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Abstract Since 2010, an intense effort in the collection of in situ observations has been carried out in the
northwestern Mediterranean Sea thanks to gliders, proﬁling ﬂoats, regular cruises, and mooring lines. This
integrated observing system enabled a year-to-year monitoring of the deep waters formation that occurred
in the Gulf of Lions area during four consecutive winters (2010–2013). Vortical structures remnant of wintertime deep vertical mixing events were regularly sampled by the different observing platforms. These are
Submesoscale Coherent Vortices (SCVs) characterized by a small radius (5–8 km), strong depth-intensiﬁed
orbital velocities (10–20 cm s21) with often a weak surface signature, high Rossby (0.5) and Burger numbers O(0.5–1). Anticyclones transport convected waters resulting from intermediate (300 m) to deep
(2000 m) vertical mixing. Cyclones are characterized by a 500–1000 m thick layer of weakly stratiﬁed deep
waters (or bottom waters that cascaded from the shelf of the Gulf of Lions in 2012) extending down to the
bottom of the ocean at 2500 m. The formation of cyclonic eddies seems to be favored by bottomreaching convection occurring during the study period or cascading events reaching the abyssal plain. We
conﬁrm the prominent role of anticyclonic SCVs and shed light on the important role of cyclonic SCVs in the
spreading of a signiﬁcant amount (30%) of the newly formed deep waters away from the winter mixing
areas. Since they can survive until the following winter, they can potentially have a great impact on the
mixed layer deepening through a local preconditioning effect.

1. Introduction
Only a few particular places of the world’s oceans are exposed to very intense atmospheric forcing in winter
and have a sufﬁciently weak open-ocean stratiﬁcation that allows vertical mixing to reach very great depths
(>1500–2000 m). These areas are known to be located in the center of a large-scale cyclonic gyre in the
Labrador, the Greenland, the Weddell, and the northwestern Mediterranean Seas [Killworth, 1983]. This phenomenon called open-ocean deep convection is of critical importance for the ventilation of the deep
oceans and the thermohaline circulation. It has been studied thoroughly since the 1970s (see Marshall and
Schott [1999] for a review). This phenomenon can be classically described in three different phases as follows [MEDOC-Group, 1970]:
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1. A preconditioning phase: A basin-scale cyclonic circulation drives a doming of isopycnals at its center
which helps the deepening of the mixed layer during events of intense surface buoyancy loss. In addition, mesoscale eddies can also act as local preconditioning agents [Legg et al., 1998; Lherminier et al.,
1999].
2. A mixing phase: Cold and dry winds strongly blow over the preconditioned area resulting in intense heat
losses at the air-sea interface. During a winter storm, heat losses typically reach several hundreds of watts

VORTICES IN THE NW MEDITERRANEAN SEA

7716

Journal of Geophysical Research: Oceans

10.1002/2016JC012144

per squared meter with peaks close to 21000 W m22 for a couple of days [Leaman and Schott, 1991]. In
response to this strong atmospheric forcing, the oceanic vertical mixing progressively creates a convective Mixed Patch of roughly homogeneous waters with a typical horizontal scale of about 50–100 km. The
mixed layer deepens as long as the surface cooling is strong enough. In some places, such as the Gulf of
Lions in the northwestern Mediterranean Sea, the mixed layer depth can reach the bottom of the ocean
as it has been observed for ﬁve consecutive winters from 2009 to 2013(L. Houpert et al., Observation of
open-ocean deep convection in the northwestern Mediterranean sea: Seasonal and interannual variability of mixing and deep water masses for the 2007–2013 period, submitted to Journal of Geophysical
Research, 2016).
3. A spreading phase: When the strong heat losses and evaporation decrease, the restratiﬁcation of the
water column quickly occurs. Potential energy is converted into kinetic energy through the baroclinic
instability of the rim-current circling the mixed patch and leads to the formation of mesoscale eddies
[Gascard, 1978; Legg and Marshall, 1993; Jones and Marshall, 1997; Testor and Gascard, 2006]. The largescale spreading of the newly formed deep waters out of the convective region is known to involve different processes. In the northwestern Mediterranean Sea, a signiﬁcant part of the deep waters seems to be
incorporated by the ‘‘Northern Current’’ [Send et al., 1996], which circles the northern part of the convection zone (see Millot [1999] for a review about the circulation of the different water masses of the western Mediterranean Sea). Another important portion of the newly formed deep waters could also get
trapped inside very coherent submesoscale eddies responsible for their propagation toward the basin
interior as shown by Testor and Gascard [2003, 2006]. Recent abrupt changes in the WMDW characteristics have been shown to eventually propagate to Gibraltar in about 3 years, subsequently impacting the
Mediterranean overﬂow [Schroeder et al., 2016].
In the 1990s, Lagrangian ﬂoats seeded within the mixed patch revealed the role of Submesoscale Coherent
Vortices (SCVs) in the spreading of the newly formed deep waters. These structures were found to be able
to wander several hundreds of kilometers away from the deep convection zone and be long-lived in the
Greenland Sea [Gascard et al., 2002], in the Labrador Sea [Lilly and Rhines, 2002], and in the western Mediterranean Sea [Testor and Gascard, 2003, 2006]. These SCVs are similar to the Local Dynamics Experiment SCVs
described by McWilliams [1985]. They are isolated and coherent circulation features characterized by a small
radius (about 5 km in the northwestern Mediterranean Sea [Testor and Gascard, 2006]), an extended lifetime
(>1 year [Testor and Gascard, 2003; Ronski and Budeus, 2006]). Their rotation sets transport barriers that
drastically reduce the lateral exchanges between their core and the surrounding waters [Rhines and Young,
1983; Provenzale, 1999]. They are, therefore, extremely efﬁcient in transporting physical and biogeochemical
tracers characteristics of their generation site over long distances [D’Asaro, 1988a; Testor and Gascard, 2003;
Bower et al., 2013; L’Hegaret et al., 2016]. However, due to their small horizontal extension and their little surface signature, a ﬁne-scale description of the SCVs remnant of wintertime convective events, especially
along the vertical axis, is still lacking.
In the last decade, glider technology [Testor et al., 2010] has been intensively used in the northwestern Mediterranean Sea for repeated cross-basin transects (see Figure 1). By allowing a relatively high horizontal resolution (distance between consecutive proﬁles 2–4 km), gliders can dynamically characterize small-scale
SCVs [Martin et al., 2009; Fan et al., 2013; Pelland et al., 2013; Bosse et al., 2015; Thomsen et al., 2016]. In this
study, we analyze in situ observations collected from November 2009 to October 2013 by different sampling platforms (see Figure 1): the intense glider sampling of the upper 1000 m of the water column, more
than 600 full-depth CTD casts collected during nine basin scale cruises, as well as data from mooring observations from the deep mixing zones of the Gulf of Lions and the Ligurian Sea. This unprecedented collection
of in situ observations in a convective region allows the ﬁrst comprehensive study of the vortical structures
responsible for the large-scale spreading of deep convection water masses.

2. Data and Methods
2.1. Hydrographical Data Set
In 2010, a Mediterranean Ocean Observing System for the Environment (MOOSE, http://www.moose-network.fr/) was set up as a multidisciplinary and multiplatform integrated monitoring system of the NW Mediterranean Sea to detect and identify long-term environmental evolution. The present study utilizes
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Figure 1. Map of in situ observations density, in number of proﬁles within 10 km 3 10 km bins, carried out in the northwestern Mediterranean Sea during the November 2009–October 2013 period by different platforms (R/Vs, gliders, and Argo ﬂoats). The arrows show the mean
surface currents forming a basin-scale cyclonic gyre. The name of the main currents is also indicated: the Northern Current (NC), the NorthBalearic Front (NBF), and the Western Corsica Current (WCC). The two annotated boxes—‘‘Gulf of Lions’’ (75 km around 418550 N–48450 E) and
‘‘Ligurian Sea’’ (lon. >78E, lat. >428, and depth >2300 m)—delineate the two important and contrasted regions regarding the winter mixing.
Green circles show the location of the two offshore mooring lines (LION and DYFAMED). Isobaths every 500 m also contoured in light gray.

hydrographical observations from MOOSE (cruises, gliders, and mooring lines) to provide a long-term and
multiscale description of the NW Mediterranean Sea. Additional cruises and glider data have been collected
in 2012–2013 in the common framework of the dense water formation experiment of the HYMEX and MERMEX programs [Durrieu de Madron et al., 2011; Drobinski et al., 2014].
2.1.1. CTD Casts Collected by R/Vs
Since November 2009, nine basin scale cruises have taken place in the NW Mediterranean Sea (chronologically: MOOSE-GE in May–June 2010 [Testor and Mortier, 2010], CASCADE in March 2011 [Durrieu de Madron,
2011], MOOSE-GE in June 2011 [Testor et al., 2011], MOOSE-GE in July 2012 [Testor et al., 2012], DOWEX in
September 2012 [Mortier, 2012], DEWEX in February 2013 [Testor, 2013] and in April 2013 [Conan, 2013],
MOOSE-GE in June–July 2013 [Testor et al., 2013], and DOWEX in September 2013 [Mortier and Taillandier,
2013]). Since 2010, each of the MOOSE-GE cruise provides a yearly snapshot in summer of the open-ocean
part of the basin with about 70–100 CTD stations. Following a similar strategy, the DOWEX and DEWEX
cruises, which take place between the summer cruises, provide the hydrological conditions prior, during
and after the 2013 winter convection period. The common key objective of the MOOSE observatory is to
monitor the deep waters formation in the Gulf of Lions in order to assess its effect on biogeochemical
cycles, and on the longer-term environmental and ecosystemic trends and anomalies.
The conductivity, temperature, and pressure measurements during these cruises have all been performed
using a Seabird SBE 9111 CTD probe. The CT sensors have been calibrated by predeployment and postdeployment laboratory analysis. After calibration, the absolute accuracy of the measurements is 0.003 for the
salinity and 0.0018C for the temperature. These calibrated CTD casts provide a ground truth for the other
instruments such as the deep mooring lines (LION and DYFAMED) and the autonomous underwater gliders
and ﬂoats (see Figure 1).
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2.1.2. The Mooring Lines
The LION mooring line is located approximately in the center of the deep waters formation zone at
428020 N/48410 E (bottom depth at 2350 m, see Figure 1). It was equipped from November 2009 to October
2013 with 11 SeaBird Microcats SBE37 (conductivity-temperature-pressure sensor) regularly spaced along
the line from 150 to 2300 m. In addition, ﬁve Nortek Aquadopp current meters measured horizontal and
vertical currents.
An intercalibration of the moorings instruments with the shipborne CTD has been carried out after and
before each deployment to ensure the consistency of the hydrographical data set (Houpert et al., submitted
manuscript).
The DYFAMED mooring line in the Ligurian Sea (see Figure 1) was equipped with fewer instruments (four
SeaBird Microcats SBE37 at about 200, 700, 1000, and 2000 m) and was calibrated in a similar way.
2.1.3. Gliders Data
Gliders are steerable autonomous platforms that sample the ocean along saw-tooth trajectories between the
surface and a maximum depth of 1000 m [Testor et al., 2010]. As the slopes of isopycnals (a few degrees) are
generally much smaller than the glider pitch angle (615–308), dives and ascents can be considered as vertical
proﬁles to some extent. Under this assumption, two consecutive proﬁles down to 1000 m are separated by
approximately 2–4 km and 2–4 h depending on the currents and the sampling strategy of the platform. Sensors can be powered on only during dives or ascents, or both. With a horizontal speed of 30–40 km d21 relative to the water, gliders are perfectly suited to capture balanced circulation features and eddies that
propagate at slower speeds. By comparing its dead reckoning navigation and GPS ﬁxes at the surface, they
also deduce a current between two surfacings—hereafter referred to as the ‘‘depth-average currents’’ (DAC)—
representing the mean currents averaged over each dive. A compass calibration has been carried out before
each deployment allowing DAC to be used to reference geostrophic velocities as commonly done in previous
studies [Gourdeau et al., 2008; Davis et al., 2008; Bouffard et al., 2010, 2012; Pietri et al., 2013; Høydalsvik et al.,
2013; Pelland et al., 2013; Pietri et al., 2014; Bosse et al., 2015; Thomsen et al., 2016].
The very ﬁrst glider deployments in the northwestern Mediterranean Sea were carried out in 2006. From 2010
on, gliders have been deployed on a regular basis in the framework of the MOOSE project. In this study, we
examine the glider proﬁles collected from November 2009 to October 2013 (28,000 proﬁles to 1000 m).
Gliders were equipped with a pumped or unpumped CTD probe that generally needs to be corrected with
an offset as a ﬁrst order correction for each single deployment. We compared the gliders data with nearby
calibrated CTD casts from R/Vs (<15 km and <3 days), and/or with the calibrated mooring lines LION and
DYFAMED (<2.5 km and <18 h, about the inertial period in this region). The cross-platform hydrographical
consistency was checked in the deeper layers sampled by the gliders (700–1000 m) as done in Bosse et al.
[2015], because the h/S variability is relatively small at those depths. The deduced h and S offsets are on
average about 0.018C and 0.01, respectively. If no direct comparison with calibrated data is possible (30%
of the deployments), only salinity was offset to ﬁt the linear h/S relationship between the intermediate and
deep layers (700–1000 m) and provided by the calibrated data from R/Vs (see Figure 2). In addition, thermal
lag error of the unpumped CTD probe that can affect salinity measurements in strong summer thermoclines
have been corrected following Garau et al. [2011].
This method ensures the glider CTD errors in temperature and salinity to be smaller than, respectively,
0.018C and 0.01. These numbers are much smaller than the relative variability associated with the vortical
structures of interest (order of 0.1 both in temperature and salinity). The overall consistency of the data set
is set by the calibrated CTD data from the MOOSE research cruises (previously described in section 2.1.1).
2.1.4. Argo Floats Data
Argo ﬂoats are autonomous proﬁling ﬂoats that drift at a given parking depth for a given time period. At
the end of their drifting time, they dive to 2000 m and collect a proﬁle of temperature and salinity during
the upcast. The collected data are sent in real time to a data center after which they return to their parking
depth. For the Mediterranean Sea, the MedArgo program has set the interval between the successive surfacings of Argo ﬂoats to 4–5 days and their parking depth to 400 m, the approximate depth of the Levantine Intermediate Waters [Poulain et al., 2007].
We applied the same calibration procedure of the hydrographical data collected by the Argo proﬁling ﬂoats
as for the gliders. They collected a total of about 2700 proﬁles in the northwestern Mediterranean Sea for our
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study period. In this study,
they are only used to document
the water mass properties of
the basin, since identifying such
small-scale eddies (5–10 km radius, few days periods) is hardly
possible due to their too sparse
spatiotemporal sampling.
2.2. Vortex Detection and
Characterization
The detection and inferred parameters associated with each
eddy is somewhat different depending on the platform.
2.2.1. Gliders
Eddies were identiﬁed from the
rotation measured by the DAC
and the isopycnal deformation.
An original method is used to
characterize submesoscale eddies
in cyclogeostrophic balance (see
details in Appendix A). Figure 3
shows examples of different
eddies sampled by gliders.
2.2.2. R/Vs
Figure 2. h=S diagram constructed from all the CTD casts carried out by R/Vs in the openEddies were detected from the
ocean part of the NW Mediterranean Sea for the November 2009–October 2013 period. The
isopycnal deformation: anticymain water masses are annotated: Atlantic Waters (AW), Winter Intermediate Waters (WIW),
clones being characterized by a
Winter Deep Waters (WDW), Levantine Intermediate Waters (LIW), Western Mediterranean
Deep Waters (WMDW), and Shelf Cascading Dense Waters (SCDW). The slanted lines corresubsurface weakly stratiﬁed layspond to density contours. Blue (resp., red) crosses correspond to the h/S core characteristics
er and cyclones by a doming of
of the anticyclonic (resp., cyclonic) eddies. We also represent the mean proﬁles corresponddeep isopycnals. The distance
ing to the Gulf of Lions and the Ligurian Sea with colors indicating the depth.
between two CTD casts during
research cruises is usually 20–
40 km, which cannot resolved the horizontal scales of small-scale eddies. However, shipborne CTD casts still
provide crucial information on their vertical structure from the surface to the ocean bottom, thus extending
the glider sampling restricted to the ﬁrst 1000 m. Two examples of anticyclonic and cyclonic eddies sampled by shipborne CTD are shown in Figure 4.
2.2.3. Mooring
Following Lilly and Rhines [2002], a method based on the hodograph computed with the ﬁve current meters
was used to detect eddies passing by the LION mooring line [Houpert, 2013]. Indeed, a localized hodograph
deﬂection perpendicular to the mean advection indicates rotational currents. Furthermore, the shape of this
deﬂection documents the distance of the mooring to the eddy center, the eddy radius, and peak velocities.
A close inspection of the isopycnal deformation was eventually done to select only the relevant eddies:
ones that unambiguously correspond to the vortices category we deﬁne hereafter. Examples of two eddies
passing by the mooring can be seen in Figure 5.
Tables 1 and 2 sum up the characteristics of the 18 anticyclones and 25 cyclones detected during the study
period.
2.3. Dynamical Diagnostics
The vortices radius R is estimated as half the radial distance between two opposite peak velocities. Maximum velocities Vmax are then coherently deﬁned as the mean of those peak velocities. The Rossby number—deﬁned as Ro  r3vh =f with r3 the curl operator, vh is the horizontal currents, and f is the Coriolis
parameter—is here approximated by 2Vmax =fR. The latter expression is valid for circular eddies in solid body
rotation.
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Figure 3. Examples of vortices sampled by gliders: (a) anticyclonic eddy Awiw
of Winter Intermediate Waters, Awdw
of Winter Deep Waters and Adw
1
4
5 of Western Mediterranean Deep
Waters; (b) cyclonic eddy C7 with surface- and C8 with depth-intensiﬁed orbital velocities. For each eddy, the upper plot represents the cross-track temperature section with isopycnals
contours and the lower plot the cyclostrophic orbital velocities across the eddy. The glider sampling is represented by the black triangles.

Anticyclonic SCVs are known to have depth-intensiﬁed velocities due to their particular density structure
that implies anticyclonic (resp., cyclonic) shear below (resp., above) their core depth where the maximum
velocities are observed. All SCVs of WMDW (Adw
in Table 1) as well as a few depth-intensiﬁed cyclonic vortii
ces (C1;3;8 in Table 2) have peak velocities located below 1000 m, the maximum depth of the glider sampling. For those eddies, R is estimated at the maximum sampling depth, the eddy radius being unlikely to
vary much with depth. However, the orbital peak velocities and Rossby number are obviously underestimated in that case.
The horizontal scale of oceanic eddies is controlled by the internal deformation radius: Rd  NH=f depending on H its vertical extension and N the water column stratiﬁcation (N2  2g@z r=q0 ). The stratiﬁcation
often decreases with depth: in the NW Mediterranean Sea, N  5f below 500 m. This explains why subsurface eddies have a small radius compared to surface mesoscale eddies and are qualiﬁed as submesoscale
eddies [McWilliams, 2016]. Their radius is close to the local deformation radius, whereas surface mesoscale
turbulence is characterized by a horizontal scale order of several deformation radius (typically 30–50 km)
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Figure 4. Examples of vortices sampled by shipborne CTD: (a) anticyclonic SCV Adw
1 of Western Mediterranean Deep Waters observed in June 2010; (b) surface-intensiﬁed cyclonic eddy
C4 observed in June 2011. On the three left-hand side plots, we draw proﬁles of potential temperature, salinity, and density. The orange lines correspond to the CTD cast carried out
within the eddies core, other light gray lines are those from the far-ﬁeld region (i.e., <150 km from the core station collected during the same cruise). The black proﬁle is the mean of all
the far-ﬁeld proﬁles. On the two right-hand side plots, each eddy is represented by colored contours representing temperature and salinity from the far-ﬁeld to the eddies core, as well
as isopycnal contours.

[Crepon et al., 1982]. The Burger number quantiﬁes the ratio of the deformation radius to the eddy radius:
Bu  ½NH=fR2 5½Rd =R2 . For each eddy, H is deﬁned as the height over which orbital velocities are greater
bc
than 0:2Vmax
with Vbc the baroclinic orbital velocity rescaled between its minimum and maximum values.
When gliders sampled vortices deeper than 1000 m, H was alternatively deﬁned as twice the distance
bc
bc
between 0.2Vmax
and Vmax
or the maximum sampling depth of 1000 m. In such a case, H is certainly underestimated, as well as the Burger number. Finally, for anticyclonic SCVs observed with R/Vs, H is taken as the
vertical extension of their weakly stratiﬁed core.
The buoyancy frequency N was computed within (Nscv) and outside (Nout) each eddy. Nout was used to compute the Burger number. The far-ﬁeld region for gliders and mooring data was deﬁned between 2R and 4R.
For eddies sampled by R/Vs, the far-ﬁeld was deﬁned by averaging the CTD casts carried out during the
same cruise at less than 150 km to get a representative view of the area.
Eventually, we estimated the Ertel’s Potential Vorticity (PV) at the core depth for each eddy: q  2fa  rr=q0
where fa 5r3v1f^z is the absolute vorticity. Away from surface and bottom boundaries, this quantity is conservatively advected in the ocean interior, where the ﬂuid is governed by the inviscid Boussinesq equations
[Ertel, 1942]. In nonfrontal regions (i.e., where lateral density gradients are small), the PV can be written as:
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Figure 5. Two cyclonic eddies observed at the LION mooring line: (a) cyclone C6 observed in April 2012 exhibiting a core of Shelf Cascading Dense Waters located at the bottom; (b) depth-intensiﬁed cyclone C4 observed in October 2010 with a core located at great
depth (>1000 m). For each eddy, the two left plots represent the potential temperature and salinity sections with isopycnals in black.
The right plot shows the velocities perpendicular to the mean advection recorded by the current meters. The depth of the sensors is
indicated by white triangles and dashed lines. The x axis represents the distance along the mean ﬂow advection. Note that this advection is much larger for C6 than for C4, about 20 cm s21 versus 3 cm s21.
2
2
q5fN2 ð11RoÞ=g. Again, PV was estimated inside (qscv 5fNscv
ð11RoÞ=g) and outside (qout 5fNout
=g) each eddy
(see Tables 1 and 2).
2.3.1. Note
The uncertainty in the eddy radii is related to the glider sampling and deﬁned as half the distance between
two consecutive glider proﬁles). Uncertainty in the glider depth-average currents is reasonably considered
as 10% of its magnitude [Merckelbach et al., 2008]. The error in H is determined by considering the scale
over which the eddy signature vanishes in the orbital velocity or hydrography. The error in Nscv and Nout is
deﬁned as the standard deviation of the stratiﬁcation of close proﬁles carried out inside and outside each
eddy. Finally, the errors indicated in Tables 1 and 2 result from the propagation of those uncertainties
through the different formula. As in Bosse et al. [2015], R and Vmax are also corrected by a geometric factor
(see Appendix A), which is also considered in the error calculation.
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Sep 2012
Sep 2012
Feb 2013
Jun 2013
Jun 2013
Median
(std)

May 2010
Jan 2011
Jan 2013
Jan 2013
Feb 2013
Feb 2013
Feb 2013
Mar 2013
Jun 2013
Median
(std)

Awdw
1
Awdw
2
Awdw
3
Awdw
4
Awdw
5

Adw
1
Adw
2
Adw
3
Adw
4
Adw
5
Adw
6
Adw
7
Adw
8
Adw
9

Glider
R/V
Glider
Glider
R/V

R/V
Glider
Glider
Glider
Glider
Glider
Glider
Glider
Glider

12.95
12.96
13.04
12.93
12.98
12.92
12.95
12.91
12.95
12.95
(0.04)

13.13
13.16
13.18
13.18
13.19
13.18
(0.02)

12.92
12.93
13.00
13.06
12.97
(0.07)

h
(8C)

38.49
38.49
38.51
38.48
38.49
38.48
38.49
38.49
38.49
38.49
(0.01)

38.52
38.53
38.54
38.54
38.54
38.54
(0.01)

38.40
38.43
38.44
38.41
38.42
(0.02)

S

–
9.1 6 1.1
12.2 6 1.9
7.0 6 1.4
6.0 6 1.2
5.1 6 1.1
14.3 6 1.7
6.4 6 0.8
8.5 6 1.3
7.8
(3.2)

9.3 6 1.2
–
4.2 6 1.3
6.9 6 0.9
–
6.9
(2.6)

6.5 6 1.7
6.5 6 1.6
4.1 6 0.7
3.8 6 0.7
5.3
(1.5)

R
(km)

–
>18.2 6 1.0
>6.5 6 1.3
>8.0 6 1.4
>12.4 6 1.7
>11.1 6 1.1
>15.0 6 1.1
>16.0 6 1.1
>6.3 6 1.0
>11.8
(4.5)

15.4 6 1.1
–
10.7 6 1.1
13.0 6 1.0
–
13.0
(2.4)

19.6 6 1.1
17.4 6 1.1
18.4 6 1.2
12.4 6 1.2
17.9
(3.2)

Vmax
(cm s21)

2000
>1000
>1000
>1000
>1000
>1000
>1000
>1000
>1000
1000 2 2000
–

450 6 10
500
840 6 160
670 6 60
700
670
(170)

150 6 50
560 6 70
480 6 30
100 6 90
320
(230)

P@Vmax

–
<3.6 6 0.6
<13.7 6 4.3
<6.4 6 2.0
<3.5 6 0.9
<3.3 6 1.0
<6.9 6 1.3
<2.9 6 0.5
<9.9 6 3.1
<5.0
(3.9)

4.4 6 0.9
–
2.9 6 1.1
3.8 6 0.8
–
3.8
(0.8)

2.4 6 0.7
2.7 6 0.8
1.6 6 0.4
2.2 6 0.6
2.3
(0.5)

Tr
(days)

–
<20.41 6 0.07
<20.11 6 0.03
<20.23 6 0.07
<20.42 6 0.11
<20.44 6 0.13
<20.22 6 0.04
<20.51 6 0.09
<20.15 6 0.05
<20.32
(0.15)

20.34 6 0.07
–
20.51 6 0.19
20.38 6 0.08
–
20.38
(0.09)

20.61 6 0.19
20.54 6 0.16
20.90 6 0.21
20.68 6 0.17
20.65
(0.16)

Ro

There are dashes where values could not have been estimated due to the observing platform and the SCVs characteristics.

a

Feb 2011
Jun 2012
Feb 2013
May 2013
Median
(std)

Obs.

Glider
Glider
Glider
Glider

id

Awiw
1
Awiw
2
Awiw
3
Awiw
4

Platform

1.4 6 0.1
1.8 6 0.2
0.9 6 0.2
1.9 6 0.2
1.5 6 0.2
1.6 6 0.6
0.8 6 0.3
0.5 6 0.1
3.4 6 0.1
1.5
(0.8)

6.4 6 0.5
6.0 6 0.7
2.6 6 0.1
2.1 6 0.1
1.4 6 0.1
2.6
(2.3)

10 6 1
5.8 6 1.0
8.5 6 0.6
20 6 1
9.3
(2.0)

Nscv
3f (s21)

2.7 6 0.1
2.6 6 0.4
2.9 6 0.9
2.1 6 0.2
2.9 6 1.5
2.1 6 1.0
2.9 6 0.7
1.8 6 0.4
3.6 6 0.1
2.7
(0.5)

9.6 6 0.7
8.3 6 1.0
3.1 6 0.1
3.5 6 0.4
3.6 6 0.4
3.6
(3.1)

17 6 1
13 6 1
14 6 1
23 6 1
16
(4.5)

Nout
3f (s21)

2000
>1400
>1700
>1800
>1500
>1600
>1500
>1400
>1500
>1500
(200)

>800
500 2 1000
>640
>900
1000 2 1500
>800
(230)

510 6 50
880 6 50
600 6 140
160 6 30
560
(300)

H
(m)

–
>0.16 6 0.11
>0.16 6 0.07
>0.30 6 0.10
>0.57 6 0.43
>0.42 6 0.35
>0.09 6 0.05
>0.15 6 0.07
>0.40 6 0.10
>0.23
(0.17)

>0.64 6 0.14
–
>0.22 6 0.11
>0.17 6 0.05
–
>0.22
(0.26)

1.8 6 0.7
2.9 6 1.1
4.1 6 1.7
0.96 6 0.35
2.6
(1.3)

Bu

–
<1.8 6 0.2
<0.57 6 0.44
<2.7 6 0.4
<1.2 6 0.3
<1.4 6 0.6
<0.41 6 0.48
<0.12 6 0.06
<9.6 6 0.5
<9.3
(3.1)

25 6 2
–
3.5 6 0.9
2.7 6 0.3
–
3.5
(13)

40 6 10
16 6 4
868
120 6 40
28
(51)

qscv =10213
(m21 s21)

–
<0.27 6 0.12
<0.08 6 0.11
<0.63 6 0.23
<0.15 6 0.20
<0.34 6 0.47
<0.05 6 0.09
<0.04 6 0.04
<0.75 6 0.09
<0.21
(0.27)

0.30 6 0.07
–
0.36 6 0.10
0.22 6 0.03
–
0.30
(0.07)

0.14 6 0.06
0.10 6 0.04
0.04 6 0.04
0.24 6 0.10
0.12
(0.08)

qscv =qout

Table 1. Anticyclonic SCVs Observed in the Northwestern Mediterranean Sea: h (resp., S) Is the Core Pot. Temperature (resp., Anomaly) Observed Within the SCVs; R the Estimated Radius; Vmax the Azimutal Peak Velocity;
P@Vmax the Mean Depth of the Azimutal Peak Velocities; Tr 52pR=Vmax the Rotation Period; Ro52Vmax =fR the Rossby Number; Nscv (resp., Nout) the Mean Buoyancy Frequency Averaged Over 100 m Within the Core of the
SCVs (resp., in the Far-Field Region); H an Estimation of the Height of the SCVs; Bu5½NH=fR2 the Burger Number; qscv (resp., qout) the PV Estimated Within the Core of the SCVs (resp., in the Far-Field Region)a
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Mar 2011
Mar 2011
Apr 2011
Jun 2011
Apr 2012
Apr 2012
Mar 2013
Mar 2013
Apr 2013
Apr 2013
May 2013
Median
(std)

C1
C2
C3
C4
C5
C6
C7
C8
C9
C10
C11

Glider
Glider
Glider
R/V
Glider
Mooring
Glider
Glider
R/V
Glider
Glider

–
–
–
12.91
–
12.82
–
–
12.92
–
–
12.91
(0.06)

–
–
–
12.90
12.87
12.86
–
–
–
–
–
–
–
–
12.87
(0.02)

h
(8C)

–
–
–
38.48
–
38.47
–
–
38.49
–
–
38.48
(0.01)

–
–
–
38.48
38.48
38.48
–
–
–
–
–
–
–
–
38.48
–

S

8.0 6 0.8
6.2 6 1.4
7.3 6 1.9
–
12.0 6 1.7
12.2 6 2.1
9.9 6 1.2
6.8 6 2.0
–
7.5 6 1.7
10.3 6 1.0
8.0
(2.2)

8.8 6 1.3
5.6 6 2.2
11.7 6 2.1
4.3 6 0.5
–
–
4.1 6 0.9
3.7 6 1.3
7.3 6 1.3
6.4 6 1.2
5.8 6 0.6
7.7 6 1.1
5.3 6 0.8
7.3 6 1.2
6.1
(2.3)

R
(km)

12.2 6 1.1
11.8 6 1
16.1 6 1.1
–
14.7 6 1.0
16.3 6 0.6
19.9 6 1.1
24.7 6 2.4
–
17.3 6 2.2
15.3 6 1.0
16.1
(4.0)

>14.4 6 1.0
5.4 6 1.4
>16.7 6 1.0
6.1 6 0.6
–
–
>6.3 6 1.2
8.8 6 1.1
6.3 6 1.6
9.7 6 1.1
16.8 6 1.6
17.5 6 1.2
8.2 6 1.0
11.9 6 1.0
8.8
(4.6)

Vmax
(cm s21)

Surface
Surface
Surface
0–300
Surface
0–400
Surface
50 6 40
0–200
30 6 10
Surface
0–100
–

>1000
780 6 170
>1000
1000–1500
200–400
500–700
>1000
700 6 10
490 6 40
320 6 120
200 6 10
510 6 10
580 6 20
720 6 20
600
(300)

P@Vmax
(m)

4.7 6 0.8
3.9 6 1.2
3.3 6 1.0
–
5.9 6 1.2
5.5 6 1.2
3.6 6 0.6
2.0 6 0.6
–
3.2 6 0.8
4.9 6 0.8
3.9
(1.2)

<4.5 6 1.0
7.5 6 4.1
<5.1 6 1.2
5.1 6 1.2
–
–
<4.8 6 1.7
3.1 6 1.4
8.5 6 3.0
4.8 6 1.3
2.5 6 0.4
3.2 6 0.6
4.7 6 1.3
4.4 6 1.1
4.8
(1.7)

Tr
(days)

0.31 6 0.06
0.39 6 0.12
0.45 6 0.14
–
0.25 6 0.05
0.27 6 0.06
0.40 6 0.07
0.76 6 0.23
–
0.46 6 0.12
0.31 6 0.05
0.39
(0.15)

>0.33 6 0.07
0.20 6 0.11
>0.29 6 0.07
0.28 6 0.05
–
–
>0.32 6 0.11
0.49 6 0.22
0.18 6 0.06
0.31 6 0.09
0.62 6 0.09
0.47 6 0.09
0.31 6 0.08
0.35 6 0.09
0.32
(0.12)

Ro

There are dashes where values could not have been estimated due to the observing platform and the SCVs characteristics.

a

May 2010
Jun. 2010
Jun 2010
Oct 2010
Jul 2012
Aug 2012
Sep 2012
Nov 2012
Apr 2013
May 2013
May 2013
May 2013
Jun 2013
Oct 2013
Median
(std)

obs.

C1
C2
C3
C4
C5
C6
C7
C8
C9
C10
C11
C12
C13
C14

id

Glider
Glider
Glider
Mooring
R/V
R/V
Glider
Glider
Glider
Glider
Glider
Glider
Glider
Glider

Platform

11 6 1
19 6 2
22 6 3
34 6 6
32 6 5
–
1.6 6 0.2
34 6 1
19 6 1
26 6 3
63 6 7
24
(17)

1.6 6 0.2
3.4 6 0.1
8.2 6 0.3
–
22 6 3
7.4 6 0.6
2.4 6 0.2
7.0 6 0.5
4.8 6 0.1
4.4 6 0.2
10 6 0.1
4.5 6 0.1
7.5 6 0.7
9.4 6 0.2
7.0
(5.2)

Nscv
3f (s21)

18 6 6
31 6 13
36 6 7
30 6 5
37 6 15
–
20 6 1
25 6 3
17 6 1
28 6 1
67 6 13
29
(15)

1.8 6 0.2
3.4 6 0.2
4.0 6 0.1
–
16 6 4
4.4 6 0.4
2.1 6 0.2
3.2 6 0.1
4.4 6 0.1
4.2 6 0.2
5.8 6 0.3
3.7 6 0.1
4.3 6 0.1
6.7 6 0.1
4.1
(3.3)

Nout
3f (s21)

170 6 40
70 6 30
170 6 40
–
320 6 70
–
180 6 50
250 6 60
–
240 6 70
190 6 30
190
(70)

>1700
>1100
>1800
–
–
–
>1100
>1200
940 6 10
930 6 30
500 6 210
870 6 40
900 6 80
>1000
500–1800
–

H
(m)

0.14 6 0.09
0.11 6 0.12
0.69 6 0.40
–
1.0 6 0.7
–
0.13 6 0.06
0.88 6 0.56
–
0.81 6 0.43
1.6 6 0.6
0.75
(0.52)

>0.12 6 0.04
>0.44 6 0.37
>0.38 6 0.09
–
–
–
0.36 6 0.28
0.98 6 0.61
0.32 6 0.08
0.37 6 0.10
0.25 6 0.15
0.17 6 0.03
0.53 6 0.13
>0.88 6 0.61
0.37
(0.27)

Bu

150 6 10
480 6 70
700 6 120
–
1300 6 100
–
3.5 6 0.7
1800 6 100
–
1000 6 200
4700 6 300
850
(1500)

>3.2 6 0.6
13 6 2
>86 6 6
–
–
–
>6.6 6 1.1
70 6 21
26 6 2
24 6 2
140 6 20
28 6 3
75 6 7
100 6 10
28
(45)

qscv =10213
(m21 s21)

0.52 6 0.40
0.53 6 0.53
0.57 6 0.34
–
0.94 6 0.83
–
0.009 6 0.002
3.1 6 2.4
–
1.3 6 0.3
1.1 6 0.5
0.76
(0.94)

>1.0 6 0.4
1.2 6 0.3
>5.5 6 0.6
–
–
–
>1.6 6 0.6
7.2 6 2.5
1.4 6 0.2
1.5 6 0.3
5.0 6 1.2
2.2 6 0.3
3.9 6 0.6
2.7 6 0.3
2.2
(2.1)

qscv =qout

Table 2. Cyclonic SCVs Observed in the Northwestern Mediterranean Sea: h (resp., S) Is the Core Pot. Temperature (resp., Anomaly) Observed Within the SCVs; R the Estimated Radius; Vmax the Azimutal Peak Velocity;
P@Vmax the Mean Depth of the Azimutal Peak Velocities; Tr 52pR=Vmax the Rotation Period; Ro52Vmax =fR the Rossby Number; Nscv (resp., Nout) the Mean Buoyancy Frequency Averaged Over 100 m Within the Core of the
SCVs (resp., in the Far-Field Region); H an Estimation of the Height of the SCVs; Bu5½NH=fR2 the Burger Number; qscv (resp., qout) the PV Estimated Within the Core of the SCVs (resp., in the Far-Field Region)a
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3. Results
3.1. Basin-Scale Context
For the whole study period (November 2009–October 2013), the LION mooring combined with other
observing platforms (Argo ﬂoats, gliders, and R/Vs) provide insightful information about open-ocean deep
convection that can occur in the Gulf of Lions in winter. The region affected by the deepest vertical mixing
is usually centered around 428N–58E (see Figure 1). In that area, the temperature and salinity proﬁles collected show a mixed layer reaching the bottom of the ocean (between 2300 and 2500 m) around mid-February
every year from 2010 to 2013 (Figure 6a).
The eastern part of the basin (i.e., the Ligurian Sea) is generally an area of intermediate to deep mixing
(200–1000 m) subjected to an important year-to-year variability [Marty and Chiaverini, 2010]. In the
absence of a highly instrumented mooring line like in the Gulf of Lions, the sampling of the Ligurian Sea
is sparser. However, especially thanks to autonomous platforms (gliders and proﬁling ﬂoats), the temporal
evolution of the water column can still be described (see Figure 6b). During all winters from 2010 to 2013,
in situ observations did not reveal any sign of mixing deeper than 1000 m. In 2010 and 2011, winter mixing seems not to be deeper than 400 m, while it reached 700–1000 m in 2012 and 2013. In particular, the
winter 2013 is characterized by a mixed layer depth of 1000 m, which has been repetitively observed in
the Ligurian Sea by both shipborne CTD casts and a glider in February during an intense observing period. By that time, the mixed patch was quite warm and salty h ’ 13:18 C and S ’ 38:54 (like in 2012) compared to winters of shallower mixing. This is mainly because if it exceeds the depth of the warm and salty
Levantine Intermediate Waters (LIW) located around 300–500 m, the heat and salt contents of the mixed
layer increase.
Finally, it is worth mentioning that the deep waters production can also occur on the shelf of the Gulf of
Lions. This phenomenon takes place less often than open-ocean deep convection in the NW Mediterranean
Sea. The recent major events of shelf dense waters cascading are the winters 2005, 2006 [Puig et al., 2013],
and 2012 [Durrieu de Madron et al., 2013]. The latter study describes the story line of the 2012 event. In February, mooring lines deployed on the continental slope of the Gulf of Lions observed an intense cascading
event of dense waters. In April, the signature of a dense bottom water mass—fresher and colder than the
deep waters formed by open-ocean deep convection—was observed at the LION mooring, propagating
toward the abyssal plain. Then in July, the MOOSE-GE cruise showed the spreading of these new Shelf Cascading Dense Waters (SCDW) over the whole basin surface.
During the whole study period, the wintertime deep convection in the NW Mediterranean Sea can be considered as a consistent process from 1 year to another. The mixing always reached the bottom in the Gulf
of Lions and an intermediate depth in the Ligurian Sea (300–1000 m) and the newly formed waters present
each year similar characteristics (colder/fresher at intermediate depths, warmer/saltier at great depths) with
respect to the background.
3.2. Eddies Characterization and Classification
3.2.1. Anticyclonic Eddies
All anticyclonic eddies in this study are characterized by a weakly stratiﬁed core of nearly homogeneous
waters with horizontal extent on the order of the internal Rossby radius or less (see Figures 3a and 4a), similar to ‘‘Submesoscale Coherent Vortices’’ (SCVs) ﬁrst described by McWilliams [1985]. The dynamical adjustment of a convected water parcel intruded into a stratiﬁed environment has been studied as a possible
generation mechanism [McWilliams, 1988]. Anticyclonic SCVs can thus be formed at depths varying with
depth of the mixed layer impacting the hydrographical characteristics of their core, as shown in the h=S diagram of Figure 2. The 18 anticyclonic SCVs were hence classiﬁed into three categories depending on the
water mass of their core.
Winter Intermediate Waters (WIW): SCVs Awiw
with i 2 ½1; 4 in Table 1 have a relatively cold
i
(12:97 6 0:07 C) and fresh (38:42 6 0:02) core located in the upper layers between 0 and 300 m (see an
example in Figure 3a). This water mass results from the shallow vertical mixing of fresh modiﬁed Atlantic
Waters (AW) under the action of strong air/sea interactions. This water mass is classically called Winter
Intermediate Waters. They can be formed early during winter in the central part of the Gulf of Lions, then
later on around the deep convection zone and in the Ligurian Sea, where meteorological conditions are
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Figure 6. (a) Upper plot: Temporal evolution of potential temperature and salinity in the ‘‘Gulf of Lions’’ (as deﬁned in Figure 1). All available in situ observations collected by R/Vs, gliders,
Argo ﬂoats, and mooring lines have been averaged within 10 days intervals and vertical layers of 50 m. The black line represents the evolution of the mixed layer depth computed on
temperature with a 0.18C criterion (i.e., it corresponds to the depth where jh2href j >0.18C with href the potential temperature of the ﬁrst 0–50 m layer). The winter mixed layer is associated with a water mass regarding its h/S characteristics (see colors above the plots): S < 38.46 for WIW, h > 13:05 C for WDW, and h < 13:05 C for WMDW. Those delimitations are drawn
in Figure 2. (b) Same but in the ‘‘Ligurian Sea’’ (as deﬁned in Figure 1).

less severe and the mixing often restricted to the upper layers [Millot, 1999]. The WIW can also be formed
n
~ez et al., 2012; Juza et al.,
on the continental shelves of the Gulf of Lions and the Balearic Sea [Vargas-Ya
2013].
Winter Deep Waters (WDW): SCVs Awdw
with i 2 ½1; 5 in Table 1 have a quite warm (13:18 6 0:02 C) and
i
salty (38:54 6 0:01) core located slightly deeper between 500 and 1000 m below the depth of the warm
and salty LIW (see for example Figure 3b). When the vertical mixing partly or totally incorporates the LIW
layer, the mixed layer gets warmer and saltier, as observed with the core characteristics of SCVs Awdw
comi
pared to Awiw
.
On
a
h=S
diagram,
this
water
mass
lies
on
the
mixing
line
between
the
LIW
and
the
WMDW
i
(see Figure 2). Note that the name ‘‘Winter Deep Waters’’ has never been mentioned in the literature before
to our knowledge. This study shows the importance of deﬁning a distinct water mass resulting from the
intermediate mixing of AW and LIW. From the various eddies observed, this new classiﬁcation of the water
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masses appears to be necessary to characterize periods and areas of strong intermediate mixing that stops
just above the WMDW levels (’500–1000 m).
with i 2 ½1; 9 in Table 1 have core characterisWestern Mediterranean Deep Waters (WMDW): SCVs Adw
i
tics (h  12:95 6 0:04 C and S  38:49 6 0:01) close to the Western Mediterranean Deep Waters
(WMDW) (see Figure 2). They are characterized by a positive h=S anomaly compared to the surrounding
deep waters of about 10.058C and 10.01 (see Figures 2 and 4a). They result from deeper mixed layers
(>1000 m) than the ﬁrst two categories. For those mixed layer depths, the mixing involves the surface and
intermediate layers of AW and LIW, as well as a signiﬁcant part of the preexistent deep waters.
Note that gliders are not able to reach the core depth of WMDW anticyclones, because of their maximal diving depth of 1000 m (see Figure 3a). Only by examining the glider-derived density sections, one cannot discriminate their deep isopycnals doming from that of a cyclonic eddy. Their identiﬁcation as depthintensiﬁed anticyclones was then possible thanks to the depth-average currents estimated by the gliders
showing their sense of rotation. In this particular case, depth-average currents were of crucial importance.
3.2.2. Cyclonic Eddies
The cyclonic eddies are all characterized by a doming of the dense isopycnals extending from the bottom
sometimes up to the surface layers (see Figure 3b). Between the far-ﬁeld and the eddies core, isopycnals
can be raised up by about 1000–1500 m at great depth. We identify the core of a cyclonic SCV as the weakly
stratiﬁed part of the water column embedded within the described isopycnals doming. As for anticyclonic
SCVs, this core is characterized by nearly homogeneous waters, but it is trapped at the bottom of the ocean
(see Figure 4b). Identiﬁcation of the core h=S characteristics could not be reliably carried out when cyclonic
SCVs were sampled by gliders, but shipborne CTD casts and the LION mooring line could ﬁll this gap (see
Table 2).
Regarding the core characteristics of cyclonic eddies, they are generally typical of WMDW (h  12:90 C and
S  38:49). As it can be observed on the h/S diagram of Figure 2, they are all denser (fresher, but colder)
than anticyclonic SCVs of WMDW. Interesting examples (C5, C6, and C6 in Table 2) are found to have core
characteristics signiﬁcantly fresher and colder than usual WMDW with a potential temperature ranging
12.82–12.878C and a salinity of 38.47–38.48 (see Table 2). This kind of signal in the deep water masses has
been clearly identiﬁed as resulting from winter dense waters production on the shelf of the Gulf of Lions
[Bethoux et al., 2002]. Those waters can then cascade and spread out over the abyssal plain. These particular
eddies were coherently all observed in 2012 after the occurrence of a major episode of cascading [Durrieu
de Madron et al., 2013], while such phenomenon was possibly less intense the other years. The cascading of
shelf dense waters seems thus possible mechanism of generating coherent cyclonic structures if they are
dense enough to reach the bottom of the deep basin, as in 2012.
When cyclones extend to the surface, the warm and salty signature of LIW is importantly attenuated in their
core (see Figures 3b and 4b). By the time of their formation, these eddies should thus have been in contact
with eroded LIW, typical of the western part of the basin, and potentially vertically mixed. Dynamical barriers set by the eddy rotation then certainly inhibited the lateral diffusion of the surrounding warm and salty
LIW toward the eddies core.
In total, 25 cyclonic eddies have been identiﬁed for the study period. They were classiﬁed into two categories based upon dynamical considerations rather than on hydrographical ones. All cyclones are indeed
found to have a similar hydrographical signature with a weakly stratiﬁed core at great depth. In contrast,
their dynamical signature was different either characterized by: (1) depth-intensiﬁed velocities, a peculiar
isopycnals pinching at depth and a small radius (Ci with i 2 ½1; 14 in Table 2); or (2) surface-intensiﬁed
velocities, an isopycnals doming extending to the surface and a greater radius (Ci with i 2 ½1; 11 in Table
2). This is a noticeable difference with the anticyclonic SCVs whose orbital velocities peak at the depth of
their weakly stratiﬁed core.
3.3. Origin
3.3.1. Anticyclonic Eddies
Figure 6 shows the mixed layer depth and its h/S characteristics in two key regions of the NW Mediterranean Sea: the Gulf of Lions and the Ligurian Sea (Figure 1). The mixed layer is further classiﬁed in terms of
water mass, as explained in the legend of Figure 6. WIW are detected in the Gulf of Lions and in the Ligurian
Sea at the early stage of winter mixing, when the mixed layer depth does not exceed about 300 m. WDW
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are formed in 2012 and 2013 only in the Ligurian Sea, when the mixed layer depth reached 500–1000 m. In
the Gulf of Lions, the mixing reached the bottom each year of the study period. WDW are identiﬁed there,
but only for a short period of time while the mixed layer is deepening. This water mass is then rapidly transformed into newly formed WMDW, the ultimate product of winter mixing that can be produced in the center of the preconditioning cyclonic gyre around 428N, 58E.
Convective regions are already known as a potential source for the generation of subsurface anticyclonic SCVs
[McWilliams, 1985]. The mixed layer classiﬁcation enables the identiﬁcation of the region and timing associated with the generation of the observed anticyclones regarding the water mass composing their cores (see
Table 1). WIW SCVs should thus be preferentially formed in areas of shallow mixing. This could be the Ligurian
Sea, as already reported by Gasparini et al. [1999], where the mixing is usually less pronounced as in 2010 and
2011 for instance. Some WIW anticyclones were, however, also observed in 2012 and 2013. These years, WDW
was formed in the Ligurian Sea as the mixing reached deeper levels. It indicates such they could also be
formed in the early stage of winter mixing throughout the whole basin before being shed out of the mixing
zone. Anticyclonic vortices characterized by WDW cores were only observed in 2012 and 2013, which coincides with WDW formation observed in the Ligurian Sea (see Figure 6b). The observed WDW anticyclones
were thus very likely generated in this area during winters 2012 and 2013. Finally, WMDW anticyclones could
only be formed in areas of deeper mixing exceeding 1000 m, but certainly before the mixing reached the
bottom.
Other generation mechanisms exist for anticyclonic SCVs like the instability of a coastal undercurrent
[D’Asaro, 1988b; Molemaker et al., 2015] or the interaction of large-scale eddies with the topography [Vic
et al., 2015]. In the NW Mediterranean Sea, the ﬁrst mechanism has been identiﬁed to be important along
the northwestern part of Sardinia leading to the formation of ‘‘Suddies’’ characterized by warm and salty
LIW [Bosse et al., 2015]. In this study, those processes are however not relevant as the h=S characteristics of
the observed anticyclonic SCVs differ from the boundary circulation at similar depth.
3.3.2. Cyclonic Eddies
Cyclonic eddies are all associated with a deep isopycnal doming, which caps a bottom-trapped weakly stratiﬁed core of WMDW or SCDW (see Figures 4b and 5). It is known that the rim-current circling the mixed
patch of a deep convection area generally becomes baroclinically unstable because of the strong potential
energy increase of the system induced by vertical mixing [Gascard and Clarke, 1983]. Instability meanders
can hence intrude homogeneous ﬂuid parcel into the stratiﬁed surrounding environment. In order to form
cyclonic eddies with a bottom core of newly formed deep waters, the equilibrium depth of those intrusions
has to correspond to the seaﬂoor. Their generation therefore most likely occurs after the mixed layer
reaches the bottom, as was observed in the Gulf of Lions for the study period (Figure 6a). A numerical
modeling study of the NW Mediterranean Sea consistently described the genesis of deep waters cyclones
[Damien, 2015].
Furthermore, tank experiment and numerical studies of rotating Rayleigh-Benard convection revealed a transition, as the inﬂuence of rotation increases, from rapidly evolving convection rolls to the presence of more persistent cyclonic structures [Bubnov and Golitsyn, 1985; Zhong et al., 1991; Julien et al.,
p1996].
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ In the ocean, the
Earth’s rotation becomes important for mixed layers exceeding a critical depth: H 5 B0 =f 3 with Bo the buoyancy loss due to air-sea exchanges [Marshall and Schott, 1999]. For typical conditions of the NW Mediterranean
Sea (B0 55 1027 m2 s23), the observed mixed layer depth (>2000 m) is much larger than H (’ 700 m). Hence,
rotation plays an important role in winter convection that can promote the formation of cyclonic vortices.
3.4. Dynamical Characteristics
3.4.1. Anticyclonic SCVs
Anticyclonic SCVs have peak velocities located well below the pycnocline and depending on their core
water mass: 320 6 230 m for Awiw
, 670 6 170 m for Awdw
, and >1000 m for Adw
i
i
i . The only example of anticyclonic SCV sampled by full-depth shipborne CTD casts shows ﬂat isopycnals near 2000 m indicating the
approximate position of the velocity maximum and a height H of nearly 2000 m (see Figure 4a).
Their peak velocities are intense: 17.9 6 3.2 cm s21 for Awiw
, 13.0 6 2.4 cm s21 for Awdw
, and >11:86 4.5 cm
i
i
21
dw
s for Ai . Due to their slightly smaller radii and stronger velocities, WIW SCVs observed close to the surface have greater Rossby numbers compared to deeper SCVs: 20:6560.16 for Awiw
; 20:3860.09 for Awdw
,
i
i
dw
and >20:3260.15 for Ai (see Figure 7a and Table 1). Vmax and Ro are, however, underestimated for deep
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Figure 7. (a) Vmax 5f ðRÞ with lines corresponding to the Rossby number; (b) H5f ðRf =Nout Þ with lines corresponding to the Burger number; (c) log ðqscv Þ5f ðlog ðqout ÞÞ with lines corresponding to the ratio qscv =qout . Anticyclones are represented in blue and cyclones in red. Surface-intensiﬁed cyclones (in light red) have been distinguished from depth-intensiﬁed ones
(deep red), because of their clearly different vertical extension and effect on the PV ﬁeld. When the value of Vmax or H corresponds to an underestimation (resp., overestimation), we
mark it with a triangle oriented to the bottom (resp., to the top) of the ﬁgure.

WMDW SCVs because glider sampling is restricted to the upper 1000 m. Those numbers are consistent with
Testor and Gascard [2006] reporting Rossby numbers of about 20.5 for similar anticyclonic SCVs of newly
formed deep waters. Therefore, those subsurface anticyclones can be considered as nonlinear submesoscale ﬂows. This is especially true for Awiw
, which are almost inertially unstable, i.e., Ro < 21 for barotropic
i
vortices [Kloosterziel et al., 2007; Lazar et al., 2013]. High nonlinearity also implies strong resistance regarding
the interaction with larger scale balanced ﬂows [McWilliams, 1985]. Moreover, those large-scale currents are
generally weaker at depth and are characterized by a reduced shear and strain. This might help deep SCVs
to survive for long periods of time.
The radius of anticyclonic SCVs increases with depth: WIW SCVs have a radius of 5.3 6 1.5 km, WDW SCVs of
6.9 6 2.6 km and SCVs of deep waters of 7.8 6 3.2 km (Table 1). As previously mentioned, the ratio of their
radius to the deformation radius deﬁnes the Burger number: Bu  ½Rd =R2 . McWilliams [1985] reported stability bounds for SCVs: 0:05 < Bu < 1. Similarly, Carpenter and Timmermans [2012] computed the aspect ratio (H/
R) of a density perturbation introduced into uniformly stratiﬁed waters and found: Bu5½ln ð10Þ=p2 ’ 1. These
numerical and theoretical considerations are consistent with observational studies made at various places of
the world’s ocean describing SCVs [D’Asaro, 1988a; Timmermans et al., 2008; Bower et al., 2013; Pelland et al.,
2013; Bosse et al., 2015]. The large aspect ratio close of deep anticyclonic SCVs can thus be explained by those
constraints on the Burger number and the low stratiﬁcation of the deep basin. The stability interval is fairly
wiw
respected for Awdw
and Adw
have, however, greater Burger numbers
i
i (see triangles in Figure 7b). The SCVs Ai
of 2.6 6 1.3 (crosses in Figure 7b). These eddies could be less stable and have to adjust their aspect ratio to
gain stability [Grifﬁths and Linden, 1981]. Note that the analysis of Carpenter and Timmermans [2012] assumes
a constant stratiﬁcation, which is less valid at depths WIW anticyclones were observed.
All anticyclonic SCVs have a weakly stratiﬁed core compared to the far-ﬁeld: Nscv < Nout (see Table 1). On
average, the core stratiﬁcation is reduced by about 30–40%. Combined with their strong negative vorticity,
they also represent local minima of the potential vorticity with a reduction of 70–90% (see Figure 7c). This
PV reduction is about double that associated with anticyclonic SCVs of Levantine Intermediate Waters
described in Bosse et al. [2015]. This difference might be related to their different generation mechanism.
The latter SCVs are indeed generated by the interaction of an undercurrent with the continental slope
[D’Asaro, 1988b]. Vertical mixing caused by air-sea ﬂuxes seems much more effective in destroying PV than
bottom friction, as it drastically reduces the water stratiﬁcation to almost zero.
3.4.2. Cyclonic Vortices
As stated in section 3.2.2, cyclonic vortices have been classiﬁed into two categories: surface-intensiﬁed
eddies (Ci ) characterized by peak velocities within the upper 100 m (see Figures 3b1 and 5a), and depthintensiﬁed eddies (Ci) having peak velocities well below the thermocline at ’600 6 300 m depth (see
Figures 3b2 and 5b). Compared to surface-intensiﬁed cyclones, subsurface cyclonic eddies are characterized by smaller radii (6.1 6 2.3 km versus 8.0 6 2.2 km), but less intense velocities (8.8 6 4.6 cm s21 versus 16.1 6 4.0 cm s21). This yields similar high Rossby numbers for both categories 10:326 0.12 for Ci
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and 10:396 0.15 for Ci (see Figure 7a and Table 2). These numbers are in good agreement with the previous study of Testor and Gascard [2006] describing submesoscale cyclonic eddies escaping the deep
water formation zone.
It worth mentioning that surface-intensiﬁed cyclones have a important barotropic component. For those
eddies, the orbital velocities observed near 1000 m depth represent on average 40% of their peak velocities (see Figures 3b and 5a). After the winter mixing phase, currents measurements at the mooring LION
show very intense barotropic currents in the Gulf of Lions (up to 40 cm s21 over the whole water column)
(Houpert et al., submitted manuscript). The barotropic structure of cyclones Ci could thus be remnant of
the deep convection restratiﬁcation phase. Those eddies signiﬁcantly contribute to the deep waters dynamics. Their structure is very similar to cones of convected waters described in laboratory [Maxworthy and Narimousa, 1994] and numerical modeling [Jones and Marshall, 1993; Send and Marshall, 1995]. In particular,
pﬃﬃﬃﬃﬃﬃﬃ
Maxworthy and Narimousa [1994] predicted the radius of these structures: 5h Ro , where Ro 
½B0 =f 3 h2 1=2 is an adimensional number relevant for convective sites characterized by buoyancy loss Bo and
a water depth h. Choosing parameters suited to the NW Mediterranean Sea (B0 55 1027 m2 s23,
h 5 2500 m) yields a radius of the convected cones of about 7 km, which is very similar to the observed
median radius of 8.0 6 2.2 km (see Table 2).
Cyclonic vortices are characterized by weakly stratiﬁed deep waters (see Figure 4b). This hydrographical
core extends from the bottom to intermediate depths for Ci, and near the pycnocline for Ci . As weakly stratiﬁed waters are brought close to the surface, surface-intensiﬁed cyclones are generally characterized by a
weaker stratiﬁcation compared to the far-ﬁeld (see Figure 8b). In contrast, depth-intensiﬁed vortices Ci
exhibit a local stratiﬁcation increase at the depth of their peak velocities (see Figures 5b and 8c). Subsurface
cyclones tend to have a much larger vertical extension than surface-intensiﬁed cyclones: H >1000 m for Ci
versus 190 6 70 m for Ci (see Figure 7b). Due to difference in their background stratiﬁcation, both categories have nonetheless similar Burger numbers: 0.37 6 0.27 for Ci and 0.75 6 0.52 for Ci . These numbers are
comparable to anticyclonic SCVs.
Surface-intensiﬁed cyclones Ci do not systematically imply a local maximum of the PV ﬁeld. The weak stratiﬁcation observed close to their velocity maximum compensate the effect of the cyclonic vorticity on the PV.
Their overall effect on the PV ﬁeld is thus variable from one eddy to the other (see Figure 7c and Table 2).
On the other hand, depth-intensiﬁed cyclones Ci have a local stratiﬁcation increase of about 70%: Nscv 57:0
65:2f versus Nout 54:163:3f . Combined with a strong cyclonic vorticity, this importantly enhances the PV
ﬁeld: qscv =qout  2:2 (see Figure 7c and Table 2).
3.5. Deep Convection Preconditioning
Both anticyclonic and cyclonic vortices impact the water column stratiﬁcation, thus further modifying its
buoyancy content. These eddies are observed here throughout the whole year and it is already known that
SCVs can persist for more than a year [Armi et al., 1988; Ronski and Budeus, 2006; Testor and Gascard, 2006].
Hence, they could impact affect the convective event of the winter following their generation, as previously
considered from in situ observations [Lherminier et al., 1999] and numerical modeling [Legg et al., 1998].
In order to discuss the eddy inﬂuence on the mixed layer deepening, we deﬁne CðzÞ the mixed layer deepening ratio (see Appendix B): when C > 1 (resp., C < 1) the mixed layer will deepen faster (resp., slower) by
a factor of C within the eddy comparedðto
z the background. Note that this quantity is only based on the
water column buoyancy content IS(z) (5 N2 ðz0Þz0dz0, more details in Appendix B) and does not take into
z0
account any horizontal effect.
Because gliders only sample the upper part of deep vortices, the different types of eddies were examined
using full-depth shipborne CTD casts carried out during the MOOSE-GE summer cruises (see Figure 8). The
buoyancy content was computed with a reference depth z0 greater than 250 m depth to remove the effect
of the surface layers having a highly variable buoyancy content over space and time due to a high variability of the seasonal thermocline intensity and depth. At depth, the water column buoyancy content is signiﬁcantly inﬂuenced by deep eddies resulting in important effect on the vertical mixing.
3.5.1. Anticyclonic SCVs
The weakly stratiﬁed core of anticyclonic SCVs facilitates its vertical mixing. For instance, a clear decrease of
the vertical stratiﬁcation for SCV Adw
1 between about 1200 and 2500 m can be noticed (see Figure 8a, middle
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Figure 8. For (a) anticyclone Adw
1 , (b) surface-intensiﬁed cyclone C4 , and (c) depth-intensiﬁed cyclone C6 sampled by R/Vs, we represent: (left) their density section from the far-ﬁeld to
the core; (middle left) the stratiﬁcation normalized by the Coriolis parameter f for the far-ﬁeld proﬁles in light gray, their mean in black and for the eddy core in orange; (middle right) the
columnar buoyancy with depth integrated from a reference depth (650 m for (a) and 250 m for (b) and (c)) within the eddy in orange and in the far-ﬁeld in black; (right) the mixed layer
deepening ratio between the far-ﬁeld and the eddy core. Note that the x axis is logarithmic for the middle left and the right plot.

left). This large core is associated with a mixed layer deepening ratio C greater than unity. On average, the
mixed layer will then deepen about four times faster in the SCV’s core than outside. In contrast, the stratiﬁcation is enhanced below and above this core. For SCV Adw
1 , C peaks at almost 1/5 above the core above
1000 m depth. The overall effect of the SCV on the columnar buoyancy from the top of the SCV at 650 m to
the bottom corresponds to a global reduction of about 0.06 m2 s22 (30% of the background buoyancy
content). This quantity is roughly the buoyancy loss caused by a few days winter storm.
It is worth mentioning that surface and subsurface eddies can interact. For example, SCV Adw
1 is observed
at the same location of a surface WIW anticyclone, which has a clear signature at 100–200 m depth (see
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Figure 4a). The columnar buoyancy is also inﬂuenced by this surface eddy: considering z0 50 m,
IS(700 m) 5 0.65 m2 s22 within the eddy core and 0.49 m2 s22 outside. This important increase of 0.16 m2
s22 (130%) illustrates the important role of surface mesoscale eddies in the initiation of the mixing during
fall and early winter.
3.5.2. Surface-Intensified Cyclones
They are characterized by isopycnal doming extending up to the surface (see Figure 8b), which favors vertical mixing over the whole water column, once the seasonal thermocline has been mixed. For cyclone C4 ,
the mixed layer deepening ratio is coherently found to be always greater than one from below the seasonal
thermocline to the bottom. The mixed layer deepening will then be twice faster within the eddy core than
around it for a same buoyancy loss. The total buoyancy ﬂux reduction due to this cyclone reaches about
0.09 m2 s22, which is signiﬁcantly larger than the reduction associated with the anticyclonic SCV Adw
1 .
Surface-intensiﬁed cyclone might thus have an important effect on the vertical mixing.
3.5.3. Depth-Intensified Cyclones
Those cyclones have a peculiar density structure characterized by an isopycnal pinching at the depth of
their peak velocities. The stratiﬁcation is then locally increased compared to the far-ﬁeld, creating a barrier
to vertical mixing. For instance, C reaches ’1/4 between the upper levels and 1200 m for the cyclone C6
(see Figure 8c) and represent a cumulated columnar buoyancy increase of 0.1–0.2 m2 s22. Nevertheless,
below this local stratiﬁcation increase, the water column remains quite homogeneous and less stratiﬁed
than surrounding waters favoring the mixed layer deepening down to the bottom: C > 1 below about
1200 m. The overall effect of the depth-intensiﬁed cyclone C6 is though an increase of the integrated columnar buoyancy. Due to their particular density structure, depth-intensiﬁed cyclones seem to be barriers for
the vertical mixing.
The above examples demonstrate how complex is the water column preconditioning for vertical mixing
by (sub)mesoscale eddies. Only surface-intensiﬁed cyclones correspond to a reduction of the whole
water column buoyancy content below the surface layer. Two contrasted cases are found for depthintensiﬁed eddies: anticyclonic SCVs favor the mixed layer deepening only through their weakly stratiﬁed
core, whereas cyclones inhibit it at the depth of their peak velocity. The induced perturbation of the columnar buoyancy is though signiﬁcant, being comparable or larger than the buoyancy loss of a winter storm
(0.05 m2 s22). Over the time scale of a typical storm (2–3 days), eddies can therefore strongly enhance/
inhibit the mixed layer deepening resulting in differences of several hundreds of meters given the small of
the deep levels.

4. Discussion
4.1. A New Concept of Cyclonic SCV
Anticyclones SCVs are known to be able to wander in the ocean interior with lifetime of months to years
[Armi et al., 1988; Testor and Gascard, 2003; Ronski and Budeus, 2006; Bower et al., 2013; Søiland and Rossby,
2013]. In contrast, the literature does not mention the observation of similar long-lived cyclonic coherent
structures. Testor and Gascard [2006] described postconvective cyclones with RAFOS isobaric Lagrangian
ﬂoats in the NW Mediterranean, but they could not be observed for more than 2 months. Deep cyclones
have also been observed in the Mediterranean outﬂow [Carton et al., 2002], in the Gulf Stream [Savidge and
Bane, 1999; Andres et al., 2015], or in the Denmark strait overﬂow with a lifetime ranging from weeks to 1–2
months [Spall and Price, 1998]. An important characteristic of depth-intensiﬁed cyclones described in the
present study is their coherence compared to surface-intensiﬁed structures. About one-third of them have
been observed 6 months or more after the deep convection event (namely February) and up to several hundreds of kilometers far from the deep convection zone, where they are certainly formed, in agreement with
a recent regional modeling study [Damien, 2015]. This demonstrates depth-intensiﬁed cyclones can have an
extended lifetime like anticyclonic SCVs. It is although premature to conclude this is a general and common
feature of those vortices.
There is a duality between depth-intensiﬁed cyclones and anticyclonic SCVs. Both of them can have an
extended lifetime with orbital velocities intensiﬁed at great depths. Anticyclonic SCVs (resp., depthintensiﬁed cyclones) are local minima (resp., maxima) of potential vorticity due to the weak (resp., strong)
stratiﬁcation and anticyclonic (resp., cyclonic) vorticity found at the depth of peak velocity. Cylones here
qualiﬁed as ‘‘depth-intensiﬁed’’ could therefore be considered as cyclonic SCVs.
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4.2. Census of Eddies Formed by Deep Mixing
During the 4 years of the study period, 18 anticyclones and 25 cyclones associated with deep convection were
detected with gliders, R/Vs, and the LION mooring line. Of course, there were many more vortices that were
not detected and the purpose of this section is to statistically estimate their total number. This is an important
issue because those vortices are very efﬁcient at transporting physical, geochemical, and biological tracers over
long distances and are thus crucial for the spreading of the intermediate and deep water masses, as well as for
the ocean ventilation. In the NW Mediterranean Sea, Testor and Gascard [2006] previously estimated that 50%
of the newly formed deep waters volume could be trapped into SCVs (anticyclonic or cyclonic).
Many parameters can inﬂuence the number and characteristics of the vortical structures formed during a
deep convection event, such as the volume of newly formed deep waters, but also the timing and intensity
of successive vertical mixing and restratiﬁcation episodes. Deep convection is indeed a complex phenomenon controlled by both atmospheric forcing and oceanic preconditioning subjected to an important interannual variability [Mertens and Schott, 1998; Somot et al., 2016]. During this study period, in situ data
describe four episodes of bottom-reaching mixing with approximately the same duration in the Gulf of
Lions and intermediate mixing associated with WIW or WDW in the Ligurian Sea (see Figure 6). Moreover,
the surface concerned by the deepest mixing is found to be roughly similar (15–20 103 km2), as shown by
ocean color images [Durrieu de Madron et al., 2013] (Houpert et al., submitted manuscript) and in situ observations [Bosse, 2015]. The four consecutive winters could then be assumed to have generated a similar number of vortices with, however, some different vortices formed in the Ligurian Sea: WIW anticyclones in 2010
and 2011a and WDW anticyclones in 2012 and 2013.
The observational data coverage statistically leads to a total mean production of 90 eddies per year (see
Appendix C and Figure 9). The 25th and 75th percentiles, respectively, corresponds to 80 and 120 eddies.
Given the relative numbers of observed eddies of each class (18 anticyclones, 25 cyclones), one would thus
expect the formation of about 35–55 cyclones and about the same number of anticyclones. Among the
anticyclones about half of them would be anticyclonic SCVs of WMDW and the other half of WIW or WDW.
Concerning cyclones, about half of them would similarly be surface-intensiﬁed, whereas the other half
would be depth-intensiﬁed.
4.3. The Spreading of nWMDW: Anticyclones Versus Cyclones
With a typical vertical extension of 1000 m and a radius of 7 km, 60–90 eddies transporting newly formed
deep waters (excluding here WIW and WDW anticyclonic SCVs) would trap a volume of 9.2–14 3 1012 m3.
The volume of deep waters formed during a convective winter is a key parameter, but difﬁcult to estimate
using in situ observations. However, the recent effort in the NW Mediterranean enables several estimates of
the production rate using different methods: 1.0, 1.0, and 1.7–2.0 Sv for the winters 2011–2013 [Bosse,
2015], and 1.8 Sv for winter 2013 [Waldman et al., 2016]. Coherently using ocean color images, Durrieu de
Madron et al. [2013] estimated a production rate of 1 Sv for winter 2012, and Houpert et al.(submitted manuscript), respectively, 0.8 and 1.3 Sv for winters 2010 and 2012. Considering a mean annual deep water production of 1.2 Sv for the study period, 24–37% of the total volume of newly formed deep waters would
then be trapped in anticyclonic and cyclonic eddies. Despite the broad assumptions made to get this estimate, it agrees well with the 40–50% estimated by Testor and Gascard [2006], and the 30% by Damien
[2015] from a high-resolution regional numerical simulation.
The relative importance of cyclones versus anticyclones is certainly dependent on the maximum depth
reached by wintertime mixing. The formation of cyclonic structures is likely favored by bottom-reaching
convection, while in case deep convection does not hit the bottom, it is much likely to observe anticyclonic
SCVs. Bottom-reaching convection was a speciﬁcity of the Gulf of Lions region for the study period that
could explain their relative abundance: 25 cyclones were observed, as compared to nine anticyclonic SCVs
of deep waters. In other open-ocean deep convection sites such as the Labrador and Irminger Seas, cyclonic
eddies have not yet been observed to be important in the spreading of the convected waters as have anticyclonic SCVs [Gascard et al., 2002; Lilly and Rhines, 2002; Bower et al., 2013]. This could be because deep
convection apparently has not reached the bottom in those areas during the recent period [De Jong et al.,
2012; Piron et al., 2015], or simply because high-latitude convection sites have been less intensively
observed compared to the recent intense sampling of the Gulf of Lions. Numerical studies pointed out the
role of hetons, dipoles consisting of a surface cyclone and a subsurface anticyclone, in the mixed waters
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Figure 9. (a) Map of open-ocean observations in the north-western Mediterranean Sea from November 2009 to October 2013 by R/Vs (in gray) and gliders (in light gray). The location
where vortices have been observed is colored in blue for anticyclones and in red for cyclones. The upper plot (b) shows the percentage of the basin surface covered by in situ observations for the study period with colored markers corresponding to vortices observations. The lower plot (c) represents an estimate of the number of eddies located within the basin (i.e.,
the number of observed eddies divided by the monthly in situ data coverage) whose median value is shown by the gray line and 25th–75th percentile interval by the gray shaded area.

spreading [Hoog and Stommel, 1985; Legg and Marshall, 1993]. They could act as effective spreading agents
generated by baroclinic instability [Legg et al., 1996], before at last separating into surface cyclones and anticyclonic SCVs [Oliver et al., 2008]. Evidence of such dipolar structures remains, however, difﬁcult to establish
from in situ observations.
In the NW Mediterranean, numerical studies have pointed out the role of cyclonic eddies in the export of
newly formed deep waters [Herrmann et al., 2008; Beuvier et al., 2012]. Herrmann et al. [2008] found that
about one-third of the newly formed deep waters is exported southward by such cyclonic structures. In
those simulations, the cyclones are large mesoscale surface-intensiﬁed cyclones lacking realistic characteristics, certainly because of a too coarse model resolution: 3 km in Herrmann et al. [2008] and 6–8 km in Beuvier
et al. [2012]. To correctly resolve 5 km radius SCVs, a horizontal resolution of 1 km as in Damien [2015]
seems to be needed.
4.4. Cascading Eddies
Dense waters overﬂow off continental shelves (cascading) is one of the important processes contributing to
shelf-deep ocean exchanges (see Ivanov et al. [2004] and Durrieu de Madron et al. [2005] for a review of this
phenomenon). Those dense waters are formed by cooling and evaporation (or by freezing and salinization)
on a shallow shelf which then spill over the shelf edge as intense near-bottom gravity currents. Depending
on their density anomaly, the cascading buoyant plume can either reach the abyssal plain or intermediate
depths. In the Gulf of Lions, major cascading events occurred twice in the last decade and had great
impacts on the bottom layers turbidity [Puig et al., 2013]. In 2012, moored current meters revealed intense
currents within submarine canyons (up to 1 m s21) transporting relatively cold and fresh waters [Durrieu de
Madron et al., 2013]. Two months after the cascading events, their signature appeared near the bottom at
the LION mooring line (see location in Figure 1), indicating a swift spreading of cascading waters toward
the basin interior. Durrieu de Madron et al. [2013] further used the basin-scale network of CTD casts collected
during the MOOSE-GE cruise in July 2012 to map the thickness of this bottom layer (200 m on average) and
revealed two peculiar stations associated with cascading waters extending to more than 1000 m above the
seabed. In this study, the isopycnal deformation related to these bottom waters anomalies were identiﬁed
as depth-intensiﬁed cyclones (C5 and C6 in Table 2, see also Figure 8c). In addition, a remarkable cold
(h  12:82 C) and fresh (S  38:47) signal at the bottom embedded within an intense cyclonic rotation
(velocity max >15 cm s21) passed through the LION mooring in April 2012 (see Figure 5a). This is a striking
evidence that cascading events can be trapped into intense coherent cyclonic eddies. Numerical studies
recently illustrated the formation of cyclonic structures under similar conditions by shelf cascading East of
Greenland [Magaldi and Haine, 2014] and off Cape Darnley, East Antarctica [Nakayama et al., 2014]. The
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relation between cascading and its interaction with the mean circulation would need to be clariﬁed in the
context of eddy generation.
In 2012, three cyclones of cascading waters were observed among a total of six (see Table 2): C6 characterized by a very marked bottom core of SCDW, C5 and C6 having a less marked core that could result from
the mixing with the surrounding WMDW. Assuming cyclones characterized by a 500 m thick layer of cascading waters (see Figure 5a), and given the relatively small amount of dense waters produced on the shelf
(0.1 Sv in 2012 estimated by Durrieu de Madron et al. [2013]), one single cyclone could transport 2.5% of the
SCDW produced on the shelf.

5. Summary and Conclusion
This study examined the vertical structure and dynamical characteristics of vortices formed by deep convection in the northwestern Mediterranean based on in situ observations collected by R/Vs, a mooring line and
autonomous gliders during the 2009–2013 period.
In total, 18 small (5–8 km) and intense (15–20 cm s21) subsurface anticyclonic eddies characterized by a
homogeneous core associated with different water masses formed by deep vertical mixing were identiﬁed. In the Gulf of Lions, where the mixing is observed to reach the bottom each winter for this study
period, the mixed patch had h/S characteristics close to the Western Mediterranean Deep Waters
(WMDW), whereas in the eastern part of the basin (the Ligurian Sea) intermediate mixing was observed.
Winter Intermediate Waters (WIW) or Winter Deep Waters (WDW) was mainly formed there. This latter
water mass observed between 500 and 1000 m depth with rather warm (>13.18C) and salty (>38.5) characteristics due to the mixing of the Levantine Intermediate Waters has not been identiﬁed before. WDW
is formed only when the vertical mixing reaches about 500–1000 m depths, which was the case in the
Ligurian Sea during winters 2012 and 2013, but also in the Gulf of Lions recently in 2014 and 2015 [Bosse,
2015]. This study shows the importance to consider this distinct water masses apart from the lighter
fresher WIW, and the denser colder WMDW in order to correctly characterize the deep mixing in the NW
Mediterranean Sea.
Numerous cyclonic structures were also observed (25 in total), all characterized by a dense anomaly in the
deep levels. Given their orbital velocity structure and associated isopycnal deformation, two categories
were identiﬁed: (1) cyclones having peak velocities (15 cm s21) located near the surface with a radius of
about 8 km; (2) smaller cyclones (6 km) with peak velocities slightly less intense (10 cm s21), but located
well below the pycnocline. The ﬁrst category corresponds to cones of convected waters extending to the
surface described in previous numerical and laboratory studies [Jones and Marshall, 1993; Maxworthy and
Narimousa, 1994]. Cyclones of the second category are characterized by an isopycnal pinching at the depth
of their velocity maximum located between 500 m and sometimes more than 1000 m.
All these anticyclonic and cyclonic vortices have high Rossby numbers of 6(0.3–0.6) that testify to a
strong nonlinear dynamics. They were observed all year round and over the whole basin. These energetic
circulation features generally prevail over the large-scale geostrophic circulation and remain coherent for
long periods of time (typically 1 year). Anticyclonic eddies are formed by the dynamical adjustment of convected water parcels and belong to Submesoscale Coherent Vortices (SCVs) [McWilliams, 1985]. Also presented
here are the ﬁrst observations of long-lived deep cyclonic eddies that could be also considered as cyclonic SCVs
considering their coherent nature, small radius and large aspect ratio with a Burger number close to one.
Indeed, there is a duality between anticyclonic SCVs and depth-intensiﬁed cyclones having opposite effects on
the potential vorticity (PV) ﬁeld: anticyclones (resp., cyclones) are local PV minima (reps., maxima) due to their
negative (resp., positive) relative vorticity and local stratiﬁcation decrease (resp., increase) at the depth of their
peak velocity.
From 2010 to 2013, every winter was characterized by strong bottom-reaching deep convection in the Gulf
of Lions. Each winter, deep waters denser than the older ones were formed (Houpert et al., submitted manuscript). This speciﬁcity could have favored the generation of cyclonic eddies during the study period. The
maximum depth reached by the deep convection (as well as the area over which deep convection reaches
the bottom) certainly inﬂuences the predominance of cyclonic versus anticyclonic structures during the
spreading phase of the newly formed deep waters. The spreading of 20–35% of the newly formed deep
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waters was found to be driven by coherent vortical structures in accordance with previous rough estimates
[Testor and Gascard, 2006].
Finally, coherent cyclones transporting cascading waters from the Gulf of Lions shelf have been identiﬁed a
few months after the cascading event of winter 2012. As a relative small volume of dense waters is thought
to be formed on the shelf (0.1 Sv in 2012 according to Durrieu de Madron et al. [2013]), those vortical structures could thus easily transport a signiﬁcant fraction of it and have further implications like the transport of
sediments over long distances.
The scales and dynamics of vortical structures generated by deep convection in the NW Mediterranean Sea
were here thoroughly analyzed, complementing previous studies by Testor and Gascard [2003, 2006] using
Lagrangian RAFOS ﬂoats that were not able to document their vertical structure. The present study was
made possible through the regular and intense use of autonomous gliders along speciﬁed endurance lines
mainly realized in the framework of the MOOSE project, an ocean observing system dedicated to the monitoring of the NW Mediterranean Sea. This long-term strategy also enabled to identify SCVs of warm and
salty LIW [Bosse et al., 2015], thus demonstrating its additional relevance to conduct process studies with
gliders.
The numerous observations and variety of Submesoscale Coherent Vortices conﬁrm their prominent role
for the deep and intermediate waters dynamics. The quantiﬁcation of their role in the deep convection preconditioning and the basin-scale spreading of tracers (both physical and biogeochemical) are important
issues that need to be assessed in the future. To this end, high-resolution numerical models could be used.
The impacts of SCVs could eventually be parameterized in coarse resolution climate models that are still far
from being able to resolve them. Biogeochemical observations at the small scale associated with SCVs are
also a real challenge, but needed to improve our comprehension of the rapidly changing Mediterranean
Sea in the context of climate change.

Appendix A: Solving the Gradient Wind Balance With Gliders
For small-scale vortices characterized by relatively strong horizontal shear (>0:1f ), the force balance
becomes ageostrophic because of nonlinear effects (i.e., the centrifugal force). This latter force needs to be
taken into account, otherwise, the velocity is underestimated for anticyclones and overestimated for cyclones [Elliott and Sanford, 1986; Penven et al., 2014]. The cyclostrophic velocities vc can be retrieved by solving
the quadratic equation expressing the gradient wind balance in a cylindrical coordinate system:
vc2 ðr; zÞ
1fvc ðr; zÞ5fvg ðr; zÞ
r

(A1)

with r the distance to the eddy center, z the depth, f the Coriolis parameter, and vg the geostrophic velocity
ﬁeld. Keeping the relevant solution from equation (A1) then yields:
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ!
rf
vg ðr; zÞ
vc ðr; zÞ5 3 211 114
2
rf

(A2)

To infer cyclostrophic velocities, (1) the eddy center position and (2) absolute geostrophic velocities have to
be determined.
(1) Vortex Center Detection
As in Bosse et al. [2015], glider depth-average currents (minus a mean advection) are used as an indicator of
the eddy velocity ﬁeld in the horizontal plane. A mean advection is deﬁned by averaging the DAC within a
running window of 61 day and 625 km which accounts for the large-scale circulation
features. In order to
n
X
position the eddy center, the following cost function is minimized: gðx; yÞ51=n
½vi  ri ðx; yÞ=jjri ðx; yÞjj2
i51 vector linking (x, y) to
with (x, y) a given position in the horizontal plane, ri ðx; yÞ=jjri ðx; yÞjj the normalized
the location where the depth-average velocities vi are estimated. We choose n 5 4 centered around each
vortex center to preserve the synoptic character of the sampling (see Figure 7 in Bosse et al. [2015] for an
illustration of this cost function method).
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(2) Geostrophic Velocities
The cross-track geostrophic vertical shear is computed by integrating the thermal wind balance from a
smoothed density section. A low-pass ﬁlter is ﬁrst applied to ﬁlter out small-scale isopycnals oscillations
mostly due to the aliased sampling of internal waves without fading the signature of the eddies. The cutoff
length scale is set by the internal deformation radius, the scale at which geostrophy can be considered as
valid. A modal decomposition on typical density proﬁles yields a ﬁrst baroclinic deformation radius of about
6 km. This is relatively small compared to other oceans owing to the low stratiﬁcation of the northwestern
Mediterranean Sea. As in Bosse et al. [2015], the cross-track potential density is ﬁltered using a Gaussian
moving average of 2 km variance (signiﬁcant width of about 6 km).
In this study, a novel method is used to compute the geostrophic component from the measured DAC and the
geostrophic shear. Geostrophic and cyclostrophic velocities can be decomposed into a depth-average and a
ð0
ð0
depth-varying (baroclinic) component: vðr; zÞ5v ðrÞ1v0ðr; zÞ with v ðrÞ5 H1
vðr; zÞdz and H1
v0ðr; zÞdz50
2H

2H

(H being the maximum depth reached by a glider, usually 1000 m). Averaging equation (A2) over z then yields:
2vc ðrÞ
1
5211
rf
H

ð H rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4vg ðrÞ 4v0g ðr; zÞ
11
1
dz
rf
rf
0

(A3)

In this equation, vc ðrÞ corresponds to the total depth-average velocity estimated by the glider, vg ðrÞ to the
unknown geostrophic depth-average velocity and v0g ðr; zÞ to the geostrophic shear that can be computed
from the thermal wind balance, as previously described.
The equation (A3) is solved for each eddy to retrieve vg ðrÞ, which is then used to properly reference the
absolute geostrophic orbital velocities. Note that ageostrophy is assumed to be mostly due to the centrifugal force and eddies are circular. As expected, the geostrophic depth-average orbital velocities are smaller
(resp., larger) in magnitude for anticyclones (resp., cyclones) than the total ones. The correction corresponds
to about 10–20% of the total velocity magnitude, and therefore must be taken into account.
Finally, cyclostrophic velocities can simply be computed using equation (A2).
As gliders did not cross each eddy right through its center, the following equations are solved in the glider
coordinate system.
The apparent eddy radius and orbital peak velocities are then geometrically corrected
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
by a factor 5 11d2 =R2 with d the distance between the glider track and the estimated eddy center, as
done in Bosse et al. [2015].

Appendix B: Considerations About the Columnar Buoyancy
Let us consider a water column whose stratiﬁcation is given by N2 ðzÞ at a given time t0 with N2 ðzÞ50 for
0 < z < z0 , z0 being the initial mixed layer depth. For simplicity, we neglect the horizontal advection and
assume that nonpenetrative vertical mixing caused by a surface buoyancy ﬂux Bs between t0 and t deepens
the mixed layer from z0 to z(t). In this situation, after an integration by parts of equation (9.2.5) in Turner
[1973] (see also Lascaratos and Nittis [1998]), one has:
ð zðtÞ
ISðzðtÞÞ5

N2 ðz0Þz0dz05

z0

ðt

Bs ðt0Þdt0

(B1)

t0

where ISðzðtÞÞ represents the stratiﬁcation index introduced by Herrmann et al. [2008]. The mixed layer
deepening through time is then given by
 21
dz
dIS
Bs ðtÞ
5 2
(B2)
5Bs ðtÞ3
dt
dz
N ðzÞz
The spatial scale associated with oceanic submesoscale eddies (10 km) being much smaller than that of
the atmospheric forcing (100–1000 km), it is thus reasonable to assume the buoyancy loss Bs ðtÞ to be spatially homogeneous over the eddies and their surrounding waters. In order to discuss the eddy effect on
the mixed layer deepening, we deﬁne C the mixed layer deepening ratio, as
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Appendix C: Statistical Eddy Census
Let us assume Ntot eddies of radius Rm to randomly move at a speed va in an oceanic basin. On a time scale
of dt52Rm =va , the eddies will have moved to new random positions. In the mean time, the number of
observed eddies nobs is proportional to the surface covered by in situ observations: Ntot 5nobs =r with r being
the ratio of the data coverage to the basin surface.
During the study period, the in situ data coverage can be estimated for each time interval of dt by considering
the sampling area of individual proﬁles. The eddies radius Rm is deﬁned here as the distance between the center and the velocity maximum, but orbital velocities generally decrease to zero within a larger distance and
the hydrographical signature generally extends a bit further one radius (about to 1.5Rm). A numerical study by
Ciani et al. [2016] recently estimated the critical merger distance for subsurface anticyclone. Accordingly, the
pﬃﬃﬃ
minimum distance separating two eddies before they merge or collapse will be assumed to be 2:53 2Rm .
For proﬁles taken inside an eddy core, the sampling area will be a disk of about 2Rm radius. For any ordinary
proﬁle (with no hydrographical eddy signature), the closest eddy center could be possibly at a distance of
1.5Rm. The sampling area will thus be a disk of 1.5Rm radius. Following these assumptions, the in situ data coverage can be estimated and divided by the basin surface to compute the parameter r. The total number of
eddies (Ntot 5nobs =r) is eventually estimated by averaging r over a month (the typical duration of a research
cruise or a glider mission) and by counting the number of observed eddies.
This statistical method is here applied with the following parameters: Rm 57:061:3 km and va 55:562:5 cm s21
(leading to dt52:961.9 days). The result can be seen in Figure 9 and are discussed in section 4.2.
Two main limitations of our statistical considerations are the fact that: (1) the number of eddies within a
large oceanic basin may vary with time, as eddies are dissipated, formed or exit the delimited domain; (2)
the observational data coverage is very sensitive to effective hydrographical eddy radius (chose here as
1.5Rm). However, the result should not be affected by the fact that a single eddy could have been sampled
twice (as it is the case for eddies Awdw
and Awdw
).
4
5

Acknowledgments
The hydrographical data were
collected and made freely available by
the Coriolis project and programmes
that contribute to it (http://www.
coriolis.eu.org). We would like to
acknowledge the staff of the National
Pool of Gliders of DT-INSU for the
sustained gliders deployments.
Captains, crew members of R/V Le
Tethys II (INSU), R/V L’Atalante (Ifremer)
and R/V Le Suroit (Ifremer), as well as
scientists who participated to the
MOOSE-GE, CASCADE, DEWEX, and
DOWEX different cruises are also
warmly thanked. Support was
provided by the French MISTRALS
program (HyMeX and MERMeX
components), the MOOSE project
(AllEnvi-INSU long-term observatory,
http://www.moose-network.fr), the
French Bio-Argo project (CNES-TOSCA)
and the French NAOS project (ANR
J11R107-F), as well as by the FP7 EU
projects GROOM (Grant agreement
284321), PERSEUS (Grant agreement
287600), and JERICO (Grant agreement
262584), and the EGO-COST Action
ES0904. A. Bosse was funded by a
French government scholarship.

BOSSE ET AL.

References
Andres, M., J. M. Toole, D. J. Torres, W. M. Smethie, T. M. Joyce, and R. G. Curry (2015), Stirring by deep cyclones and the evolution of Denmark strait overﬂow water observed at line W, Deep Sea Res., Part I, 109, 10–26, doi:10.1016/j.dsr.2015.12.011.
Armi, L., D. Hebert, N. Oakey, J. F. Price, P. L. Richardson, T. Rossby, and B. Ruddick (1988), The history and decay of a Mediterranean salt
lens, Nature, 333, 649–651, doi:10.1038/333649a0.
B
ethoux, J.-P., X. Durieu de Madron, F. Nyffeler, and D. Tailliez (2002), Deep water in the western Mediterranean: Peculiar 1999 and 2000
characteristics, shelf formation hypothesis, variability since 1970 and geochemical inferences, J. Mar. Syst., 33–34, 117–131, doi:10.1016/
S0924-7963(02)00055-6.
Beuvier, J., K. B
eranger, C. Lebeaupin Brossier, S. Somot, F. Sevault, Y. Drillet, R. Bourdall
e-Badie, N. Ferry, and F. Lyard (2012), Spreading of
the Western Mediterranean Deep Water after winter 2005: Time scales and deep cyclone transport, J. Geophys. Res., 117, C07022, doi:
10.1029/2011JC007679.
Bosse, A. (2015), Circulation g
en
erale et couplage physique-biog
eochimie a (sous-)m
eso
echelle en M
editerran
ee Nord-occidentale a partir
de donn
ees in situ, PhD thesis, Univ. Pierre et Marie Curie, Paris.
Bosse, A., P. Testor, L. Mortier, L. Prieur, V. Taillandier, F. D’Ortenzio, and L. Coppola (2015), Spreading of Levantine Intermediate Waters by
submesoscale coherent vortices in the northwestern Mediterranean Sea as observed with gliders, J. Geophys. Res. Oceans, 120, 1599–
1622, doi:10.1002/2014JC010263.
Bouffard, J., A. Pascual, S. Ruiz, Y. Faugère, and J. Tintor
e (2010), Coastal and mesoscale dynamics characterization using altimetry and
gliders: A case study in the Balearic Sea, J. Geophys. Res., 115, C10029, doi:10.1029/2009JC006087.
Bouffard, J., L. Renault, S. Ruiz, A. Pascual, C. Dufau, and J. Tintor
e (2012), Sub-surface small-scale eddy dynamics from multi-sensor observations and modeling, Prog. Oceanogr., 106, 62–79, doi:10.1016/j.pocean.2012.06.007.
Bower, A. S., R. M. Hendry, D. E. Amrhein, and J. M. Lilly (2013), Direct observations of formation and propagation of subpolar eddies into
the subtropical North Atlantic, Deep Sea Res., Part II, 85(July), 15–41.
Bubnov, B. M., and G. S. Golitsyn (1985), Convection modes in a rotating ﬂuid, Dokl. Akad. Nauk SSSR, 281, 552–555.
Carpenter, J. R., and M.-L. Timmermans (2012), Deep mesoscale eddies in the Canada Basin, Arctic Ocean, Geophys. Res. Lett., 39, L20602,
doi:10.1029/2012GL053025.
Carton, X., L. Ch
erubin, J. Paillet, Y. Morel, A. Serpette, and B. Le Cann (2002), Meddy coupling with a deep cyclone in the Gulf of Cadiz,
J. Mar. Syst., 32(1–3), 13–42, doi:10.1016/S0924-7963(02)00028-3.
Ciani, D., X. Carton, and J. Verron (2016), On the merger of subsurface isolated vortices, Geophys. Astrophys. Fluid Dyn., 110(1), 23–49, doi:
10.1080/03091929.2015.1135430.
Conan, P. (2013), DEWEX-MERMEX 2013 LEG2 cruise, RV Le Suro^ıt, Tech. Rep., doi:10.17600/13020030.

VORTICES IN THE NW MEDITERRANEAN SEA

7739

Journal of Geophysical Research: Oceans

10.1002/2016JC012144

Cr
epon, M., L. Wald, and J. M. Monget (1982), Low-frequency waves in the Ligurian Sea during December 1977, J. Geophys. Res., 87(Ci),
595–600.
Damien, P. (2015), Etude de la circulation oc
eanique en M
editerran
ee Occidentale a l’aide d’un modèle num
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