B. K., Ryan,
E. H., Jacobs, G. A., Huntley, H. S., Laxague, N. J. M., Chen,
S., Judt, E., McWilliams, J. C., Barkan, R., Kirwan Jr., A. D.,
Poje, A. C., and Ozgokmen, T.: Ocean convergence and the dis-
persion of flotsam, P. Natl. Acad. Sci. USA, 115, 1162-1167,
https://doi.org/10.1073/pnas.1718453115, 2018.

Davis, R. E.: Drifter observation of coastal currents during CODE.
The method and descriptive view, J. Geophys. Res., 90, 4741—
4755, 1985.

D’Ovidio, F., Isern-Fontanet, J., Lopez, C., Hernandez-Garcia, E.,
and Garcia-Ladona, E.: Comparison between Eulerian diagnos-
tics and finite-size Lyapunov exponents computed from altimetry
in the Algerian basin, Deep-Sea Res., 56, 15-31, 2009.

Esposito, G., Berta, M., Centurioni, L., Johnston, T. M. S.,
Lodise, J., Ozgokmen, T., Poulain, P-M., and Griffa, A.:
Submesoscale vorticity and divergence in the Alboran Sea:
scale and depth dependence, Front. Mar. Sci., 8, 678304,
https://doi.org/10.3389/fmars.2021.678304, 2021.

Haza, A. C., Ozgokmen, T. M., Griffa, A., Poje, A. C., and Lelong,
M.-P.: How does drifter position uncertainty affect ocean disper-
sion estimates?, J. Atmos. Ocean. Tech., 31, 2809-2828, 2014.

Essink, S., Hormann, V., Centurioni, L. R., and Mahadevan, A.:
Can we detect submesoscale motions in drifter pair dispersion?,
J. Phys. Oceanogr., 49, 2237-2254, https://doi.org/10.1175/JPO-
D-18-0181.1, 2019.

Flament, P., Armi, L., and Washburn, L.: The evolving structure of
an upwelling filament, J. Geophys. Res., 90, 11765-11778, 1985.

Tacono, R. and Napolitano, E.: Aspects of the summer circula-
tion in the eastern Ligurian Sea, Deep-Sea Res., 166, 103407,
https://doi.org/10.1016/j.dsr.2020.103407, 2020.

Lacorata, G., Aurell, E., and Vulpiani, A.: Drifter dispersion in the
Adriatic Sea: Lagrangian data and chaotic model, Ann. Geo-
phys., 19, 121-129, 2001.

Lodise, J., Ozgékmen, T., Gongalves, R. C., Iskandarani, M.,
Lund, B., Horstmann, J., Poulain, P-M., Klymak, J., Ryan,
E. H., and Guigand, C.: Investigating the formation of sub-
mesoscale structures along mesoscale fronts and estimating
kinematic quantities using lagrangian drifters, Fluids, 5, 159,
https://doi.org/10.3390/fluids5030159, 2020.

https://doi.org/10.5194/0s-19-1617-2023


https://doi.org/10.17882/85161
https://doi.org/10.1063/1.166475
https://doi.org/10.3389/fmars.2020.00486
https://doi.org/10.1109/OCEANS47191.2022.9977209
https://doi.org/10.1038/srep46291
https://doi.org/10.1073/pnas.1718453115
https://doi.org/10.3389/fmars.2021.678304
https://doi.org/10.1175/JPO-D-18-0181.1
https://doi.org/10.1175/JPO-D-18-0181.1
https://doi.org/10.1016/j.dsr.2020.103407
https://doi.org/10.3390/fluids5030159

P.-M. Poulain et al.: Relative dispersion and kinematic properties 1631

Lorente, P., Lin-Ye, J., Garcia-Le6n, M., Reyes, E., Fernandes, M.,
Sotillo, M. G., Espino, M., Ruiz, M. 1., Gracia, V., Perez, S., Az-
nar, R., Alonso-Martirena, A., and Alvarez-Fanjul, E.: On the
performance of high frequency radar in the Western Mediter-
ranean during the record-breaking storm Gloria, Front. Mar. Sci.,
8, 645762, https://doi.org/10.3389/fmars.2021.645762, 2021.

Lumpkin, R. and Elipot, S.: Surface drifter pair spreading
in the North Atlantic, J. Geophys. Res., 115, C12017,
https://doi.org/10.1029/2010JC006338, 2010.

Mahadevan, A., Pascual, A., Rudnick, D. L., Ruiz, S., Tintoré, J.,
and D’ Asaro, E.: Coherent pathways for vertical transport from
the surface ocean to interior, B. Am. Meteorol. Soc., 101, E1996—
E2004, https://doi.org/10.1175/BAMS-D-19-0305.1 , 2020.

Menna, M., Gerin, R., Bussani, A., and Poulain, P.-M.: The OGS
Mediterranean drifter database: 1986-2016, OGS Tech. Rep.,
2017/92 OCE 28 MAOS, Trieste, Italy, 34 pp., https://argo.ogs.it/
pub/Menna%?20et%?20al%?202017_Drifter_database.pdf (last ac-
cess: 22 November 2023), 2017.

Molinari, R. and Kirwan, A. D.: Calculations of dif-
ferential  kinematic  properties from Lagrangian ob-
servations in the Western Caribbean Sea, J. Phys.
Oceanogr., 5, 483-491,  https://doi.org/10.1175/1520-

0485(1975)005<0483:CODKPF>2.0.CO;2, 1975.

Niiler, P. P.: The world ocean surface circulation. Ocean Circula-
tion and Climate: Observing and Modelling the Global Ocean, in:
International Geophysics Series, edited by: Siedler, G., Church,
J., and Gould, J., Vol. 77, Academic Press, 193-204, 2001.15,
https://doi.org/10.1016/S0074-6142(01)80119-4, 2001.

Novelli, G., Guigand, C., Cousin, C., Ryan, E. H., Laxague, N. J.
M., Dai, H., Haus, B. K., and Ozgékmen, T.: A biodegradable
surface drifter for ocean sampling on a massive scale, J. Atmos.
Ocean. Tech., 34, 2509-2532, https://doi.org/10.1175/JTECH-
D-17-0055.1, 2017.

Okubo, A.: Horizontal dispersion of floatable particles in the vicin-
ity of velocity singularities such as convergences, Deep-Sea Res.
Pt. 1, 17, 445-454, https://doi.org/10.1016/0011-7471(70)90059-
8, 1970.

Okubo, A. and Ebbesmeyer, C. C.: Determination of vor-
ticity, divergence, and deformation rates from analysis of
drogue ob-servations, Deep-Sea Res. Pt. I, 23, 349-352,
https://doi.org/10.1016/0011-7471(76)90875-5, 1976.

Poulain, P.-M.: Demonstration experiment and design of network
for oceanographic and acoustic measurements, Memorandum re-
port CMRE-MR-2020-17, NATO-STO CMRE, La Spezia, Italy,
43 pp., 2020.

Poulain, P.-M. and Gerin, R.: Assessment of the water-
following capabilities of CODE drifters based on direct rela-
tive flow measurements, J. Atmos. Ocean Tech., 36, 621-633,
https://doi.org/10.1175/ITECH-D-18-0097.1, 2019.

Poulain, P.-M., Mauri, E., and Ursella, L..: Unusual up-
welling event and current reversal off the Italian Adriatic
coast in summer 2003, Geophys. Res. Lett., 31, L05303,
https://doi.org/10.1029/2003g1019121, 2004.

Poulain, P.-M., Gerin, R., Rixen, M., Zanasca, P., Teixeira, J., Griffa,
A., Molcard, A., De Marte, M., and Pinardi, N.: Aspects of the
surface circulation in the Liguro-Provencal basin and Gulf of
Lion as observed by satellite-tracked drifters (2007-2009), Boll.
Geofis. Teor. Appl., 53, 261-279, 2012.

https://doi.org/10.5194/0s-19-1617-2023

Poulain, P.-M., Menna, M., and Gerin, R.: Mapping Mediterranean
tidal currents with surface drifters, Deep-Sea Res. Pt. I, 138, 22—
33, https://doi.org/10.1016/j.dsr.2018.07.011, 2018.

Poulain, P-M., Mauri, E., Gerin, R., Chiggiato, J., Schroeder,
K., Griffa, A., Borghini, M., Zambianchi, E., Falco, P., Testor,
P, and Mortier, L.: On the dynamics in the southeastern Lig-
urian Sea in summer 2010, Cont. Shelf Res., 196, 104083,
https://doi.org/10.1016/j.csr.2020.104083, 2020.

Poulain, P.-M., Centurioni, L., and Ozgékmen, T.: Compar-
ing the currents measured by CARTHE, CODE and SVP
drifters as a function of wind and wave conditions in
the Southwestern Mediterranean Sea, Sensors, 22, 353,
https://doi.org/10.3390/s22010353, 2022.

Provenzale, A.: Transport by coherent barotropic vortices, Annu.
Rev. Fluid Mech., 31, 55-93, 1999.

Rypina, L. 1., Getscher, T. R., Pratt, L. J., and Mourre, B.: Ob-
serving and quantifying ocean flow properties using drifters with
drogues at different depths, J. Phys. Oceanogr., 51, 2463-2482,
https://doi.org/10.1175/JPO-D-20-0291.1, 2021.

Schaeffer, A., Gramoulle, A., Roughan, M., and Mantovanelli, A.:
Characterizing frontal eddies along the East Australian Cur-
rent from HF radar observations, J. Geophys. Res.-Oceans, 122,
3964-3980, https://doi.org/10.1002/2016JC012171, 2017.

Schroeder, K., Haza, A. C., Griffa, A., Ozgékmen, T. M.,
Poulain, P.-M., Gerin, R., Peggion, G., and Rixen, M.: Rel-
ative dispersion in the Liguro-Provencal basin: From sub-
mesoscale to mesoscale, Deep-Sea Res. I, 58, 2090228,
https://doi.org/10.1016/j.dsr.2010.11.004, 2011.

Schroeder, K., Chiggiato, J., Haza, A. C., Griffa, A., C)zgék-
men, T. M., Zanasca, P., Molcard, A., Borghini, M., Poulain,
P-M., Gerin, R., Zambianchi, E., Falco, P., and Trees, C.:
Targeted Lagrangian sampling of submesoscale dispersion at
a coastal frontal zone, Geophys. Res. Lett., 39, L11608,
https://doi.org/10.1029/2012GL051879, 2012.

Tarry, D., Essink, S., Pascual, A., Ruiz, S., Poulain, P.-M., C)Zgbk-
men, T., Centurioni, L. R., Farrar, J. T., Shcherbina, A., Mahade-
van, A., and D’Asaro, E.: Frontal convergence and vertical ve-
locity measured by drifters in the Alboran Sea, J. Geophys. Res.,
126, €2020JC016614, https://doi.org/10.1029/2020JC016614,
2021.

Troupin, C., Barth, A., Sirjacobs, D., Ouberdous, M., Brankart, J.-
M., Brasseur, P., Rixen, M., Alvera-Azcarate, A., Belounis, M.,
Capet, A., Lenartz, F., Toussaint, M.-E., and Beckers, J.-M.: Gen-
eration of analysis and consistent error fields using the Data In-
terpolating Variational Analysis (DIVA), Ocean Model., 52-53,
90-101, https://doi.org/10.1016/j.ocemod.2012.05.002, 2012.

Waterston, J., Rhea, J., Peterson, S., Bolick, L., Ayers, J., and
Ellen, J.: Ocean of things: affordable Maritime sensors with scal-
able Analysis, OCEANS 2019, Marseille, Marseille, France, 1—
6, https://doi.org/10.1109/0CEANSE.2019.8867398, 2019.

Wong, D.-P,, Vieira, M. E. C., Slat, J., Tintore, J., and La Violette, P.
E.: A shelf/slope frontal filament off the northeast Spanish coast,
J. Mar. Res., 46, 321-332, 1988.

Zatsepin, A. G., Ginzburg, A. I., Kostianoy, A. G., Kremenet-
skiy, V. V., Krivosheya, V. G., Stanichny S. V., and Poulain,
P.-M.: Observations of Black Sea mesoscale eddies and as-
sociated horizontal mixing, J. Geophys. Res., 108, 3246,
https://doi.org/10.1029/2002JC001390, 2003.

Ocean Sci., 19, 1617-1631, 2023


https://doi.org/10.3389/fmars.2021.645762
https://doi.org/10.1029/2010JC006338
https://doi.org/10.1175/BAMS-D-19-0305.1
https://argo.ogs.it/pub/Menna%20et%20al%202017_Drifter_database.pdf
https://argo.ogs.it/pub/Menna%20et%20al%202017_Drifter_database.pdf
https://doi.org/10.1175/1520-0485(1975)005<0483:CODKPF>2.0.CO;2
https://doi.org/10.1175/1520-0485(1975)005<0483:CODKPF>2.0.CO;2
https://doi.org/10.1016/S0074-6142(01)80119-4
https://doi.org/10.1175/JTECH-D-17-0055.1
https://doi.org/10.1175/JTECH-D-17-0055.1
https://doi.org/10.1016/0011-7471(70)90059-8
https://doi.org/10.1016/0011-7471(70)90059-8
https://doi.org/10.1016/0011-7471(76)90875-5
https://doi.org/10.1175/JTECH-D-18-0097.1
https://doi.org/10.1029/2003gl019121
https://doi.org/10.1016/j.dsr.2018.07.011
https://doi.org/10.1016/j.csr.2020.104083
https://doi.org/10.3390/s22010353
https://doi.org/10.1175/JPO-D-20-0291.1
https://doi.org/10.1002/2016JC012171
https://doi.org/10.1016/j.dsr.2010.11.004
https://doi.org/10.1029/2012GL051879
https://doi.org/10.1029/2020JC016614
https://doi.org/10.1016/j.ocemod.2012.05.002
https://doi.org/10.1109/OCEANSE.2019.8867398
https://doi.org/10.1029/2002JC001390

	Abstract
	Introduction
	Data and methods
	Lagrangian instruments
	Remotely sensed data and operational products
	Deployment strategy
	Analysis methods

	Results
	Drifter trajectories and qualitative description of the circulation
	Relative surface dispersion
	Surface DKPs

	Discussion and conclusions
	Data availability
	Author contributions
	Competing interests
	Disclaimer
	Special issue statement
	Acknowledgements
	Financial support
	Review statement
	References

