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Abstract: An Algerian Eddy, anticyclonic vortex generated by the instability of the Algerian Cur-
rent in the southwestern Mediterranean Sea, is studied using data provided by drifters (surface
currents), Argo floats (temperature and salinity profiles), environmental satellites (absolute dynamic
topography maps and ocean color images) and operational oceanography products. The eddy was
generated in May 2018 and lasted as an isolated vortex until November 2018. Its morphology and
kinematics are described in June–July 2018 when drifters were trapped in its core. During that period,
the eddy was slowly moving to the NE (~2 km/day), with an overall diameter of about 200 km
(slowly growing with time) and maximal surface swirl velocity of ~50 cm/s at a radius of ~50 km.
Geostrophic currents derived from satellite altimetry data compare well with low-pass filtered drifter
velocities, with only a slight overestimation, which is expected as its maximum vorticity corresponds
to a small Rossby number of ~0.6. Satellite ocean color images and some drifters show that the eddy
has an elliptical spiral structure. The looping tracks of the drifters trapped in the eddy were analyzed
using two statistical methods: least-squares ellipse fitting and wavelet ridge analysis, revealing a
typical eccentricity of about 0.5, a wide range of inclination and a rotation period between 3 and
10 days. Clusters of drifters on the northeastern limb of the eddy were also considered to estimate
divergence and vorticity. The results indicate convergence (divergence) and downwelling (upwelling)
at scales of 20–50 km near the northeastern (northwestern) edge of the eddy, in agreement with the
quasi-geostrophic theory. Vertically, the eddy extends mostly down to 250 m depth, with a warm,
low-salinity and low-density signature and with geostrophic currents near 50 cm/s in the top layer
(down to ~80 m) reducing to less than 10 cm/s near 250 m. Near the surface, colder water is advected
into it.

Keywords: southwestern Mediterranean Sea; Algerian eddy; satellite altimetry; drifters and floats

1. Introduction

Vortices are ubiquitous circulation features of the world’s oceans. Their size varies
from ~100 km (mesoscale) to ~10 km (submesoscale). They can be permanently located in
specific areas (in this case they are often referred to as gyres) or can move, evolve in time,
interact with each other, etc. (in this case they are generally called eddies). Mesoscale eddies
and gyres are easily detected in sea surface height data provided by satellite altimeters.
Submesocale and mesoscale vortices are also well identified in the tracks of Lagrangian
drifters and floats at the sea surface and in the ocean interior, respectively. If drifters or
floats are trapped in vortices, they can provide unique measurements about their structure
and kinematics [1–4], although trapping and the persistence in the eddies can generally be
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due to several complex factors [5], including the fact that the instruments do not follow
exactly the currents.

In this paper, the data of numerous drifters and some floats are used to study an
anticyclonic eddy in the southwestern Mediterranean Sea. None of the Lagrangian instru-
ments were purposefully deployed in the eddy. They were deployed elsewhere and were
subsequently trapped in its core or felt the influence of its outside edge for a few weeks.
The Lagrangian data are complemented by operational oceanography products mainly
based on satellite remote sensing data.

The vortex circulation feature considered in this work was located off the North
African coast in the southwestern Mediterranean Sea (Figure 1), an area dominated by the
Algerian Current (AC). The AC is a strong eastward coastal or slope current transporting
waters of Atlantic origin (entering through Gibraltar Strait and known as the Atlantic
Water—AW) in the upper water column. The AW is the water with the lowest salinity
in the whole Mediterranean Sea, with salinity values ranging from 36 to 37 [6]. East of
~ 0◦E, the AC generates meanders and develops strong and long-lived anticyclonic Algerian
Eddies (AEs) via mixed barotropic-baroclinic instability processes [6–10]. These eddies
have a diameter of 100 km, move with a typical speed of a few km/day and dominate the
dynamics and the local ecosystem of most of the southwestern Mediterranean [11]. They
detach from the AC and propagate slowly to the NE between longitudes 0 and 4◦E. Once
they are detached, they can move either to the NE or the NW. East of 6◦E they are blocked
by the topography of the Sardinian Passage (near 9◦E) and mostly move northward in the
central western Mediterranean Sea west of Sardinia [12] before dissipating.

Figure 1. Western Mediterranean Sea with color-coded mean absolute dynamic topography (ADT)
for June 2018. The 200 m and 1000 m isobaths are shown with black curves. The main area of
interest is depicted by a white rectangle. The main currents and gyres are sketched in red (Western
Alboran Gyre—WAG, Eastern Alboran Gyre—EAG, Algerian Current—AC, Algerian Eddies—AE
and Northern Current—NC).The Balearic (B) and Sardinia (S) Islands, and the Strait of Gibraltar (G)
are indicated.

The goal of this paper is to study one specific AE during stratified conditions (from
spring to fall 2018) using Lagrangian data and operational products, with particular
focus on its morphology and kinematics. Details about the Lagrangian instruments and
observations, and about the operational products (satellite altimetry data, chlorophyll
concentration maps, vertical velocity from Omega equation) are given in Section 2. Results
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are presented in Section 3. First, satellite altimetry products are used to describe the AE
evolution from its detachment of the AC in mid-May 2018 until its dissipation in November
2018. Second, the structure and kinematics of the AE are studied using combined satellite
altimetry data and in situ observations by drifters and profiling floats in June–July 2018.
Vertical velocity is estimated using the drifter cluster method and compared to the values
derived with the quasi-geostrophic (QG) Omega equation. Discussion and conclusions can
be found in Sections 4 and 5, respectively.

2. Data and Methods
2.1. Lagrangian Instruments and Data

The drifter data used in this work were downloaded from the OGS Mediterranean
drifter database [13]. For the southwestern Mediterranean Sea in 2018, they mainly consist
of drifters released in the Alboran Sea during the “Coherent Lagrangian Pathways from
the Surface Ocean to Interior (CALYPSO)” pilot experiment [14,15].

The data originate from four types of drifters: the SVP, DWSD, CODE and CARTHE
designs. The Surface Velocity Program (SVP) drifter is the standard drifter of the Global
Drifter Program [16–18]. It consists of a spherical surface buoy tethered to a holey sock
drogue that allows the track of the horizontal motion of water at a nominal depth of
15 m. Below the surface buoy, a tether strain gauge measures the tension of the buoy–
drogue connection to monitor the drogue presence and a thermistor measures sea surface
temperature. Measurements of the water-following capabilities of the SVP have shown
that when the drogue is attached it follows the water near 15 m depth to within 1 cm/s in
10 m/s winds [19]. Without the drogue the difference between the 15 m current and the
drifter velocity can be as much as 1% of the wind speed [20].

The Directional Wave Spectrum Drifter (DWSD) is essentially a SVP for which the
drogue was replaced by a small (~50 cm) stabilizing chain [21]. It is equipped with a GPS
engine paired with software algorithms for onboard computation of the directional wave
spectrum of the surface waves.

The Coastal Ocean Dynamics Experiment (CODE, [22]) drifter measures the cur-
rents within the top meter of the water column (nominal depth of 0.8 m). It is com-
posed of a slender, vertical, 1 m-long negatively buoyant tube with four drag-producing
vanes extending radially from the tube over its entire length and four small spherical
surface floats attached to the upper extremities of the vanes to provide buoyancy [23]. The
CODE drifters follow the currents with an accuracy of about 3 cm/s, even under strong
wind conditions [24]. The wind-induced slippage was estimated to be 0.1% of the local
wind speed.

Consortium for Advanced Research on Transport of Hydrocarbon in the Environment
(CARTHE) drifters were developed to be compact, easy to transport and assemble, and 85%
biodegradable [25] so that very large deployments can be attempted in the ocean while
being eco-friendly. They are composed of a torus float and a small drogue to measure the
surface currents within 60 cm of the sea surface. Direct wind-induced slip amounts to less
than 0.5% of the wind speed.

If compared to drogued SVP drifters, CARTHE and CODE drifters move essentially
downwind by 0.5–1% of the wind speed [26]. The differences between the CARTHE-
CODE and SVP currents are due to direct wind-driven slippage, rectification by surface
waves, Stokes drift and the shear of mainly ageostrophic currents between the surface and
15 m depth.

All drifters transmitted their GPS data (and other ancillary data) via either Iridium
(SVP) or GlobalStar (CODE and CARTHE) satellites.

Only the drifter GPS data were considered for this work. In the OGS database,
they were processed with standard methods for editing, low-pass filtering (36 h) and
interpolation [13,27]. Velocities were estimated by finite differencing of successive positions.
The position and velocity data are available at 6 h intervals. For the SVP drifters, the tether
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strain gauge data confirmed that for the period considered the drogue was attached to the
surface buoy. For the CARTHE units, it was assumed that the drogue remained attached.

Profiles of temperature and salinity from three Argo floats located near the AE under
study in June and July 2018 were downloaded from the Argo Global Data Assembly
Centre (GDAC) [28]. They correspond to Arvor floats of the Argo-Italy program (World
Meteorological Organization—WMO numbers 3901849 and 6901836) and the Monitoring
the Oceans and Climate Change with Argo (MOCCA) European project (WMO 3901907).
Profiles are available every 5 days with the maximum depth alternating between 700 and
2000 m. The vertical resolution is 2 m (in 0–100 m), 10 m (in 100–700 m) and 25 m (in
700–2000 m).

The Argo float data used in this work have been validated using the Delayed Mode
Quality Control (DMQC) technique. The strategy adopted for DMQC is described in [29–33].
After DMQC, the accuracies of the Argo temperature and salinity measurements are 0.05◦C
and 0.01, respectively. However, for two floats (WMO 6901836 and 3901907) a salinity drift
with time is evident and accuracy in salinity can be of the order of 0.1. For the water mass
analyses presented in this paper, this degraded accuracy is nevertheless acceptable.

2.2. Operational Products

The daily absolute dynamic topography (ADT) and corresponding absolute geostrophic
velocities (AGV) on a 0.125◦ Mercator projection grid were downloaded from the Coperni-
cus Marine Environment Monitoring Service (CMEMS; DATASET-DUACS-REP-MEDSEA-
MERGED-ALLSAT-PHY-L4, product user manual CMEMS-SL-QUID_008-032-062) for
the southwestern Mediterranean Sea between May and October 2018. The ADT was ob-
tained by adding the sea level anomaly to the 20-year synthetic mean over the 1993–2012
period [34].

Satellite images of surface chlorophyll concentration were downloaded from CMEMS
(dataset-oc-med-chl-multi_cci-l3-chl_1km_daily) for the Mediterranean Sea in June and
July 2018. The absolute values of chlorophyll concentration are not considered in this work;
chlorophyll is considered as a quasi-passive tracer of the surface water masses and only
used qualitatively to better describe the surface currents. Due to cloud coverage, only a
few clear images are available in the study area for the period considered.

Data of wind speed and direction 10 m above sea level were downloaded from the
Copernicus Climate Data Store for June and July 2018 in the southwestern Mediterranean.
They correspond to the fifth generation European Centre for Medium-Range Weather
Forecasts (ECMWF) reanalysis (ERA5) for the global climate and weather. These data were
used to estimate the wind-related slip of the CARTHE and CODE drifters.

In this study we also used the CMEMS OMEGA3D product [35] obtained by applying
a diabatic QG diagnostic model to the data-driven ARMOR3D reconstructions as well
as ERA Interim fluxes. The ARMOR3D product is a multivariate global ocean 3D state
estimation based on the synergy of temperature and salinity fields [36,37]. It combines
remote sensing observations (sea level anomaly—SLA, and sea surface temperature—SST)
with in situ vertical profiles of temperature and salinity via a multiple linear regression
method and optimal interpolation. Vertical velocities are retrieved in the upper 1500 m at
75 unevenly spaced layers at 0.25◦ nominal resolution and successively used to compute
the horizontal ageostrophic components. OMEGA3D fields are distributed by CMEMS
within the product MULTIOBS_GLO_PHY_W_3D_REP_015_007.

2.3. Methods

Drifter track segments were overlaid on maps of ADT, AGV and chlorophyll con-
centration to describe the structure of the AE. Assuming circular rotation, tangential (or
swirl) speeds were examined as a function of the distance from of the AE center, defined as
the position of the local ADT maximum. Drifter and satellite-derived tangential speeds
were compared using linear regression. Relaxing the circular assumption, two statistical
methods, least-squares ellipse fitting and wavelet ridge analysis, were applied to the tracks
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of the drifters entrapped in the AE in order to estimate the parameters of the elliptical
drifter paths. Details and an example can be found in the Appendix A.

The average relative vorticity inside the elliptical drifter track was estimated using
Stokes’ theorem [3]:

< ζ > = −
(

a
b
+

b
a

)
/P, (1)

where P is the period, and a and b are the semi-major and semi-minor axes, respectively.
Vorticity was scaled by the local planetary vorticity, i.e., the inertial frequency (f ) at the
latitude of the center of the ellipse.

The differential kinematic properties, in particular divergence and vorticity, were also
estimated using the least-squares cluster method of [38] applied to 16 CARTHE and CODE
drifters in and around the AE. The number of drifters, the length scale, and the aspect ratio
are important for the accuracy in the velocity gradient estimate. Here we used 6 drifters per
cluster as it is a good compromise between method accuracy and computational cost [39,40].
We defined the length scale of a cluster as the root mean squared distance of all pairs of
drifters and only consider clusters with length scales between 20 and 50 km. The cluster
aspect ratio is the ratio of the minor and major eigenvalues of the position covariance
matrix [41]. Isotropic clusters have an aspect ratio close to one, while for elongated clusters
it is close to zero. Clusters with aspect ratio smaller than 0.1 were excluded.

3. Results
3.1. Long-Term Evolution of the AE

The surface circulation in the western Mediterranean Sea, from the mesoscale to the
basin scale, is nicely described using ADT maps. For instance, the mean ADT map for
June 2018 (Figure 1) reveals the following main circulation patterns: (1) a basin-wide
cyclonic circulation including the AC to the south and the Northern Current to the north
(corresponding to the broad minimum in ADT near 20 cm in the north and central parts
of the basin); (2) strong anticyclonic vortices (ADT maxima near 30 cm) off the African
coast, comprising the Alboran gyres and the AEs; and (3) weaker cyclonic eddies generally
embedded between the anticyclones.

We now focus on the southwest Mediterranean (also called Algerian basin and de-
picted with a white rectangle in Figure 1) and consider weekly ADT maps (Figures 2 and 3)
to describe the spatial structure and temporal evolution of one specific AE located near
3◦15′E and 37◦30′N on the mean map of June 2018. From mid-May to mid-June, this eddy
was generated through the AC instability in the form of a meander growing in size (up
to about 100 km in diameter) and moving slowly (about 2 km/day) towards the E. In
mid-June, the eddy detached from the AC and became an independent vortex until the
beginning of August. It expanded in size (up to 150 km in diameter) and in strength (with
the ADT at its center reaching 40 cm) and proceeded to the NE with a speed near 2 km/day.
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Figure 2. Weekly ADT (m) snapshot maps between mid-May and the end of July 2018 off the Algerian
coast in the southwestern Mediterranean Sea. The center of the AE studied in this paper is shown
with a plus sign.
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Figure 3. Same as in Figure 2 but for 7 August and 11 September 2018, and for the period October–
November 2018.

In August and September 2018 (Figure 3, upper panels), the eddy interacted inter-
mittently with another large AE located more to the E around 6◦E. During this period,
its mean location did not change substantially. In October and November 2018, the eddy
expanded to the NW and split into two parts, one remaining in proximity to the coast and
continuing some eastward progression, and another detaching and moving to the NW
while weakening (Figure 3). This part eventually dissipated in the open sea near 2◦E south
of the Balearic Islands.

3.2. Evolution, Morphology and Kinematics of the AE in June–July 2018
3.2.1. Near-Surface Characteristics

In June and July 2018, numerous drifters were captured or felt the influence of the AE.
Figure 4 shows their low-pass filtered trajectories. The AE coherent clockwise circulation
is remarkably depicted by the drifters. Most drifters were entrapped by the eddy and
subsequently diverged in slowly increasing orbits before leaving after a few loops. There
is one exception to this pattern for an SVP drifter (WMO 6102536; see heavy black track
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in Figure 4) which entered the eddy center on 18 June and stayed there until 7 July when,
unfortunately, it stopped transmitting. This drifter depicted six loops while converging in
a spiral motion, with radius roughly ranging from 30 km to only a few km and a period of
2–3 days.

Figure 4. Low-pass filtered drifter tracks for June and July 2018 near the AE. Start and end locations
are shown with circle and star symbols, respectively. The track of the SVP drifter (WMO 6102536) is
shown in thick black.

Between 13 June and 4 July 2018, several drifters depicted the surface circulation in
and around the AE centered around 3◦E 15′ and 37◦N 30′ (Figure 5). All drifter types were
entrapped by the eddy, with a subsequent tendency to diverge in a spiraling motion. In
total, 30 drifters were trapped in, or felt the influence of, the AE. After some time, drifters
either stopped transmitting or eventually left the eddy, mostly to join the AC (see Figure 4
and panel of 4 July in Figure 5). Range in ADT is ~30 cm between the center of the eddy
and the background level. There is a qualitative agreement between the drifter tracks and
the ADT isolines for all drifters, except for one DWS drifter (see drifter with green symbol
in panel of 13 June in Figure 5) which moved to the S and crossed the eddy. Since this
drifter has no drogue it was probably pushed by the local wind and waves.

Drifter tracks and ADT data show that the eddy can be elliptical with speed varying
with azimuth. An example map of AGV magnitude is shown in Figure 6a. The satellite-
derived geostrophic speed is maximum (near 50 cm/s) about 50 km from the eddy center in
the northwestern and southeastern limbs of the eddy, whereas it is reduced to 30–40 cm/s
in the other directions.
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Figure 5. ADT maps between 13 June and 4 July 2018 in the vicinity of the AE with 3-day intervals.
Superimposed are 3-day-long drifter trajectory segments centered on the respective days and ending
with a color-coded circle symbol (black—CARTHE, white—CODE, green—DWSD and magenta—
SVP). The number of drifters in the shown area is posted.
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Figure 6. (a) AGV magnitude derived from satellite altimetry (colored pixels), with 3-day drifter
track segments, on 22 June 2018. The cross symbol indicates the center of the AE (pixel with max-
imum ADT). The positions of the Argo profiles on 21–24 June are shown with yellow symbols.
(b) Color-coded concentration of surface chlorophyll concentration from Moderate-Resolution Imag-
ing Spectroradiometer (MODIS) satellite on 22 June 2018, superimposed with drifter track segments
for 21–23 June. The circle symbols represent the drifter locations at the end of 23 June 2018.

When superimposed on satellite images of surface chlorophyll concentration, the
drifter tracks align approximately with streaks or filaments of specific (high or low) chloro-
phyll values. Figure 6b is an example on 22 June, showing the circular or spiraling structure
and motion of the chlorophyll tracer around the AE. Except for the advection of low values
of chlorophyll, the eddy itself does not have a strong impact on the chlorophyll and on the
local biological productivity, at least in the surface waters.

In order to be more quantitative in the description of the AE kinematics, and in
the comparison between the drifter and satellite altimetry data, several quantities were
examined as a function of distance from the eddy center as determined by altimetry
(location of ADT maximum, see Figure 5). We first assumed that the AE is a circular
vortex. The tangential low-pass filtered velocities of the drifters are plotted versus radius at
3-day intervals between 13 June and 4 July in Figure 7. The satellite-derived geostrophic
tangential velocities interpolated at the drifter locations are also plotted, as well as the
azimuthally averaged geostrophic tangential speed. In the ideal case, all these values
should be similar for a given radius. In reality, differences occur especially at large ra-
dius values, because of asymmetry or anisotropy in the flow field, the proximity of the
coast to the south, ageostrophic and wind-driven velocity components and wind-wave-
induced slippage.

Linear regressions forced through zero were computed for the drifter tangential
velocities versus geostrophic tangential velocities for radius less than 100 km (see Table 1).
Between 16 June and 1 July, the regression slope is essentially one and the root-mean-square-
error is bounded by 14 cm/s. The scatter diagram with regression line on 16 June is shown
in Figure 8 (left panel). It is interesting to see whether the correction for wind-induced
currents for the CARTHE and CODE drifters change the regression results. On 16 June,
ERA5 winds were blowing from the E with a speed of 6 m/s. If we assume a correction of
~6 cm/s towards the E (1% of wind speed [26]) and apply it to the CARTHE and CODE
velocities, regression results improve slightly (RMSE of 10.6 instead of 10.9 cm/s; see
Table 1 and Figure 8 right panel) but the difference is not statistically significant. This
reveals that, for this case, corrections do not improve the mismatch between geostrophic
and drifter velocities.
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Figure 7. Clockwise tangential velocities versus distance from eddy center at 12:00 UTC on 13,
16, 19, 22, 25, 28 June 2018, 1 and 4 July 2018: drifter velocities (circle symbols: SVP—magenta,
CODE—white, CARTHE—black); geostrophic velocities interpolated at the drifter locations (star
symbols); geostrophic velocities averaged over all angles (black curve).
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Table 1. Linear regressions of drifter tangential velocities versus geostrophic tangential velocities
forced through zero. Only points less than 100 km from the eddy center were considered. The slope
(with standard error) and root-mean-square-error (RMSE) are listed. On 16 June, results using the
CARTHE and CODE velocities corrected for slippage are also included.

Day Number of Points Number of
Points > 100 km Slope RMSE (cm/s)

13-Jun-2018 37 29 0.43 ± 0.09 14.3
16-Jun-2018 30 26 0.87 ± 0.06 10.9

16-Jun-2018 * 30 26 0.97 ± 0.06 10.6
19-Jun-2018 32 25 1.03 ± 0.06 12.5
22-Jun-2018 25 20 0.94 ± 0.08 13.4
25-Jun-2018 22 17 1.04 ± 0.07 11.8
28-Jun-2018 17 13 1.08 ± 0.06 8.3
1-Jul-2018 15 11 1.04 ± 0.12 13.6
4-Jul-2018 11 8 0.69 ± 0.16 14.8

* applying windage corrections for CARTHE and CODE drifters.

Figure 8. Left: Example of scatter diagram of tangential drifter (UD) and satellite-derived geostrophic
tangential (UG) velocities on 16 June 2018 at 12:00 UTC. The straight line corresponds to the linear
regression forced through zero (see Table 1). Right: Same but with the CARTHE and CODE velocities
corrected for slippage.

Returning to Figure 7, the maximum clockwise geostrophic tangential speed ranges
between 46 and 53 cm/s at a radius of 30–60 km. The maximal extension of the eddy
(zero crossing of the tangential velocity) varies between 113 and 122 km. Drifter tangential
velocities can be much larger than the geostrophic values, for instance between 16 and 25
June the drifter tangential velocities exceed altimetry-derived values by more than 10 cm/s.
Maximal drifter tangential clockwise velocities vary between 47 and 63 cm/s.

To better describe quantitatively the morphology of the AE, we relaxed the circular
assumption and applied two independent statistical methods to determine the characteris-
tics of the drifter tracks in the eddy: least-squares fit of elliptical motion and wavelet ridge
analysis (see details in the Appendix A).

Since the two methods provide similar results, only the results of the ellipse fitting
method applied to 13 drifters trapped, with at least 1.5 loops in the AE, are reported here.
The ellipse parameters are plotted versus time between 18 and 29 June 2018 in Figure 9.
There is significant scatter in most parameters for all days. Between 18 and 24 June, the
size of the drifter ellipses tends to increase from ~30 to ~50 km. Eccentricity varies quite
a lot, but it is generally near 0.5. Some drifter elliptical paths at specific times have an
eccentricity near zero, corresponding to a near circle loop. The period also tends to increase
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with time from a daily mean value near 6 days on 18–19 June to 7–8 days after 20 June.
The inclination of the drifter elliptical paths slowly decreases from about 40◦ on 18 June to
−50◦ 10 days later. The low values of semi-major axis (near 10 km), eccentricity (~0.2) and
period (2–3 days) starting on 23 June coincide with the SVP drifter that was caught near
the center of the eddy (WMO 6102536; see Figures 4 and 5). During the same period other
drifters were rotating at the outside edge of the eddy with a semi-major axis increasing
from 60 to 80 km, and period increasing from 8 to 12 days.

Figure 9. Daily ellipse parameters versus time for all the 13 drifters entrapped in the AE as estimated
by the ellipse fit method: individual values (gray dots) and daily means (black lines). Results are
shown only for a RMSE less than 10 km2.

The temporal variations of the ellipse parameters depend strongly on the position
of the drifters within the eddy. It is therefore interesting to plot some ellipse parameters
as a function of loop size or semi-major axis (a) (Figure 10). The rotation period appears
to increase linearly with the ellipse size, from 2–3 days for a = 10 km to about 10 days
for a = 65 km. The minimum and maximum speeds of the drifters in the elliptical loops
(see Appendix A) vary between 20 and 60 cm/s. They also generally slowly increase with
distance from the eddy center. The average vorticity inside the elliptical drifter track was
estimated using Equation (1) and was scaled by the value of the inertial frequency (f ) at the
latitude of the center of the ellipse. It is negative and its magnitude varies between 0.6 f
near the eddy center and 0.2 f for a = 50–60 km.
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Figure 10. Period, minimum and maximum speeds and average vorticity as estimated from the
drifter ellipses (for RMSE < 10 km2 only) in the AE between 18 and 29 June 2018. The scaling
parameter for vorticity is the inertial frequency (f ) estimated at the center of the ellipses.

3.2.2. Differential Kinematic Properties and Vertical Velocity in the Vicinity of the AE

The surface divergence and vorticity were estimated using clusters of CODE and
CARTHE drifters. Results for selected times are shown in Figure 11. On 21 June, a total
of 301 clusters were considered. Vorticity is negative with a minimum near 0.22 f on
the western side of the AE and is slightly positive (maximum of 0.04 f ) on the northern
part, a little further away from the eddy center. Divergence is mostly positive (maximum
of 0.15 f ) on the western and northern sides. A few days later, on 25 June, 257 clusters
revealed a strong negative vorticity near the central core of the AE (minimum of −0.28 f ).
On the northern side, there is a large gradient of vorticity going from ~−0.20 f to ~0.23 f
with increasing distance from the center. There is a remarkable signature of convergence
(negative divergence) on the northeastern side of the AE with values as low as −0.23 f.
As expected, the aforementioned vorticity values are compatible with those obtained by
taking derivatives of the AGV fields (right panels in Figure 11). The maximum negative
vorticity computed from AGV is ~−0.40 f in the center of the AE core.

The vertical velocities near 100 m depth provided by the CMEMS OMEGA3D products
are only available for the offshore northern part of the AE (Figure 12). However, they
indicate a persistent positive velocity (upwelling) on the northwestern side and negative
velocity (downwelling) on the northeastern side. These large-scale estimates are bounded
by 2 m/day.
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Figure 11. ADT maps of the AE at 12:00 UTC on 21 (top) and 25 (bottom) June 2018, shown with contour lines with
5 cm intervals, superimposed with estimates of surface divergence (left) and vorticity (middle) scaled by the local inertial
frequency and plotted with colored symbols (right) at the centers of drifter clusters. Vorticity computed from AGV is shown
with colored tiles in the right panels.

3.2.3. Vertical Structure of the AE

Between 21 and 24 June 2018, three Argo floats provided information on the vertical
structure of the AE. They were located at distances of about 34, 58 and 98 km from the
center, i.e., approximately between the maximum swirl speed and just outside of the eddy
(see Figure 13 and panel of 22 June in Figure 5). Note that the drift of the three floats is
qualitatively compatible with the anticyclonic circulation of the AE. One of them (WMO
3901849) was trapped in the AE core for a couple of months (June–July 2018).

In terms of temperature (Figure 14), the float nearest the center (WMO 3901849)
reveals slightly cooler surface water (by about 1 ◦C). Between 100 and 250 m, the potential
temperature (θ) is larger by about 1.5 ◦C with respect to the outside float (WMO 3901907).
Below 250 m, the three floats show nearly identical potential temperatures.
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Figure 12. Maps of ADT (contour lines separated by 5 cm intervals) and estimates of the vertical
velocity near 100 m depth as provided by the CMEMS OMEGA3D operational product (colored tiles)
for 13, 20, 27 June and 4 July 2018.

Figure 13. Argo float trajectories in June and July 2018 superimposed on an ADT map for 22 June
2018 with positions of the profiles (+symbols every 5 days). Black circles represent the positions
of the last profiles. White circles represent the profiles, from left to right: WMO 3901849 (21 June),
WMO 6901836 (24 June) and WMO 3901907 (22 June).
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Figure 14. Top four panels: Profiles of potential temperature, salinity and potential density anomaly measured by three
floats near the Algerian eddy: WMO 3901849 on 21 June (solid), WMO 6901836 on 24 June (dashed), and WMO 3901907 on
22 June (dotted). Corresponding θ-S diagram with isolines of potential density anomaly, using the entire profiles down to
2000 m depth. Bottom panel: Profiles of geostrophic velocities (positive in the SE direction) using pairs of density profiles
(black: WMO 3901849–6901836, gray: WMO 6901836–3901907). Positive is southeastward.
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Salinity (S) profiles (Figure 14) show that the eddy core is fresher in the entire water
column, with a reduction in salinity of about 0.9 between the surface and 150 m, decreasing
to about 0.2 near 250 and about 0.04 at 500 m. Note that a value of 0.04 in salinity is near
the accuracy of Argo data (0.01 after DMQC). The lower salinity in the AE core confirms
that it includes waters of Atlantic origin.

The potential density is mostly dominated by salinity; therefore, it is minimum nearest
the center. Near the surface, there is a reduction from 25.9 to 25.3 kg m−3 in potential
density anomaly. Near 60 m the reduction is 1 kg m−3, it increases to 1.3 kg m−3 near
120 m (where potential density anomaly in the eddy is about 27.4 kg m−3) and becomes
insignificant below 250 m depth.

The θ-S diagram (Figure 14; using full profiles down to 2000 m depth) reveals that
waters denser than 28 kg m−3 in potential density anomaly have the same temperature–
salinity relationship. This indicates that the three floats sampled the same intermediate
water masses, which are subducted below the center of the AE (corresponding to the
concave doming of the isopycnals). In the near-surface layer (<50–150 m) two water masses
are distinct: the AW in the AE core with salinity of 36.5–37 and the Mediterranean water
outside (with salinity near 37.5). The maximum salinity above 38.5 for deep waters with
potential density anomaly in excess of 29 kg m−3 (see kink in the curves) is a signature of
the underlying Levantine Intermediate Water (LIW).

The three potential density profiles were interpolated at common depths with 10 m
intervals. The relative mean geostrophic velocities between pairs of profiles were estimated
down to 500 m depth using the hydrostatic approximation and the thermal wind equation:

∂Ug

∂z
=

g
f ρ

∆ρ

D
(2)

where Ug in the mean geostrophic velocity, z is depth, g is the gravity constant, f is the
inertial frequency, ρ is density, ∆ρ is the density difference and D is the distance between
the profiles. The ADT at the profile locations was used to calculate the surface mean
geostrophic velocity between the floats, and to obtain profiles of absolute geostrophic
velocities (Figure 14, bottom panel). For the pair closest to the center of the AE (WMO
3901849–6901836) the mean distance from the AE center is about 50 km and corresponds to
the maximum in orbital velocities (see Figures 5, 6a and 10). The mean geostrophic velocity
is 47–51 cm/s in the top layer down to about 80 m. Below this layer, it decreases quickly to
reach 10 cm/s at 200 m. At 500 m, it essentially vanishes, corresponding to a level of no
motion. For the other pair of profiles (WMO 6901836–3901907), further away from the AE
center, the mean distance is ~80 km and the mean surface geostrophic current is 35 cm/s.
It reduces to 10 cm/s near 125 m and reaches 7 cm/s at 500 m. Note that this pair is located
in the outer edge of the AE where the surface geostrophic velocity decreases from 50 to
10–20 cm/s and the vorticity is positive (Figures 6a and 7).

4. Discussion

Lagrangian data of drifters and float, along with operational oceanography products
mainly based on satellite observations, provided a unique opportunity to study the mor-
phology and kinematics of a specific AE in the southwestern Mediterranean Sea in 2018,
with specific focus on the period June–July 2018.

ADT maps allowed us to track the AE from its generation as a meander of the AC
in mid-May, and to describe its evolution as an independent vortex in June–July, moving
at a typical speed of 2 km/day (Figure 2). In August, the AE interacted with another
large vortex located more to the E (Figure 3). In October, it split into two components, one
staying near the coast and forming a new meander of the AC, and the other drifting to
the NW as an independent weak eddy, which eventually dissipated south of the Balearic
Islands in late November (Figure 3).

The AE started to be sampled by the drifters when it was detaching from the AC
on 13 June. About 30 drifters were involved in its clockwise circulation for a few weeks
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(Figures 4 and 5). Most drifters left the AE to rejoin the AC or stopped transmitting after
4 July.

Between 13 June and 4 July 2018, the AE was in the form of an independent vortex
detached from the AC and with a typical contrast in ADT of ~30 cm with respect to the
background (Figure 5). The drifter tracks follow qualitatively well the ADT isolines. Some
of them were trapped in the AE and described 1 to 6 loops in it, with some tendency to
diverge from the eddy center for radii larger than ~30 km. In contrast, near the eddy center
(<15 km), one SVP drifter depicted rotating loops with slight convergence (Figures 4 and 5).
There is no evidence from the altimetry and drifter data of a cyclonic vortex to the west
(upstream) of the AE when it is detaching from the AC as observed by [6] and simulated in
a rotated tank [9]. If it existed, it must have been small, short-lived and repelling drifters.

Although ADT isolines and drifter indicated that the AE is not perfectly circular,
we first assumed isotropic symmetry to estimate some quantitative characteristics of the
vortex. Drifter and satellite-derived geostrophic velocities were compared in the tangential
direction (Figures 7 and 8, Table 1). The RMSE between the two estimates vary between
8 and 15 cm/s for speeds ranging between 10 and 60 cm/s. This is a good agreement,
given the two different natures and horizontal resolutions of the velocity estimates. During
that period, the ERA5 winds had speeds of 5–10 m/s, which would correspond to about
10 cm/s difference between currents measured by CARTHE and CODE drifters and those,
mainly geostrophic, deeper in the surface mixed layer [26]. This agreement proves that the
AE is essentially in geostrophic balance, which is expected since the local Rossby number
is less than one (see vorticity estimates below).

The satellite and drifter data demonstrate that the AE has a core in clockwise rotation
with increasing speed as far as 40–50 km from its center with a maximum swirl speed
near 50 cm/s (Figures 6a and 7). Further away from the AE center the speed decreases
and reaches negligible values near a radius of 100 km. The eddy is thus characterized by
negative vorticity inside 40–50 km, and positive vorticity outside. These results are similar
to those reported in [10] for another AE.

ADT maps and drifter tracks indicate that the AE is not perfectly circular, so we
applied statistical techniques to fit elliptical paths to the drifter tracks when they are
looping in the eddy. This method was only applicable for semi-major axes between 10 and
65 km since for larger distances no drifter executed a full loop. Indeed, results indicate that
the eccentricity of the drifter loops is usually different from zero (see Figures 9 and A2)
and its daily mean value varies between 0.4 and 0.7. In general, both the ellipse size and
rotation period tend to increase slowly with time: the semi-major axis (period) increases
from ~30 km (6 days) to ~50 km (7.5 days) in less than a week (Figure 9). The inclination of
the ellipses also shows some significant scatter (Figure 9), but there is some trend of slowly
decreasing mean values (mostly visible between 50◦ and 0◦ on 18–24 June), corresponding
to the clockwise rotation of the ellipse axes of ~10◦/day. Similar clockwise rotation was
found, and analyzed theoretically, in Gulf Stream warm-core rings [42].

If we examine some ellipse parameters as a function of semi-major axis (Figure 10),
we see that the period of rotation increases from 3 days (at 10 km) to 10 days (at 65 km).
Again, these values are similar to those estimated by [10] for another AE. Hence, there
is no indication from the drifter data of any solid body rotation with constant period.
Consequently, the drifter speeds along the modelled elliptical tracks are also slightly
increasing with distance from the AE center. The above-mentioned maximum speed of
50 cm/s for a semi-major axis of ~50 km is confirmed by the statistical method.

The average negative vorticity obtained with some drifters trapped near the AE center
(distance less than 15 km; see Figures 4, 5 and 10) can reach values near −0.6 f. As the size
of the drifter loops increases (semi-major axis near 30 km, and then to 65 km, see Figure 11)
there is contribution of less negative and positive local vorticity values, so that the average
vorticity in the growing elliptical paths decreases slowly in magnitude to reach a mean
vorticity of −0.2 f near 60 km.



Remote Sens. 2021, 13, 3039 20 of 25

Vorticity was also estimated using clusters of drifters. Large negative values (~−0.3 f )
were found near the AE center (Figure 11), whereas positive values (up to 0.2 f ) dominated
on the outside eddy edge. The large negative vorticity is generally smaller in magnitude
with respect to previous estimates for two reasons: (1) the cluster method is using cluster
sizes between 20 and 50 km so the results are smoothed; (2) it excludes the SVP drifters,
in particular drifter WMO 6102536, which was trapped in a very small orbit near the AE
center. It is, however, similar to the vorticity estimated from the AVG (right panels in 11).

Surface divergence estimated with the cluster method revealed areas of divergence
(convergence) on the northwestern (northeastern) sides of the AE, with maximum values
of 0.15 f (0.23 f ) (Figure 11). This pattern qualitatively coincides with that of the vertical
velocity estimated using ARMOR3D products and the OMEGA equation (Figure 12) and
agrees with the QG theory showing secondary circulation with upwelling (downwelling)
upstream (downstream) of a meandering current [43–45].

Finally, Argo floats revealed that the AE has a vertical extension of about 250 m with a
warm, fresh and light signature in its core (Figures 13 and 14). Between the surface and
250 m depth, the maximum geostrophic speed varies from ~50 cm/s (at the surface) to
about 10 cm/s. Near the surface the water is cooler inside, but its salinity is low enough
(<37) to keep the water light and prevent it from sinking by convection. Salinity maxima in
the water column, corresponding to the LIW, are found near 550 and 400 m depth inside
and outside the AE, respectively. It is speculated that the LIW sinking is along isopycnals
which are deepening below the AE, as observed by [10], but the low salinity accuracy (~0.1)
of the Argo profiles does not allow us to confirm this statement.

5. Conclusions

This paper demonstrates that Lagrangian in situ data provided by drifters and floats,
in concert with available operational oceanography products, are an efficient approach
to study ocean eddies, if they are utilized in large numbers and remain some time in
and near these circulation structures. Most results obtained here on the morphology
and kinematics of a specific AE in the southwestern Mediterranean Sea are similar to
those previously obtained on other AEs using a ship-based hydrographic survey [10]
or glider measurements [11]. However, a multi-platform in situ approach is advocated
for future more comprehensive investigations of ocean eddies using research vessels,
autonomous moving platforms (drifter, floats, gliders) and satellite remote sensing and
operational products.
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Appendix A. Fitting an Elliptical Path to a Drifter Looping Track

The low-pass filtered data of 13 drifters trapped in the AE during the second half of
June 2018 were used to estimate the main characteristics of the looping track segments. We
used the following two statistical methods.

A.1. Least-Squares Fitting of Elliptical Track

For each day between 18 and 29 June, a segment of 10 days for each drifter centered
on that day was considered. For one drifter with a priori smaller rotation period near
2–3 days (SVP drifter WMO 6102536), this time window was reduced to 4 days. For the
others the choice of 10 days was adequate because the period ranges in 5–10 days. The
following elliptical path with a linearly moving center was fitted to this segment (using
complex notation):

x + iy = xo + iyo + (U + iV)(t− to) + A exp
(

2πi(t− to)

P

)
+ B exp

(
−2πi(t− to)

P

)
+ error (A1)

where x + iy is the position at time t, xo + iyo is the position at time to, U + iV the mean
velocity, P is the period, and A/B are the amplitudes of the counterclockwise and clockwise
rotations, respectively. Taking the first derivative in time of Equation A1, we obtain the
following model for the drifter velocity u + iv:

u + iv = (U + iV) +
2πi
P

A exp
(

2πi(t− to)

P

)
− 2πi

P
B exp

(
−2πi(t− to)

P

)
+ error (A2)

Equation (A1) was solved in the least-squares sense for values of P ranging in
1–16 days, with an interval of 0.1 day. The best fit corresponds to P, and values of xo,
yo, u, v, A, B, giving the maximum explained variance (or the minimum mean squared error
MSE = abs(error)2).

An example for the CARTHE drifter ONR0445 is shown in Figure A1. The track of
this drifter when trapped by the anticyclonic eddy is well modeled as an elliptical path
whose center is moving slowly to the N and E. The semi-major axis (a), semi-minor axis (b),
eccentricity ε and inclination θ were estimated as:

a = |A| + |B| (A3)

b = ||A |−| B|| (A4)

ε =
√

1− b2/a2 (A5)

θ = 0.5 (angle(A) − angle(B)) (A6)

They are plotted versus time in Figure A2. The semi-major axis varies between 46
and 55 km. The eccentricity is 0.4–0.7 and the period varies between 6.5 and 8.2 days. The
inclination shows a slow clockwise rotation of the elliptical path. The MSE (not shown) is
bounded by 60 km2.
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Figure A1. Example of ellipse fitting for drifter aONR0445. The drifter track between 13 June and
4 July is shown in black (with clockwise rotation). Small circle and star symbols denote the start and
end of 10-day segments shifted every day. Daily elliptical paths are shown in gray, with their centers
depicted with black circles.

Figure A2. Ellipse parameters for drifter aONR0445 versus time as estimated by the least-squares
fitting (star and dot symbols) and the wavelet ridge (solid and dotted curves) methods.
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A.2. Wavelet Ridge Analysis

Another method to characterize elliptical motion in drifter tracks is through wavelet
ridge analysis [46,47]. We first computed the bivariate wavelet continuous transforms
of the position and velocity time series using generalized Morse wavelets. The method
was applied to the entire tracks of the drifters. Positions were transformed into zonal and
meridional distances with respect to the mean position for each drifter. The results for
drifter aONR0445 are depicted in Figure A3. A maximum is striking for the anticyclonic
wavelets between 17 June and 1 July 2018.

A ridge detection algorithm was applied to identify the ridges in the wavelet trans-
forms. They are shown with black curves in Figure A3 for the negative (anticyclonic)
wavelets. The periods of the main ridge are plotted versus time in Figure A3 (lower panel).

Figure A3. Top: Positive/cyclonic (top) and negative/anticyclonic (bottom) rotary wavelet transform
amplitudes (in km) versus time and period for the position time series of drifter aONR0445. Black
curves represent the main ridges for the negative wavelets.

The corresponding ellipse parameters were computed using the values of the positive
and negative transforms along the ridge of the negative wavelet transforms using the
following equations [44]:

a = (|wn| + |wp|)/
√

2 (A7)

b = (|wn| − |wp|)/
√

2 (A8)

θ = 0.5 (angle(wp) − angle(wn)) (A9)

where wn and wp are the negative and positive rotary wavelet transforms, respectively. We
found that a ≈ 50 km, b ≈ 45 km, the eccentricity is near 0.5 and the period is 6.5–7.5 days
(Figure A2).

Figure A2 shows that the ellipse parameters estimated by the two methods are similar,
although the wavelet ridge method tends to be a little smoother in time. In general, the
semi-major and semi-minor axes are, respectively, 45–55 km and 35–45 km. Eccentricity
varies between 0.4 and 0.7 and the ellipse inclination decreases from about 50◦ down to
−50◦ in 10 days. The period of rotation is 6.5–8 days.
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