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Abstract Three different eddy detection and tracking methods are applied to the outputs of a high-
resolution simulation in the Western Mediterranean Sea in order to extract mesoscale eddy characteristics.
The results are compared with the same eddy statistics derived from satellite altimetry maps over the same
period. Eddy radii are around 30 km in altimetry maps whereas, in the model, they are around 20 km. This is
probably due to the inability of altimetry maps to resolve the smaller mesoscale in the region. About 30
eddies are detected per day in the basin with a very heterogeneous spatial distribution and relatively short
lifespans (median life around 13 days). Unlike other areas of the open ocean, they do not have a preferred
direction of propagation but appear to be advected by mean currents. The number of detected eddies seems
to present an annual cycle when separated according to their lifespan. With the numerical simulation, we
show that anticyclones extend deeper in the water column and have a more conic shape than cyclones.

1. Introduction

Mesoscale eddies are omnipresent in the global ocean [Chelton et al, 2011a] and play a key role in multiple
ocean processes but are not yet fully analyzed and monitored at global scale due to their relatively small size.
Unlike linear waves, nonlinear dynamics in mesoscale eddies can transport water mass with their heat content
as well as chemical (e.g., salt) and biological properties (e.g., nutrients and biomass) over large distances. Their
crucial role in the transport of heat fluxes has been shown in many studies [Wunsch, 1999; Jayne and Marotzke,
2002; Colas et al., 2012], but the effect of eddy transport in the Mediterranean is still unknown. Concerning biol-
ogy, apart from rotational advection within the eddy interior [Chelton et al,, 2011b; Gaube et al.,, 2014] and the
transport of biomass from one location to another [Feng et al., 2007; Llinds et al,, 2009], mesoscale eddies modify
the local mixed layer depth, significantly enhancing primary production [Oschlies and Gargon, 1998; Levy et al,,
1998; Mahadevan et al.,, 2012]. Mesoscale eddies can also feed energy back to the main flow and drive large-
scale circulation [Lozier, 1997; Holland, 1978], making them a key component of the ocean dynamics.

In the Western Mediterranean Sea (WMed), a high number of eddies have been observed and studied in
the past with in situ observations [e.g., Katz, 1972; Benzohra and Millot, 1995; Font et al., 1998; Testor et al.,
2005; Hu et al., 2011; Pascual et al., 2002; Bouffard et al., 2010; Amores et al., 2013]. Yet a systematic character-
ization of these eddies is still lacking due to the small scales involved in these processes in this region where
the Rossby deformation radius that characterizes the horizontal scales of eddies is small (10-15 km) [Beuvier
et al.,, 2012a]. Such a systematic approach was only used in Isern-Fontanet et al. [2006] where an automated
eddy detection applied to the first 7 years of altimetry data in the Mediterranean Sea and some results on
the size, amplitude, and path of propagation of intense mesoscale eddies were obtained. Weaker eddies
were not studied in details for being either altimetry maps errors or low energy states of intense eddies.
The present study aims at the extension of these results with a longer time series, state-of-the-art methods
and a numerical model for the western basin. A more recent study by Mkhinini et al. [2014] used an eddy
detection method on 20 years of altimetry maps to study long-lived mesoscale eddies in the eastern basin.
They showed an asymmetry between cyclones and anticyclones and then characterized long-lived eddy for-
mation areas in the eastern basin. In the western basin, eddies present a wide range of different properties
(size, shape, amplitude, duration, etc.) associated with different generating mechanisms (current instabilities,
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Figure 1. Area of study: the Western Mediterranean Sea. The map presents the bathymetry and the dynamical features. Adapted from
Millot [1999].

wind forcing, and thermohaline fluxes) that are related to the complex coastline and bathymetry [Malanotte-
Rizzoli et al., 2013]. An overview of the mean surface circulation in the basin is shown in Figure 1.

The surface circulation in the Western Mediterranean Sea is mainly cyclonic around the basin with several areas
where strong eddy activity has been observed. Along the Algerian shore, baroclinic instabilities of the Algerian Cur-
rent generate meanders and, eventually, eddies that detach from the main current [Olita et al, 2011]. With an extent
that can reach more than 1000 m as observed by Millot et al. [1997] and Ruiz et al. [2002], these features have diame-
ters of about 100-200 km and their lifetime ranges from several months up to 3 years [Puillat et al., 2002].

In the northern part of the basin, the main current is the Northern Current, which flows westward along the
French coast in the Ligurian Provencal Basin, the Gulf of Lion, and then along the Spanish coast in the Bale-
aric Sea. Mesoscale activity has been observed in this region [Robinson et al, 2001] with an increase in
autumn [Font et al., 1995]. Eddy formation there is hypothesized to be due to the combined effect of strong
Tramontane winds and the Northern Current [Millot, 1982; Hu et al., 2009; Rubio et al., 2009].

When it arrives in the Balearic Sea, the Northern Current splits into two branches [Font et al., 1988], one
going back along the Balearic northern shore [Ruiz et al., 2009; Mason and Pascual, 2013] and the other flow-
ing southward through the Ibiza channel [Pinot et al., 2002]. This circulation in the Balearic Sea is modulated
by mesoscale activity that, at first, was underestimated [La Violette et al., 1990] but later was found to be
nonnegligible [Garcia et al., 1994]. In the Balearic Current, many studies have shown the existence of meso-
scale structures by analyzing satellite data, drifting buoys, moorings, oceanographic cruises, or gliders [e.g.,
Pinot et al., 1995; Ruiz et al., 2009; Bouffard et al., 2010, 2012]. The formation of such eddies has been
hypothesized to be due to instabilities of the Balearic Current, the formation of a meander, and then a
coherent vortex [Amores et al., 2013] for the smaller eddies. Direct action of the wind can also transmit anti-
cyclonic vorticity from the negative curl associated with the shear of the Mistral downstream of the Pyre-
nees, forming the larger eddies as proposed by Pascual et al. [2002] and Mason and Pascual [2013].

In this study, we apply eddy detection methods to a high-resolution model of the WMed and interpolated
altimetry maps. The results allow us to extract some characteristics of mesoscale eddies in the area. The
paper is organized as follows: in section 2, we describe the data sets used in the study and more particularly
the high-resolution simulation of the WMed we developed for this study. In section 3, we present the eddy
detection methods used. Then in section 4, the results and characteristics of the detected eddies are pre-
sented. Finally, in section 5, we discuss and summarize the results.

2. Sea Surface Height Data Sets

2.1. Altimetry Data
For comparison with the model simulation, gridded maps of absolute dynamic topography (ADT) from
altimetry are obtained by interpolating along-track satellite data to obtain 2-D fields. In this study, we used
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Figure 2. Snapshot of SST and surface currents of the simulation. This figure is for 1 December 2010.

daily, merged, delayed-time gridded maps of optimally interpolated sea level anomalies (SLA) provided by
AVISO (http://www.aviso.oceanobs.com) for the period 1993-2012. This product is specially designed for
the Mediterranean Sea [Pujol and Larnicol, 2005] on a higher-resolution grid (1/8°) than for the global data
set. To generate these maps, all available satellites are used in the optimal interpolation (TOPEX/Poseidon,
Jason-1/2, ERS 1/2, Envisat, and Geosat-Follow On [see Pascual et al., 2007]). The along-track data from the
satellites are filtered with a Lanczos filter to remove measurement noise (a half-power filter cutoff wave-
length of 42 km) and then interpolated with a daily analysis. The spatial and temporal correlation scales are
constant and set at 100 km and 10 days with a correlation function proposed by Arhan and De Verdiere
[1985]. The optimal interpolation is set to correct long-wavelength errors and measurement noise. Details
of the mapping procedure for the Mediterranean Sea can be found in Pujol and Larnicol [2005].

This data set will hereafter be called AVISOMEDOS.

2.2. High-Resolution Simulation of the Western Mediterranean Sea

2.2.1. Model Setup

The model used for this study is the Regional Ocean Modelling System (ROMS) [Shchepetkin and McWilliams,
2005; Shchepetkin and McWilliams, 2009] in its ROMS_AGRIF version [Debreu et al., 2012]. The ROMS kernel is
a 3-D free-surface, sigma-coordinate, split-explicit primitive equation model with Boussinesq and hydro-
static approximations. Its multiple-time-level time stepping and high-order upstream-biased advection
schemes help to better resolve turbulent processes, while the sigma coordinates enable a good representa-
tion of complex bathymetry such as the Western Mediterranean Sea.

The domain covered by the simulation spans from the Gulf of Cadiz to Corsica and Sardinia (see Figure 2)
and the period covers 1993-2012 with a 1 year spin-up (year 1992). The model grid is an Arakawa C-grid
with 1/32° horizontal resolution and 32 terrain-following vertical levels with increased resolution in the
upper levels. The horizontal resolution allows us to effectively resolve wavelengths over 24 km (correspond-
ing to 7Ax, as observed by Marchesiello et al. [2011]) which should be enough to represent eddies with
radius over 6 km (one wavelength represent four radii). We used the recent vertical stretching function
[Shchepetkin and McWilliams, 2009] with 0s=6.5, 0,=1.5, and hc=250 m. The surface and bottom control
parameters (s and 0,) determine the stretching of the grid, and the critical depth (h¢) is the width of sur-
face or bottom boundary layer in which higher vertical resolution is required during stretching.

The vertical diffusion scheme used is a nonlocal, K-profile planetary (KPP) boundary layer Large-McWilliams-
Doney (LMD) scheme [Large et al, 1994], which represents the unresolved physical vertical subgrid-scale
processes.

We combined the bathymetry from Smith and Sandwell [1997] that covers the whole basin with a detailed
bathymetry for the Gibraltar region [Sanz, 1991] that was filtered as in Peliz et al. [2012].

For the initial and boundary conditions, we used a part of a 55 year simulation performed with the NEM-
OMED12 model over the 1958-2013 period; this simulation is described in Beuvier et al. [2012b].
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NEMOMED12 covers the entire Mediterra-
nean basin with a 1/12° horizontal resolution
and provides a realistic initial state of the

Table 1. Characteristics of the ROMSWMED32 Simulation

Area WMed: 7.4°W-10°E 34.6°N-44.7°N db d diti

- i ocean and boundary conditions.

Horizontal resolution 1/32° . . . .

Forcings NCEPCFSR (6 1 35 kv The atmospheric forcing is given by t.he
Boundaries NEMOMED?12 (daily) NCEP-CFSR [Saha et al., 2010] data set, which
Sponge Yes (45 km) has a spatial grid of 35 km at a 6 h time step,
Nudging 2D at boundaries using a bulk formulation [Fairall et al., 2003]
Outputs Daily averages

Vertical levels: Number (0,0;) 32 (65,15) for the heat, momentum, and freshwater
I'xo(max) 0.2 ﬂuXeS.

At 240's

Nb barotropic steps 25 The river discharge is simulated as a fresh-
e o) e g ) g » water input spread around the river mouths
Bottom drag Linear (y= 0,0003 ms™ ')

with the monthly climatology from Dai et al.
[2009].

The characteristics of the simulation are summarized in Table 1. An example snapshot of the daily mean sea
surface temperature (SST) and surface currents is presented in Figure 2. Various mesoscale eddies can be seen
with a signature in SST as well as surface currents. The simulation will hereafter be called ROMSWMED32.
2.2.2. Evaluation of ROMSWMED32

Since this simulation is a new implementation of the ROMS model for the region, extensive validation has
been performed. In this section, we will show two examples of the validation that are relevant for our study.
The aim of the simulation is to be able to reproduce realistically the generation and propagation of surface
mesoscale eddies.

First, we evaluate the simulation capabilities to reproduce the mean surface circulation of the Western Med-
iterranean Sea that is schematized in Figure 1. The mean ADT of the simulation over the whole time period
(1993-2012) is shown in Figure 3, right. In this figure, we plotted also the mean dynamic topography (MDT)
from Rio et al. [2014] with the added mean of SLA from altimetry (left). This MDT is constructed using an
average of the outputs of an ocean model (the Mediterranean Forecasting System based on the NEMO
code) as a first guess and adding the information of all of the available observations (drifters, CTD, and
gliders) in the area. It represents the best estimate of the mean surface circulation that is currently available
for the area. The corresponding geostrophic velocities are plotted on the two maps showing that the simu-
lation performs very well in reproducing the main characteristics of the average circulation of the basin. The
two Alboran gyres are well simulated, with the eastern one less intense due to its seasonality as described
in Renault et al. [2012]. The main characteristics of the Algerian Current are well represented in the model,
strong and narrow along the coast and unstable and weaker in the eastern part of the basin. The Northern
Current is also well reproduced, as well as the Balearic Current.

MDT RIO 2014 ROMSWMED32

44°N -

%
41°N+

38°N

35°N

6°W

0 3°E 6°E 9°E 6°W 3°W 0 3°E 6°E 9°E

Figure 3. Mean ADT for the period 1992-2012 for the ROMSWMED32 simulation compared with the MDT from Rio et al. [2014]. Vectors are the geostrophic velocities computed from

the respective ADT.
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Figure 4. Comparison of mean EKE over the period 1992-2012 for (top left) AVISOMEDOS, (top right) drifter data, (bottom left) NEM-
OMED?12, and (bottom right) ROMSWMED32. Drifter data come from the database compiled by Poulain et al. [2012].

The eddy kinetic energy (EKE) is defined as the kinetic energy (KE) that is due to transient dynamics and is
given by:
1

EKE= E((u—u)2+(v—r/)2) M

with u, v the instantaneous currents, U and v the mean currents over the whole 1993-2012 period. Figure 4
shows the mean EKE computed from geostrophic velocities ug and v, estimated from altimetry maps, drifters
trajectories, the coarser mother-simulation NEMOMED12, and the ROMSWMED32 simulation. For the two
models, we used the SSH output to estimate the geostrophic velocities. Velocities of drifters are edited to
remove outliers, interpolated, filtered at 36 h to remove high-frequency oscillations and subsampled. Ekman
currents are not removed in this estimation but a sensitivity test in a smaller area showed no significant
change in the EKE after removing Ekman currents. The EKE is estimated from the drifters by taking the mean
velocities within boxes of 1/3° X 1/3° and computing anomalies of velocities with respect to this mean.

Although the levels of EKE in Figure 4 are quite different between the data sets, the geographical distribu-
tions are similar. The regions with high EKE are the ones identified in the introduction as having high meso-
scale activity. Strong EKE levels are found at the locations of strong KE levels associated with mean currents,
suggesting that the principal origins for these eddies are baroclinic or barotropic instabilities of the perma-
nent currents. EKE computed from AVISOMEDOS (altimetry maps) is much weaker (by more than a factor of
2) than EKE from drifters. The drifters may overestimate the energy due to residual wind-driven and
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18 nongeostrophic  currents  [Poulain
16 et al., 2012], but this is not likely suffi-
cient to explain such a discrepancy.
14 The levels of EKE in NEMOMED12 are
12 also weaker, close to the values of
altimetry, but the ROMSWMED32
105 simulation gives energy values that
8 are more consistent with drifters
6 estimates.
4 Altimetry gridded fields (and NEM-
OMED12) clearly underestimate the
2

energy of mesoscale dynamics in the
0 region. This might be attributable to
the inability of gridded altimetry to

Figure 5. Map of the Rossby first radius of deformation in the region computed resolve Wavelength scales shorter tha.n
from the 20 years average of the ROMSWMED32 simulation. The radius has been about 100 km while ROMSWMED32 is

estimated using the WKB approximation [see Chelton et al., 1998]. able to resolve scales down to 24 km

6°W 3°W 0 3°E 6°E 9°E

in wavelength (for 1/32° grid resolu-
tion). New techniques of optimal interpolation have been developed to improve the altimetry product such
as Dussurget et al. [2011] and, in the WMed, Escudier et al. [2013]. The improvement of the method described
in Escudier et al. [2013] is useful for specific cases near the overpass of a satellite and do not resolve the funda-
mental limitation of altimetry which is the distance between neighboring ground tracks (see also Bouffard
et al. [2014] for a discussion on this). The new fields provided by this method have an increased EKE but still
much smaller than the simulation or drifters.

To confirm the relevance of the model resolution, we present on Figure 5 an estimation of the value of the
Rossby first radius of deformation in the area using the ROMSWMED32 simulation. This map shows that we
have indeed short scales (10-15 km) in the region with shorter scales in the northern part (8-12 km). With a
feature wavelength resolution of 24 km, the simulation should be able to resolve structures with radii of
around 6 km, which is sufficient in most of the domain.

Other validations with observations have been performed such as comparisons with transports, water masses,
sea surface temperature from satellites, or deep water convection. The Gibraltar Strait transport, a key feature
for the circulation in the Mediterranean, is in average 0.87 Sv for the inflow and 0.53 Sv for the outflow, which
is comparable to observation estimates (0.82 Sv inflow and 0.78 Sv outflow [Criado-Aldeanueva et al., 2012])
for the inflow and weaker for the outflow, probably due to the smoothed and therefore shallower bathymetry
in Gibraltar. The details of these validations can be found in Escudier [2015] (http://www.tdx.cat/handle/10803/
310417 or https://tel.archives-ouvertes.fr/tel-01172378). These metrics and the rest of our validation give us
confidence in the ROMSWMED?32 simulation capabilities to simulate mesoscale activity in the WMed.

3. Eddy Detection Methods

3.1. Closed Contours of SLA

The first method used to detect and track eddies in the data sets is the one developed by Chelton et al.
[2011a]. This approach consists of detecting closed contours of SLA that include a local extremum and sev-
eral other criteria, to identify and track mesoscale eddies. In this method, an eddy is viewed as a coherent
isolated vortex and therefore the corresponding SLA has the form of a bump or a depression. A detailed
description of the method can be found in Chelton et al. [2011a].

This method was successfully applied to the global ocean and the global data set is available at http://cioss.
coas.oregonstate.edu/eddies/. A preliminary study of the results of this eddy detection and tracking method
when applied to the Mediterranean Sea revealed that the method needed some adjustments to adapt to
the small amplitudes and scales of the eddies in this region. Several issues were identified and modifica-
tions were applied to the algorithm to obtain a more reliable data set. The modifications included the
change of the parameters (upper bound of 800 pixels, sea level increment of 0.5 cm for the search, 200 km
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for the intra-eddy length scale), interpolation to a finer grid, an extrapolation to the coast, the use of daily
maps and the removal of eddies with irregular shapes.

This method will be referred to hereafter as the CHE11 method.

3.2. Geometry of Velocities

The second method used to detect and track eddies in the WMed is based on the geometry of surface
velocities. Its objective is to detect a region where the velocity field rotates around a center. The description
of the algorithm and its application can be found in Nencioli et al. [2010]. Since we are comparing this
method with others that rely on SLA and we want to apply it to altimetry maps, the velocities used in this
study are geostrophic velocities computed from the SLA with the equation for geostrophic equilibrium:

—_9 O

Ug £ oy ()
_9 o

9T ox ®

with g the acceleration of gravity, f the Coriolis parameter, and 5 the SLA. The discretization of the equations
is done with a three-point centered difference scheme.

This method will be referred to hereafter as the NEN10 method.

3.3. Combination of Okubo-Weiss Parameter and Closed Contours

The third method employed is the one described by Halo et al. [2013]. This method combines the geometric
criteria similar to CHE11 and traditional methods [e.g., Isern-Fontanet et al., 2006; Chelton et al., 2007; Penven
et al., 2005] based on local deformation properties of the flow such as the Okubo-Weiss parameter. The
Okubo-Weiss [Okubo, 1970; Weiss, 1991] parameter is defined as:

_Ou_ov

" ox Oy
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—q2 2 _ 2 . =4+ 2=
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where S, and S are the normal and shear components of the strain and {, the relative vorticity. In this
method, a geostrophic or mesoscale eddy is contained within a closed contour of SLA and dominated by
vorticity (W < 0).

This method will be referred to hereafter as the HAL13 method.

3.4. Qualitative Comparisons Between the Different Methods

Many methods exist to automatically detect and track eddies. The methods presented here have been cho-
sen because they have different approach and represent the existing standard methods. An example of the
results of the three eddy detection methods applied to the output of the simulation is presented in Figure
6. This figure highlights the difficulty of the development of an automated eddy detection algorithm for the
WMed. While agreeing on a fair number of eddies (in this example, 44 eddies are detected by at least two
methods and only 4 eddies are detected by one single method), the three methods give different results
for the shapes and locations of the detected eddies. This is due to the difficulty of the eddy detection in this
region where the coastline, bathymetry, and circulation are complex and the methods rely on different cri-
teria. No method appears to stand out as superior to the others and we therefore decided to use all three
methods. The three methods are applied to the data sets and then only the results and conclusion that are
consistent between all three methods are considered and presented to assure their robustness.

4, Eddy Kinematic Properties

4.1. Intrinsic Characteristics
To assess the validity of the results of the eddy detection and tracking methods, we look at the distribution
of eddies according to their size for the three methods applied to both gridded altimetry data and the
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08-Feb-2002 (ROMSWMED32)

44°N-

41°N+
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35°N — .
3°W 0 3°E 6°E 9°E

Figure 6. SLA output from ROMSWMED32 for 8 February 2002. The colors show the shapes of eddies detected by the three different meth-
ods. For HAL13, the detection method does not provide a shape, and a circle of the detected radius is plotted instead.

output of the ROMSWMED32 simulation (Figure 7). The distribution of the radii obtained by the different
methods differs significantly. For all methods, the eddy radius is defined as an effective radius: R=\/S/7
with S the surface of the shape detected by the algorithm. The eddy radii from the NEN10 method are
always smaller, which is related to the way the shapes of the eddies are defined. Looking at instantaneous
maps (see for example Figure 6), we can see that the eddies are mostly in the same locations as in other
methods but the areas in the eddy interiors are systematically smaller. The CHE11 method detected a higher
number of large eddies than the other two methods, also highlighting differences in the detection of shapes.

With all three algorithms, there are more small detected eddies in the model (ROMSWMED32) than in the
altimetry data set (AVISOMEDO8). For the altimetry product, the detected eddies are found to have peaks of
the distributions of the radii around 30 km with both CHE11 and HAL13 and 20 km with NEN10, while for
ROMSWMED32, the peaks of the distributions are between 20 and 25 km. The smaller scales of the eddies
in the model are associated with a large increase in the number of detected eddies (more than twice as
many), which is presumably related to the ability of the simulation to resolve smaller scales than altimetry
maps as noted in section 2.

In Figure 7 (bottom), the upper-tail cumulative distribution of the lifetimes of eddies is plotted. The cumula-
tive percentage of detected eddies decreases rapidly, with half of the eddies having a lifespan shorter than
13 days. The algorithms give somewhat different results but the shapes of the distributions are similar and
there are more long-lived eddies in the ROMSWMED32 simulation. This is again likely due to the better per-
formance of tracking algorithms in the simulation. The simulation has a 1 day time step which makes it eas-
ier for the algorithms to track the eddies. The altimetry tracks are interpolated to obtain daily maps but
without satellite data every day. Moreover, because of limitations in the resolution capability of the altime-
ter data set (section 2), eddies can become temporarily “lost” in the poorly sampled regions and then reap-
pear later when the altimeter coverage improves. In such cases, a single propagating eddy with a long
lifetime would be identified as multiple eddies with shorter lifetimes. Except when noted, all subsequent
plots in this study will be made arbitrarily with the CHE11 method for clarity, but all the results presented
here are consistent between the methods [Escudier, 2015] and any other method could have been chosen.

The spatial distribution of large eddies is similar to the one for long-lived eddies (see next section), which
suggests that there may be a correlation between radius and duration of the eddies. To investigate this
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Figure 7. Distribution of the detected eddies according to (first row) radial scale and (second row) lifetime for (left column) AVISOMEDOS (altimetry) and (right column) ROMSWMED32.

relationship, we separate the eddies into different classes of duration: 7-25, 25-50, 50-100, 100-150, 150-
200, and 200-250 days. We then compute the evolution of the average radius for the eddies of each class
with respect to the dimensionless age t'=(t—1)/T with T the lifespan of the eddy and t its age. This evolu-
tion is plotted in Figure 8 and, for clarity, the dimensionless axis is multiplied for each class by the median
of the lifespan (e.g., 75 for the 50-100 day class). The results confirm that the longer-lived eddies tend to
have larger radii as seen in both altimetry data and model. It appears that, on average, eddies grow in size
for the first part of their life history, then stabilize at their maximum size and, at the end, the eddy radius
decreases rapidly before collapsing. For eddies with lifetime shorter than 150 days, these results stand out
clearly. For longer-lived eddies, while it is also the case in the model, and with altimetry maps, there are too
few eddies to draw any conclusion but it is likely safe to extrapolate that the results should be similar. This
is consistent with the results obtained by Samelson et al. [2014] for the global ocean.

4.2, Spatial Distribution

We can also study the spatial distribution of the detected eddy centroids for the whole 1993-2012 period.
Figure 9 confirms that many more eddies are detected in the high-resolution simulation than in altimetry
maps. Yet the areas where most eddies are found are similar when compared with altimetry observations,
at least in the southern part of the domain: the Alboran Sea, the Algerian Current, the center of the basin,
and the Balearic Sea. For the Algerian Current, a seesaw pattern appears in the altimetry map that is likely
attributable to the sampling tracks of satellite altimeters.

Significant differences between the model and altimetry maps occur along the Northern Current where many
eddies are detected in the simulation but very few in the altimetry maps. Part of the reason for this discrepancy
is explored in Figure 10, which shows that, in the simulation, there is a clear North-South difference in term of
eddy radius, with smaller eddies detected in the northern part of the basin. This difference is likely related to
the Rossby deformation radius, which is also reduced in the northern part (see Figure 5). The North-South dif-
ference does not appear for altimetry data where the smaller eddies in the northern region are not detected in
the altimetry maps due to the limited resolution of the product (see section 2). This explains why altimetry
maps exhibit less eddies in the Northern region than the simulation which resolves higher spatial scales.

The direction and speed of propagation of the detected eddies are presented in Figure 11. The propagation
speed of the detected eddies is quite small, with most of the eddies moving at speeds below 8 cm s~ " in all
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Figure 8. Evolution of eddy radii as a function of their age by lifespan class. The curves are computed with averages of at least 20 eddies.

the regions. This is consistent with previous observations of mesoscale eddies in the region [Puillat et al.,
2002; Isern-Fontanet et al., 2006].

Over the whole WMed basin, there is generally east-west preference in the propagation of eddies in altime-
try data, with a slight rotation of around 15° toward northeast-southwest propagation in the simulation.
This inclination may be due to the geometry of the basin associated with the soutwest to northeast orienta-
tion of the Spanish and French coast and the larger number of detected eddies in this region for the
simulation.

In the southern part of the basin (the Algerian region, second column in Figure 11), satellite-detected eddies
have a clear tendency to go eastward with the Algerian Current. This is also strongly pronounced in the
ROMSWMED32 simulation but with greater speeds.

In the northern region, the Northern Current appears to advect eddies, resulting in a westward (with a
small southward inclination) propagation of the mesoscale structures in both altimetry data and the
model. The westward preference is stronger and the inclination southward is more pronounced in the
model.

The central region is interesting for the AVISOMEDO8 data set in which the results are similar to the gener-
ally westward propagation found for the global ocean [Chelton et al., 2011al. In this area with weak currents,
this corresponds to the westward propagation of an isolated vortex [McWilliams and Flierl, 1979]. However,
in ROMSWMED?32, the directions are both westward and eastward with only a weak preference for west-
ward propagation.

% of eddies

AVISOMEDO08 ROMSWMED32 05

44°N M 44°N
0.4
41°N 41°N 0.3
0.2

38°N 38°N
0.1

35°N 35°N
3°W 0 3°E 6°E 9°E 3°W 0 3°E 6°E 9°E 0

Figure 9. Percentage of detected eddies in each cell of 1/3° X 1/3° of the domain for both data sets. Each eddy is counted in the cell that
contains its centroid on each day it is detected.
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Figure 10. Spatial distribution of the percentage of large eddies (radius larger than 35 km). Cells with less than 20 eddies have been
removed.

4.3. Temporal Evolution

The mean number of eddies detected per day for the whole period is around 15 for altimetry and more
than twice that (34) for ROMSWMED32. The standard deviation is also twice as large for the model as for
the altimetry maps. An annual cycle is apparent in the model time series of the number of eddies detected
per day, whereas for altimetry maps, no annual cycle seems to be present.

Computed spectra of the time series of the number of detected eddies are shown in Figure 12. They con-
firm that the simulation of the WMed has a clear annual cycle, while in the altimetry data, the peak at the
frequency equivalent to the annual cycle is not significant. The same results are found from all three eddy
detection methods.

To investigate annual variability in the model and the altimetry data, the climatologies of the detected eddy
number of eddies are presented in Figure 13. In this figure, long-lived and short-lived eddies are presented
separately. This shows that there is an annual cycle in the altimetry data for both subsets but they are in
opposite phases with similar amplitude. The two cycles thus compensate in the total number of detected
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Figure 11. Polar histogram of the direction of propagation of the detected eddies in (top) AVISOMEDO8 and (bottom) ROMSWMED32. In grey shade is the distribution of velocities in
each direction. The WMed is separated in three different regions: south (Algerian basins), center (Algero-Provengal basin), and north (Gulf of Lion and Balearic Sea).
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Figure 12. Power spectra of the time series of the number of detected eddies for the (top) AVISOMEDO8 and (bottom) ROMSWMED32 in
grey. The fitted red noise with the corresponding confidence intervals is plotted as the black line. The vertical dashed line corresponds to
the 1 year frequency.

eddies. In the numerical simulation, there is, like in altimetry maps, more short-lived eddies in spring but
the number of long-lived eddies also peaks in late spring and therefore the cycles do not compensate. This
explains why there is a signal at the annual frequency in the spectra for the simulation. The difference
between the two data sets might be related to the eddy tracking that is easier in the simulation, which
results in the much higher number of long-lived eddies (Figure 7).

4.4, Vertical Structure

The use of the numerical model provides information on the 3-D structure of the detected eddies. Compo-
sites of zonal cross sections through the centers of the eddies are shown in Figure 14. They are computed
by taking the average of the zonal section of every eddy across its center. The density and velocity compo-
sites are calculated from anomalies with respect to the climatological values. To account for the variations
of radii of the different eddies, the sections are taken as function of depth and a dimensionless distance
from the center normalized by the computed radius of the eddy. As expected, cyclonic eddies induce nega-
tive anomalies of temperature and/or positive anomalies of salinity and therefore positive anomalies of den-
sity. This is because cyclones tend to uplift the pycnocline, thus raising colder, saltier water toward the sea
surface. The effect is the opposite for anticyclonic eddies which lower the pycnocline. The anomalies extend
horizontally to more than 1.5 times the detected radius.

The composite sections of meridional velocities confirm the rotation direction of the two type of eddies.
They also show that the radius detected by the detection method is not exactly where the velocities are
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Figure 13. Climatology of the number of detected eddies for (left) altimetry observations and (right) the numerical model. Eddies are separated into two categories, eddies that live lon-
ger than 4 weeks (long lived) and eddies that live shorter than 4 weeks (short lived). The mean number of eddies detected per month for each data set has been removed to the clima-
tology for clarity. For AVISOMEDOS, this value is 139 for long-lived and 288 for short-lived eddies. For ROMSWMED32, it is 648 for long-lived and 286 for short-lived eddies.
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maximum for anticyclones but a little farther from the center (1.1 equivalent radius) which is surprising as
the radius in this method is defined as the maximum rotation speed. This is due to a slight elongation of
anticyclones in this region along the east-west direction. The same figure for north-south sections (not
shown) shows that the maximum of velocities are closer than the equivalent radius. The Okubo-Weiss
parameter defines the shape of the eddy since it is negative within it and positive outside. It shows that, on
average, anticyclones extend deeper than cyclones. The shape of the vertical extension of the two types of
eddies is also different. Anticyclones are smaller in radius at depth than at the surface which we can see
clearly in the velocities where the maximum for each increasing depth is closer to the center. In the Okubo-
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Figure 14. Composites of the zonal cross sections of the detected eddies for anomalies of density, meridional velocity, and the Okubo-Weiss parameter. The density and velocity compo-
sites are the mean of anomalies with respect to the climatology. Cyclones are shown in the first row and anticyclones in the second row. The y axis of the plots is the depth while the x
axis is a dimensionless distance from the center.
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Weiss parameter composites, it results in an almost triangular shape of the negative patch. For cyclones, the
shape seems to be more cylindrical: the maxima of velocities for each depth are more or less at the same
distance from the center and the negative Okubo-Weiss patch is more rectangular with smoothed edges.

5. Conclusions

5.1. Summary

The objective of this study was to characterize the properties of mesoscale eddies in the Western Mediterra-
nean Sea. In this perspective, we developed a regional simulation of the region with the ROMS model
(ROMSWMED32). The high horizontal spatial resolution (1/32°) enables the resolution of fine scales, and the
long duration of the simulation (20 years: 1993-2012) makes the diagnostics robust and offers the possibil-
ity to look at some interannual variations (not discussed in this paper). The outputs of the final version of
this new high-resolution simulation were validated by comparisons with observational data. EKE levels are
higher in the numerical simulation, closer to observed levels in drifters, which points out the difficulties of
altimetry to fully resolve mesoscale activity in the area because of the small eddy radii and resolution limita-
tions of altimeter data.

We applied three eddy detection methods to the outputs of the ROMSWMED32 simulation and also altime-
try gridded maps of SLA. These algorithms extract useful information (number, position, radial scale, and
amplitude) of the eddies from the gridded fields. The results for the different detection and tracking meth-
ods exhibit some differences, highlighting the difficulty of studying mesoscale eddies in the region. How-
ever, the conclusions of this study were found to be robust to the different eddy identification procedures.

1. As expected, the number of detected eddies is higher for the high-resolution model (ROMSWMED32)
than for the altimetry data set (from an average of 15 per day in AVISOMEDOS to 34 in ROMSWMED32).

2. The mean radius of the detected structures decreases from about 30 km (AVISOMEDO8) to about 25 km
(ROMSWMED32).

3. Most of the eddies have short lifespans; half of the eddies detected in the model or altimetry data had
lifetimes shorter than 13 days.

4. The spatial distribution of the number of detected eddies is highly nonuniform and follows well-defined
patterns that are consistent between the data sets and are likely a consequence of eddy formation
processes.

5. A temporal analysis of the number of detected eddies per day reveals that there are different seasonal
cycles in both of the data sets for long-lived (more than 4 weeks) and for short-lived (less than 4 weeks)
eddies. A more in-depth study of this phenomenon will be conducted in the future.

6. The trajectories of detected eddies seem to follow the main currents of the region.

7. The relationship between the size of an eddy and its duration was also examined. Results show that, on
average, the radial scale of an eddy increases and reaches a stabilized phase of relatively constant size
before decreasing and finally collapsing. Long-lived eddies tend to grow more rapidly toward bigger
size.

8. Composites of the vertical structures of the eddies in the ROMSWMED32 simulation show that anticy-
clones have a more conic shape than cyclones.

9. Mesoscale eddies in the region have an elongated shape along the east-west direction.

5.2. Discussion

In this study, we showed that mesoscale dynamics are energetic in the WMed while the horizontal scales of
these structures are small due to a small Rossby radius. Therefore, the need for higher spatial resolution
observations is stressed. This could be addressed with a higher density of satellite altimeters but also the
synergy with fine grid in situ data such as coastal radar or gliders. The launch of the satellite SWOT with an
expected spatial resolution of 10-25 km in wavelength will also hopefully increase our observational knowl-
edge of fine mesoscale variability in this region [Fu et al., 2009].

The observation data can be complemented with the use of numerical modeling. We showed that compu-
tational capabilities are now sufficient to simulate mesoscale activity with energy levels similar to what is
observed in our area of study. Still, it might be beneficial to increase the resolution even more to represent
the finer scales that could reach 5-10 km, which is the Rossby radius in some areas of the region. A future
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study should be conducted to determine the model resolution that is most well suited for the study of mes-
oscale eddies in the region. The increase of resolution might only be needed in the northern part of the
basin where the Rossby radius and therefore characteristic length scales are smaller.

Discrepancies between the model and the observations can also be partly due to the lack of parameteriza-
tion of the current feedback to the atmosphere in the model. The surface stress is estimated using the abso-
lute wind and not the relative wind to the oceanic current. Some recent works show that the current effect
on the surface stress can lead to a reduction of the EKE of the ocean via a “mechanical damping” [Eden and
Dietze, 2009; Renault et al., 2016] and hence a reduction of the wind work and even a negative geostrophic
wind work inducing a deflection of energy from the ocean to the atmosphere [Renault et al., 2016]. Gaube
et al. [2015] and Renault et al. [2016] show the current-induced surface stress curl change induces a negative
wind work and Ekman pumping velocities that are of the opposite sign to the surface vorticity of the eddy,
inducing its attenuation and improving the realism of the simulation. However, Renault et al. [2016] shows
uncoupled simulations that estimate the wind stress using the relative wind should use a parameterization
of the wind response that partially reenergize the ocean, damping the eddy killing effect. Further specific
studies over the Mediterranean Sea should assess to which extent the current feedback to the atmosphere
damp the eddy kinetic energy and aim to characterize the atmospheric response.

Regarding the eddy detection methods, more effort is needed to assess which automatic detection and
tracking algorithm is most robust. Improvement or combinations of existing methods could be undertaken
to improve the detection results. Our approach of finding characteristics that are consistent between three
different methods enabled the robust extraction of some properties of the eddies in the area. One other
thing to note is that we used SLA rather than SSH/ADT for the detection of eddies. While this removes the
uncertainty of the MDT in altimetry maps, it could introduce some differences when there is a permanent
feature such as a gyre (e.g., Alboran Gyres). For our analysis, we removed the Alboran region when possible.
The results presented here will be extended in the future to investigate, for example, the origin of the
annual cycle in the model that was also found in short-lived eddies in altimetry data. Eddies in the different
areas of the basin have different properties (radial scale, lifetime, and vertical structure) that may be linked
to different formation processes, suggesting the need for an investigation of these processes. In particular,
it would be interesting to study the influence of the wind, baroclinic instabilities and barotropic conversion,
or the energy conversion that leads to the EKE [Marchesiello et al., 2003]. Interannual variability has not
been examined in this study and is left for a future study. To investigate the long-term evolution such as
decadal variability, the 20 year run for this study could be extended.
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Erratum
In the originally published version of this article, Figure 1 did not properly cite Millot [1999]. This has since been corrected and this version
may be considered the authoritative version of record.

ESCUDIE ET AL.

EDDIES IN THE WESTERN MEDITERRANEAN SEA 4006


http://dx.doi.org/10.1029/2001JC000913
http://dx.doi.org/10.1016/j.jmarsys.2004.12.004
http://dx.doi.org/10.1029/2005JC002945
http://dx.doi.org/10.1175/JPO-D-11-0159.1
http://dx.doi.org/10.1016/j.jmarsys.2005.07.005
http://dx.doi.org/10.1029/2011JC007659
http://dx.doi.org/10.1175/JPO-D-15-0232.1
http://dx.doi.org/10.1029/2007JC004245
http://dx.doi.org/10.1016/j.jmarsys.2009.01.007
http://dx.doi.org/10.1016/j.ocemod.2004.08.002
http://dx.doi.org/10.1016/j.jcp.2009.09.002
http://dx.doi.org/10.1126/science.277.5334.1956
http://dx.doi.org/10.1029/2004JC002861
http://dx.doi.org/10.1029/1999JC900062

