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We describe the physical and dynamical characteristics of a mesoscale anticyclonic eddy observed in
August 2013 over the shelf-break region of the northeastern sector of the Ligurian Sea, between the
northeastern edge of the Northern Current (NC) and the coast. Results derive from a dense dataset of
temperature, salinity and current measurements obtained from a multi-platform sampling strategy as
well as from a diagnostic simulation with the Regional Ocean Modeling System (ROMS) at a horizontal
resolution of 1.8 km. Model results are obtained from a strong nudging to observations and, as they are
physically balanced, they allow a three-dimensional diagnosis of the dynamics and physical character-
istics of the eddy. The eddy is centered around 9.5°E, 43.94°N, about 20 km from the coast, and has a
radius of 16 km. It is characterized by low-density waters and penetrates the thermocline down to at
least 300 m reflecting the main features of the NC. Horizontal velocities near the surface are around
0.4 m s�1, while at 150 m are still significantly high and close to 0.2 m s�1. Vertical velocities were es-
timated from model results; absolute values are below 4 m day�1 until depths shallower than 150 m and
increase with depth to 15 m day�1. The eddy's presence inverts the northwestwards flow traditionally
portrayed in the region determining a southeastwards coastal circulation that replenishes coastal waters
with those originating from the NC. We discuss several possible eddy formation mechanisms and suggest
that its formation depends on the directionality of the NC when it enters the Ligurian Sea, as a result of
the adjustment of the shear and orbital components of the current's relative vorticity.

& 2016 The Authors. Published by Elsevier Ltd. All rights reserved.
1. Introduction

The Ligurian-Provençal Basin (LPB) is located in the north-
western sector of the Mediterranean Sea, with the French-Italian
border to its north, and Corsica Island to its south (Fig. 1). The
eastern sector of the LPB is characterized by a wide continental
shelf, which deepens gradually to maximum depths of 1000 m.
Conversely, west of 9.5°E the continental shelf is narrower and the
shelf slope is steep, reaching south of Genoa depths close to
2500 m. The rugged topography of the LPB plays an important role
in guiding the main circulation pathways in the region (Millot
et al., 1999; Taupier-Letage and Millot, 1986).

The main large scale hydrographic feature of the LPB is the
Northern Current (NC), also known as the Liguro- Provençal
-Catalan current (Millot et al., 1991). The NC forms to the north of
Corsica Island as a result of the joining of the two currents flowing
r Ltd. All rights reserved.
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on either side of Corsica, i.e., the Western Corsica Current (WCC),
and the Eastern Corsica Current (ECC), although several studies
suggest that the NC is mainly driven by the ECC (Astraldi et al.,
1990; Astraldi and Gasparini, 1992). The NC flows northwards
north of Corsica and then southwestwards along the continental
slope (Millot et al., 1999; Taupier-Letage and Millot, 1986), ap-
proximately 20–35 km offshore, along the Italian (west of Genoa)
and French coast (Petrenko, 2003; Sammari et al., 1995; Schroeder
et al., 2011), ending along the coast of Spain, where it enters the
Catalan Sea (Birol et al., 2010; Millot et al., 1991). The result of the
large scale circulation pattern in the LPB, composed of the north-
wards flowing WCC and the NC, is a deep cyclonic gyre (Millot,
1987, 1999).

A significant dynamical variability is superimposed onto the
large scale circulation patterns described above. Several authors
have documented the meandering nature of the NC (Crépon et al.,
1982; Marullo et al., 1985), as well as the presence of eddy activity
north of Corsica where the ECC converges with the WCC (Casella
et al., 2014; Millot et al., 1991; Poulain et al., 2012; Sammari et al.,
1995). Significant eddy activity has also been observed in other
locations of the Northwest Mediterranean Sea like in the Gulf of
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Fig. 1. General circulation in the Ligurian Sea and adjacent waters. The dotted
polygon in blue delimits the region investigated during the MED-REP13 field ex-
periment. Thin grey lines denote bathymetry contours for the 200 m, 1000 m and
2000 m depth levels as defined in the GEBCO One Minute Grid dataset (www.
gebco.net). Unless stated differently, the same dataset is used in all the following
plots. (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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Lions (Allou et al., 2010; Flexas et al., 2002; Hu et al., 2011; Kersalé
et al., 2013; Petrenko, 2003) or along the Catalan shelf (Rubio et al.,
2005; Tintoré et al., 1990) through dedicated in-situ and modeling
studies.

In the Ligurian Sea the information on eddies is sparse and
mostly derives from a variety of modeling studies (Casella et al.,
2011; 2014; Echevin et al., 2003; Taillandier et al., 2006) which, in
particular, show that eddies may occur throughout most of the
Ligurian Sea in association with the NC both along the coast
(Casella et al., 2011, 2014) and in the open-sea area of the Gulf of
Genoa (Echevin et al., 2003; Taillandier et al., 2006). In particular,
in the northeastern sector of the Ligurian Sea investigated here,
Casella et al. (2011) tracked, but did not describe in their simula-
tions several anticyclonic eddies associated with the meanders of
the NC that did not penetrate below 120 m. Unfortunately, in situ
observations of these anticyclonic eddies are limited in number
and coverage: Schroeder et al. (2011) indicated the presence of an
anticyclonic recirculation in 2008 around 9°E, 44°N, where the NC
appeared to bifurcate. The recirculation was described by the
trajectories of few trapped surface drifters, therefore there is no
information regarding neither the recirculation's vertical structure
nor its temporal evolution. In August 2010, an anticyclonic eddy
was partially captured around 9°E, 44.1°N by the observations
carried out during the Recognized Environmental Picture (REP)
2010 experiment (Alvarez et al., 2013): measurements indicated a
low-density core, with a minimum in salinity around 50 m (�37.7)
and values still below 38.4 at 160 m, which was the maximum
depth of available measurements.

The repeated indication of an anticyclonic eddy in the area off-
shore La Spezia (Alvarez et al., 2013; Schroeder et al., 2011) invites
to hypothesize that this structure may not be a sporadic feature
but rather a particular recurrent pattern.

Permanent or recurrent circulation patterns are of wide interest
in oceanography. This is because the knowledge of their existence,
physical structure and evolution improves the predictability of the
local circulation allowing to foresee their impact on biogeochem-
istry and the local ecosystem (Abella et al., 2008; Casella et al.,
2

2014). Nevertheless to date very little is known about the char-
acteristics of the eddy observed repeatedly in the northeastern
Ligurian Sea, as a detailed hydrographic study is not yet available.

Of the dynamical properties that characterize an eddy, vertical
velocities are of particular interest, as they have important con-
sequences (in terms of the vertical transport) for the biology and
chemistry (Shearman et al., 2000). However, because the order of
magnitude of vertical velocities in the ocean is smaller than few
mm s�1, they are difficult to quantify from in situ measurements
and several methods have been documented in the literature to
derive them indirectly from observations. Derivations of vertical
velocities based on the Q vector formulation of the omega
equation (Shearman et al., 2000) has been used by several authors
(i.e., Pascual et al., 2002; Ruiz et al., 2009), although the magnitude
of the diagnosed vertical velocities is very sensitive to the re-
solution of the observations (Buongiorno Nardelli et al., 2012).
Other studies made use of numerical models coupled to a low pass
digital filter (Shearman et al., 2000; Viúdez et al., 1996) or were
configured to assimilate in situ and/or satellite observations (Li
et al., 2008; Moore et al., 2009). While data assimilation allows
accurate analysis and realistic forecasts, its outcomes vary with
changing model configurations (i.e., grid resolution, assimilation
techniques, parametrizations, boundary and initial conditions)
thus increasing the number of uncertainties in the model’s esti-
mates of vertical velocities (Buongiorno Nardelli et al., 2012). Fi-
nally, estimates of the three-dimensional circulation patterns, in-
cluding vertical velocities, have also been obtained through diag-
nostic runs of ocean models (i.e., Blumberg and Mellor, 1983; Chu
et al., 2005; Russo et al., 2009; Zavatarelli, 2002). In this approach,
first initial and boundary conditions are reconstructed from the
available observations (i.e., through optimal interpolation) and the
model is run with fixed temperature and salinity fields. Second,
the model is run for a limited number of iterations with fixed
boundary conditions derived from the previous stage. In this
study, vertical velocities were estimated using a diagnostic setup
of ROMS. Clearly, as long as direct observations of the vertical
velocities are not possible, the exact level of representativeness of
the calculated vertical motions remains unknown (Buongiorno
Nardelli et al., 2012; Samuelsen et al., 2012).

This study makes use of a data set collected during the Medi-
terranean REP 2013 (MED-REP13) field experiment in the north-
eastern sector of the LPB, to provide a detailed description of the
physical and dynamical characteristics of an anticyclonic eddy si-
milar to the ones evidenced in the past by drifters and numerical
models. The field experiment aimed at investigating the opera-
tional feasibility and the benefits of using an observational net-
work of different platforms to characterize the marine environ-
ment. Although the scope of the experiment was different from
the objectives of the present study, the campaign allowed the
collection of an extensive dataset of temperature, salinity and
current measurements in the region offshore La Spezia, illustrating
the potential of integrating information from a heterogeneous
ocean observing network in observational oceanography.

Results reveal that the anticyclone occupies most of the water
column penetrating the thermocline down to at least 300 m. Up to
the authors’ knowledge, it is the first time that an anticyclonic
eddy with these characteristics is observed in the northeastern
Ligurian Sea. Exploiting the synergism between our in situ ob-
servations and other existing datasets, we hypothesize its forma-
tion mechanism, and discuss it frequency of occurrence. The
manuscript is organized as follows: the multiple sampling plat-
forms used in this study are described in Section 2, while the main
results and their discussion are given in Sections 3 and 4 respec-
tively. Finally, Section 5 summarizes and concludes the work.

http://www.gebco.net
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2. Data and methods

2.1. In-situ temperature and salinity observations

The MED-REP13 field experiment was conducted with the NR/V
Alliance of the Center for Maritime Research and Experimentation
(CMRE), on 5–20 August 2013 in a marine area offshore La Spezia
(Figs. 1 and 2). The sampled region was nearly rectangular with
approximately 90 km * 70 km in the along-shore and cross-shore
directions, respectively. Oceanographic measurements were col-
lected during the periods of 5–9 August and 16–20 August. Mea-
surement sites are marked in Fig. 2. During 5–9 August (Fig. 2a), 13
Conductivity Temperature Depth (CTD) casts were performed with
a SBE911 probe along two parallel tracks spaced about 40 km
apart. The two transects were oriented orthogonally to the shelf-
break at depths ranging 100–1000 m, along which CTD stations
were spaced approximately 10 km from each other. Where possi-
ble, CTDs were cast till a maximum depth of 600 m, except for one
CTD that was cast till 1000 m depth. The same locations were re-
sampled with equivalent criteria during 16–20 August (Fig. 2b).

CTD casts were complemented with temperature and salinity
measurements from a towed ScanFish MKII vehicle equipped with
a SeaBird 49 CTD, and samples gathered by a fleet of one deep and
two shallow Slocum gliders. The ScanFish was towed twice along
the periphery of the surveyed domain (Fig. 2a), between 5 Aug
17:43 – 6 Aug 14:28 and between 07 Aug 18:22 – 08 Aug 14:28 (all
times are in UTC). The instrument followed a vertical sawtooth
trajectory between 5 m and 240 m depth, with horizontal and
vertical speeds of 3 and 1 m s�1 respectively, allowing a sampling
horizontal resolution better than 3 km. The deep glider was pro-
grammed to dive between 15 m and approximately 500 m, while
the shallow gliders sampled the water column between 15 m and
approximately 170 m depth. The glider CTD data were collected
with a sampling rate of 1 Hz or 0.5 Hz (un-pumped or pumped
CTD, respectively). The trajectories followed by the three gliders
during the two periods of observations (i.e., 5–9 August and 16–20
August) are marked in Fig. 2a and b.

Additionally, historical temperature and salinity profiles were
retrieved over the eddy area from the World Ocean Database 2013
(WOD13, Boyer et al., 2013). WOD13 is hosted at the NOAA Na-
tional Oceanographic Data Center (https://www.nodc.noaa.gov/
OC5/WOD13/), and contains a collection of temperature and
Fig. 2. Locations of the in situ measurements during MED-REP13 for the two periods 5–9
topography. Sampling platforms are coded as follows: blue dots denote shipborne CTD
thick black lines denote the trajectories of the deep glider, while thick red lines denote
trajectory of the ship for which ADCP current measurements are available. Panel (c)
extensions of the domains utilized in the model setup. The black polygon denotes the do
domain size adopted in the second stage of the model setup. In all panels, bathymetry c
lines. (For interpretation of the references to color in this figure legend, the reader is re
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salinity measurements recorded in the World's oceans from dif-
ferent platforms (i.e., CTD, XBT, CTD float profilers, gliders) for the
years 1973–2013 (MED-REP13 data are not included). To evaluate
the climatological water properties in the eddy region, tempera-
ture and salinity profiles were extracted for August, but also July
and September in order to increase the number of measurements
available in the area, and thus the representativeness of the mean
field.

2.2. Ocean current measurements from the vessel mounted Acoustic
Doppler Current Profile and drifters

Along-ship-track ocean current measurements were acquired
during the whole campaign with a vessel mounted 75 kHz Ocean
Surveyor Acoustic Doppler Current Profiler (ADCP). The ADCP was
configured to measure currents at 40 depths ranging between
30 m and 650 m. Depth layers were equally spaced every 16 m.
ADCP data acquired between 5 and 9 August 2013 were processed
and averaged to obtain one measurement every two minutes.
ADCP measurements acquired on 7 August, when the ship trans-
ited close to the center of the anticyclonic eddy, are used to de-
scribe the horizontal velocities within the eddy (see Figs. 12 and
13), to locate the position of its center and to measure the eddy's
horizontal extent. Using the methodology described by Garau et al.
(2006), the eddy center was identified as the point where the
number of intersections of the radial directions between pairs of
ADCP velocity vectors was highest. The eddy's radius, instead, was
identified as the distance from the eddy center where surface (i.e.,
30 m) horizontal velocities reached their maxima.

Additionally, ADCP measurements for each depth layer were
used to calculate the stream function by using a Bayes least square
estimate resulting from:
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August 2013 in (a) and 16–20 August 2013 in (b). Background color denotes bottom
stations; the red-dotted line denotes the track of the towed ScanFish MKII vehicle;
the trajectories of the shallow gliders; thin black lines in panel (a) delineate the

shows the ROMS bottom topography (Smith and Sandwell, 1997) as well as the
main size in the first stage of the model setup, the dotted red polygon denotes the
ontours for the 200 m, 1000 m and 2000 m depth levels are marked with thin grey
ferred to the web version of this article.).
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Table 1
Times (UTC) and coordinates (Longitude and Latitude) of drifter deployments and last available positions.

Drifter ID number Deployment Last position

Date & time Coordinates Date & time Coordinates

300234060607060 14 Aug 2013 02:48:43 9.42°E, 43.55°N 24 Aug 2013 08:58:33 9.13°E, 43.99°N
300234060506980 14 Aug 2013 03:05:13 9.47°E, 43.59°N 18 Aug 2013 07:51:38 9.18°E, 44.28°N
300234060601040 14 Aug 2013 03:43:45 9.56°E, 43.66°N 03 Sep 2013 23:06:14 8.64°E, 44.34°N
300234060502970 14 Aug 2013 03:55:22 9.49°E, 43.62°N 17 Aug 2013 11:18:14 8.95°E, 44.25°N

Fig. 3. Trajectories followed by four surface drifters deployed on 14 August 2013
between 2:48 AM and 3:55 AM (UTC). Each deployment location is shown with
bold black dots together with the last four digits of each drifter ID number (Ta-
ble 1). Each start of a new day between 15 August and 3 September are also de-
noted along the trajectories. Thin grey lines denote bathymetry contours for the
200 m, 1000 m and 2000 m depth.
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where { } =u v,i i i
N

1 are the observed horizontal components of the

velocity at position →xi, s is an observational error associated to the
observations and C( . ) is a Gaussian covariance matrix with a
decorrelation scale of 37 km. The decorrelation scale was calcu-
lated from the horizontal covariogram of the observations, which
relates, for a stationary stochastic process, the covariance between
the locations of two measurements with their relative horizontal
distance. The numerical procedure employed to solve the mini-
mization problem Eq. (1) is described in Alvarez and Mourre
(2012). Velocity fields from the stream function are used for a
synoptic and highly resolved three-dimensional characterization
of circulation in the study area, but also for a comparison of out-
puts from the Regional Ocean Modeling System (ROMS).

Information on surface circulation was also obtained from La-
grangian measurements. On 14 August, between 2:48 AM and
3:55 AM (UTC), four surface drifters (model MD03i) drogued at
1 m depth were deployed in the study area. The dates and co-
ordinates of their deployment and last available positions are
summarized in Table 1. Their daily positions (Fig. 3) were retrieved
via the Iridium Satellite communication network. All surface
drifters were operative at least till 17 August. Poulain et al. (2009)
indicated that the drifting velocities of 1-m-drogued drifters are
affected by the wind speed by only 1% of its magnitude.

2.3. Sea surface chlorophyll concentration, satellite altimetry and
surface winds

Standard-mapped images, level-3 three-day composites of
Aqua-MODIS Chlorophyll a (Chl a) concentrations, were retrieved
from the Distributed Active Archive Center (http://oceancolor.gsfc.
nasa.gov) for 7–9 August. Satellite products are processed by the
Goddard Space Flight Center and projected on a regular spatial
grid of 4 km. The specific three-day composite image was chosen
because it allowed the maximum coverage of the eddy area, yet
remaining close enough in time to the timing of in-situ mea-
surements acquired during 5–9 August. Limitations in satellite
data coverage (partly due to cloud cover during the field experi-
ment and partly due to the low quality of the satellite imagery) as
well as the poor surface thermal signature of the anticyclonic eddy
of interest prevented a fruitful exploitation of sea surface tem-
perature (SST) imagery.

Daily delayed-time values for the zonal and meridional com-
ponents of absolute geostrophic velocities, computed from abso-
lute topography, and re-sampled on a regular grid, were extracted
for the time period between January 1993 and December 2013
from the Aviso satellite altimetry webpage (http://www.aviso.
oceanobs.com/duacs/). Altimetry gridded maps derive from the
merging of data over several altimeter missions providing a con-
sistent and homogeneous data set for the Mediterranean Sea at a
resolution of 1/8°. Therefore, they are too smooth to resolve the
small (order of 10–100 km) and coastal features (Amores et al.,
2013; Birol et al., 2010; Escudier et al., 2013) evidenced in the
in situ ADCP data. Nevertheless they can provide useful informa-
tion about the larger scale patterns and their dynamical evolution.

Hourly measurements of winds at 10 m above the sea level, at a
4

horizontal resolution of 6.5 km were obtained from the Con-
sortium for Small Scale Modeling (COSMO, Baldauf et al., 2011) for
1 July-21 August 2013. The COSMO-Model is a non-hydrostatic
limited-area atmospheric prediction model. It has been designed
for both operational numerical weather prediction and various
scientific applications. A thorough description of the model system
is also given in the documentation available at the COSMO web-
site (www.cosmo-model.org).

2.4. Configuration and setup of ROMS diagnostic simulations

ROMS is a three-dimensional, free-surface split-explicit primi-
tive equation model. Vertical and horizontal coordinates are dis-
cretized in terrain-following curvilinear coordinates (i.e., sigma-
layers) using high-order finite differences. ROMS characteristics
and time stepping algorithm are described in detail by Shche-
petkin and McWilliams (2005). The Generic Length Scale (GLS)
vertical mixing parameterisation (Umlauf and Burchard, 2003) is
activated using the Kantha and Clayson stability function. To test
the effects of different mixing parameterisations on the prediction
of vertical velocities, sensitivity simulations were performed using
the Large-McWilliams-Doney (LMD) vertical mixing
scheme (Large and Gent, 1999), but results were comparable in all
cases.

Similarly to the approaches of Blumberg and Mellor (1983), Chu
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et al. (2005) and Russo et al. (2009), results presented and dis-
cussed below are derived from a two-stage model setup. In the
first stage the model domain included the Ligurian Sea from
43.3°N to 44.4°N and from 8.6°E to 10.1°E at 1.8 km resolution
(Fig. 2c), and 32 sigma-coordinate vertical layers stretched to in-
crease resolution close to the surface. In this model configuration
there were three open lateral boundaries located on the western,
eastern and southern sides of the domain. Radiation boundary
conditions were implemented for the barotropic and baroclinic
velocity components in order to radiate instabilities out of the
domain. Moreover, volume conservation was enforced and gra-
dient boundary conditions were adopted for the free surface.
Bottom topography was based on the global topography dataset at
2’ resolution (Smith and Sandwell, 1997). On the eastern boundary
the bathymetry has been clipped to 50 m in order to prevent
spurious numerical instabilities generated by the very shallow
shelf (less than 100 m) which characterizes this portion of the
domain. Changes in topography due to the clipping to 50 m are
limited to the small and shallow area in the southeastern sector of
the coast which is far from the main dynamical setting of the eddy.

The model was run in a diagnostic configuration using tem-
perature and salinity observations from the period 5–9 August.
According to the study of Alvarez and Mourre (2012) in the Li-
gurian Sea, in this 4-day time period in situ observations were
assumed synoptic, in the sense that the temporal variability of
water properties in the 4-day interval can be considered much
smaller that the variations related to the large scale structures.
In situ temperature and salinity measurements were objectively
analyzed and interpolated onto a regular 3D grid. The interpola-
tion grid was characterized by a horizontal resolution of about
7 km, while along the vertical dimension 63 levels were defined
from the surface to the bottom with decreasing resolution. In the
first 300 m, the average vertical resolution was approximately
10 m. Based on the horizontal covariogram the correlation length
used in the interpolation was estimated to be 37 km.

The model was initialized with zero free surface and zero
momentum and configured for a diagnostic simulation where
temperature and salinity measurements from the 3D-grid con-
structed as described above, were kept fixed in time. With this
configuration the model was thus used to compute the free-sur-
face and momentum that balances the frozen density state derived
from in situ data (see also Blumberg and Mellor, 1983; Chu et al.,
2005). After a short run of 20 modeling days the model reached
and maintained quasi equilibrium and its outputs of temperature,
meridional and zonal components of velocity as well as sea surface
height were used to set the boundaries and initial conditions of
the second stage of the model setup. The chosen 20-day spin up
time is in agreement with the earlier studies of Blumberg and
Mellor (1983).

In the second stage of the simulations, the model's horizontal
resolution was kept to 1.8 kmwhile the model's western boundary
was shifted eastwards to 9°E (see Fig. 2c), so that the main flow
driven by the NC (see Section 3.2) entered and exited the model
domain perpendicularly to the western boundary. This configura-
tion avoided spurious recirculation cells generated in the western
portion of the study area, where the main oceanographic struc-
tures were not sampled adequately by the available in situ ob-
servations. The algorithm proposed by Marchesiello et al. (2001)
combining radiation and nudging (with a time scale of one day) is
implemented to calculate the baroclinic flows through the lateral
open boundaries, using external values from the restart file of the
first model setup. Chapman boundary condition was adopted for
the free surface together with a strong (i.e., one day) interior grid
nudging for temperature and salinity. Sensitivity tests show that
with larger nudging temporal scales differences between ob-
servations and simulation outcomes increase. The model was
5

initialized with the fields obtained from the first stage of the
model configuration and run for two months, until the dynamic
equilibrium, evaluated in terms of kinetic energy of the system,
was reached. In the following, results from the 60th model day are
presented. Due to the application of a strong interior grid nudging
(i.e., one day), the velocity fields simulated by ROMS are dyna-
mically consistent with temperature and salinity, but not in full
geostrophic balance because the model's momentum advection
and diffusion terms are not null.

Diagnostic simulations with the ROMS model were primarily
used to estimate vertical velocities developing within the eddy.
However, they also provide the means to obtain, from the non-
uniform distribution of available observations, a three-dimen-
sional and dynamically consistent characterization of the physical
and dynamical oceanographic conditions in the interior of the
domain with a relatively simple technical set up and reasonable
computational cost.
3. Results

3.1. Description of water masses

Temperature and salinity measurements collected in the MED-
REP13 study area by all sampling platforms (i.e., gliders, ScanFish
and CTD casts) during both periods of oceanographic observations
(5–9 August 2013 and 16–20 August 2013, Fig. 2) allow for the
identification of the main water masses that characterize the LPB
basin, in agreement with the general hydrographic conditions
described in the literature. Temperature-salinity diagrams (Fig. 4)
are used to represent water properties observed during the two
sampling periods. Moreover, given the particularly dense dis-
tribution of the data collected during the first sampling period,
temperature and salinity properties for 5–9 August 2013 are also
displayed in Fig. 5 for a three dimensional overview of the sam-
pling area.

The densest (greater than 29, Fig. 4) waters are at depths
greater than around 300 m and exhibit the main characteristics of
the Levantine Intermediate Water (LIW) clearly identified by a
temperature maximum (i.e., values of 13.2–13.8 °C) and salinities
greater than 38.6. Measurements shallower than the LIW indicate
two distinct types of water. The first water type occupies the left
half of the TS diagram (Fig. 4), and can be identified with the
Modified Atlantic Water (MAW), here characterized by very low
salinity (37.7–38.0 PSU) and warm temperatures (13.5–26 °C) be-
tween the thermocline and �300 m. As the MAW is advected in
the LPB with the WCC and then the NC, its characteristic tem-
perature and low salinity values are observed in all measurements
taken along and to the east of the main NC path (Fig. 5). The
second type of waters has temperature ranges similar to those
described above, but higher salinities ranging 38.1–38.3. These
more saline waters occupy the right half of the TS-diagram (Fig. 4)
and reflect the MAW found closer to the center of the LPB cyclonic
gyre (Fig. 5). Interestingly, during the first sampling period (5–9
August 2013) the presence of these saltier MAW is detected by the
northernmost CTD casts only (red dots in Fig. 4a), but by both CTD
transects during the second observational period (16–20 August
2013 in Fig. 4b) reflecting the change of water properties linked to
the presence and then northwards movement of the anticyclonic
eddy (see Discussion section below).

3.2. Large scale circulation patterns

The velocity field derived from ADCP measurements from 5 to
9 August provides a rather detailed description of the circulation
in the area. Results at 30 m, i.e., the first depth layer sampled by



Fig. 4. TS diagrams based on the measurements collected during the two periods 5–9 August 2013 in (a) and 16–20 August 2013 in (b) by gliders and/or ScanFish depending
on the period of observations (grey dots) and those obtained from CTD casts in the northernmost (red dots) and southernmost (black dots) transects shown in Fig. 2. In
(a) the approximate depths of the most significant features of the diagram are also given. Oblique lines denote isopycnals. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.).

Fig. 5. Three-dimensional view of temperature (a) and salinity (b) values observed during the first period of the sea trial (5–9 August 2013). Black dots at the surface mark
the sampling locations as coded in Fig. 2a. An animated three-dimensional view of the same dataset is available in the Supplementary material.

CMRE Reprint Series CMRE-PR-2019-072

6



Fig. 6. a) Horizontal velocity field as obtained from ADCP current measurements at 30 m between 5 and 9 August 2013. b) Horizontal velocity field derived from the stream
function calculated using the ADCP measurements shown in panel a. c) Currents simulated by ROMS at 30 m. Note that the coastline in the model is the result of the
topographic clipping to 50 m (see Section 2.4). In all panels the red rectangle marks the ROMS model domain and thin grey lines denote bathymetry contours for the 200 m,
1000 m and 2000 m depth levels. Note that in c) grey lines denote the same contours but for the model's bottom topography. (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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the ADCP, are shown in Fig. 6a. The most evident circulation fea-
ture is the NC, shown as an intense (�0.4 m s�1) northwestwards
current that flows across most of the study area following the
1000 m bathymetry contour around the shelf-break, and that exits
the domain to the northwest. The width of the NC is estimated to
be around 36 km. Moreover, ADCP measurements and the derived
stream function (Fig. 6b) clearly indicate the cyclonic (i.e., coun-
terclockwise) circulation that characterizes the southwestern
sector of the Ligurian Sea (Millot, 1999). Between the northeastern
edge of the NC and the coast, around 9.5°E, 43.9°N at water depths
of �500 m, there is a clear indication of an anticyclonic (i.e.,
clockwise) eddy centered at about 21 km from the coast, with a
radius of 16 km and a slightly elongated shape in the north-south
direction. Maximum velocities are observed in the eastern and
western side of the eddy (�0.4 m s�1), which appears to be in-
tegrated into the eastern edge of the NC flow. Conversely, in the
northern and southern sectors of the eddy the flow is weaker,
ranging 0.1–0.2 m s�1. Based on ADCP observations and water
properties within the eddy (described below), this circulation
structure extends vertically up to approximately 350 m below the
surface.

Qualitative comparison between the circulation patterns de-
scribed above (Fig. 6a and b) and the results from ROMS simula-
tions (Fig. 6c), shows that the model analysis nicely agrees with
the circulation features derived from ADCP data. It is important to
note that the two circulation datasets used in the comparison are
independent, as ADCP observations were not used in the numer-
ical procedure. The simulated current field reproduces an intense
(�0.4 m s�1) northwestwards current that compares very well, in
terms of location, direction, width and intensity with the main
characteristics of the NC described above. Particularly relevant to
the objectives of this study is the ability of the model to simulate
the anticyclonic eddy evidenced in the in situ observations.

The position of the eddy center in the modeled surface current
and its radius are calculated as for observations. The model re-
produces an eddy that is slightly more elongated in the northwest-
southeast direction than in the observations with its center around
9.5°E, 43.87°N (Fig. 6c) and an average radius of 18 km. Small
discrepancies between the observed and modeled eddy are likely
due to the simplified model's representation of bathymetry but
also due to the fact that ADCP current measurements used to
calculate the stream function provide a better temporal and spatial
coverage of the region of interest than the in-situ temperature and
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salinity measurements used to initialize and force the model (the
spatial coverage of the two datasets are shown in Fig. 2). Differ-
ences in the location and size of the observed and modeled eddy
do not influence the conclusions of this study.

A quantitative assessment of the performance of ROMS to di-
agnose the dynamics in the eddy is provided by measuring the
similarity between all the in-situ ADCP current measurements
available along the ship track between 5 and 9 August 2013 con-
tained within the boundaries of the model's domain (Fig. 6a) and
model results interpolated onto the locations of the in situ ADCP
measurements. This similarity assessment is done using Taylor
diagrams (Taylor, 2001) which represent the statistical relation-
ship between the two fields. Model results that agree well with
observations will have similar standard deviation, relatively high
correlation and small Root Mean Square Deviation (RMSD) values
between model outputs and observations. In the calculations, the
zonal and meridional components of observed and simulated
current velocities are from depths equal and shallower than 110 m,
because for depths greater than 110 m, comparison with ob-
servations indicates that the model's RMSD becomes larger than
the velocity magnitudes measured by the ADCP.

Simulated zonal velocities (U_roms in Fig. 7a) have a RMSD of
0.07 m s�1 and are positively correlated to observations (correla-
tion coefficient is 0.57). The standard deviations of the two data-
sets are also comparable in magnitude (0.08 m s�1 and 0.07 m s�1

for U_obs and U_roms, respectively). Regarding the model's esti-
mate of the meridional velocities (V_roms in Fig. 7b) the correla-
tion coefficient is higher than in the previous comparison (i.e.,
0.75), with a RMSD value of �0.08 m s�1. The calculated standard
deviations in the observed and modeled fields (V_obs and V_roms,
respectively) are 0.12 m s�1 and 0.11 m s�1. Considering the lim-
itations involved in the dataset comparisons (i.e., the different
temporal and spatial resolution of the data, or the effect of a
slightly displaced eddy in the two datasets), results represented on
the Taylor diagram confirm quantitatively the good agreement
between observed and modeled circulation shown in Fig. 6.

Model results allow a uniform three-dimensional coverage of
the whole area, and thus the calculation of volume transports
across the main circulation pathways of the region but also across
the eddy. Transport was calculated along the transects shown in
Fig. 8 and over the depth range 30–300 m, allowing for a com-
parison with estimates obtained from the stream function (values
between parenthesis in Fig. 8). An uncertainty of þ/�0.02 Sv for



Fig. 7. Taylor diagram for the a) zonal (i.e., east-west) and b) meridional (north-south) components of velocity, calculated from modeled (U_roms and V_roms) and observed
(U_obs and V_obs) values. In a) correlations are calculated with respect to U_obs, which explains why U_obs is placed on the axis of correlation¼1. The same principle
explains the position of V_obs in panel b). Calculations are based on current velocities till the 110 m depth layer.

Fig. 8. Circulation schematics and mass transport across the study area as from
ROMS model outputs and from the calculated stream function (values in par-
entheses). Values are calculated over the 30–300 m depth layer, and across each
section marked in red. All transport values are reported in Sv (1 Sv¼10�6 m3 s�1).
The error in the model's transport estimates is equal to 70.02 Sv. Thin grey lines
denote contours for the 200 m, 1000 m and 2000 m depth levels. Blue stars denote
the locations of the three reference profiles (P1, P2, P3) used for Fig. 10. (For in-
terpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.).
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the transport estimates has been obtained by computing the
RMSD of the model velocities at the ADCP observation locations.
Overall, there is one main region of inflow located in the south-
west corner of the domain, where the southern branch of the NC
entering the study area and the northwards flowing WCC lead to a
total surface transport of 1.05 Sv. Estimates from the stream
function result in a transport value (0.70 Sv) lower than the model
estimates (1.05 SV) due to the overestimation by the model of the
8

horizontal currents below 100 m. On the other hand, there are two
main regions of outflow: the first is located to the southeast where
the model reproduces a coastal current flowing southwards with
an estimated transport of 0.22 Sv; the second region of outflow is
located to the northwest of the domain, and is associated with the
NC. Here the current exits the study area due west with a transport
of 0.70 Sv. The same calculations were repeated to estimate the
transport within the eddy area, which on average accounted for
0.30 Sv. Estimates from the stream function indicate a mean
transport (0.39 Sv) higher than the model, as the latter under-
estimates the intensity of horizontal velocities in the shallower
layers of the eddy, especially in the southern section. Along the
Italian and French coast, the NC has been reported to have a
maximum flux of 1.5–2 Sv down to 700 dbar (Albérola et al., 1995;
Conan and Millot, 1995; Sammari et al., 1995; Schroeder et al.,
2008). Therefore, for the purpose of an additional validation of the
model estimates, we calculated the 0–700 m transport across the
section cutting through the northern portion of the NC and found
a value of 1.31 Sv, which is comparable with the transport esti-
mates provided by previous studies.

3.3. The anticyclonic eddy

To characterize the main salinity and temperature character-
istics outside and within the eddy area, we use model outputs
which, due to the chosen diagnostic configuration, reflect ob-
servations and allow a uniform three-dimensional coverage of the
area. Modeled values were extracted along the zonal section
crossing the eddy center at 43.87°N (Fig. 9). Moreover, profiles of
modeled temperature, salinity and the corresponding density at
the eddy center (9.5°E, 43.87°N) and for three locations outside
the eddy area (used as reference in the comparison) are shown in
Fig. 10.

The most evident signature of the anticyclonic eddy is the
deepening of the isotherm and isohaline surfaces (Fig. 9a and b),
which reach their maximum depths around 9.5°E. To the east and
west of 9.5°E, isolines are tilted and rise to the surface, so that the
horizontal extent of the area influenced by the eddy is maximum
close to the surface decreasing with depth.

The temperature section (Fig. 9a) and vertical profiles (Fig. 10a)
show that the eddy signature is limited to depths shallower than
about 100 m where temperatures range between 14 °C and 24.7 °C



Fig. 9. Modeled temperature (a) salinity (b) and density (c) sections along latitude 43.87°N which crosses the eddy center estimated in the ROMS results. For reference, in
panel (a) isotherms between 14.5 °C and 19.5 °C are marked every 1 °C interval. The 14.5 °C isotherm mentioned in the text is marked with a bold line. In panel (b) isohalines
between 37.8 and 38.8 are marked every 0.2; the 38.2 isohaline mentioned in the text is marked with a bold line. In (c) contours denote the 1 density interval. As reference,
the thin dashed vertical line marks the center of the eddy, at 9.5°N. Areas shaded in grey mark the sea floor.
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close to the surface. Between 10 m and 70 m the temperature
gradient is maximum, as temperatures decrease at a rate of ap-
proximately 0.16 °C m�1. Considering the 14.5 °C isotherm
(marked in Fig. 9a), the difference between its depth at the center
and its depth at the western edge of the eddy is of approximately
25 m. Below 100 m temperatures remain rather constant and close
to 13.5 °C, which is the typical temperature of the MAW at this
depth (Albérola and Millot, 2003). Conversely, the salinity section
(Fig. 9b) and vertical profiles (Fig. 10b) indicate that the core of the
eddy can be traced down to approximately 350 m, occupying most
of the 500 m deep water column. Below this depth, in fact, the
salinity profile at the center of the eddy (Fig. 10b) tends to ap-
proach the salinity profile for the regions outside the eddy. In
particular, profiles in Fig. 10b show that the low salinities found
within the eddy are similar to those present in points P1 and P3
(marked in Fig. 8), indicate that Salinity is minimum (i.e., 37.9) in
the first 40 m, and increases progressively with an average rate of
0.002 m�1 till 250 m, below which salinity reaches 38.55 and re-
mains close to the region’s background values. Considering the
38.2 isohaline (marked in bold in Fig. 9b), the difference between
its depth at the center and at the western edge of the eddy is of
approximately 125 m. Temperature and salinity fields within the
eddy, clearly reflect the water properties of the MAW transported
by the NC (Fig. 5). Comparison between the sections and profiles of
temperature, salinity and density shown above clearly indicates
that for such eddy, temperature fields can only provide a limited
view of its structure, as the eddy signature can be traced at depths
that are much greater than 100 m if the salinity field is considered
instead. This is confirmed by the density fields resulting from the
temperature and salinity properties described above (Figs. 9c and
10c).

As salinity best highlights water property differences between
the eddy and the surrounding waters along the whole water col-
umn, comparison between the salinity field from the two periods
of observations 5–9 August and 16–20 August (see Fig. 2 for
measurement locations) can be used to describe the evolution of
the eddy during the time of the trial. For such purpose, model
results cannot be used because in the chosen diagnostic
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configuration the ocean state is not allowed to evolve in time.
Salinity fields obtained at 150 m (i.e., the mid-depth of the eddy)
after interpolation onto a regular 3D-grid as described in Section
2.4 are shown in Fig. 11 for both periods of observations.

At 150 m, the low salinity area (�38.2) associated with the
eddy during 5-9 August (Fig. 11a) is centered around 9.5°E,
43.97°N. Salinity values within the eddy clearly reflect the elon-
gated shape observed in the circulation patterns. Moreover, one
can also observe that further south salinity values are in the range
of values measured within the eddy suggesting that the eddy may
have originated from the south. At the same depth, but 11 days
later (16–20 August, in Fig. 11b) a similar low salinity area (�38.2
PSU) is located more to the north, around (9.32°E, 44.08°N) hence
indicating that during the time of the cruise the eddy was not
stationary but had shifted approximately 29 km northwestwards
maintaining a rather constant distance from the coast, with an
average drift velocity of 0.03 m s�1 (i.e., 2.6 km day�1). The latter
position is confirmed by the trajectory of the surface drifter de-
ployed during the cruise. The drifter, which initially followed a
northwestern trajectory along the main path of the NC, on 17
August steered eastwards and completed an anticyclonic loop very
close to the periphery of the eddy. The center of the drifter loop is
around (9.20°E, 44.15°N) hence suggesting that after 20 August,
the eddy may have translated further northwest. Comparison be-
tween the salinity obtained around the center of the eddy during
the two sampling periods suggests that values were lower during
16–20 August (Fig. 11b). The salinity difference most likely derives
from the spatial interpolation of a different number and distribu-
tion of observations in the area during the two sampling intervals.

A detailed 3-dimensional characterization of the velocity field
within the eddy is possible by means of the shipborne ADCP in situ
data collected on 7 August, when the ship navigated across the
area influenced by the eddy. From SW to NE, following the di-
rection of the ship transect, the velocity vectors at �30 m
(Fig. 12a) indicate a northwards flow of �0.35 m s�1 which de-
creased gradually to values very close to 0 m s�1 around 9.47°E.
Continuing NE, the vectors turned southeast, and the intensity
gradually increased to �0.53 m s�1. At the surface the center of



Fig. 10. Vertical profiles of temperature (a), salinity (b) and density (c) at the center of the modeled eddy (9.5°E, 43.87°N, red curves) and outside the eddy (black curves) in
three locations outside the eddy, i.e., at point P1: (9.37°E, 43.49°N), point P2: (9.14°E, 43.83°N) and point P3 (9.18°E, 44.17°N), as shown in Fig. 8. (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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the eddy was located around (9.47°E, 43.95°N), as denoted by the
black dot in Fig. 12a. Below the surface, at 150 m depth (Fig. 12b),
the velocity vectors indicated weaker velocities, and a similar but
more gradual variation in the direction of the flow indicating that
at greater depths, the eddy center was further south than at the
surface (black dot in Fig. 12a).

The current component normal to the ship's transect, shown in
Fig. 13, allows an estimate of the eddy's vertical extension, as well
as a description of its subsurface characteristics. Along the trans-
ect, the eddy can be identified by the presence of a quasi-vertical
axis of symmetry along which horizontal velocities are very close
to zero and across which the current component normal to the
transect changes sign. Such vertical line can thus be associated
with the axis of rotation of the eddy. West of the eddy's axis of
rotation velocities are positive (northwestwards) while in the east
current velocities are negative (southeastwards). The horizontal
extent of the area influenced by the eddy is estimated measuring
the distance between the center of the eddy and the point where
surface velocities reach their maximum values (i.e., 0.2 m s�1).
Using current measurements acquired along the chosen transect,
the eddy radius is approximately 16 km in the near-surface, de-
creasing with depth. Horizontal velocities measured within the
eddy decrease with depth, and reach their minimum values
around 300–350 m. Below this depth, which can be considered
representative of the eddy's maximum vertical extent, measured
current velocities are close to the surrounding background values.
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Above this depth, instead, horizontal velocities increase progres-
sively reaching 0.15 m s�1 at 150 m, and reach their maximal ve-
locities in the first 60 m (�0.23�0.30 m s�1). In agreement with
the eddy-structure described previously in modeled temperature
and salinity fields (Fig. 9), in situ ADCP measurements clearly
evidence that the eddy is characterized by a typical bowl-shape
(Dong et al., 2012).

The order of magnitude of vertical velocities in the ocean is
smaller than few mm s�1, and is thus difficult to quantify from
in situ measurements. Given the large number of uncertainties
linked to their calculations (see Introduction) we estimated pat-
terns and magnitudes in vertical velocities from ROMS modeling
results, which intrinsically takes into account the full physics of
the system but also the particular configuration of bathymetry (i.e.,
the proximity to the continental slope). Additionally, for a com-
parison of results, the uniformly spaced temperature and salinity
field obtained from the model are used to estimate vertical velo-
cities from the Q vector formulation of the omega
equation (Shearman et al., 2000). Vertical velocities obtained from
the two methodologies along the zonal section defined along
43.87°N, which intersects the center of the modeled eddy (Fig. 6c),
are shown in Fig. 14.

Overall, comparison between the two vertical velocity fields
shows a rather good agreement, both in terms of the spatial pat-
terns and magnitudes. Within the core of the eddy (9.25°E �9.8°E)
and at depths shallower than 150 m, absolute vertical velocities



Fig. 11. Horizontal section of salinity at 150 m, as obtained from the interpolation of all salinity measurements obtained from CTD, ScanFish and glider profiles during 5–9
August (in panel a) and 16–20 August (in panel b). For reference, locations of the in situ observations used for the interpolation in each period are also marked. Salinity
contours are drawn every 0.05 units to better characterize the salinity field in the region; the 38.2 salinity contour is drawn in bold. The trajectory followed between 2:48
(UTC) of 14 August and 8:58 (UTC) of 24 August by surface drifter ID n. 300234060607060 deployed during the cruise is also marked: a bold black line marks the drifter's
trajectory that is contemporaneous to the salinity observations (i.e., between 16 and 20 August) while a dashed line marks its trajectory for periods prior to 16 August, and
after 20 August 2013. The drifter deployment location at (9.42°E, 43.55°N) is marked by a star. Regions in white denote depths shallower than 150 m.
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are small being mostly below 4 m day�1. There are alternating
bands of positive vertical velocities, which are indicative of up-
ward transport, and bands of negative vertical velocities suggest-
ing local downwards transport. Below 150 m, the intensity of
vertical velocities increases slightly in magnitude yet remaining
below 15 m day�1 and the alternation of upwards and downwards
transport is more evident than near the surface. In the eastern-
most portion of the section the model-based estimates show a
rather strong upwelling (410 m day�1) close to the continental
shelf-break, in agreement with previous authors who showed
Fig. 12. ADCP currents measured at a) 30 m and b) 141 m depth during 7 August (00:
velocities were used to estimate the eddy centers. The eddy centers estimated from th
denote bathymetry contours for the 200 m, 1000 m and 2000 m depth level. (For interp
web version of this article.).
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similar patterns (Campbell et al., 2013; Casella et al., 2011). Con-
versely, such upwards transport in association to the coast is not as
evident in the vertical velocities estimated through the Q vector
formulation of the omega equation, where upward movement is
limited to a smaller section close to the coast. The simulated fields
only allow a snapshot in time of vertical velocities developing
within the eddy, however it is possible that, similarly to the con-
clusions of Samuelsen et al. (2012), the alternating bands revolve
within the eddy and change position and/or magnitude as the
eddy moves northwestwards. Clearly, as long as direct
04 AM–04:00 AM UTC). The red line denotes the ship transect for which current
e direction of flow at the two depths are marked with a black dot. Thin grey lines
retation of the references to color in this figure legend, the reader is referred to the



Fig. 13. Subsurface (Z30 m) magnitude of current velocities normal to the ship-
borne ADCP transect during 7 August (marked in red in Fig. 12). For reference, the
approximate location of the eddy center is marked with a vertical black line. Dark
grey areas below 350 m denote measurements discarded because contaminated by
the sea-floor. (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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observations of the vertical velocities are not possible, the exact
level of representativeness of the calculated vertical motions re-
mains unknown (Buongiorno Nardelli et al., 2012; Samuelsen
et al., 2012).

Vertical velocities obtained frommodel results and the Q vector
formulation of the omega equation agree with the order of mag-
nitude of vertical velocities derived from dimensional analysis
(Cushman-Roisin, 1994), W¼(Ro H U)/ L, where Ro stands for the
Rossby number (i.e., 0.05), H represents the depth of the eddy (i.e.,
350 m), U stands for the average horizontal velocity within the
eddy (i.e., 0.2 m s�1) and L approximates the horizontal length
scale of the eddy (i.e., �30 km). This calculation returns a value of
�10 m day�1 which is comparable to the modeled ones. The
calculated Rossby number (0.05) is significantly smaller than unity
and thus indicates that the eddy is in geostrophic balance (Cush-
man-Roisin, 1994).

Previous authors have shown that in the near-surface layers
and just below the thermocline an anticyclonic recirculation is
associated with low primary productivity levels, while a cyclonic
recirculation is often associated with increased surface primary
productivity (McGillicuddy and Robinson, 1997; Moutin and
Prieur, 2012). The comparison between surface circulation and
satellite-derived Chl a concentrations at the time of the in-situ
observations (Fig. 15) confirms such correspondence for the Li-
gurian Sea. In fact, in the southeastern sector of the eddy, where
the model estimates positive vertical velocities, Chl a concentra-
tions are slightly higher than background values, while in the
western sector of the eddy, where the model estimates negative
vertical velocities, Chl a concentrations are at their minima and are
equal or less than 0.1 mg m�3. Conversely, the cyclonic circulation
observed in the southwestern sector of the Ligurian sea is
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associated with higher Chl a concentrations ranging 0.15–
0.2 mg m�3. Indeed, as no in situ fluorescence measurements are
available at the time of the cruise, it is currently not possible to
verify if the particular patterns in Chl a concentrations are solely
due to the vertical velocity patterns that develop within the ob-
served anticyclonic eddy, or if other factors, such as input of nu-
trients through land runoff or wind activity may also play an im-
portant role in controlling the adjacent phytoplankton bloom
(Borrione et al., 2014).

However, seeding (in offline mode) the model with passive
floats along a section crossing the eddy center (Fig. 16) suggests
that water particles located at least 15 km from its center (i.e., the
potentially nutrient-rich coastal waters) cannot enter the eddy but
are advected around it. The same trajectories indicate that NC
water-particles to the west of the eddy are advected antic-
yclonically until they reach the coastal area, thus favoring a re-
newal of coastal shelf waters which are subsequently advected
southward, exiting the model's domain. Only waters that are at
less than 15 km from the eddy center will be captured by the
anticyclonic flow that spirals towards the core of the eddy (i.e., the
innermost blue trajectory), with a maximum period of 7 days. The
period is here defined as the time required by a passive float to
complete a full loop around the outermost periphery of the eddy
core. This particular circulation scenario thus indicates that waters
trapped within the core of the eddy are kept well separated from
those located outside the eddy's attractor basin.

3.4. Eddy formation mechanism

One of the possible factors leading to the formation of an eddy
is the presence of long-lasting intense winds (Hu et al., 2011; Pi-
terbarg et al., 2014; Schaeffer et al., 2011). To verify the importance
of the wind regime at the time of the MED-REP13 cruise, wind
intensities between 01 July and 21 August 2013 (in Fig. 17) were
extracted over the eddy area (rectangle in Fig. 19a) from the at-
mospheric model COSMO. Overall, daily wind velocities prior to
the observation of the eddy remained below 5 m s�1 till the 9 of
August, with few sporadic single-day peaks. Piterbarg et al. (2014)
estimated that winds should blow at speeds of 10 m s�1 (i.e.,
�20 kn) for at least 2.5-3 days to modify the 20 km wide and
200 m deep NC. Therefore, given the weak wind regime observed
during the sea trial, we may exclude wind forcing as a mechanism
leading to the formation of the observed anticyclonic eddy.

In the Ligurian Sea, the NC flows northwards north of Corsica
along the 1000 m bathymetry contour (Figs. 1 and 8). Before
turning west along the Italian-French coast, the NC reaches the
shallower continental shelf region adjacent to La Spezia. One could
expect that as the NC encounters shallower topography, to respect
the law of conservation of potential vorticity, a decrease of layer
thickness due to shallowing topography (i.e., squeezing) must be
compensated by a decrease in relative vorticity (RV) (i.e., genera-
tion of negative vorticity) hence potentially leading to the for-
mation of the observed anticyclonic eddy. This scenario may be
verified with the calculation of the Burger number (Cushman-
Roisin, 1994) which expresses the ratio of RV (�U/L; where U
stands for the average horizontal velocity within the eddy and L
approximates the horizontal length scale of the eddy) and vertical
stretching (� f2 U L/N2 H2; where f expresses the Coriolis para-
meter and N expresses the Brünt-Väisäla frequency). Based on a
scale analysis, where U � 0.2 m s�1; L�30 km; f � 10�5 m s�2; N
� 10�4 s�1; H�350 m, the Burger number is large, i.e., �1.4 104,
indicating that the role vertical stretching/squeezing in relation to
topographic variations is negligible compared to RV, which is four
order of magnitudes higher.

When the mechanical-energy budget of the system is con-
sidered, the potential energy (PE) may be separated into the PE of



Fig. 14. Vertical velocities estimated from model results within the core of the eddy (9.25°E �9.8°E) and along the section defined along 43.87°N. Positive velocities are
directed upwards. In a) velocities are obtained from model outputs, while in (b) they are obtained from the Q vector formulation of the omega equation applied to the
model's temperature and salinity fields. As an indication of the eddy structure, we mark the isohalines also shown in Fig. 9b. Isohalines are marked every 0.2 PSU between
37.8 and 38.8; as reference, the 38.2 isohaline is marked with a bold line. Areas colored in dark grey denote the sea floor. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Fig. 15. Surface Chl a concentrations from 8 to 10 August (background color) and
velocity fields (vectors) at 30 m depth as obtained from the stream function of
ADCP measurements during 5–9 August. Bathymetry contours for the 200 m,
1000 m and 2000 m depth levels are marked with thin grey lines.
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the mean field (i.e., the PE of an unperturbed state) and the PE
available for conversion into kinetic energy (KE) via baroclinic
instability (defined as APE), so that KEþ(PEþAPE)¼0. In other
words, the APE corresponds to the difference between the existing
potential energy and the potential energy that the fluid would
have if the basic stratification were unperturbed (Cushman-Roisin,
1994). In a state of geostrophic equilibrium APE is almost zero, and
KEþPE¼0. Fig. 18 shows the 0–300 m depth-averaged radial dis-
tribution of KE and APE calculated following their definition in
Cushman-Roisin (1994) and using as reference the summer (July-
September) climatological density profile obtained from all his-
toric measurements extracted for the same area from the WOD13.

The variation of KE with distance from the eddy center (measured
along a section due southwest) reflects the progressive increase of
velocities in the region (see Fig. 6). At the center of the eddy, KE
values are close to zero, and increase rapidly to values of
7.8*1011 J m�3 close to the limits of the eddy (�15 km radius). Far-
ther away there is continuous, but more gradual, increase in KE
which reflects the fact that the eddy is merged with the eastern side
of the NC. Also the APE increases with distance from the eddy center,
however it reaches its maximum values a bit before the edge of the
eddy (�13 km), after which APE values remain rather constant, os-
cillating around 7*107 J m�3. Scale analysis between the two terms
clearly shows that the KE is consistently four orders of magnitude
larger than the APE. This is in clear agreement with Burger number
obtained above (Cushman-Roisin, 1994) and indicates that baroclinic
instability may not be responsible for eddy formation.



Fig. 16. Trajectories of 7 different passive floats seeded (in offline mode) in the
model circulation along a transect crossing the center of the eddy.
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Although the data collected during MED-REP13 does not cover
the period of formation of the anticyclonic eddy, further research
was conducted to hypothesize another possible mechanism re-
sponsible for its formation. In particular, drifter trajectories during
MED-REP13 (Fig. 3) suggest a physical scenario in which the NC
flows northwards and remains detached from the continental
slope of the Northwestern Italian coast. The coastal boundary at
the North constrains the jet to bifurcate into westward and east-
ward branches with associated cyclonic and anticyclonic circula-
tions, respectively. This feature would suggest a relationship be-
tween the directionality of the NC when it leaves the area north of
Corsica and enters the Ligurian Sea and favorable pre-conditions
for anticyclonic eddy formation. Specifically, when the inflow of
the NC is northward, adjustments between shear and orbital
components of the RV (see Caniaux et al., 2001 or Cushman-Roisin,
1994) are possible in the marine region enclosed between the
main current and the continental slope. Conversely, when the in-
flow of the NC is northeastward and adjusted to the continental
slope the development of negative orbital vorticity in the eastern
part of the jet is not possible. Satellite-derived surface geostrophic
velocities from the 20-year period (January 1993 - December 2013)
were used to investigate this possible relationship.

Altimetry-derived surface geostrophic currents were extracted
Fig. 17. Wind field over the eddy area (rectangle in Fig. 19a) as estimated from the atm
while grey dots denote hourly observations over the same area.
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along a 50 km transect crossing the mean location of the NC and
over the northeastern sector of the Ligurian Sea to the right of the
NC (regions marked respectively with a bold line and rectangle in
Fig. 19a) to obtain the time-series of the direction and speed of the
NC as it leaves the area north of Corsica and the time series of RV
anomaly over the northeastern sector of the Ligurian Sea. The RV
anomaly was derived with respect to the RV climatology, here
calculated as the RV average over the chosen 20-year period (i.e.,
1.9 10�6 m s�1). For sake of clarity, the two time series shown in
Fig. 19b and c pertain to the 2008–2013 period only.

Overall, both the direction of the NC and the RV anomaly ex-
hibit large temporal variability. Based on this dataset, the average
direction of the NC is due north-northeastwards (358°N �38°N),
although the NC has flown more eastwards or more westwards
than the average (example periods are marked with blue and
green dots, respectively, in Fig. 19b).

Comparable temporal variability is observed in the time series
of the RV anomaly, which on several occasions displays values that
are significantly higher or lower than the average. In particular,
periods of northeastwards flow of the NC (i.e., those marked with
blue dots in Fig. 19b) are associated with positive peaks in the RV
anomaly, while periods of northwestwards flow of the NC (i.e.,
those marked with green dots in Fig. 19b) are associated with
negative peaks, suggesting a relationship between the direction-
ality of the NC and the RV anomaly. The latter relationship be-
comes more evident in the scatter plot of RV anomaly values
versus NC direction (Fig. 20a) where data for the whole 20-year
period are used.

Overall, dots in the scatter plot relating the directionality of the
NC to the RV anomaly (Fig. 20a) are aligned along a negatively
sloped regression line that confirms the relationship between the
two variables. Considering the 20-year timeseries it is possible to
identify periods during which a north-northwestwards flow of the
NC (i.e., a precondition for the formation of an anticyclonic eddy in
the region, see Discussion section below) were associated to ne-
gative peaks in RV anomaly (i.e., colored dots in Fig. 20). Such
relationship can be further confirmed by the correlation between
the two variables which yields, in the 20-year long time series, a
value of �0.6. Interestingly, observational evidences reported in
the literature about the anticyclonic eddy (Alvarez et al., 2013;
Schroeder et al., 2011) match with periods of anomalous negative
values of RV and northward direction of the NC (vertical lines in
Fig. 19b and c).

Conversely, there is no clear connection between the average
speed of the NC and the RV anomaly. In fact, the scatter plot ob-
tained from the two variables (Fig. 20b) defines a more or less
circular area, with a more horizontal regression line and a corre-
lation coefficient between the two time series is of �0.27. Con-
sequently, the time series of the speed of the NC, and its re-
lationship with RV anomaly is not analyzed further.

The sensitivity of the correlation coefficients and patterns de-
scribed above to the size of the areas selected for the extraction of
ospheric COSMO model. The black line and dots denote the 24-hr mean daily field,



Fig. 18. Depth averaged a) kinetic energy (KE, units of 1011) and b) available potential energy (APE, units of 107) calculated with increasing distance from the eddy center
(9.5°E, 43.87°N). The two variables are calculated along a section due southwest of the eddy center.

Fig. 19. a) Regions over which altimetry-derived surface geostrophic velocities were extracted to calculate the time series of the direction of the NC (black line) and the RV
anomaly (rectangle). Vectors depict the 20-year (January 1993-December 2013) altimetry-derived average of surface geostrophic circulation. b) Time series of the direction of
the NC calculated along the transect crossing the mean location of the NC (black line in panel a). For reference, the horizontal line denotes the Northwards direction;
examples of periods during which the NC has flown more eastwards or westwards than the average are marked respectively with blue dots (i.e., around 03 April 2008, 09-
Mar-2011, 03 August 2011, 23 September 2013) or green dots (i.e., around 29 February 2008, September-October 2008, 24 September 2009, 21 October 2010, 03 November
2011, 12 August 2012, 09 December 2013). c) Time series of RV anomaly (units are multiples of 10�6 m s�1) calculated over the northeastern Ligurian Sea (rectangle in panel
a). For reference, the horizontal line marks the RV anomaly calculated for August 2013. In panels b and c, vertical lines denote periods of anticyclonic recirculations
documented in literature. (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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the time series was tested, and returned comparable results in all
cases. Also, correlations did not increase by adding a time lag in
the calculations.

Periods during which the connection between north-north-
westwards flow of the NC and anomalous negative RV values is
more evident appear to recur with a near-annual frequency,
mostly in the late summer-autumn months. Such recurrence was
verified applying the Fast Fourier Transform (FFT) calculations to
the 20-year long timeseries of RV anomaly. The FFT time-series
analysis identifies in the data series the dominant periodic pat-
terns that are permitted by the dataset's length and temporal
15
interval, separating periodic oscillations from the random and
aperiodic fluctuations (i.e., noise). The outcome of the Fourier
analysis applied to the timeseries of RV anomaly (Fig. 21) confirms
the anticipated near-annual frequency with a peak in power
around periods of 374-358 days but also shows a pronounced peak
at period of �5 years and several peaks in power for periods
shorter than 3 months (i.e., 2 and 1.5 months).

4. Discussion

The combined analysis of in situ measurements of temperature,



Fig. 20. Scatter plot of the direction (a) and speed (b) of the NC versus RV anomaly (units are multiples of 10�6 s�1) from 1 January 1993–31 December 2013. The two
quantities are calculated over the areas marked in Fig. 19a. Colored dots highlight periods during which the RV anomaly was comparable or more negative than the one
calculated for August 2013 (horizontal line in Fig. 19c) and for which the link with the north-northwestwards flow of the NC is more evident. Colored dots are for July-
October 1996; July–September 1998; August–October 2002; July–September 2007; July–October 2008; Aug 2010; May–September 2012; Aug 2013). The regression line
between the two pairs of variables is also shown. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).

Fig. 21. Outcome of the FFT analysis applied to the timeseries of RV anomaly from 1993 to 2013.

Table 2
Main physical quantities of the observed eddy.

Physical quantity Value

Average eddy radius 16 km
Rossby number 0.05
Burger number 1.3*104

Rossby radius of deformation (below the
thermocline)

18.1 km

Position of eddy center 9.5°E; 43.96°N
Distance of eddy center from the coast 21 km
Maximum depth of the eddy �320 m
Temperature and salinity at eddy mid depth (i.e.,
150 m)

13.5 °C, 38.2 PSU

Maximum absolute vertical velocities at 150 m 15 m day�1

Depth and magnitude of maximum horizontal
velocities

45 m, 0.35 m s�1

Estimated eddy translation speed 0.03 m s�1 ( 2.6 km day�1)
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salinity and ocean currents acquired from different sampling
platforms and model results has allowed a detailed characteriza-
tion of an anticyclonic eddy observed between the inshore edge of
the NC and the Ligurian coast around (9.5°E, 43.97°N). Its main
characteristics are summarized in Table 2.

Some of the eddy characteristic summarized in Table 2 are
comparable to those of other eddies described in the Northwest
Mediterannean Sea. For example, the radius of the MED-REP13
eddy, is close to the 18–20 km range of radii estimated in the Gulf
of Lions and the Catalan Sea (Flexas et al., 2002; Hu et al., 2011;
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Rubio et al., 2005), or in the Ligurian Sea by the modeling study of
Casella et al. (2014). Although not measured directly, results
shown in Schroeder et al. (2011) suggest a similar eddy size esti-
mate. Comparable eddy sizes in all cases can be justified by the
Rossby radius of deformation which in the northwest Mediter-
annean Sea ranges 10–20 km (Guihou et al., 2013; Marullo et al.,
1985). Also the eddy trajectory and average drifting velocity re-
sulting from our dataset agree well with those of the cyclonic and
anticyclonic eddies simulated in other areas of the Northwest
Mediterannean Sea (Hu et al., 2011; Rubio et al., 2009). The only
information available for the Ligurian Sea derives from the results
of Casella et al. (2011, 2014) who show that the majority of the
Ligurian eddies found in their model outputs have formed and
then drifted with speeds ranging 0.01–0.1 m s�1 along the path of
the NC till the area offshore Genoa where they appear to fade out.

Conversely, when compared to previously observed or modeled
eddies the depth of the MED-REP13 eddy (4300 m) is sig-
nificantly deeper causing it to occupy, at its center, most of the
500 m deep water column. In fact, the anticyclonic eddies identi-
fied in the Ligurian Sea with the model results of Casella et al.
(2011) did not penetrate below 120 m, while the earlier in situ
observations of Marullo et al. (1985) describe a superficial cyclonic
eddy with depths ranging 50–100 m. Schroeder et al. (2011)
identified an anticyclonic eddy offshore La Spezia during October
2008, however their study is based on surface drifters only so that
nothing is known about the eddy's vertical structure, while the
in situ measurements of Alvarez et al. (2013) partially captured a
similar recirculation pattern, but did not sample the water column
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below 160 m. Consequently the MED-REP13 eddy appears to be
the deepest one observed to date in the northeastern sector of the
Ligurian Sea; its proximity to the coast and vertical extent are
likely to have important implications on the surrounding physical
and biogeochemical environment, leading to an increased varia-
bility of the system. In fact, the TS diagrams obtained from the CTD
casts (Fig. 4) show that during the first sampling period the area
was mostly occupied by the fresher eddy waters, with salty MAW
evidenced in the open-ocean casts of the northernmost CTD
transect only. Conversely, 11 days later both CTD transects evi-
denced the presence of the saltier waters, indicating that as the
eddy moved northwards, its previous position was progressively
replenished by the saltier MAW.

A large scale effect of the MED-REP13 eddy is clearly evidenced
by the horizontal velocity fields measured by the ADCP and re-
produced by the model (Fig. 6). We could observe that along the
northeastern coast of the Ligurian Sea at the time of the cruise
surface circulation was directed southeastwards and not north-
westwards as traditionally portrayed in the literature (i.e., Millot
et al., 1999). These results confirm that similar eddies can lead to
important modifications in the general circulation patterns, as
previously shown by Pascual et al. (2002) in the Balearic Sea. Due
to eddy presence in fact, the NC waters are advected antic-
yclonically around the eddy, causing a renewal of coastal waters.
Moreover, as the eddy is located close to the coast, it will also favor
cross-shelf mixing of coastal and open-ocean waters. This will lead
to the exchange of heat and salt, but also the transport of mac-
ronutrients. The latter will have direct consequences on bio-
geochemistry considering that the Ligurian Sea is typically oligo-
trophic, and therefore any supply of nutrients is extremely im-
portant for the primary production (Campbell et al., 2013; Casella
et al., 2014; Nezlin et al., 2004). Noteworthy is also the fact that
this region of the Ligurian Sea is important for commercially va-
lued marine species distributed around the shelf-break, whose
nursery areas and dispersion depends also on the presence of re-
current oceanographic features such as fronts or eddies (Abella
et al., 2008). The influence of an eddy on the surrounding en-
vironmental conditions can be extended over a large area if the
eddy is not stationary, but translates away from the region where
it has formed. Based on the size (i.e, 32-km diameter) and drifting
speed (i.e., 0.03 m s�1 or �2.6 km day�1) of the MED-REP13 eddy,
we estimated that during the time of the cruise the eddy moved
about 29 km northwards, thus influencing a surface area that is at
least 700 km2.

In the vertical dimension, the influence of an eddy on the
characteristics of the water column is linked to its vertical velo-
cities. In this study, vertical velocities were obtained from ROMS
simulations, where the model was configured for a diagnostic run
to reconstruct the velocity field that balanced observations (see
Sect. 2.4). We found that vertical velocities exhibited the char-
acteristic alignment in vertical bands of positive and negative
vertical velocities described in previous observation-based and
modeling studies (Buongiorno Nardelli et al., 2012; Koszalka et al.,
2009; Viúdez and Dritschel, 2003). In the first 150 m absolute
vertical velocities (i.e., 4 m day�1) were smaller than those esti-
mated by Casella et al. (2011) and Viúdez et al. (1996) (i.e., 17 and
15 m day�1, respectively); nevertheless, they are still expected to
modify regional temperature and salinity properties, as well as
biogeochemistry (Campbell et al., 2013; Casella et al., 2011; Hu
et al., 2011). Moreover, as shown in Fig. 9, isohaline and isotherm
surfaces become deeper towards the center of the eddy, indicating
a significantly deeper mixed layer depth than in surrounding
waters. As a consequence, macronutrients and phytoplankton cells
in the surface layer are diluted over a much larger volume, leading
to a progressive reduction of primary productivity in the area in-
fluenced by the eddy. This effect is suggested by the ocean color
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image for 8-10 August depicted in Fig. 15. Considering all the
physical and biogeochemical implications mentioned above, the
recurrence of such eddy will clearly increase its relevance for the
region.

In general, various dynamical processes can contribute to eddy
formation (Albérola and Millot, 2003; McWilliams, 1985). De-
tachment of a coastal current from the coast when it encounters a
sharp corner or a cape is one of the mechanisms for the formation
of anti-cyclonic eddies proposed in the literature (Klinger, 1994;
Pichevin and Nof, 1996). In the present case, however, there is no
evident geographic feature with which the current may interact to
justify the generation of the observed anti-cyclonic eddy. More-
over, a large Burger number indicates that for the REP13-eddy
vertical squeezing due to topographic variations (shallowing) are
negligible (Cushman-Roisin, 1994), in contrast with the formation
mechanism of anticyclonic eddies in front of Marseille in the Gulf
of Lions (Rubio et al., 2009). Other works have suggested that eddy
formation may be linked to the wind stress curl generated by a
strong and long lasting wind event (Casella et al., 2014; Hu et al.,
2011; Pascual et al., 2002; Schaeffer et al., 2011) or in relation to a
persistent fresh water input from river runoff (Schaeffer et al.,
2011) which may modify stratification and vorticity. Daily wind
intensities extracted over the eddy area for the period preceding
our observations were weak, thus indicating that it is unlikely that
the wind field may be connected to the formation of such deep
structure, although it may be important in sustaining and fueling
the eddy once it has formed (Hu et al., 2011). Moreover, the eddy
path along the NC is too far from a significant riverine freshwater
inflow for it to alter water properties down to the depth of the
eddy.

Other possible mechanisms may be linked to the dynamical
characteristics and variability of the NC, to which Casella et al.
(2014) and Escudier et al. (2013) associate the highest values of
eddy kinetic energy found in the whole LPB (see also Guihou et al.,
2013). Several authors, for example, considered eddy-shedding
due to the instability of the NC and its meandering nature (Crépon
et al., 1982; Flexas et al., 2002; Marullo et al., 1985; Sammari et al.,
1995). The presence of meanders along the path of the NC, clearly
seen in satellite SST images, was explained by Crépon et al. (1982)
and Sammari et al. (1995) using the two-layer model of Tang et al.
(1975). Wind stress, variations in intensity of the current as well as
topographic irregularities are the potential causes for the in-
stability of a current (Flexas et al., 2005; Rubio et al., 2009; Wolfe
et al., 2006). The very small APE values calculated within the
REP13-eddy, however, would exclude a formation through bar-
oclinic instability, although such explanation has been used for
other eddies in the Ligurian sea such as the 6 km-radius cyclonic
eddy described by Marullo et al. (1985) or the o120 m deep an-
ticyclonic eddies described by Casella et al. (2014) and Flexas et al.
(2002) in the Gulf of Lions, where baroclinic instability is viewed
as a possible mechanism for the generation of NC meanders, and
thus shedding of anticyclonic eddies along the coastal side of the
NC current.

Altimetry maps were used to further investigate the possible
formation mechanism of the anticyclonic eddy under study. De-
spite their very high resolution, altimetry tracks do not cover the
observational area uniformly, while gridded altimetry products are
too smooth to resolve small (order of 10–100 km) and coastal
features (Amores et al., 2013; Escudier et al., 2013). Therefore ef-
forts were aimed at linking the variability of general circulation
features (extracted from the gridded altimetry fields) with condi-
tions that are favorable to the generation of anti-cyclonic circula-
tions in the MED-REP13 eddy area. Interestingly, results evidence
the anti-correlation between the direction of the NC when it
leaves the area north of Corsica and the appearance of significant
negative anomalies of the large scale RV in the northeastern
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Ligurian Sea. Specifically, pronounced negative anomalies in the
region of interest are correlated with north-northwestwards or-
ientations of the NC when it enters this marine area. Conversely,
weak negative or even positive anomalies of RV are found when
the NC enters the region with a northeastward orientation. In the
case of north-northwestwards orientations of the NC, the current
flows detached from the coast allowing adjustments in vorticity
between the shear and orbital components of vorticity. This may
force marginal fluid parcels with low vorticity and near the eastern
edge of the NC, to separate from it and then recirculate to form an
anti-cyclonic eddy to the right side of the NC (Cushman-Roisin,
1994). Drifter data (Fig. 3) clearly indicates that the NC jet bi-
furcates when it encounters the Italian coast. Interestingly, also
Schroeder et al. (2011) documented that the anticyclonic eddy
they observed with the trajectories of surface drifters released in
October 2008 was located where the NC appeared to bifurcate. In
the case of northeastward orientations of the NC, the current
meets and flows along the continental slope thus preventing the
vorticity adjustments discussed above. Changes in the inflow di-
rection of the NC have been associated to its seasonal variability
(Astraldi et al., 1990 ; Astraldi and Gasparini, 1992; Birol et al.,
2010). These results, integrated with previous observations of anti-
cyclonic eddies in the coastal area of the northeastern sector of the
Ligurian Sea (Alvarez et al., 2013; Schroeder et al., 2011), suggest a
link between the occurrence of anomalous negative RV values and
the formation of anti-cyclonic eddies. Although Rubio et al., 2009
suggest that the intensification (and shear) of the NC, combined to
the variation of topography encountered by the current as it ap-
proaches the Gulf of Lions may be responsible for the formation off
Marseille, of the deep (4250 m) and low-density core antic-
yclonic eddies, we could not find a similar correspondence be-
tween pronounced negative anomalies in relative vorticity and the
intensity of the NC.

To date the link between the directionality of the NC and the
formation of similar anticyclonic eddies remains speculative but
may give a preliminary indication that could be investigated by
future research. If confirmed, the eddy may be a recurrent struc-
ture with a near-annual frequency mostly in the late summer-
autumn months as it is suggested by the FFT analysis applied to
the timeseries of RV anomaly.
5. Conclusions

During the MED-REP13 cruise in the northeastern sector of the
Ligurian Sea an anticyclonic eddy was identified between the
eastern edge of the NC and the Italian coast, over the continental
shelf break. Using in situ observations from a variety of platforms,
complemented by diagnostic simulations with ROMS, we could
provide an unprecedented detailed characterization of the physical
and dynamical features of this eddy. Similarly sized anticyclonic
eddies are not new to the region, but they have never been ob-
served to reach depths comparable to the one investigated here.
Its anomalous penetration depth and position with respect to the
NC indicates that, in contrast with previously investigate eddies,
formation due to eddy-shedding from a meander of the NC most
likely does not apply. Rather, the enforcement of the NC cyclonic
flow and its northwards-northwestwards direction may be re-
sponsible for the eddy's formation. Results from this study not
only contribute to a better understanding of the variability of cir-
culation in the Ligurian Sea, which, as shown here, in some peri-
ods of the year can differ significantly from the circulation tradi-
tionally portrayed in the literature, but also integrates our current
knowledge of the characteristics and formation dynamics of ed-
dies in the same region. Finally, this study provides additional
evidence of the advantages deriving from a networked ocean
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observing system where observations from very different in situ
sampling platforms (among which autonomous platforms), sa-
tellite observations and modeling provide a unique picture of the
environment, overcoming by far several of the limitations of each
platform considered alone. This is an increasingly common ap-
proach to operational oceanography as it helps overcome the
challenges of a spatially extended, highly variable and complex
system like the ocean (Alvarez et al., 2013; Curtin and Bellingham,
2009).
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