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A B S T R A C T

Mesoscale eddies are recurrent features in the Canary Islands region, where the interaction between the Canary 
Current, the islands topography, and the nearby North African coastal upwelling is associated with a complex 
variety of vortices. Despite decades of regional studies, the relative importance, spatial differentiation, vertical 
structure, seasonal variability and persistence of the different eddy populations remain poorly quantified. The 
aim of this work is to provide the first long-term and consistent evaluation of the main eddy populations asso
ciated with contrasted dynamical environments in the region, offering a systematic distinction between vortices 
associated with island– and upwelling–current interactions, by analyzing the formation, evolution, and dynamics 
of eddies generated over the period 1993–2022. Using satellite altimetry from the META product and three- 
dimensional structure data from ARMOR3D, eddies were grouped according to their rotation (cyclonic or an
ticyclonic) and their formation within island-wakes or upwelling-front dynamical environments, enabling a 
comparative characterization of their properties. Results show that anticyclonic eddies represent a larger fraction 
of the detected long-lived mesoscale eddy population (approximately 56% over the 30-year study period) and, on 
average, exhibit greater abundance, persistence, and energetic intensity than cyclonic eddies, with larger 
amplitude, radius, and mean velocity. Seasonal variability strongly modulates eddy generation and persistence, 
particularly for upwelling-front eddies. Vertical temperature, salinity, and geostrophic velocity distribution 
reveal that anticyclones have deeper and more coherent cores, with higher surface velocities, reinforcing their 
role as the most structurally robust eddies in the region. By explicitly separating eddy populations associated 
with different dynamical environments, this study shows that mesoscale eddies commonly treated as a single 
population exhibit fundamentally different dynamical, energetic, and vertical structures, highlighting the 
importance of a population-based classification linked to contrasted dynamical environments. These findings 
provide the first systematic comparison of eddy populations in the Canary Islands region, emphasizing their 
importance for the transport of physical and biogeochemical properties in the eastern subtropical North Atlantic.

1. Introduction

The Canary archipelago, located in the northeastern Atlantic Ocean 
between latitudes 27◦N and 30◦N, constitutes a region of great ocean
ographic interest due to its interaction with the Canary Current (CC) and 
the nearby Northwest African coastal upwelling. The CC forms the 
eastern boundary of the North Atlantic subtropical gyre (Hernández- 
Guerra et al., 2001; Pérez-Hernández et al., 2013; Stramma and Siedler, 
1988) and flows predominantly southwestward with an average trans
port of 3 ± 1 Sv (Machín et al., 2006). The current exhibits marked 
seasonal variability, intensifying from spring to autumn when it moves 

offshore, and weakening during winter (specifically 2.8 ± 1.2 Sv in 
spring, 2.9 ± 1.1 Sv in summer, 4.5 ± 1.2 Sv in autumn, and 1.7 ± 1.0 
Sv in winter; Machín et al., 2006). As it flows through the islands, the CC 
is deflected and disrupted by their own morphology, generating a 
complex dynamic circulation. This interaction is associated with a wide 
range of mesoscale phenomena, including the frequent occurrence of 
mesoscale eddies linked to barotropic instability conditions (Mason 
et al., 2011; Sangrà et al., 2009; Cardoso et al., 2020; Valencia et al., 
2025). These instabilities emerge where strong horizontal shear de
velops between the main flow and the recirculation cells formed in the 
lee of the islands, converting the kinetic energy of the mean flow into 
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Eddy Kinetic Energy (EKE) (Dilmahamod et al., 2022; Dong et al., 2007). 
In addition, these vortices may be influenced by the trade winds because 
of Ekman pumping within the island wakes (Barton et al., 2000).

In turn, the Northwest African coastal upwelling, one of the major 
eastern boundary upwelling systems of the Atlantic Ocean, is driven by 
the trade winds that transport cold, nutrient-rich waters from the deep 
layers to the surface (Barton et al., 1998; Marcello et al., 2011; Pelegrí 
et al., 2005; Pelegrí and Benazzouz, 2015). The upwelling of these wa
ters is fundamental for sustaining the high biological productivity in the 
eastern Atlantic and plays a key role in shaping baroclinic instability 
conditions, which are commonly associated with mesoscale eddy ac
tivity near the Canary Islands (Barton et al., 1998; Sangrà et al., 2009; 
Pegliasco et al., 2015; Ioannou et al., 2022). This upwelling exhibits 
marked seasonality, intensifying during periods of enhanced trade winds 
(Bakun, 1990). Baroclinic instabilities arise along the upwelling fronts, 
where trade-wind–driven coastal currents develop strong vertical and 
horizontal shear in velocity and density. These shear zones provide 
favorable conditions for mesoscale eddy development (Barton et al., 
2000; Marchesiello et al., 2003; Meunier et al., 2012; Müller and Siedler, 
1992).

Mesoscale eddies are coherent dynamic structures with a well- 
defined hydrographic pattern, characterized by a distinct central core 
surrounded by a peripheral ring. Based on the core properties of the 
eddy, two main types can be distinguished: anticyclonic eddies with a 
warm core rotating clockwise, exhibiting greater stability and lifetimes 
that can last several months, and cyclonic eddies, which rotate coun
terclockwise, display cold cores associated with the pumping of deep 
waters to the surface, and generally more unstable (Arístegui et al., 
1994; Barton et al., 1998; Sangrà et al., 2009, 2007; Cushman-Roisin 
and Beckers, 2011). Within an eddy, vorticity is concentrated in the 
core, where the flow behaves like solid-body rotation, with tangential 
velocity increasing linearly with respect to the radius, implying a nearly 
constant angular velocity (Saffman, 1995). EKE, in contrast, is primarily 
associated with the azimuthal flow near the eddy periphery, close to the 
radius of maximum velocity. Beyond the core, the tangential velocity 
decreases, describing a potential vortex. During its evolution, an eddy 
may transition from a Rankine-type structure, with solid rotation, to a 
Gaussian-type eddy with slower peripheral flow (Piedeleu, 2014). 
Through their complex vertical structure, eddies can significantly 
reshape the water column, displacing isotherms and isopycnals, over 
depths that usually oscillate between 100 and 500 m, occasionally 
reaching 700 m (Frenger et al., 2015; Sangrà et al., 2007). Their for
mation, evolution, and stability can also be affected by their interaction 
with the seabed topography and/or interaction with other currents 
(Chelton et al., 2011).

Within the Canary Islands region, what is known as the Canary Eddy 
Corridor (CEC) has been identified and first described by Sangrà et al. 
(2009) as one of the main pathways for the dispersion of oceanic eddies 
in the northeastern Atlantic. This corridor is key to the dynamics and 
exchanges between the shelf and the open ocean, with both physical and 
biogeochemical implications, including the transport of microplastics 
(Sangrà et al., 2009; Vega-Moreno et al., 2021). Such eddies exhibit a 
size range from approximately 10 to 100 km in diameter; initially, they 
are close to the Rossby deformation radius (~25 km), which favors the 
predominant presence of anticyclonic over cyclonic eddies (Sangrà 
et al., 2009, 2007). Cyclonic vortices mainly form off La Palma, El 
Hierro, La Gomera, and Gran Canaria islands, as well as along the Af
rican coast south of Fuerteventura, while anticyclones tend to develop 
off Gran Canaria and Tenerife (Sangrà et al., 2009). The vortices in the 
CEC are cohesive and well-defined structures that predominantly move 
westward as dynamically independent entities, apart from the main flow 
which is the CC (Mason et al., 2014; Sangrà et al., 2009). Their westward 
propagation results from the interaction between the eddy vorticity 
(regardless of whether they are cyclonic or anticyclonic) and the 
β-effect— the variation of the Coriolis force that changes with lat
itude—which generates a net westward acceleration as the eddies 

attempt to conserve their potential vorticity (Chelton et al., 2011; 
Cushman-Roisin and Beckers, 2011).

In most oceanic regions, mesoscale eddies are predominantly 
generated by a single dominant instability mechanism, either baroclinic 
instabilities associated with density fronts in coastal upwelling systems, 
or barotropic instabilities linked to strong horizontal shear and flow
–topography interactions (e.g. Chelton et al., 2011). The Canary Islands 
region constitutes an exceptional natural laboratory in this context, as it 
hosts the persistent coexistence of both mechanisms within a relatively 
confined domain. Here, barotropic instabilities induced by the interac
tion between the Canary Current and the island topography operate 
simultaneously with baroclinic instabilities associated with the North
west African coastal upwelling system (Mason et al., 2011), giving rise to 
eddy populations of different origin that partially overlap in space and 
time and feed the same downstream eddy corridor. This dynamical 
configuration raises the question of whether treating all mesoscale 
eddies as a single homogeneous population is physically appropriate. 
Addressing this issue requires distinguishing eddy populations accord
ing to the dynamical environments in which they form, in order to assess 
whether island-wake and upwelling-front eddies differ systematically in 
their structure, energetics, and evolution. In this sense, although the 
Canary Islands provide the observational setting, the underlying ques
tion provides implications for the interpretation of mesoscale eddy 
populations in other regions where multiple generation processes 
coexist.

Unlike studies that treat mesoscale eddies as a single population, this 
work explicitly contrasts eddies associated with two distinct dynamical 
source regions—island-wake (IW) eddies to island-induced shear and 
upwelling-front (UF) eddies associated with coastal upwelling 
fronts—and documents how these contrasting formation environments 
translate into systematic differences in surface properties, persistence, 
and vertical structure.

Accordingly, the aim of this study is to provide a comprehensive 
assessment of the long-lived cyclonic and anticyclonic mesoscale eddies 
(lifetimes >60 days) generated around the Canary Islands, focusing on 
eddies originating from two contrasted source regions characterized by 
different dynamical environments: island–wake regions associated with 
strong horizontal shear linked to island–current interactions, and coastal 
upwelling regions characterized by intense density fronts within the 
Northwest African coastal upwelling system. We analyze in detail their 
characteristics, vertical structure, evolution, and dynamics over the 
period 1993–2022, focusing on variations in size, duration, displace
ment, amplitude, and intensity, as well as on their three-dimensional 
temperature, salinity, and geostrophic velocity fields. A key objective 
of this work is to perform, for the first time, a systematic comparison 
between eddies formed by island–current interactions and those 
generated within the North African coastal upwelling system, thereby 
quantifying how these distinct dynamical environments shape the 
properties and persistence of the resulting vortices. Additionally, we 
evaluate the influence of seasonal variability on eddy formation and 
stability, and we estimate their associated EKE to assess the role of these 
structures in transporting momentum and energy from the coastal re
gion to the open ocean.

2. Materials and methods

2.1. Study area and driving instabilities

The study area and the main features of the background circulation 
relevant to mesoscale eddy formation are summarized in Fig. 1. To 
examine the formation, evolution, and dynamics of mesoscale eddies in 
the surrounding waters of the Canary Islands, we defined two regions of 
interest characterized by contrasted dynamical environments relevant to 
mesoscale eddy formation (red boxes in Fig. 1). To identify them, we 
used monthly climatological fields from the Copernicus reanalysis 
product GLORYS12V1, built from model outputs spanning 1993–2016 

H. Bañuls-Cervera et al.                                                                                                                                                                                                                       Journal of Sea Research 211 (2026) 102703 

2 



(see following subsection 2.2 for further details), and evaluated at 100 m 
depth to minimize wind influence and better capture subsurface dy
namics. The horizontal shear annual mean reveals enhanced shear 
southwest of the islands, especially in Gran Canaria, La Palma and La 
Gomera, where conditions favorable to barotropic instability are more 
likely to occur (Fig. 1a). In contrast, during the upwelling favorable 
season (May–August, MJJA), the mean meridional density gradient 
shows strong frontal zones associated with the North African upwelling 
system, indicating conditions favorable for baroclinic instability pres
ence (Fig. 1b). The use of different temporal averages for these di
agnostics reflects the distinct physical nature of the two instability 
mechanisms: barotropic instability is associated with persistent mean- 
flow shear around the islands, promoting the formation of IW eddies, 
whereas baroclinic instability is most active from May to August, when 
upwelling-induced density fronts intensify along the northwest African 
margin, favoring the occurrence of UF eddies.

Horizontal velocity shear is computed from the annual climatology 

of the geostrophic velocity components as S =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
∂u/∂y)2 + (∂v/∂x)2

√

, 

using centered finite differences on the spherical grid, while the 
meridional potential density gradient is calculated as ∣∂σθ/∂y∣, based on 
the MJJA climatology at the same depth (both computed from GLOR
YS12V1 product) due to its relatively high (1/12◦) horizontal resolution. 
Accordingly, eddies are assigned to these two categories based on their 
formation location within regions characterized by contrasted 
barotropic-like (shear values over 5 10− 6 s− 1) and baroclinic-like 
(meridional potential density gradients over 3 10− 6 kg m− 4) dynam
ical environments. The boundaries of both regions were defined based 
on the spatial coherence and persistence of the climatological patterns 
shown in Fig. 1, and were kept constant for the full analysis period. All 
supplementary figures were produced using the same datasets and 
methodological framework described in the main manuscript. Seasonal 
maps illustrating the modulation of these diagnostics are provided in 
Figs. S1–S2 (Supporting Information).

2.2. Datasets used for mesoscale eddy identification and characterization

The databases used in this study were obtained from different sour
ces. Mesoscale eddy characteristics have been extracted from the 
AVISO+ Atlas, specifically from the Mesoscale Eddy Trajectory Atlas 
Product (META) section. This product was developed and validated as 
part of the project, with support from CNES in collaboration with 

Oregon State University for version 3.2 DT, and with the Instituto 
Mediterráneo de Estudios Avanzados (IMEDEA) for other versions 
(Schlax and Chelton, 2016; Mason et al., 2014). This is a global database 
with a regular horizontal resolution of 0.25◦, based on delayed-time 
satellite altimetry data. The DT altimetry database corresponds to a 
delayed-time product, meaning that these data have undergone post- 
processing; thus, calibrations and corrections are performed to ensure 
higher data quality. The database is updated between three and four 
times a year and covers the period from 01/01/1993 to 09/02/2022.

In the META framework, mesoscale eddies are identified from maps 
of Sea-Level Anomaly (SLA) using a closed-contour approach. An eddy is 
defined as a region enclosed by the outermost closed SLA contour sur
rounding a local extremum. The eddy center corresponds to the location 
of this extremum, while the eddy amplitude is defined as the difference 
between the SLA value at the eddy center and that of the outermost 
closed contour. Eddy size is characterized by the effective radius, 
defined as the radius of a circle with the same area as that enclosed by 
the outermost closed SLA contour, providing a physically meaningful 
measure of eddy extent. Velocity-related diagnostics, including the 
radius of maximum velocity and the mean azimuthal velocity, are 
derived from geostrophic velocities associated with the SLA field, 
assuming geostrophic balance at mesoscale scales. These definitions are 
applied consistently across the global dataset and follow established 
community practices in altimetry-based eddy detection.

The present study does not perform any additional eddy detection or 
re-identification beyond the original META product. All eddies analyzed 
here are pre-detected and tracked mesoscale vortices provided by 
META. No modification of eddy centers, boundaries, radii, or trajec
tories is performed. The additional criteria applied in this study—such as 
minimum lifetime thresholds and amplitude-based filtering—are not 
part of the eddy detection procedure but are introduced solely to define 
subsets suitable for specific analyses (e.g., normalized life-cycle evolu
tion, vertical-structure composites, and energetics). These post-selection 
filters are explicitly documented in Sections 2.3 and 2.4, and their 
impact on sample size and results is assessed through dedicated sensi
tivity analyses. As such, the reported statistics reflect properties of 
selected subsets of a consistently detected eddy population, rather than 
outcomes of a modified detection strategy.

For the analysis of the vertical structure of the mesoscale eddies (see 
Section 3.3 for more details), we have used the ARMOR3D product 
(MULTIOBS_GLO_PHY_TSUV_3D_MYNRT_015_012) (Guinehut et al., 
2012; Mulet et al., 2012) from the Copernicus Marine Environment 

Fig. 1. Dynamical diagnostics at 100 m depth in the region between the Canary Islands and the northwest African coast. (a) Horizontal shear magnitude derived from 
the annual climatology of GLORYS12V1. (b) Meridional density-gradient magnitude computed from the MJJA climatology. The two distinct dynamical source 
domains discussed in the text are delineated by red boxes: the island-wake region (left panel), located south of La Gomera (GM), Tenerife (TNF) and Gran Canaria 
(GC), and the upwelling-front region (right panel), extending offshore of the Bay of El Aaiún and Cape Bojador. The 100 m isobath is shown as a thin black contour. 
The main near-surface currents are sketched in gray in left panel. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.)
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Monitoring Service (CMEMS). The ARMOR3D L4 dataset consists of a 
multiyear analysis and reprocessing of global observations. These data 
provide information on three-dimensional fields of temperature, 
salinity, dynamic height, geostrophic currents, and mixed layer depth. 
The database has a global spatial extent, with a regular horizontal res
olution of 0.25◦, and the vertical resolution is distributed across 50 
levels from the surface to the bottom. The temporal resolution used is 
weekly and span from 01/01/1993 to 18/06/2025.

The Canary Islands region is characterized by strong island-induced 
wakes, coastal upwelling, and interactions across mesoscale and sub
mesoscale ranges. While altimetry-based eddy detection is well suited to 
identify coherent mesoscale vortices, it is less sensitive to small-scale, 
short-lived, or strongly ageostrophic features. The present study, 
therefore focuses on persistent mesoscale eddies whose surface expres
sion is sufficiently coherent to be robustly detected by satellite altimetry. 
As a result, the identified eddy population should not be interpreted as 
an exhaustive representation of all vortical motions in the region, but 
rather as a consistent and well-defined subset suitable for population- 
level comparison. Subsurface fields are used to characterize the back
ground dynamical environment and the average vertical structure of 
eddies detected at the surface.

2.3. Time normalization and sensitivity test

To carry out this study, a set of key variables was selected to char
acterize the structure and evolution of the mesoscale eddies: amplitude, 
effective area, effective radius, mean rotation speed, maximum velocity 
radius, and lifespan (Table 1). These metrics are selected to capture 
complementary aspects of eddy structure and evolution, including size, 
intensity, persistence, and energetic content, which are expected to 
reflect differences associated with the contrasted dynamical environ
ments of the eddy source regions. Amplitude is defined as the difference 
in sea surface height between the center of the vortex and the sur
rounding effective contour. The effective area corresponds to the entire 
area enclosed by this contour, while the effective radius is defined as the 
radius of the circle that best fits it. Mean speed refers to the average 
speed along the contour, and finally, the velocity radius refers to the 
radius of the best-fitting circle corresponding to the mean speed contour.

The analysis focuses on long-lived eddies, as these structures are 
more likely to represent dynamically coherent and mature vortices, 
allowing a consistent comparison of their life-cycle evolution and ver
tical structure. We acknowledge that this selection introduces a bias 
towards more persistent eddies and that shorter-lived eddies may exhibit 
different characteristics. To ensure that the results obtained did not 
significantly depend on the temporal criterion used to define long-lived 
eddies and thus create a bias in the results, the study of the eddies was 
conducted using two minimum duration thresholds: 60 and 90 days. 
This way, it could be determined whether the chosen criterion for 

determining the longevity of the eddies significantly influenced the 
patterns of the eddies under study. The results obtained for both 
thresholds showed very similar patterns with minimal differences in 
behavior, indicating that the results of this study are robust against 
changes in the minimum duration criteria in the range from 60 to 90 
days (Tables 3 and S1). Therefore, it was ultimately decided to use the 
60-day threshold, as this allows for a greater number of eddies to be 
incorporated into the analysis, without compromising the quality and 
validity of the results. Because the eddy classification is based on fixed 
source regions defined from robust climatological patterns (Section 2.1), 
rather than on tunable numerical thresholds, the main sensitivity of the 
analysis arises from the selection criteria applied to the eddy population 
(lifetime and amplitude), which are explicitly tested in Sections 2.3 and 
2.4. The sampling pipeline applied in this study therefore consists of: (i) 
the full set of detected eddy tracks, (ii) selection of long-lived eddies 
with lifetimes exceeding 60 days, and (iii) classification of this subset 
into the four eddy classes (island-wake anticyclonic eddies, IW-A; up
welling-front anticyclonic eddies, UF-A; island-wake cyclonic eddies, 
IW-C; upwelling-front cyclonic eddies, UF-C), whose sample sizes are 
reported in Table 3.

In addition to the sensitivity tests applied to lifetime thresholds, we 
evaluated the robustness of the classification with respect to the spatial 
definition of the source regions. To this end, we performed supple
mentary tests in which the boundaries of the island-wake and upwelling- 
front regions were moderately contracted and expanded ±0.5◦

(Table S2). While the absolute number of eddies assigned to each class 
varied under these alternative configurations, the main population-level 
contrasts in amplitude and lifetime remained unchanged. These results, 
summarized in Table S2, confirm that the primary conclusions are not 
critically dependent on the precise delineation of the source polygons.

Physical parameters (amplitude, effective area, effective radius, 
mean speed, velocity radius) along each individual trajectory for each of 
the eddy sets (IW-A, UF-AUF-A, IW-C, UF-C) were assessed and the mean 
and standard deviation calculated. Then, to enable population-level 
comparisons among eddies with different lifetimes, we normalized the 
time axis of each individual trajectory to a common, non-dimensional 
scale (Eqs. 1 to 3). This step is fundamental, as it removes lifetime 
variability as a confounding factor and allows all eddies to be compared 
along equivalent stages of their life cycle (Pegliasco et al., 2015). For 
each eddy, i , the original time coordinate t was converted into a 
normalized, dimensionless variable τ∈[0,1] defined as: 

τᵢ(t) = (t–tᵢˢᵗᵃʳᵗ)/(tᵢᵉⁿᵈ − tᵢˢᵗᵃʳᵗ) (1) 

We then defined a uniform grid of M points (τₘ = (m − 1)/(M − 1), 
m = 1, …,M) and interpolated all diagnostics xᵢ(t) onto that grid: 

x̃ᵢ(τₘ) = ℐ{(τᵢₖ, xᵢ(tᵢₖ) )ₖ = 1 ,…,Nᵢ}(τₘ) (2) 

where ℐ denotes linear interpolation. Finally, ensemble composites 
and dispersions were computed across the normalized population as: 

x(τₘ) = (1/N) Σᵢ x̃ᵢ(τₘ), σₓ2(τₘ) = (1/(N − 1) ) Σᵢ [x̃ᵢ(τₘ) − x(τₘ) ]2 (3) 

In this study, we used M = 500 points, providing smooth composites 
while preserving the temporal structure of individual trajectories.

2.4. Vertical structure

Lastly, to analyze the vertical structure of the eddies, temperature, 
salinity, and zonal and meridional velocity fields (0–1000 m) from the 
ARMOR3D dataset were extracted for all eddies whose amplitude 
exceeded a given threshold. For each case, the fields were spatially and 
temporally centered on the eddy's position and date. For each time step 
of the eddies, a zonal transect was generated centered on the position of 
the eddy, extending 50 km to the east and west. Only those timesteps in 
which the eddies had an amplitude greater than a given value were 
chosen. Subsequently, all temperature and salinity vertical distributions 

Table 1 
Definition of eddy properties used in this study.

Parameter Definition Units Source

Amplitude
Difference between the Sea-Level Anomaly 
at the eddy center and the outermost closed 
SLA contour

cm META

Effective area Area enclosed by the outermost closed SLA 
contour

km2 META

Effective radius
Radius of a circle with the same area as the 
effective area km META

Mean rotation 
speed

Mean azimuthal geostrophic velocity 
within the eddy m/s META

Radius of 
maximum 
velocity

Radial distance from the eddy center at 
which azimuthal velocity is maximum km META

Lifespan Time between eddy detection and 
dissipation

days META
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corresponding to mature eddy stages were averaged over time for each 
of the four eddy types. Average anomaly temperature and salinity fields 
were calculated with respect to the average profile of the chosen edge 
(>50 km), enhancing the thermal, saline, zonal, and meridional velocity 
signals associated with the eddy core. All fields were extracted on the 
native ARMOR3D grid and composited in physical space after centering 
on the eddy core, without additional spatial interpolation. Radial 
normalization by the eddy radius (r/R) was not applied, in order to 
preserve differences in the absolute spatial scales and vertical structure 
among eddy classes.

To choose a robust eddy maturity criteria based on the amplitude for 
the analysis of the vertical structure, a sensitivity study was performed 
under three thresholds (Table 2), 3, 5 and 7 cm, in order to quantify the 
percentage of eddies that exceed each amplitude threshold and still the 
selected criteria provides consistent and reliable results (for further 
details see the vertical distributions of IW-A, IW-C, UF-A and UF-C for 
the different threshold values in Figs. S5-S9 in Supporting Information). 
As the percentages of eddies decrease, the amplitude thresholds in
crease. Based on Table 2, a 5 cm amplitude threshold was selected as an 
optimal and sufficiently sensitive, since the percentage of eddies that 
exceed this threshold ranges between 38.5% for UF-C and 53.3% for IW- 
A. This proportion ensures an adequate sample size and supports the 
robustness of the resulting analysis. The sensitivity analysis confirms 
that the main characteristics of the vertical composites and the quali
tative differences between eddy classes remain unchanged across the 
tested amplitude thresholds.

The combination of multi-decadal satellite-derived eddy trajectories 
with three-dimensional hydrographic reconstructions allows us to 
characterize not only the surface expression but also the vertical struc
ture and persistence of long-lived eddies in a dynamically complex re
gion influenced by island topography and coastal upwelling.

2.5. Eddy Kinetic Energy (EKE)

To characterize the energetic intensity of the analyzed eddies, the 
EKE associated with each observation from the META catalogue was 
estimated (Eq. 4). The EKE was calculated from the mean velocity of the 
eddy using the expression (in units of energy per unit mass, cm2 s− 2): 

EKE =
1
2

v2 (4) 

where v2 represents the square of the mean velocity for each timestep. 
Since the zonal and meridional components are not available separately, 
it is approximated that v2 ≈ speed_average2, which provides a reason
able estimate of the kinetic content of the eddies. The mean velocity 
provided by the META catalogue corresponds to the azimuthal 
geostrophic velocity associated with the eddy structure itself and is not 
obtained from a decomposition into background and anomaly compo
nents. In this context, EKE is used as a kinematic proxy for the intensity 
of the eddy circulation.

EKE has been calculated for each timestep along the eddy trajectory 
for the four eddy types (IW-A, UF-A, IW-C, and UF-C), considering only 
those with lifetimes exceeding 60 days. Finally, to obtain a spatial rep
resentation of the energetic activity in the Canary Islands, all EKE values 
were projected onto a regular grid with a spatial resolution of 0.25◦. In 
each grid cell, the kinetic energy was summed and divided by the total 

number of observations contained within it, thus obtaining an average 
EKE map. This procedure was repeated separately for island-wake and 
upwelling-front eddy trajectories, allowing for a comparison of the 
spatial distribution of their relative energetic activity.

3. Results

3.1. Characteristics of the mesoscale eddies of the Canary Islands

A total of 577 eddies has been identified over 30 years: 137 are IW-A, 
212 are UF-A, 100 are IW-C, and 128 are UF-C (Table 3), being the 
mesoscale eddy population dominated by anticyclonic structures, 
comprising 61% of the total, while cyclonic eddies account for the 
remaining 39%. Among these, only 179 (31%), exhibited lifespans 
longer than 60 days, thus being considered as persistent. Within these 
179 eddies, 53 are IW-A, 46 are UF-A, 35 are IW-C, and 45 are UF-C 
eddies, represented at their formation in Fig. 2. In general terms, long- 
lived anticyclonic eddies were found to be more abundant than 
cyclonic ones (56.1% versus 43.9%, respectively). Regarding the 
dynamical environment at formation, eddies associated with island- 
wakes are more numerous than upwelling-front eddies, with both 
types showing a predominance of anticyclonic over cyclonic eddies. The 
trajectories of these long-lived eddies are shown in Fig. 3, illustrating 
marked differences in propagation pathways and spatial extent among 
the four eddy classes.

All analyses presented in Sections 3.1–3.4 are based on the subset of 
long-lived eddies (>60 days) summarized in Table 3, and conclusions 
should therefore be interpreted as representative of persistent eddies 
rather than of the entire detected eddy population. This approach, based 
on the joint use of long-term satellite eddy tracking and three- 
dimensional hydrographic fields, provides a consistent framework to 
examine how persistence, surface properties, and vertical structure co- 
evolve in mesoscale eddies formed under contrasting dynamical envi
ronments. Comparisons presented in this study are intended as 
descriptive, population-level analyses. No formal statistical hypothesis 
testing is applied, and reported differences should be interpreted as 
comparative tendencies rather than as statistically inferred significance.

To complement the mean values summarized in Table 3, Fig. 4
presents the distribution of lifetimes for the long-lived eddy subset (≥60 
days) using probability density distributions. These distributions high
light differences in the median lifetime and spread among the four eddy 
classes, illustrating the greater persistence and broader variability of 
island-wake eddies, particularly IW-A, compared to upwelling-front 
eddies. The use of distribution-based diagnostics provides population- 
level context for the subsequent analyses of normalized life-cycle evo
lution and physical properties.

Regarding amplitude (Table 3), island-wake anticyclonic eddies 
exhibit the highest mean values, slightly exceeding those of island-wake 
cyclonic eddies (6 ± 4 cm compared to 5 ± 3 cm, respectively). 
Upwelling-front eddies, both cyclonic and anticyclonic, show lower 
amplitude values, with a mean of 5 ± 4 and 4 ± 3 cm, indicating a 
greater structural stability of island-wake eddies, particularly IW-A. The 
effective area shows a similar trend: IW-A also lead this metric with a 
mean of 1880 ± 1210 km2, followed by IW-C with 1710 ± 1330 km2. In 
contrast, upwelling-front eddies present a smaller extent, especially UF- 
C, which reach a mean of 1321 ± 832 km2. This hierarchy is maintained 

Table 2 
The percentage of mesoscale eddies considered in the vertical structure analysis (Section 3.3) after applying different amplitude thresholds.

Mesoscale eddies Amplitude

3 cm 5 cm 7 cm

Cyclonic Anticyclonic Cyclonic Anticyclonic Cyclonic Anticyclonic

UF 65.9 67.0 38.5 40.9 19.1 23.4
IW 75.0 78.3 48.0 53.3 28.7 34.5
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in the case of the effective radius, with IW-A again showing the highest 
values (78.6 ± 26.6 km), while UF-C shows the lowest (66.9 ± 21 km). 

In terms of mean displacement velocity, although the differences be
tween types of eddies are more subtle, IW-A stand out again with the 

Table 3 
Properties of anticyclonic and cyclonic eddies, classified according to their associated dynamical environment (island-wake or upwelling-front). The total number of 
detected eddies, the number of eddies lasting more than 60 days, the amplitude, effective area and radius, mean velocity, velocity radius, and lifetime are shown. The 
values are presented as mean ± standard deviation only for those eddies with a duration greater than 60 days. The number of eddies lasting more than 60 days 
corresponds to the subset used in the normalized trajectory analysis (Section 2.3), the vertical structure composites based on ARMOR3D (Section 2.4), and the EKE 
analysis (Section 2.5).

Anticyclonic Cyclonic

Island-wake Upwelling-front Island-wake Upwelling-front

No. Eddies 137 212 100 128
No. Eddies > 60 days 53 46 35 45
Amplitude (cm) 6 ± 4 5 ± 4 5 ± 3 4 ± 3
Effective Area (km2) 1880 ± 1210 1702 ± 1131 1710 ± 1330 1321 ± 832
Effective Radius (km) 78.6 ± 26.6 74.8 ± 25.3 74.5 ± 28.7 66.9 ± 21
Average Speed (m/s) 0.19 ± 0.09 0.16 ± 0.08 0.17 ± 0.05 0.16 ± 0.05
Speed Radius (km) 52.7 ± 14.3 53.8 ± 14.2 52.7 ± 14.5 51.4 ± 12.5
Lifetime (days) 248.8 ± 194.3 206.8 ± 195.2 159.8 ± 146.7 142.4 ± 126.7

Fig. 2. Spatial distribution of (a) cyclonic and (b) anticyclonic eddies at the time of formation over 30 years. Gray small dots indicate the formation locations of 
short-lived eddies (lifetime <60 days). Long-lived eddies (lifetime ≥60 days) are shown in yellow. For eddies with lifetimes ≥60 days, those formed within the island- 
wake region are shown in blue, while those formed within the upwelling-front region are shown in red. The 500, 1000, 2000, 3000 and 4000 m isobaths are shown as 
thin black contours. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Trajectories of eddies with durations exceeding 60 days, classified according to the rotation of the core and the formation mechanism. (a) IW-C; (b) UF-C; (c) 
IW-A; and (d) UF-A. Each line of each colour refers to the trajectory made by each eddy.
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highest average velocity (0.19 ± 0.09 m/s), reinforcing their charac
terization as the most energetic eddies among the four types. Finally, the 
radius of maximum velocity remains relatively homogeneous among the 
different types, with a mean close to 52 km, suggesting a similar kine
matic structure. Overall, island-wake eddies, especially anticyclonic 
ones, are characterized by larger size and amplitude, as well as longer 
lifetimes when compared at the population level. This greater persis
tence is directly illustrated by the lifetime distributions of the long-lived 
subset (>60 days), shown in Fig. 4, which reveal higher median lifetimes 
and broader spreads for island-wake eddies, particularly IW-A.

Fig. 2 shows the location, at the moment of their formation, of the 
mesoscale eddies within the two predefined dynamical regions. A 
distinct spatial pattern emerges from the comparison of both cyclonic 
and anticyclonic eddy distributions (Fig. 2a and b, respectively). 
Regarding the IW-A eddies (Fig. 2b), they are mainly concentrated south 
of the channel between the islands of Tenerife and La Gomera, with 
additional ones located south of the island of Gran Canaria. In contrast, 
island-wake cyclonic eddies are preferentially generated southwest of 
Gran Canaria island (Fig. 2a). In terms of eddies forming within the 
upwelling-front region, a notable spatial difference is also evident. 
Upwelling-front anticyclonic eddies are generated almost exclusively on 
the southern margin of the identified generation area, off Cape Bojador 
(see Fig. 1), whereas UF-C eddies tend to be generated further north, 
approximately in the center of the area off the Bay of El Aaiún.

Analysis of the eddy trajectories (Fig. 3), reveals markedly distinct 
behaviors. Cyclonic eddies, both IW-C and UF-C, propagate predomi
nantly westward with a slight northward component (Fig. 3a, b), while 
IW-A and UF-A eddies show a more marked displacement southwest
ward (Fig. 3c, d). Overall, eddies associated with island-wake environ
ments tend to be more persistent over time, resulting in eddies with 
longer lifetimes and considerably longer trajectories (Table 3). In 
contrast, upwelling-front eddies usually have more limited durations, 
leading to relatively short trajectories. It is worth emphasizing the 
greater longevity of IW-A eddies, reflecting the combined influence of 
their anticyclonic rotation and the dynamical environment at formation. 
While the classification is based on the eddy formation regions, the 
temporal evolution shown in the following sections reflects not only the 
initial conditions at formation but also the influence of the varying 
background environment encountered along the eddy trajectories.

The lifetime distributions (Fig. 4) reveal clear contrasts in persistence 
across dynamical regimes and rotation sense. In the island-wake regime, 

anticyclonic eddies display the broadest distribution and the most 
extended upper tail, with a substantial fraction of structures reaching 
lifetimes well beyond 400 days and some approaching 800 days. In 
contrast, island-wake cyclonic eddies exhibit a more concentrated dis
tribution, with a sharper peak at intermediate lifetimes (100 days) and a 
comparatively reduced probability at the longest durations (>300 days). 
Within the upwelling-front regime, both anticyclonic and cyclonic 
eddies show narrower distributions overall, with a stronger clustering 
around intermediate lifetimes (150 days) and fewer extremely persistent 
cases (>200 days). Notably, upwelling-front cyclonic eddies present the 
most compact distribution among all classes, indicating weaker long- 
term persistence. Across all categories, the distributions are positively 
skewed, reflecting the presence of a limited but dynamically important 
subset of exceptionally long-lived eddies. However, the degree of 
skewness and the prominence of the long-lifetime tail vary systemati
cally, being strongest for island-wake anticyclonic structures and 
weakest for upwelling-front cyclonic ones. These patterns support the 
interpretation that island-wake anticyclones constitute the most 
dynamically stable population, whereas upwelling-front cyclones 
represent the least persistent class within the long-lived subset.

After analyzing the distribution and trajectories of the eddies, we 
conducted a detailed study of the temporal evolution of each of the 
variables associated with each eddy type to better characterize their 
behavior, morphology, and structure in the area adjacent to the Canary 
Islands. Fig. 5 shows the variations in amplitude (cm) of the eddies 
throughout their lifespan, after normalizing their lifespan in relation to 
each type of eddy. In general terms, the amplitude exhibits a well- 
defined pattern: a strong increase at the beginning of the eddy's life, 
then stabilizes around the maximum values, thus defining the maturity 
phase of the eddy, and at its decay phase, the amplitude decreases until 
the structure declines. The dispersion among individual eddies is illus
trated by the standard deviation around the mean evolution. Analyzing 
it in more detail, the amplitude in IW-A eddies is notably greater than in 
the others, consistent with the broader amplitude distributions shown in 
Fig. S10. Regarding the other eddies, it is noteworthy that the IW-C 
recorded higher amplitude values compared to the lower values of the 
upwelling-front cyclonic and anticyclonic eddies, since the IW-C reach 
average values of 5 cm in amplitude while the upwelling-front do not 
reach them. The standard deviation shows that IW-A eddies are the most 
variable, especially during the formation stage, when several eddies 
exhibit a sudden increase in amplitude, indicating significant internal 

Fig. 4. Probability density representations of lifetime distributions for long-lived mesoscale eddies (>60 days), separated by dynamical regime and rotation sense. 
The left panel shows island-wake eddies and the right panel upwelling-front eddies. Within each panel, the left half corresponds to anticyclonic eddies and the right 
half to cyclonic eddies. The width of each distribution is proportional to the probability density of eddies at a given lifetime.
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variability within the group.
The effective area (km2) and the effective radius (km) (Figs. S3, in 

Supporting Information, and Fig. 6, respectively) are closely related 
since one depends on the other. In both representations, it is possible to 
appreciate the three phases of the eddies, with intense growth in the 
initial phases, a subsequent stabilization of the values during the 
maturity phase, and the decrease in both area and effective radius 
during the fading of the eddy. The population-level variability of 
effective radius for each eddy class is further illustrated by the distri
bution summaries shown in Fig. S11. When comparing the differences 
presented by both variables according to the type of eddy, it is notice
able that island-wake eddies show higher values than those recorded in 
upwelling-front eddies. Within the island-wake eddies, there are also 
differences, with IW-A representing the largest areas and radius, 
reaching average effective areas and average effective radius exceeding 
1800 km2 and 78 km. On the other hand, upwelling-front eddies hardly 
differ in values regardless of the rotation of their core. When comparing 
the standard deviations of both figures, it is observed that for both 
variables, the deviations are greater in island-wake eddies than in 
upwelling-front ones.

Regarding Fig. 7, which represents the speed average of the eddy at 
the perimeter (m/s), it also records the three phases of the eddy's life, 
similar to the previous variables. The highest mean values correspond to 
the IW-A recording average values that reach over 0.2 m/s, which is 
consistent since these eddies, having the largest amplitudes and sizes, 
suggest that they are more energetic eddies, and therefore, one would 
expect them to have higher velocity values. Following this reasoning, 
Fig. 7a confirms that the IW-C are next in presenting higher speed 
average almost reaching 0.2 m/s, and lastly, the UF-A and UF-C show 
very similar velocity records. In this case, the standard deviation of the 
UF-A, UF-C, and IW-C presents similar values and behaviors, while the 
IW-A values are higher, particularly in the initial phase, as some eddies 
register very pronounced increases in mean velocity. This could be 

related to the strong increases in amplitude mentioned earlier in Fig. 5.
To conclude the analysis of the variables, the velocity radius (km) 

represented in Fig. 8 shows a peculiarity, as there are no remarkable 
differences between the different types of eddies, all of them around 50 
km. This phenomenon may be due to the fact that the velocity radius 
refers to the core radius, which behaves like a solid body. Thus, all the 
types of eddies chosen in this study would present a core of similar size, 
but due to the distinct dynamical environments in which these eddies 
form and the rotation they exhibit, significant changes occur in their 
size, effect, and duration. Regarding the standard deviation, the same 
situation occurs as with the mean; the values show hardly any variations 
among the different types of eddies.

3.2. Analysis of the seasonal variability of eddies

This section examines the role of seasonality in mesoscale eddies in 
order to understand the seasonal modulation on their formation and 
lifespan. This variability of mesoscale eddies can be of great importance 
for characterizing their dynamic behavior and the role they play in 
regional circulation and in the transport of physicochemical properties. 
For the seasonal analysis, we adopt a climatological definition based on 
consecutive three-month periods (JFM, AMJ, JAS, OND), which we 
hereafter refer to as winter, spring, summer, and autumn, respectively. 
This choice avoids year-splitting issues and is consistent with the 
monthly aggregation used in the eddy statistics.

For this analysis, two histograms have been created (Fig. 9), one for 
cyclonic eddies and another for anticyclonic eddies (Fig. 9a and b, 
respectively), which group the number of eddies initiated in each season 
of the year for both island-wake and upwelling-front eddies, as well as 
the total number of eddies generated. All seasonal statistics shown in 
Fig. 9 are computed for the subset of long-lived eddies (lifetimes >60 
days), consistently with the sample definition adopted throughout Sec
tions 3.1–3.4 and summarized in Table 3; each eddy is counted once 

Fig. 5. Evolution of Amplitude (cm) of eddies lasting more than 60 days, classified according to the rotation of the core and the dynamical environment of formation. 
(a) IW-C; (b) UF-C; (c) IW-A; and (d) UF-A. In gray, the evolution of the amplitude for each eddy is shown, the black line refers to the mean, and the red band 
represents the ±1 standard deviation. Mean amplitude values for each eddy class are summarized in Table 3. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)
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according to its season of formation. When analyzing the eddies asso
ciated with island-wake environments, substantial differences between 
the two types of eddies are observed. Anticyclonic eddies show similar 
numbers of eddies generated during winter (14), spring (16), and sum
mer (14); however, in autumn, there is a noticeable decrease in the 
number of eddies generated, recording 9 eddies. In contrast, for cyclonic 
eddies, the season with the lowest number of eddies generated is sum
mer with 6 eddies, while the rest of the seasons oscillate between 9 and 
11.

Regarding upwelling-front eddies, only 7 UF-A eddies were gener
ated during the winter months. The largest number of eddies was 
generated during the summer months, reaching a total of 14, and 13 and 
12 were generated in autumn and spring. In contrast, UF-C eddies 
exhibit a different behavior. 12 were generated during winter, while 15 
and 16 eddies were generated in spring and summer, respectively, and 2 
in autumn. When compared, both upwelling-front eddy types present 
their highest formation counts during the summer months. However, in 
the other seasons, the opposite behavior is observed: when cyclonic 
eddies register high eddy values generated in winter and spring, very 
few anticyclonic eddies are formed. In contrast, very few cyclonic eddies 
are generated in autumn, while the number of anticyclonic eddies 
generated increases significantly.

When analyzing the average duration of both types independently 
(Fig. 9, bottom row), it is evident that the average duration of island- 
wake eddies exhibits very similar behavior during winter and spring 
for both cyclonic and anticyclonic eddies, although the values are higher 
in anticyclonic eddies due to their greater stability. The behavior of 
average duration in the summer and autumn seasons differs 

considerably, as the duration of IW-A in summer is relatively longer than 
in autumn. Meanwhile, the average duration of IW-C in summer and 
autumn is quite similar, although slightly higher in the autumn months, 
and presents much lower duration values than IW-A. For upwelling-front 
eddies, a similar behavior to that observed in the eddies initiated by 
season, with a marked alternation between longer durations of UF-A in 
the winter and spring months, during which UF-A eddies exhibit 
considerably shorter durations. When comparing the summer and 
autumn months, the behavior reverses, with eddies belonging to the UF- 
A group showing considerably longer durations than those belonging to 
the UF-C group. When comparing all histograms (Fig. 9), a certain 
relationship can be observed between the number of eddies generated in 
each season and their average duration. In general, the seasons with a 
higher number of eddies also tend to host more persistent eddies, except 
for the winter months for the entire group of cyclonic eddies. This 
behavior is consistent from a physical perspective, as a higher frequency 
of formation indicates a greater energy input, which will favor the for
mation of more intense and longer-lasting eddies.

3.3. Analysis of the vertical structure

The contrast between eddies formed in these two dynamical envi
ronments is not limited to their surface expression and life-cycle evo
lution, but also extends below the surface, as illustrated by the 
hydrographic composite analyses presented below. To explore this 
aspect, we analyze temperature, salinity, and geostrophic velocity 
anomalies derived from ARMOR3D composites for the subset of long- 
lived eddies (>60 days). This approach allows us to assess how 

Fig. 6. Evolution of the Effective Radius (km) of eddies lasting more than 60 days, classified according to the rotation of the core and the dynamical environment of 
formation. (a) IW-C; (b) UF-C; (c) IW-A; and (d) UF-A. In gray, the evolution of the effective area for each eddy is shown, the black line refers to the mean, and the red 
band represents the ±1 standard deviation. Mean effective radius values for each eddy class are summarized in Table 3. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.)
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differences linked to the formation environment persist below the sur
face and shape the vertical extent and intensity of mesoscale eddies 
during their mature phase.

Analyzing the average temperature anomalies of the eddies repre
sented in Fig. 10, the cores can be appreciated. Anticyclonic eddies are 
characterized by positive anomalies, while cyclonic eddies exhibit 
negative anomalies in the core. The cores of the four eddies are located 
at depths of approximately 100 to 200 m. When comparing the anomaly 
signal of the UF-A and IW-A eddies, the differences between both 
structures are minimal, reaching greater depths and having a more 
intense core than the IW-A eddy. This is reflected in the isotherms of the 
0.1 ◦C anomaly, which for the IW-A eddy exceeds 700 m in depth, while 
the 0.1 ◦C isotherm for the UF-A does not reach 700 m. Additionally, the 
0.3 ◦C isotherm in the IW-A covers a larger area than in the UF-A. In the 
case of cyclonic eddies, a different behavior in temperature anomalies is 
observed for the UF-C and IW-C eddies. The core of the UF-C eddy is 
enclosed within the − 0.25 ◦C isotherm, whereas the core of the IW-C is 
delimited by the − 0.2 ◦C isoline.

Additional vertical sections illustrating the sensitivity to the ampli
tude threshold and the consistency across eddy classes are provided in 
Figs. S5–S9 in the Supporting Information. For instance, Fig. S6 presents 
the corresponding vertical composites of salinity anomaly for the same 
eddy classes and amplitude threshold used in Fig. 10, providing an in
dependent hydrographic perspective on the three-dimensional eddy 
structure. As in Fig. 10, the structure of the core is visible for the four 
eddies, with anticyclonic eddies presenting positive anomalies while 
cyclonic eddies exhibit negative anomalies. Among the anticyclonic 
eddies, the salinity anomaly signal of 0.01 for the IW-A eddy reaches 
600 m in depth, and the core is delineated by the 0.05 isohaline. In 
contrast, for the UF-A eddy, the 0.01 isohaline does not reach 600 m, and 
the core is enclosed by the 0.04 isoline. Regarding the cyclonic eddies, 
the − 0.01 isoline is recorded at depths of near 600 m for both UF-C and 

IW-C. Observing the salinity anomalies recorded in the core, no major 
differences are seen between both types of eddies, with the core sur
rounded by the − 0.03 isoline. To conclude the analysis of the anomalies 
of the vertical structure, it is possible to observe that the anticyclonic 
eddies have greater intensity in the core and the signal in depth reaches 
higher levels. Furthermore, it is also clearly observed that the signals 
from thermal anomalies reach greater depths than those recorded for 
salinity anomalies.

The vertical structure of geostrophic velocity (Fig. 11) allows for 
immediate identification of cyclonic and anticyclonic eddies, as they 
present well-defined velocity fields in opposite directions on either side 
of what is considered the center of the structure. In the case of cyclonic 
eddies, IW-C and UF-C, negative velocities are observed 50 km to the left 
of the center of the eddy, while positive velocities are to the right, thus 
confirming the counterclockwise rotation exhibited by cyclonic eddies. 
In contrast, anticyclonic eddies show the inverted velocity field, with 
positive values to the left of the center and negative values to the right, 
confirming their clockwise rotation. The velocity field observed between 
the IW-A and UF-A eddies does not show important changes, reaching 
geostrophic velocities at the eddy edge ranging between 0.16 and −
0.16 m/s. However, when comparing the geostrophic velocity results 
between cyclonic and anticyclonic eddies, notable differences are 
observed, as the anticyclonic eddies record higher velocities than the 
cyclonic ones. From an energetic perspective, these vertical velocity 
structures provide direct insight into how eddy-associated kinetic en
ergy is distributed in the water column. Anticyclonic eddies, which 
exhibit systematically higher geostrophic velocities than cyclonic 
eddies, are therefore characterized by a more energetic vertical struc
ture, with elevated velocities extending over a broader horizontal and 
vertical extent. Although an explicit three-dimensional EKE budget is 
not computed, the vertical distribution of geostrophic velocity anoma
lies captures the dominant contribution of mesoscale eddies to the 

Fig. 7. Evolution of the Speed average (m/s) of eddies lasting more than 60 days, classified according to the rotation of the core and the dynamical environment of 
formation. (a) IW-C; (b) UF-C; (c) IW-A; and (d) UF-A. In gray, the evolution of the effective radius for each eddy is shown, the black line refers to the mean, and the 
red band represents the ±1 standard deviation. Mean speed average values for each eddy class are summarized in Table 3. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.)
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regional kinetic energy field and reveals clear contrasts between island- 
wake and upwelling-front eddies.

3.4. Eddy kinetic energy (EKE)

This subsection examines EKE as a complementary metric to the 
geometric and temporal characteristics analyzed in the previous sec
tions, providing an energetic perspective on differences between eddy 
populations. In Fig. 12, the average spatial distribution of EKE (cm2 s− 2) 
is represented across the cells traversed by the trajectories of the eddies. 
Analyzing the EKE values in more detail, differences are observed be
tween island-wake and upwelling-front eddies. In particular, if we focus 
on the point of formation of the eddies, it is noted that in upwelling-front 
eddies, the recorded EKE values are considerably lower than those ob
tained for island-wake eddies in the initial moments of their formation. 
In Fig. 12c, it is observed that the EKE values drop drastically at latitude 
30◦W and then increase again around latitude 36◦W.

The normalized life-cycle analysis reveals systematic differences in 
EKE evolution among eddy classes. IW-C eddies exhibit the highest mean 
EKE at formation (12.5 ± 9.0 cm2 s− 2), maintaining relatively elevated 
values throughout their lifetime (16.0 ± 7.7 cm2 s− 2). UF-C eddies show 
the lowest initial EKE values (5.6 ± 3.9 cm2 s− 2), with also the lowest 
lifetime mean of 12.3 ± 5.9 cm2 s− 2. Among anticyclonic structures, IW- 
A eddies reach mean formation values of 11.6 ± 6.6 cm2 s− 2, followed 
by a large increase to produce the highest lifetime values (21.4 ± 12.4 
cm2 s− 2), whereas UF-A eddies present the second weakest energetic 
signature overall (formation mean: 5.8 ± 4.7 cm2 s− 2; lifetime mean: 
14.5 ± 9.4 cm2 s− 2) and the second largest relative variability.

These results indicate a consistent energetic hierarchy across eddy 

classes. The normalized life-cycle analysis indicates that energetic con
trasts between dynamical regimes are not confined to the initial stage 
but reflect persistent differences in the underlying dynamical environ
ments. Island-wake regimes are associated with stronger and more 
sustained kinetic energy levels, whereas upwelling-front regimes display 
weaker initial signatures and a more moderate energetic evolution. 
These results reinforce the interpretation that the classification adopted 
here captures population-level dynamical contrasts that are consistently 
expressed in the energetic structure of the eddies.

4. Discussion

During the period analyzed (1993 to 2022), a total of 577 mesoscale 
eddies were recorded in the selected areas. Of these eddies, only 31% 
lasted more than 60 days, being considered persistent structures. These 
results coincide with the patterns described by Chelton et al. (2011), 
who observed through global altimetry analysis that only a small frac
tion of the eddies generated achieve long durations. Among the eddies 
that exceed 60 days of longevity, four types were distinguished ac
cording to their rotation and the dominant dynamical environment 
associated with their formation: IW-A, UF-A, IW-C and UF-C. Island- 
wake eddies stand out both in the number of generated eddies and 
persistence within the Canary Islands region, highlighting the IW-A as 
the group of eddies with the greatest longevity and generation. This 
finding aligns with Mason et al. (2011), who concluded that island-wake 
anticyclonic eddies are more stable and persistent structures. Further
more, the greater abundance and longevity of IW-A is coherent within 
the dynamic framework of the CEC, described by Sangrà et al. (2009), a 
preferred corridor of anticyclonic eddies that accounts for 

Fig. 8. Evolution of the Velocity Radius (km) of eddies lasting more than 60 days, classified according to the rotation of the core and the dynamical environment of 
formation. (a) IW-C; (b) UF-C; (c) IW-A; and (d) UF-A. In gray, the evolution of the speed radius for each eddy is shown, the black line refers to the mean, and the red 
band represents the ±1 standard deviation.The results observed for each of the variables in each of the figures show a notable consistency with the results previously 
presented in Table 3. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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approximately 25% of the meridional transport of the CC. This re
inforces the idea that IW-A are key entities both in frequency and the 
efficiency of regional oceanic transport. Spatially, the mesoscale eddies 
identified in this study show well-defined formation patterns. Among 
those generated at island wakes, IW-A eddies are preferentially located 
south of the channel between La Gomera and Tenerife, whereas IW-C 
primarily originate to the southwest of Gran Canaria. This distribution 
largely agrees with the distribution described by Sangrà et al. (2009). 
Upwelling-front eddies also display well-defined distinct distribution 
patterns, being UF-A generated in the southern margin off Cape Bojador, 
and UF-C eddies concentrated further north in the Bay of El Aaiún. This 
difference may be due to the fact that the most intense coastal upwelling 
occurs further north. Regarding eddy propagation, cyclonic eddies (IW- 
C and UF-C) move in a northwestward direction, while anticyclonic 
eddies move southwest towards the equator. These patterns are consis
tent with the behaviors described by Chelton et al. (2011) in their global 
study of eddy altimetry, Sangrà et al. (2009) and Mason et al. (2011) in 
the Canary Islands region.

In the analysis of the different eddy characteristics (amplitude, 
effective area, effective radius, mean velocity, and velocity radius), it 
has been recorded that island-wake eddies present higher values than 
upwelling-front eddies, except for the velocity radius, where no sub
stantial variations are observed. This systematic difference in amplitude 
likely reflects the contrasted dynamical environments in which these 

eddies originate. Structures forming within strong horizontal shear 
zones, such as those associated with the interaction between the Canary 
Current and island topography, tend to inherit a more intense surface 
geostrophic signature, which translates into slightly larger sea level 
anomalies and therefore higher amplitudes. In contrast, eddies gener
ated in frontal upwelling regions are more closely linked to baroclinic 
conversion processes driven by density gradients, which do not neces
sarily produce an equally strong surface elevation signal. This inter
pretation is consistent with previous observational studies in the region 
and at the global scale (Chelton et al., 2011; Sangrà et al., 2009), and 
supports the view that the stronger surface imprint of island-wake eddies 
is dynamically coherent with their generation environment. Among the 
island-wake eddies, anticyclonic register the highest values, as their core 
provides greater stability, a feature well-documented in multiple studies 
both at a global and regional scale (e.g. Chelton et al., 2011; Mason 
et al., 2011; Sangrà et al., 2009). The predominance of island-wake 
eddies in structure, size, persistence, and energy has also been high
lighted in Sangrà et al. (2009) and Ruiz et al. (2014). The values ob
tained for each variable are consistent with those reported in previous 
works. Mean amplitudes range between 4 and 6 cm and effective radius 
between 67 and 78 km for the four types of eddies, consistent with 
Aguedjou et al. (2019), who recorded amplitudes exceeding 3 cm and 
radii reaching 70 km in eddies north of the equator. Mean eddy veloc
ities vary between 0.16 and 0.19 m/s, aligning with values recorded by 

Fig. 9. Seasonal variability of the number of generated eddies (top row) and their mean duration (bottom row) for the subset of long-lived eddies (lifetimes >60 
days). Panels in the left column (a) correspond to cyclonic eddies, while panels in the right column (b) correspond to anticyclonic eddies. Blue bars represent island- 
wake eddies, orange bars upwelling-front eddies, and yellow bars the total eddy population. Seasons are grouped into three-month periods: JFM (January–March, 
winter), AMJ (April–June, spring), JAS (July–September, summer), and OND (October–December, fall). Each eddy is uniquely assigned to a single category; no 
overlapping samples or double counting are involved. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)
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Capet et al. (2008), Chelton et al. (2011) and Mason et al. (2011), who 
observed typical eddy speeds of about 0.15 and can exceed 0.3 m/s.

The results obtained in this study reveal a notable impact of seasonal 
variability on the formation and persistence of the eddies generated in 
the adjacent area of the Canary archipelago. In the case of IW-A eddies, 
the number generated during winter, spring, and summer is quite 
similar; however, during autumn, there is a notable decrease probably 
associated with the seasonal behavior of the CC, whose intensity and 
trajectory vary markedly throughout the year. Classical observations 
(Machín et al., 2006; Pelegrí et al., 2005) already described the 
displacement of the CC axis from an eastern position in winter
–spring—close to the African coast and the easternmost islands—to
wards a more western and offshore path during summer and autumn, 
when the current reaches its maximum transport. More recent analyses 
confirm this pattern and detail its vertical structure: in-situ and PIES 
records north of the archipelago (Hernández-Guerra et al., 2025) reveal 
that the southward flow intensifies across the entire section during 
summer–autumn, while a partial recirculation towards the north de
velops in the Lanzarote Passage, linked to a westward shift of the main 
jet. Similarly, Pérez-Hernández et al. (2023) identified a coherent sea
sonal cycle of the eastern boundary currents, in which the CC 
strengthens and broadens westward under the influence of the wind 
stress curl and associated Rossby-wave adjustment. This offshore 
displacement of the CC during autumn reduces its direct impingement 
on the island slopes and the inter-island passages, diminishing the hor
izontal shear and eventually the barotropic instabilities. As a result, 
fewer long-lived island-wake eddies are generated south and southwest 

of the islands. Conversely, when the CC axis lies further east and the flow 
approaches the archipelago—particularly in spring and summer— en
hances the shear required for the formation of island-wake structures 
(Sangrà et al., 2009). Altogether, these results indicate that the seasonal 
migration and intensity changes of the CC north of the Canary Islands act 
as a first-order control on the spatial and temporal distribution of island- 
wake eddy generation. During spring–summer, when the CC crosses the 
archipelago and remains topographically constrained, the island-wake 
response dominates, whereas during autumn, the westward shift of the 
current weakens this coupling and leads to a significant decline in IW-A 
and IW-C eddy formation.

In contrast, upwelling-front eddies show a seasonally dependent 
behavior related to thermohaline forcing. A greater number of eddies 
would be expected to be generated during the spring and summer 
months, as these are the months when the North African coastal up
welling intensifies (Bakun, 1990). This occurs in cyclonic eddies, but for 
the anticyclonic ones, the maximum occurs only in summer (Fig. 8). 
When comparing the two types of upwelling-front eddies, some differ
ences in their formation locations are revealed. UF-C tend to originate at 
higher latitudes, along the sector of the African coast most affected by 
the upwelling, where stronger density gradients favor baroclinic insta
bility. This geographical location is conducive to frontal instabilities and 
the development of filaments where there is noteworthy rotational 
movement that promotes the formation of these eddies (Mason et al., 
2011; Sangrà et al., 2007). In contrast, UF-A, which usually form further 
south, may be limited by a decrease in the remaining energy input as the 
baroclinic energy has primarily been taken by the production processes 

Fig. 10. Averaged vertical temperature structure anomaly (◦C) for the amplitude threshold of 5 cm. (a) IW-C; (b) UF-C; (c) IW-A; and (d) UF-A.
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of UF-C further north. This energy attenuation could explain why there 
is strong production of cyclonic eddies in spring, but much less anticy
clonic upwelling-front generation.

Regarding the average lifetime of eddies per season, anticyclones 
have longer durations than cyclonic ones (Table 3 and Fig. 9). These 
results are consistent with Chelton et al. (2011), which state that 

anticyclonic eddies have greater structural stability, allowing them to 
persist longer. Within the island-wake eddies, these present similar be
haviors in the longevities recorded per season for both anticyclones and 
cyclonic eddies, although the former present higher values due to this 
greater structural stability. Regarding upwelling-front eddies, a marked 
seasonal alternation is evident: UF-Cs present longer durations during 

Fig. 11. Averaged vertical structure of the meridional geostrophic velocity (m/s): (a) IW-C; (b) UF-C; (c) IW-A; and (d) UF-A.

Fig. 12. Mean values of EKE per cell for eddies lasting longer than 60 days, classified according to core rotation and formation mechanism. (a) IW-C; (b) UF-C; (c) 
IW-A; and (d) UF-A. Colors represent the mean EKE accumulated within each 0.25◦ × 0.25◦ grid cell and are expressed in units of cm2 s− 2.
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winter and spring, while UF-As last longer in summer and autumn, the 
alternation occurring in the same way as for generated eddies. This 
reversal in the pattern of eddy generation and persistence suggests a 
differential distribution of available energy, possibly related to the lat
itudinal position of the eddy generation point relative to the upwelling 
(Mason et al., 2011; Pelegrí et al., 2005). Finally, a positive relationship 
is observed between the number of eddies formed and their mean 
duration, supporting the hypothesis that greater energy input leads to 
greater eddy formation and greater eddy persistence. The interannual 
variability in eddy formation is further illustrated in Fig. S4, which 
shows the temporal evolution of the number of cyclonic and anticyclonic 
eddies formed each year, separated by dynamical regime. Although 
marked year-to-year fluctuations are evident in all classes, no persistent 
monotonic trend is observed over the full study period. Variability ap
pears comparable between island-wake- and upwelling-front-associated 
eddies, suggesting that the differences identified in their structural and 
energetic properties are not primarily driven by long-term changes in 
formation frequency, but rather reflect intrinsic contrasts between the 
dynamical environments in which they originate.

Additionally, salinity and temperature isolines lie very close to each 
other, revealing the strong stratification that characterizes eddies (Ueno 
et al., 2023). Furthermore, these isolines present a slight bulge; in an
ticyclones they deform towards the bottom, while in cyclonic eddies 
they bulge towards the surface. This behavior of eddies is well-known 
(McGillicuddy et al., 1998; Sangrà et al., 2009; Ueno et al., 2023), 
where the cyclonic rotation of the eddy causes a surface divergence, 
elevating the thermocline, leading to the pumping of deep water to the 
surface and the phenomenon known as dooming. In contrast, anticy
clonic eddies, with their rotation, generate convergence and therefore a 
sinking of water masses. The integrated analysis of temperature and 
salinity anomalies corroborates the structure of mesoscale eddies as 
anticyclonic eddies with positive anomalies and cyclonic eddies with 
negative anomalies, with cores located between 100 and 200 m, in 
agreement with the global findings made by Chelton et al. (2011). The 
eddies observed in IW-A appear to be the exception, with a thermal 
anomaly up to 800 m and an isohaline 0.01 beyond 600 m, deeper and 
more intense than UF-A. This combined thermal-saline coherence in
dicates greater coherence and structural maturity, thus confirming that 
these eddies are mesoscale structures with a coherent structure capable 
of persisting over time and influencing regional oceanographic pro
cesses. Regarding the vertical structure of geostrophic velocity, negative 
velocities occur to the left of the eddy center and positive to the right for 
cyclonic eddies, with the opposite configuration in anticyclonic, thus 
confirming their counterclockwise and clockwise rotations (Arístegui 
et al., 1994; Barton et al., 1998; Sangrà et al., 2007). Maximum veloc
ities occur at the surface, and coincide with the altimetry data from the 
META product. This reinforces the results obtained in the study, which 
in turn, the velocity range obtained coincides with previous work (Capet 
et al., 2008; Chelton et al., 2011; Mason et al., 2011). Comparing the 
results of the vertical structure confirms the results obtained throughout 
the study, with anticyclonic eddies being structurally more intense in the 
vertical column, with deeper thermal and saline cores and higher 
geostrophic velocities.

In the spatially averaged analysis of EKE (cm2 s− 2), remarkable dif
ferences have been observed at the time of eddy formation. Island-wake 
eddies present considerably higher EKE than upwelling-front eddies, 
consistent with the stronger velocity shear characterizing the 
island–current interaction regions where barotropic instabilities 
develop (Dong et al., 2007; Sangrà et al., 2009). The decrease and 
subsequent increase in EKE in Fig. 12c is due to the fact that the EKE 
values obtained are averaged for each pixel and when compared with 
Fig. 3c, in the area where this decrease occurs, some eddies are already 
in their dissipation phase, lowering the mean EKE. Overall, the EKE 
values obtained in this study are slightly higher than those obtained in 
Sangrà et al. (2009) but show a similar spatial pattern. Together, both 
studies confirm that eddies act not only as coherent structures capable of 

transporting physical-chemical properties, but also serve as energy 
modulation mechanisms in the open ocean, favoring horizontal 
exchange.

It should be noted that mesoscale eddies evolve while propagating 
through spatially and temporally varying background environments. 
Consequently, the differences documented here between eddy classes 
may reflect not only contrasts associated with their source regions, but 
also subsequent modulation by changing stratification, circulation, and 
mesoscale activity along their trajectories. The present results should 
therefore be interpreted as population-level associations rather than as a 
strict separation between formation and propagation effects.

Within this context, the classification adopted in this study is not 
intended to provide a deterministic attribution of eddy generation 
mechanisms. Instead, it is conceived as a comparative framework to 
examine how eddies associated with distinct dynamical source regions 
differ in their surface properties, life-cycle evolution, and vertical 
structure. The consistency of these contrasts across multiple diagnostics, 
together with the explicit reporting of variability and sensitivity to key 
thresholds, indicates that this framework can be a useful tool for 
regional eddy studies in dynamically complex environments where 
multiple formation processes coexist. Future work could include further 
analyses verifying the generation mechanism. Additionally, it would be 
advisable to analyze the biogeochemical properties along the water 
column to quantify the impact these eddies have on the transport of 
properties through the ocean.

5. Conclusions

The findings show that, within the subset of long-lived mesoscale 
eddies (lifetimes >60 days), island-wake anticyclonic eddies (IW-A) are 
the most numerous, long-lived, and energetically dominant eddies in the 
Canary Islands, with greater amplitudes, effective areas, effective radii, 
and velocities than the other mesoscale eddies. Formed in regions 
characterized by strong barotropic shear, they make them more stable, 
extending their trajectories further southwestward. In contrast, cyclonic 
eddies (IW-C and UF-C) have shorter lifetimes and are weaker, partic
ularly the upwelling-front ones, whose formation is linked to environ
ments dominated by frontal activity within the North African coastal 
upwelling. The contrasting drift directions (westward for cyclonic 
eddies and southward for anticyclonic eddies) suggest that large-scale 
ocean circulation patterns modulate regional dynamics.

Seasonality has an uneven impact on the formation of the eddies that 
varies with eddy type. The formation of IW-A eddies weakens consid
erably during autumn, likely reflecting the offshore displacement of the 
Canary Current, reducing its influence on the islands. Upwelling-front 
eddies (UF-A and UF-C) exhibit seasonal cycles associated with the in
tensity of coastal upwelling and the location of their generation zones, i. 
e., a summer and autumn maximum for UF-A and a winter and spring 
maximum for UF-C, attributed to the strong density gradient that trig
gers the instabilities. A similar alternation can be observed in upwelling- 
front eddies over their average duration, with cyclonic eddies lasting 
longer in winter and spring, and anticyclonic eddies in summer and 
autumn. Moreover, a clear relationship is observed between the number 
of eddies generated per season and their average duration, with the 
longest durations coinciding with periods of enhanced eddy generation.

The temperature and salinity anomaly average distributions reveal 
distinct cores: positive in anticyclonic (IW-A and UF-A) and negative in 
cyclonic eddies (IW-C and UF-C), with the former extending to depths up 
to 800 m in IW-A. This behavior reflects the capacity of anticyclonic 
eddies to subduct water and cyclonic eddies to lift the thermocline. The 
vertical distribution of geostrophic velocity confirms the clockwise di
rection of rotation of anticyclonic eddies and counterclockwise at 
cyclonic eddies, with surface values of 0.20 m/s in IW-A and UF-A and 
0.14–0.16 m/s for IW-C and UF-C. These vertical structures confirm that 
the eddies act as rotating columns capable of vertically redistributing 
oceanic properties.
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Island-wake eddies, and particularly IW-As, show substantially 
higher EKE during their genesis than upwelling-front eddies, consistent 
with a more effective energy transfer from the barotropic component. 
The spatial distribution of the average EKE highlights maxima in the 
generation zones (south of the archipelago islands and off the African 
coast), confirming that these eddies modulate the regional energy field. 
The maintenance of high EKE values along eddy trajectories implies that 
eddies, especially anticyclonic ones, have a precise transoceanic impact 
on the horizontal redistribution of energy, with potential consequences 
for the stirring of biogeochemical variables.

By contrasting mesoscale eddies associated with two distinct 
dynamical source regions, this study demonstrates that eddy pop
ulations commonly treated as homogeneous can exhibit fundamentally 
different surface characteristics, persistence, and vertical structures. The 
combined analysis of satellite trajectories and three-dimensional hy
drographic fields reveals that the imprint of the formation environment 
remains detectable throughout the eddy life cycle, highlighting the 
importance of explicitly accounting for dynamical context when inter
preting mesoscale variability.
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