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Abstract. High-resolution observations of an intrathermo-
cline eddy were conducted in November 2022 within the
Canary Eddy Corridor. Formed in early summer 2022, this
mature mesoscale eddy exhibited a vertical extent of 550 m,
with its core centered at 110 m depth, and a segmented hor-
izontal structure comprising a 23 km radius solid-body core
surrounded by a 47 km wide outer ring. Propagating south-
westward at 4.5kmd ™!, its motion was consistent with the
phase speed of a first-mode baroclinic Rossby wave. The
eddy’s rotational dynamics featured a 3.9d inner-core rota-
tion period shaped by stratification, leading to the forma-
tion of distinct rotational layers. Rossby number estimates
(maximum of —0.7 at the center and —0.5 on average) and
low core potential vorticity (~ 10" m~'s™1, 90 % lower
than surrounding values) revealed a regime dominated by
planetary rotation, yet with a dynamically significant cen-
tripetal contribution — suggestive of a cyclogeostrophic mo-
mentum balance — and strong water mass isolation. Burger
numbers, ranging from 1.27 to 0.14 (length-scale-based)
and from 0.21 to 0.69 (energy-based), underscored the role
of stratification and buoyancy forces in shaping the eddy’s
vertical structure. The eddy carried available heat and salt
anomalies of 6.550 x 10'®J and 0.015 x 10'?kg, driving
heat and salt (freshwater equivalent) fluxes of 4.60 x 1012w
and 0.42x 107 kgs~! (—0.012 Sv, where 1Sv = 10°m3s~1),

highlighting its role in transporting coastal upwelling waters
into the ocean interior. The intrathermocline nature of the
Bentayga eddy appears to have developed during its growth
phase, likely driven by surface convergence linked to the in-
teraction with upwelling filaments and subsequent isopycnal
deepening as it propagated offshore. Low dissolved oxygen
concentrations (100-110 umolkg™") and low apparent oxy-
gen utilization (20-30 umolkg ') within the eddy core sup-
port the hypothesis of recent trapping of surface-derived up-
welled waters. Over the course of its year-long lifespan, the
eddy experienced intrinsic instabilities and eddy-to-eddy in-
teractions, ultimately decaying by early summer 2023. The
distinct properties of this eddy, together with the apparent
variability among similar features in the Canary Eddy Corri-
dor, underscore the need for expanded quasi-synoptic high-
resolution studies. Comprehensive observational programs
and advanced numerical simulations are essential to bet-
ter understand the role of intrathermocline eddies (ITEs) as
zonal pathways for heat, salt, and biogeochemical properties
within regional ocean circulation.
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1 Introduction

Mesoscale activity in the central portion of the Canary Up-
welling System (cCANUS, 25-30°N) is characterized by
mesoscale eddies, upwelling fronts, and filaments, which are
defining features of this eastern boundary upwelling system
(EBUS) (Aristegui et al., 1997; Sangra et al., 2009; Pacheco
et al., 2001; Marchesiello and Estrade, 2009; Hernandez-
Hernandez et al., 2020). Similar to other EBUSs, mesoscale
variability in this region is driven by instabilities that develop
along the transition zone between the coastal upwelling jet
and the open-ocean flow within the northwest African up-
welling system (e.g., Barton et al., 1998; Pelegri et al., 2005;
Benitez-Barrios et al., 2011; Ruiz et al., 2014). Additionally,
the presence of islands and archipelagos in cCANUS pro-
vides a supplementary mechanism for generating and trans-
forming mesoscale phenomena (e.g., Barton, 2001; Caldeira
et al., 2014; Ruiz et al., 2014; Cardoso et al., 2020).

The Canary Archipelago (~ 28°N) is a key topographic
feature within cCANUS, significantly contributing to the
generation of mesoscale structures that form offshore (e.g.,
Aristegui et al., 1994, 1997; Sangra et al., 2009). The islands
act as topographic barriers, obstructing the southwestward
flow of the Canary Current (CC) and the trade winds (La Vi-
olette, 1974; Van Camp et al., 1991; Hernandez-Guerra et al.,
1993; Aristegui et al., 1994, 1997; Basterretxea et al., 2002).
As a result, mesoscale eddies are generated and detached in
a Von Karman street pattern, propagating southwest of the
archipelago (e.g., Chopra and Hubert, 1965; Chopra, 1973;
Barton, 2001).

In the wake of the islands, wind shear imparts additional
momentum and vorticity to the CC outflow, enabling the de-
tachment of eddies even under relatively weak CC flow (San-
gra et al., 2005, 2007; Jiménez et al., 2008; Piedeleu et al.,
2009). These detached eddies typically have lifespans of at
least 3 months, propagate southwestward, and travel thou-
sands of kilometers from their origin (Pingree, 1996; Pin-
gree and Garcia-Soto, 2004; Sangra et al., 2005, 2007, 2009;
Barcel6-Llull et al., 2017). This dynamic process defines the
Canary Eddy Corridor (CEC) (Sangra et al., 2009), a perma-
nent feature of cCANUS that provides a pathway for trans-
porting the physical and biogeochemical properties of water
masses from this EBUS into the oligotrophic ocean interior.

The CEC extends from 22 to 29° N and is predominantly
populated by long-lived anticyclonic eddies (AEs) generated
south of Tenerife and Gran Canaria islands (Sangra et al.,
2005, 2007, 2009). The dominance of these AEs has been
extensively documented through a combination of in situ and
satellite observations (Pingree, 1996; Pingree and Garcia-
Soto, 2004; Sangra et al., 2009), as well as various eddy de-
tection and tracking methods (Chaigneau et al., 2009; San-
gra et al., 2009; Mason et al., 2014). Notably, Pegliasco et al.
(2015) reported that 40 % of the long-lived AEs within the
CEC exhibit subsurface intensification, with warm and salty
anomalies extending to depths of up to 800 m.
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Subsurface-intensified mesoscale AEs, also referred to as
intrathermocline eddies (ITEs), are characterized by a lens-
shaped core located at subsurface depths within the thermo-
cline (Dugan et al., 1982; Kostianoy and Belkin, 1989; Armi
and Zenk, 1984). Their typical structure includes dome-
shaped isopleths at the upper boundary and bowl-shaped iso-
pleths at the lower boundary, enclosing a relatively homoge-
neous core (pycnostad) with properties similar to the water
masses at their formation site (e.g., Dugan et al., 1982; Armi
and Zenk, 1984; Shapiro and Meschanov, 1991; Gordon et
al., 2002; Johnson and Mctaggart, 2010; Hormazabal et al.,
2013; Thomsen et al., 2016).

As these eddies propagate into the ocean interior, they in-
duce significant hydrographic and biogeochemical anomalies
relative to surrounding waters (e.g., Chaigneau et al., 2011;
Pegliasco et al., 2015; Cornejo et al., 2016; Machin and Pele-
gri, 2016; Barcel6é-Llull et al., 2017; Karstensen et al., 2017).
The intensity of these anomalies depends on the integrity of
the core during propagation. A useful proxy indicator of this
is the nonlinearity parameter (1), defined as % = U‘g*"‘ , where
Umax 1s the maximum circum-averaged speed of the eddy
and c its translational speed. Nonlinearity is characterized
by ¥ > 1, indicating trapped waters within the eddy, while
highly nonlinear eddies exhibit ¢ > 5, with extreme cases
exceeding 10 (Chelton et al., 2011).

The ability to trap water is intrinsically linked to the core
structure, where the presence of a pycnostad reduces static
stability and leads to large reductions in potential vorticity
(PV) (e.g., Nauw et al., 2006; Johnson and Mctaggart, 2010;
Pidcock et al., 2013; Barcelo-Llull et al., 2017; Bosse et al.,
2019). The low-PV core of ITEs, resulting from diminished
stratification, not only enhances their capacity to isolate and
transport water masses but also establishes a strong PV gra-
dient that acts as a dynamic barrier to lateral exchanges, par-
ticularly below the mixed layer (Bosse et al., 2019).

Observational evidence confirms the presence of ITEs in
many regions of the world’s oceans. However, comprehen-
sive studies on their formation and early evolution are still
limited (Caldeira et al., 2014), and most of the current knowl-
edge comes from numerical simulations under both realis-
tic and idealized oceanic conditions. Thus, understanding the
origin of ITEs remains an active area of research.

Two foundational studies have proposed important the-
oretical pathways for the formation of subsurface eddies.
McWilliams (1988) demonstrated that localized diapyc-
nal mixing in a stratified ocean, followed by nonlinear
geostrophic adjustment, can give rise to anticyclonic lenses
with low stratification and coherent rotation. The resulting
submesoscale coherent vortices (SCVs) closely resemble ob-
served ITEs and are particularly relevant in settings where
vertical mixing is induced by filaments or frontal structures
in upwelling systems. Complementarily, D’ Asaro (1988) de-
scribed a bottom boundary-layer mechanism in which fric-
tion over the inner slope of a submarine canyon generates an-
ticyclonic vorticity within dense coastal currents of reduced
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PV. As these low-PV parcels detach from the slope, they can
evolve into SCVs that undergo geostrophic adjustment, form-
ing coherent subsurface vortices. This mechanism may also
contribute to the early stages of ITE formation in topograph-
ically complex coastal environments, including island wakes
and continental slopes.

Hogan and Hurlburt (2006) identified three non-exclusive
mechanisms of ITE formation in a realistically simulated
Japan/East Sea:

1. advection of stratified water capping a pre-existing an-
ticyclone,

2. restratification of the upper layers in a pre-existing anti-
cyclone due to seasonal heating or cooling, and

3. frontal convergence and subduction of winter surface
mixed-layer water.

Frontal convergence and subduction have also been pro-
posed as the formation mechanism for ITEs in the south-
ern Indian Ocean by Nauw et al. (2006). Further insights on
frontal subduction as a source for ITE core waters were pro-
vided by Thomas (2008), who concluded that winds blow-
ing in the direction of a frontal jet reduce the PV of waters
through friction. Vertical circulation driven by frontal me-
anders subsequently subducts these low-PV waters into the
pycnocline, forming ITEs.

In addition to frontal convergence, recent studies have
demonstrated that the interaction between the winter mixed
layer and pre-existing subsurface eddy cores can signifi-
cantly modulate the vertical structure of anticyclonic eddies.
Yu et al. (2017) observed that repeated winter convection in-
side the Lofoten Basin Eddy progressively formed stacked,
weakly stratified layers, leading to a long-lived, stepped core
structure. Similarly, Barboni et al. (2023) reported that “con-
necting events”, where winter mixed layers reach subsurface
cores, lead to exceptional mixed-layer deepening and the for-
mation of double-core eddies. These studies highlight the
importance of internal stratification and restratification delay
in shaping the longevity and thermohaline structure of ITEs,
particularly in regions subject to strong seasonal forcing.

In the California and Peru—Chile upwelling systems, re-
cent studies have explored the role of frictional forces ex-
erted by continental slope topography in poleward undercur-
rents, leading to the formation of slope water oceanic eddies
(Molemaker et al., 2015; Contreras et al., 2019). These re-
gional observations support earlier theoretical work on sub-
surface eddy generation via bottom boundary-layer friction
(D’ Asaro, 1988) and further illustrate how topographically
induced vorticity can contribute to ITE formation in diverse
coastal environments. Locally induced mechanisms, such as
the transformation of a surface AE into an ITE through
eddy—wind interactions, have also been proposed. For exam-
ple, Mcgillicuddy (2015) suggested that local Ekman suction
within the AE can drive upwelling strong enough to dome
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the seasonal thermocline, converting the surface AE into an
ITE.

Recent observational and modeling studies have also re-
vealed additional mechanisms that may lead to the formation
of double-core or vertically stacked intrathermocline eddies.
Garreau et al. (2018) documented an anticyclonic eddy in the
western Mediterranean combining a surface warm, salty core
with a subsurface cooler, fresher lens. This structure was at-
tributed to vertical alignment or stacking of distinct water
masses, possibly inherited from separate formation events.
Belkin et al. (2020) described a warm-core eddy formed by
the vertical merger of two anticyclonic rings from the Gulf
Stream. Their work synthesized multiple formation pathways
for double-thermostad eddies, including vertical alignment,
successive winter mixing, and isopycnal injections. These
studies suggest that vertically complex ITEs may arise from
the fusion of distinct vortices or from the successive layer-
ing of core waters formed during repeated winter convection.
Such processes may operate in isolation or in combination,
as observed in long-lived eddies like the Lofoten Basin Eddy
(Bosse et al., 2019; Yu et al., 2017), further illustrating the
diversity of pathways through which ITEs can emerge.

In the cCANUS, observational evidence of ITEs primarily
pertains to Mediterranean Water lenses (Meddies) (e.g., Armi
and Zenk, 1984; Richardson et al., 2000; Machin and Pele-
gri, 2016). Instabilities in the outflow of the Mediterranean
Undercurrent generate these structures, and they are charac-
terized by strong positive salinity and temperature anomalies
with thicknesses of 500-1000 m, typically centered at inter-
mediate depths (~ 1000 m). Their lifespans range from 1 to
3 years and they can travel thousands of kilometers south-
westward before their cores erode through lateral mixing
or salt-fingering double-diffusion processes (Ruddick and
Hebert, 1988; Hebert et al., 1990; Schultz Tokos and Rossby,
1991) or abruptly collapse due to interactions with rough to-
pography (Richardson et al., 1989).

Shallower ITEs, centered within the upper 500 m of the
water column, have also been observed in cCANUS. Pingree
(1996) provided the first detailed description of a long-lived
AE centered at 190 m depth. This AE, with a diameter of
~ 100 km and a vertical extent of ~ 150 m, was named Flatty
due to its low aspect ratio. Nearly a year after its formation,
Flatty had traveled approximately 1600 km from its origin in
the CEC.

Caldeira et al. (2014) documented the formation of a
wind-induced ITE in the lee of the Madeira islands in mid-
summer 2011 based on remote sensing and in situ observa-
tions. The ITE was centered at ~ 100 m depth and character-
ized by a 25 km radius, 100 m width, and translational speed
of 5kmd~!. More recently, Barcel6-Llull et al. (2017) stud-
ied the anatomy of the ITE PUMP, which formed in the lee
of Tenerife and exhibited a 46 km radius and a 500 m vertical
extent, with two low-PV cores located at 85 and 225 m depth,
when surveyed 4 months after its formation and 550 km from
its origin.

Ocean Sci., 21, 2305-2344, 2025
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In November 2022, an AE originating in the lee of Gran
Canaria in June 2022 (5 months prior) was thoroughly sam-
pled south of the Canary Archipelago. This eddy, named
Bentayga, displayed the subsurface intensification typical of
an ITE and shared broad similarities in formation, location,
and timing with other documented eddies. Despite the sim-
ilarities, it displayed remarkable hydrographic and dynamic
differences, highlighting the complexity and variability in-
herent to these systems. Moreover, these differences empha-
size the importance of cautious interpretation of findings to
prevent overgeneralizing eddy dynamics to the entire popu-
lation of ITEs within the CEC.

The current study integrates satellite observations with in
situ measurements to investigate the formation and evolution
of the Bentayga eddy in the CEC. The primary objective is
twofold: (1) to explore the mechanisms responsible for the
eddy’s formation and (2) to evaluate its influence on the phys-
ical properties of the regional ocean circulation. Addition-
ally, the study compares the ITE with similar structures both
within the CEC and in other regions of the world, offering
new insights into the complexity and variability of mesoscale
eddy activity.

The structure of this paper is as follows: Sect. 2 describes
the survey, datasets, and methodology; Sect. 3 presents the
results, including a Lagrangian analysis of the eddy’s geo-
metric properties and two- and three-dimensional analyses of
circulation dynamics; Sect. 4 discusses the findings in com-
parison to other intrathermocline eddies; and concluding re-
marks are presented in Sect. 5.

2 Data and methods
2.1 Survey description

An interdisciplinary oceanographic survey was conducted
aboard the R/V Sarmiento de Gamboa from 9 November
to 4 December 2022, as part of the Biogeochemical Impact
of Mesoscale and Sub-mesoscale Processes Along the Life
History of Cyclonic and Anticyclonic Eddies (eIMPACT)
project. This survey, called the eIMPACT?2 survey, targeted
a mature AE which originated southwest of Gran Canaria is-
land (GCI). The eddy has been named Bentayga, inspired by
the Saharan-Berber heritage of the Canarian aborigines, re-
flecting its connection to Saharan upwelling waters off the
northwestern African coast. At the time of the survey, it was
approximately 4.5 months old and had traveled 560 km from
its formation site (Fig. 1).

CTD-O (conductivity, temperature, depth — oxygen) data,
collected using a towed undulating vehicle (SeaSoar Mk II;
Chelsea Technologies Group) equipped with a Sea-Bird
SBEO911plus system and an adjoined SBE43 dissolved oxy-
gen sensor, together with VMADCP (vessel-mounted acous-
tic Doppler current profiler; RDI Ocean Surveyor, 75 kHz)
records, were gathered during the eIMPACT?2 SeaSoar phase
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(9—-14 November 2022) to construct three-dimensional hy-
drographic and dynamical fields of the eddy and its surround-
ings. This phase employed a southwest—northeast sampling
grid comprising seven transects (278 km each), separated by
~ 22 km, and sampled vertical levels between 30 and 340 m.
A total of 955 CTD-O casts were recorded, with an average
horizontal spacing of ~ 2km; continuous VMADCP mea-
surements, providing horizontal velocity profiles from ap-
proximately 30 to 800 m depth with 16 m vertical resolution,
were acquired concurrently along the same grid.

In addition to the SeaSoar phase, the eIMPACT?2 cruise
included the OceT phase (19-28 November 2022), during
which vertical CTD-O profiles were acquired using a Sea-
Bird SBE911plus system equipped with an SBE43 dissolved
oxygen sensor mounted on a rosette system, along a nearly
zonal transect (OceT) crossing the eddy from east to west.
This phase was selected for the present study to investi-
gate the mature stage of the Bentayga eddy. The OceT com-
prised 26 stations (stations 02-27), spaced ~ 12.7 &= 2.8 km
apart, and extended from the surface to ~ 1500m depth
(Fig. 1). Alongside these profiles, continuous VMADCP
velocity measurements spanning ~ 30—-800m depth were
recorded throughout the transect.

Given the duration of the two selected sampling phases —
5 d for the SeaSoar phase and 10 d for the OceT — it was nec-
essary to assess how this temporal spread might have affected
or distorted our representation of the Bentayga eddy, particu-
larly in analyses relying on its spatial delineation. To this end,
we conducted a synopticity analysis, the results of which are
presented in the Sect. S1 in the Supplement. Intuitively, one
might expect a quasi-synoptic sampling during the SeaSoar
phase and a more asynchronous (non-synoptic) representa-
tion during OceT. Remarkably, the SeaSoar transects exhib-
ited high synopticity, with an estimated eddy deformation of
only ~ 1%. By contrast, OceT introduced a distortion of ap-
proximately 12.6% =+ 6.2%. However, sensitivity analyses of
our eddy-core diagnostics and derived estimates (Sects. S4—
S6) indicate that the observed core deformation has a limited
impact on the key results. These findings provide a certain
degree of confidence in the analyses presented in the follow-
ing sections.

Raw CTD-O data from both phases were processed at 1 m
intervals using the manufacturer’s software, and TEOS-10 al-
gorithms were applied to compute derived variables such as
absolute salinity (S4), conservative temperature (®), poten-
tial density anomaly (op), and Brunt—Viisild frequency (N)
(Feistel, 2003, 2008). VMADCP data were processed us-
ing the CODAS software (https://currents.soest.hawaii.edu/
docs/adcp_doc/, last access: 7 March 2023), resulting in
16 m vertical bins for both phases (Martinez-Marrero et al.,
2019). Dissolved oxygen (O») data collected during the OceT
phase were calibrated against discrete water samples ana-
lyzed using the potentiometric Winkler method, following
the protocol of Langdon (2010). The calibration yielded
a linear relationship with a slope of 1.0957, an offset of
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Figure 1. Map of the study area in the Canary Eddy Corridor (CEC) during the eIMPACT?2 survey (9 November—4 December 2022). Land
and the continental shelf (0 and 200 m depth) are shown in light and dark gray for the Canary Islands and the northwestern African coast,
respectively. Bathymetric contours are drawn every 500 m from 500 to 5000 m depth (thin black lines). The thick black lines represent the
ship’s grid-like trajectory during the SeaSoar phase (9—14 November). White stars mark the locations of stations from the oceanographic
transect (OceT, 19-28 November). The eddy is depicted by its first detection (dark red circle), its trajectory (thick dark red line with dates),
and the areas enclosed by the contour of maximum swirl speed on two key dates: (i) the start of the eIMPACT2 survey (9 November) and
(ii) during sampling at OceT station 18 (25 November), shown as light red patches.

—1.0462 umolkg ™!, and a coefficient of determination R? =
0.9908. The precision of the Winkler titrations, expressed as
the coefficient of variation, was 0.54 % (£1.01 umolkg™").
Although no discrete O, samples were obtained during the
SeaSoar phase due to its continuous sampling design, Oy
records from both phases were highly consistent, indicating
stable and reliable sensor performance throughout the cruise.

To reduce noise in the OceT data, a two-dimensional
Gaussian filter with horizontal and vertical scales of 12km
and 8 m, respectively, was applied to minimize the influence
of unresolved short-scale fluctuations. These scales were es-
timated from the spatial autocorrelation of the noise field,
reconstructed from high-order empirical orthogonal func-
tion (EOF) modes (modes > 4), using an integral length-
scale analysis. For the SeaSoar phase, CTD-O and VMADCP
datasets were objectively interpolated onto a regular 11 km x
11km grid at 16 m VMADCP levels. This process assumed
planar mean CTD variables and constant mean VMADCP
velocities (Rudnick and Luyten, 1996), employing a circular
Gaussian covariance model with a 44km scale (Ly = L),
approximating the theoretical Rossby radius (Chelton et al.,
1998), and incorporating 3 % uncorrelated noise in the final
fields (Bretherton et al., 1976, 1984; Le Traon, 1990).

2.2 Satellite information and derived products

The Atlas of Mesoscale Eddy Trajectories (META3.2exp),
developed by SSALTO/DUACS and distributed by AVISO+
with the support of CNES, in collaboration with IMEDEA
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(Pegliasco et al., 2022) (https://www.aviso.altimetry.fr/, last
access: 7 July 2024), was used to track the geometric and
dynamic properties of the Bentayga eddy throughout its life
cycle, from formation to dissipation. The use of the near-
real-time (NRT) product was necessary, as the delayed-time
(DT) version does not fully cover the period associated with
the evolution of Bentayga. However, the META3.2 DT all-
sat product was used to provide a climatological reference
for the eddy’s trajectory, particularly to contextualize its in-
teraction with filaments from the northwestern African up-
welling system. The atlas is based on the global detection
and tracking of mesoscale eddies using altimetry data from
multiple platforms, applying the eddy detection method of
Mason et al. (2014) to provide daily information on eddy
location, speed, radius, and other characteristics and clas-
sifying them by gyre type (CE and AE). This information
was complemented with sea level anomaly and geostrophic
current fields obtained from the European Seas Gridded
L4 Sea Surface Height and Derived Variables NRT altime-
try product (SEALEVEL_EUR_PHY_L4 NRT_008_060),
processed by the DUACS multi-platform altimetry system
and distributed by the Copernicus Marine Service (https:
//marine.copernicus.eu, last access: 24 November 2023).

To characterize the interaction between the circulation
driven by this eddy and the upwelling fronts and filaments
off the northwest African coast, we used daily fields of
sea surface temperature (SST) from the GHRSST Level 4
MUR Global Foundation Sea Surface Temperature Analy-
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sis product. This dataset, with a resolution of 1km x 1km,
is distributed by PO.DAAC (JPL MUR MEaSURE:s Project,
2024). In addition, satellite chlorophyll a data, with a resolu-
tion of 4km x 4km, were obtained from the Global Ocean
Colour Bio-Geo-Chemical Level 3 product distributed by
the EU Copernicus Marine Service Information (Copernicus-
GlobColour, 2022). Both of these products are derived from
a combination of satellite information from all available plat-
forms, utilizing specific processing, analysis, and merging
schemes (Chin et al., 2017; Garnesson et al., 2019).

2.3 Dynamical properties
2.3.1 Potential vorticity

As mentioned in Sect. 1, a key signature of ITEs is their core
of low PV, resulting from the nearly homogeneous waters
they contain. Due to the Bentayga eddy’s small aspect ra-
tio, defined by a large horizontal extent relative to its vertical
thickness, the following form of Ertel’s PV (Miiller, 1995)
was employed:

_ (—0;v, d;u) - Vhoy _ (¢ + f)ozo0
£0 o

PV = (1

This expression includes two sources of PV: the first term on
the right-hand side represents PV associated with isopycnal
tilting, while the second term corresponds to PV due to water
column stretching. In the first term, (—d, v, d,u) is the rotated
vertical shear vector of the horizontal velocity field, given
by up(x,y,2) =u(x,y,z)i+v(x,y,z)j, where u, denotes
the horizontal velocity vector, and Vyoy represents the hori-
zontal gradient of the potential density anomaly (op). In the
second term, (£ + f) is the absolute vorticity, defined as the
sum of relative vorticity (¢) and planetary vorticity ( f), while
d.0p represents the vertical gradient of oy. For both terms, a
mean background density pg = 1026 kgm™> was used. The
calculations were based on the objectively interpolated fields.

2.3.2 Energy metrics

The total available potential energy (APE) and kinetic en-
ergy (KE) within the eddy were estimated using volume in-
tegrals based on the approach of Schultz Tokos and Rossby
(1991), applied to the hydrographic and current records col-
lected along the OceT transect. For both integral calculations,
the eddy’s volume was assumed to be cylindrical and treated
as an isolated structure within an infinitely wide ocean basin
(Hebert, 1988), where unperturbed hydrographic fields ex-
plicitly define the reference ocean state. The estimation of
these reference fields is described further in Sect. 3.2. The
integrals were performed over the water column, from the
surface (z = 0) to the trapping depth (z = H) (e.g., Dilma-
hamod et al., 2018; Morris et al., 2019), and radially, from its
center (r = 0) to its core radius (r = R = R; see Sects. 3.2
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and 3.5). The total APE was calculated as follows:

0 R
APE = 0.5p; / / Ni(r, 2)%8(r, 2)>2rr)drdz, 2)
H 0

where p; is the density of the reference state, Ny(r, z) is the
Brunt—Viisild frequency of the reference state, §(z, r) rep-
resents the vertical departures of the isopycnal surfaces from
the reference state, and 27rrdr is the infinitesimal area ele-
ment. The total KE within the eddy was calculated as

0 R
KE = 0.5, / / lun(r, 2)|? (27 r)drdz, (3)
H 0

where |uy(r, 2)|? = u(r, z)* 4+ v(r, z)? is the squared horizon-
tal velocity magnitude, with u(r, z) and v(r, z) representing
the zonal and meridional velocity components obtained from
the VMADCP.

2.3.3 Thermohaline anomalies

To evaluate the thermohaline perturbations induced by the
eddy, the available heat anomaly (AHA) and available salt
anomaly (ASA) were calculated following the methodology
of Chaigneau et al. (2011). These volume integrals were
computed under the same assumptions described earlier. The
AHA and ASA were calculated as

0 Rc
AHA — / f p(r.2)Cp®'(r,2) Qmr)drdz, @)
H 0

=

C

0
ASA = 0.001 / o1, 2)SA'(r, 2) Qmr)drdz. 5)
H

S

In both equations, p represents the potential density.
In Eq. (4), Cp, is the specific heat capacity, set to
400017J kg_1 K~1, while in Eqg. (5), the factor 0.001 converts
salinity into a fraction of kilograms of salt per kilograms
of seawater. The conservative temperature (®’) and absolute
salinity (So”) anomalies were defined as departures from the
same unperturbed reference ocean state used in the calcula-
tions of APE and KE (Egs. 2 and 3).

2.3.4 Eddy-driven fluxes

The volume, heat, and salt transported by the eddy were
assessed by estimating the corresponding horizontal eddy-
driven fluxes (Dilmahamod et al., 2018). Following the ap-
proach of Morris et al. (2019), the eddy was treated as a bulk
entity, assuming a vertically uniform translational speed (c),
calculated as the average propagation speed during the eIM-
PACT?2 survey. In this formulation, the horizontal advection
of water properties induced by the eddy occurs through its
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frontal cross-section as it propagates. The effective width of
this vertical face is approximated by 2r, where r is the ra-
dial distance from the eddy center to the outer limit of its
core. The volume (V;), heat (Qep), salt (Qes), and freshwater
(Of¢w) fluxes were calculated as follows.

0
Vo= c/(Zr)dz 6)
H
0
Qe =c f P0C,0'(2) (2r)dz ™)
H
0
Qes = O.OOlc/poSA/(Z)Qr)dz (®)
H
- Qes
w = 9
Oy 2050 9

In these equations, V, represents the eddy-driven volume
transport in Sverdrups (1 Sv = 10°m3 s_l), Qeh is the eddy-
driven heat flux in Watts (W), Qes is the eddy-driven salt flux
in kilograms per second (kgs™!), and Qpy is the equivalent
freshwater flux in Sv. Here, pg = 1026 kgm’3 is the mean
background density as in Eq. (1), C, = 4000 Jkg 'K 1is
the specific heat capacity as in Eq. (4), and So = 35 (dimen-
sionless, representing salt mass fraction in psu) is the mean
upper-ocean salinity. Conservative temperature and absolute
salinity anomalies (©’(z) and SaA’(z), respectively) were cal-
culated as departures from the unperturbed reference state.

3 Results

3.1 Lagrangian evolution as seen from satellite
altimetry data

The Bentayga eddy formed south of GCI in June 2022, with
its first detection recorded on 23 June (Figs. 1-3). Shortly af-
ter formation, during its growth phase, it drifted away from
GCI almost immediately (see trajectory and respective dates
in Figs. 1 and 2). The initial 20d were characterized by a
rapid southwestward movement, which later shifted to an
almost eastward direction, with speeds > 10kmd~!, cover-
ing approximately 170 km from the origin to the continen-
tal margin of NW Africa, near Cape Bojador (~ 26.1°N).
During this phase, significant growth was observed only
in its radius defined by the contour of maximum circum-
averaged speed (Fig. 3c). It remained in this region for over
2 weeks, during which it interacted with upwelling filaments
extending from Cape Juby to the north and Cape Bojador
to the south (Fig. 2b). Throughout this period, the sea level
anomaly (SLA) amplitude and swirl speed increased consid-
erably, rising by approximately 4 cm and 15cms™!, respec-
tively (Fig. 3a and b). This behavior gave a strong nonlin-
ear character to the Bentayga eddy, as indicated by ¥ > 5
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(Fig. 3e), a feature that persisted throughout the analyzed pe-
riod.

By the end of July, it began to move northwestward into
the open ocean, maintaining this trajectory while continu-
ing to exhibit gradual increases in the aforementioned fea-
tures until 15 August (Figs. 1 and 3). At this stage, peak
values were reached in amplitude (~ 20 cm), swirl speed (~
55cms 1), and radius (~ 55 km), with Rossby number (Ro)
values of ~ 0.16 (Fig. 3a—d). These relatively higher values
were sustained until the early days of November (Fig. 3a—
¢), when the temporal evolution of these features displayed a
plateau behavior, particularly evident in the SLA amplitude
and swirl speed, even after accounting for the 15-30d fluctu-
ations observed throughout its life cycle (Fig. 3a and b). This
plateau indicates that the Bentayga eddy had entered its ma-
ture phase by this time, with mean values of approximately
~ 18+ 2cm for SLA amplitude, ~ 45+ 4cm s~ for swirl
speed, and ~ 50 & 5km for radius. The temporal evolution
of its Ro values and nonlinear character also evolved into a
plateau during this phase (Fig. 3d and e); however, for Ro,
it persisted only until mid-October, with a mean magnitude
of approximately 0.15. Throughout this phase, it primarily
followed a southwestward trajectory (Figs. 1 and 2c and d),
although a northwestward deflection was observed in its path
between mid-September and early October (Fig. 1).

Starting in the first weeks of November, a gradual decline
in all the previously described properties became evident
(Fig. 3), indicating that the eIMPACT?2 survey occurred at
the onset of this slow decline in the dynamic properties dur-
ing the eddy’s mature phase. Such a smooth and gentle de-
crease in the magnitude of the eddy’s dynamic properties dur-
ing this phase has been previously observed in the CANUS
and other EBUSs (Pegliasco et al., 2015). During the eIM-
PACT?2 survey, the Bentayga eddy moved with a translational
speed (c) of 4.5+ 1.2kmd~! and displayed a mean SLA am-
plitude of 15+ 1 cm, swirl speed of 38 =2 cms ™!, radius of
55 £3km, mean Ro values of 0.11, and a strong nonlinear
character (9 > 5). A few days after the campaign concluded,
the nearly linear decline in these properties was interrupted
by shorter-period fluctuations (with a temporal scale of 10—
20d), particularly noticeable in the SLA amplitude and ra-
dius. These fluctuations persisted until the end of its mature
phase in mid-May 2023 (Fig. 3a and c). The onset of these
shorter-scale fluctuations coincided with a slight northwest-
ward deflection observed in the eddy’s trajectory shortly after
the end of the eIMPACT survey (6 December, Fig. 1). Fi-
nally, from late May 2023 onward, the dynamical properties
of the Bentayga eddy exhibited an abrupt decrease, marking
its transition into the decay phase, which culminated in its
dissipation on 18 June 2023.

The temporal evolution of the eddy properties was dom-
inated by two main modes of variability (Fig. 3). The first
mode was a long-term component, spanning 7—11 months,
associated with its overall life cycle: growth (mid-June 2022
to mid-August 2022), maturity (including the slow decline
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Figure 2. Sea level anomaly snapshots (color map and thin gray contours) and geostrophic currents (black arrows) derived from satellite
altimetry. The panels show the eddy’s evolution from its first detection on 23 June 2022 through its various phases, including the eIMPACT2
survey, to its dissipation on 18 June 2023 (trajectory indicated by red circles). White stars denote oceanographic station locations during the

eIMPACT?2 OceT phase.

stage; mid-August 2022 to mid-May 2023), and rapid de-
cay (starting in late May 2023) (Fig. 3). The second mode of
variability involved shorter-scale fluctuations, ranging from
weeks to a few months, as identified through wavelet anal-
ysis (see Fig. Al). Generally, these fluctuations displayed a
degree of synchronicity among the analyzed properties, re-
flecting the dominance of geostrophic characteristics even at
these timescales, as increases in SLA amplitude were sys-
tematically accompanied by increases in swirl speed. This

Ocean Sci., 21, 2305-2344, 2025

relationship indicates that the eddy’s velocity field remained
primarily controlled by the pressure gradient force balanced
by the Coriolis force. However, the relative energy contribu-
tions of these fluctuations differed: the SLA amplitude and
eddy radius exhibited larger variations than those observed
in the eddy’s swirl speed variability, suggesting that shorter-
scale fluctuations more strongly modulated the eddy’s ge-
ometry and surface expression than its velocity field. This
behavior could be interpreted as a mode of eddy pulsation,
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Figure 3. Time series of geometric and dynamic properties of
the eddy from its first detection (23 June 2022) to its dissipation
(18 June 2023). Panels show (a) amplitude, (b) swirl speed, (c) ra-
dius, (d) Rossby number (calculated as the ratio between the swirl
speed and radius, normalized by f), and (e) the nonlinearity param-
eter (U, estimated as the ratio of swirl to translational speeds). In
panel (e), the translational speed is indicated by the gray line, while
black and red horizontal lines represent thresholds for nonlinearity
(¥ > 1) and strong nonlinearity (% > 5) (Chelton et al., 2011). Pale
red and gray shaded areas across all panels highlight periods when
the eddy was near the NW African continental margin and during
the eIMPACT?2 survey, respectively. Vertical dashed lines indicate
the onset and end of its mature phase.
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similar to that described by Sangra et al. (2005, 2009), sug-
gesting a connection with changes in Bentayga’s elliptical
eccentricity and the presence of sharp meanders at its edges.
These phenomena are likely due to eddy-to-eddy interactions
(Sangra et al., 2005; Morris et al., 2019) or some form of sub-
mesoscale instability (Brannigan et al., 2017; Thomas et al.,
2013).

3.2 Circulation and hydrography

The following section describes the circulation and hydrog-
raphy along the OceT transect. As previously noted, this tran-
sect reflects a distorted view of the eddy structure due to the
lack of synopticity; however, the general features of its core
remain identifiable (see Sects. S2 and S3). The rationale for
using this dataset lies in its vertical extent, which enables a
comprehensive view of the water column down to intermedi-
ate depths, effectively capturing the full vertical structure of
the Bentayga eddy (see Sects. S4-S6).

Cross-transect velocities along the OceT (Fig. 4a) were
primarily influenced by the anticyclonic circulation induced
by the Bentayga eddy (stations 12-24, 120-280km from
OceT’s origin). Stronger velocities (> 30cm s~1) extended
from the surface to the oy = 25.5kgm™> isopycnal depth,
closely following its concave shape. Between stations 15—
20 (175-225km from OceT’s origin), higher cross-transect
velocities were observed at approximately 110—120 m depth
(>45cm s’l). However, at station 18, velocities were nearly
zero throughout the entire depth profile, indicating proxim-
ity to its center (Fig. 4a and b). Starting from stations 15
and 20 towards the east and west, respectively, the vertical
segment of higher velocities became slightly shallower, with
stations 12 and 24 roughly marking the eastern and west-
ern boundaries of the eddy’s exerted effect. This variation in
the vertical position of the maximum cross-transect velocity
layer suggests the presence of an inner core within, with a
radius (R.) of ~ 23-25km and an external surrounding ring
approximately 45 km wide. This segmentation is consistent
with the radial zonation presented in Sect. S3, where maxi-
mum azimuthal velocities are reached in the outer sector of
the eddy at approximately 40 km from its center, gradually
decreasing outward.

The surrounding ring spans roughly stations 20 and 24
to the west and stations 12 and 15 to the east — corre-
sponding to distances of up to 70km from the eddy center
— with its lower (deeper) boundaries closely following the
spatial behavior of the aforementioned isopycnal (Fig. 4a).
Vertical profiles of cross-transect velocity (Fig. 4b) reveal
a slight horizontal asymmetry, with stronger velocities oc-
curring at deeper depths within the inner core and at shal-
lower depths in the ring area (Fig. 4a and b). Although a
closer examination of this sector indicates that it lacks spa-
tial homogeneity (Fig. 4), the deformation noted at the be-
ginning of this section and the inherently higher variability
in this area make it prone to misinterpretation. As such, a
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Figure 4. (a) Vertical section of cross-transect velocities (v) from VMADCP measurements along the OceT transect. Gray contours represent
velocity levels at 5 cm s~1 intervals, while black contours show isopycnals (og) ranging from 25.2 to 27.7 kg m~3 with 0.1 kg m~3 intervals.
Vertical dashed lines indicate the positions of oceanographic stations, with only even station numbers labeled for clarity. (b) Vertical profiles
of cross-transect velocities at the eddy’s center (station 18) and at approximately the radial distance of maximum velocity (r &~ 40 km; refer
to text for further details). Different vertical scales are applied for the 0-400 m and 400—-1500 m depth ranges in both panels.

more detailed analysis of this sector is not pursued in the
present study. Nevertheless, its presence adds complexity to
the overall azimuthal velocity distribution, highlighting ra-
dial variations that could impact the stability and mixing
properties of the Bentayga eddy (McWilliams, 1988, 1985).
These circulation patterns remained spatially coherent above
the og = 26.6kgm™> isopycnal. However, at greater poten-
tial density anomalies (26.7-27.4kgm™>), the anticyclonic
circulation weakened (< 15cms™!) and became more spa-
tially disordered. Outside the observed horizontal boundaries
of the Bentayga eddy, cross-transect velocities aligned with
the external cyclonic circulation on either side (Fig. 2d).
From Fig. 5c, the deepening of the isopycnal surfaces is
evident for oy > 25.4kg m~3 between stations 12 and 24,
with the seasonal pycnocline (associated with N values >
5 cph) exhibiting a concave shape along this horizontal seg-
ment. In contrast, lighter isopycnals displayed a slight con-
vex shape between stations 15 and 20 (175-225km from
OceT’s eastern origin) along the oy = 25.2kgm™> isopyc-
nal. The presence of a deep surface mixed layer (extending
from the surface to a depth of 80 m), containing even lighter
waters (< 25.2kgm™3), along with a shallower and less in-
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tense pycnocline (with N values of 3—4 cph), likely prevented
doming of these lighter isopycnals. The core of the Bentayga
eddy was centered between these shallower and deeper py-
cnoclines (~ 110m depth), enclosing nearly homogeneous
water and forming a pycnostad with a mean potential den-
sity anomaly of 25.3+0.05kgm™> (N < 2.5cph). As ex-
pected, outside the influence of the eddy (westward from sta-
tion 24 and eastward from station 12), the density field was
influenced by the cyclonic circulation on both sides, with a
mesoscale elevation of water (isopycnal lifting) noticeable
even at depths around 500 m (Fig. 5c¢).

Most of the structures for the distribution of oy along the
OceT described above are also observed in the first 600 m
of the vertical sections of ® and Sp (Fig. 5a and b). Be-
tween stations 12 and 24, the 12.5-22 °C isotherms and 36—
36.9 gkg™! isohalines exhibited the previously mentioned
deepening. Signs of minor elevation in the horizontal seg-
ment between stations 15 and 20 were also noticeable along
the 23 °C isotherm and the 36.9 gkg™! isohaline, as well as
a core of nearly constant temperature and salinity, with mean
values of 22.5+0.2°C and 36.83 4+0.01 gkg~!. This well-
mixed core was vertically bounded by two sharp positive

https://doi.org/10.5194/0s-21-2305-2025
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thermoclines (~0.1°Cm™!), a sharp positive upper halo-
cline (0.02gkg™'m~"), and a weaker negative lower halo-
cline (—0.01 gkg’] m~D). In the Sa field, the structure of
the eddy core was more clearly defined by the 36.8 gkg ™!
isohaline, forming a lens-like shape of relatively fresher wa-
ter compared to the surrounding waters at the same vertical
levels. This high degree of homogeneity is also discussed in
Sects. S2 and S3 (see Figs. S4-S8) and matches the radial
distance between the OceT data and the profiles used in those
analyses well.

It is important to note that, aside from the mesoscale per-
turbations in the thermohaline properties along the OceT,
their overall hydrographic distribution corresponded to the
expected water mass composition for the region, with a dom-
inance of 12 and 15 °C Eastern North Atlantic Central Waters
(ENACW12 and ENACW 15, respectively) (Fig. 6). At inter-
mediate depths (700-1300 m), relatively colder and fresher
waters were observed from station 7 westward (approxi-
mately 60 km from OceT’s origin) (Fig. 5a and b). These
waters were consistent with the thermohaline values and
the higher contribution of the diluted Antarctic Intermediate
Water (AAIW) previously described in this region at these
depths (Alvarez et al., 2005; Bashmachnikov et al., 2015;
Jiménez-Rincén et al., 2023). In this study, the acronym AA,
from the nomenclature proposed by Alvarez et al. (2005),
will be used to refer to this water mass, as its thermoha-
line properties align with those observed locally in this re-
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gion (Fig. 6), albeit with slight variations from the classical
definition of AAIW (Tomczak and Godfrey, 2004).

No disturbances in the oy field were observed at these in-
termediate depths despite the mentioned variability, indicat-
ing that density remained compensated (Fig. 5¢). This com-
pensation may also explain the localized enrichment of ther-
mohaline fine structure, likely due to lateral intrusions, which
were more noticeable in the Sa field (Fig. 5b). Addition-
ally, within the area thought to be influenced by the Ben-
tayga eddy (stations 12-24), the relative contribution of AA
appeared stronger and was accompanied by a higher pres-
ence of Subpolar Mode Water (SPMW) above it (Fig. S5a
and b; Fig. 6). This suggests a possible connection between
the anticyclonic circulation driven by the eddy and the ver-
tical extent of its trapping capacity (i.e., its nonlinearity ra-
tio, ¥; see Fig. 3e). However, as explained in Sect. 2.1, reli-
able VMADCEP velocity records were not obtained for these
depths, preventing further analyses.

To further investigate the impact of the Bentayga eddy on
the water column along the OceT, anomalies in og, ©, and Sp
were analyzed (Fig. 7). As noted earlier, it was surrounded
by several cyclonic mesoscale eddies, which caused pertur-
bations outside its horizontal boundaries, affecting the wa-
ter column from stations 02—11 and 25-27 (Fig. 2d). To ac-
count for these external influences, the mean profiles used
as a reference state for anomaly calculations were derived
using the Djurfeldt (1989) method. First, an average distri-
bution was calculated as a function of oy for depth, z, ®, and

Ocean Sci., 21, 2305-2344, 2025
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Figure 6. Conservative temperature (®) versus absolute salinity
(Sp) distribution along the OceT transect, presented as a ©@—Sp dia-
gram. Gray dots represent data from all oceanographic stations. The
thermohaline structure at the eddy center (station 18) is highlighted
with a thick black continuous line. Thermohaline properties from
regions outside eddy’s influence, westward (station 26) and east-
ward (station 04), are depicted with thick blue and red dashed lines,
respectively. Symbols mark typical source water masses for the area
(Alvarez et al., 2005), including Madeira Mode Water (MMW),
Eastern North Atlantic Central Water (ENACW 15 and ENACW12,
at 15 and 12 °C, respectively), Subpolar Mode Water (SPMW), and
diluted Antarctic Intermediate Water (AA). Thin black dashed lines
denote oy levels from 24 to 29 kg m™3 at intervals of 0.5 kg m3.

Sa (i.e., Z(0p), ©(0p), and Sa(0p)). These averaged profiles
were then interpolated back to the original z coordinate and
subtracted from the respective vertical sections.

In terms of potential density anomaly and conservative
temperature, the Bentayga eddy displayed a single core
of lighter and warmer waters, extending from ~ 80 to
500 m depth (< —0.2kgm ™3 and > 1 °C, respectively), hor-
izontally spanning stations 12-24 (Fig. 7a and c), with
the strongest anomalies located near the op = 25.5kgm™3
isopycnal at ~ 150-155m depth. At this level, density and
temperature anomalies reached about —1 kgm™> and 4 °C,
respectively. In contrast, the absolute salinity anomaly field
exhibited a double-core structure: a shallower core of lower
salinity between 80 and 140m depth, enclosed between
the oy =25.2 and 25.5kgm™> isopycnals (anomalies be-
low —0.05 gkg™"), and a deeper saltier core extending from
~ 150 to 550 m depth, with maximum positive anomalies (>
0.1 gkg™") centered between 200 and 300 m depth (Fig. 7b).
At intermediate depths (800-1300m), colder and fresher
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anomalies were observed just below the core of positive ther-
mohaline anomalies (Fig. 7a and b). These anomalies re-
flected the influence of SPMW and AA water masses (Fig. 6),
with temperature anomalies below —0.25°C and salinity
anomalies below —0.1 gkg™!.

3.3 3D view of the horizontal velocity field

The objectively interpolated fields of VMADCP horizontal
velocity (4, v) and potential density anomaly (og) (Fig. 8)
clearly reveal the dominant influence of the Bentayga eddy
in the sampled area, with its anticyclonic circulation prevail-
ing across much of the region and remaining evident even
at the shallower recorded depths (< 60 m, Fig. 8a). Outside
this prominent circulation, the northwestern and southeast-
ern corners of the interpolated field exhibited cyclonic eddies
(CEs) with flow magnitudes comparable to those of this an-
ticyclonic system. Additionally, a smaller AE was identified
northeast of the primary system (Fig. 2d). This secondary
structure, approximately half its size, displayed weaker anti-
cyclonic circulation. However, since it was located near the
northeastern edge of the SeaSoar sampling grid, its geometry
was likely not well-resolved.

Although the anticyclonic circulation induced by the Ben-
tayga eddy was well-defined from depths as shallow as 30—
60 m (see Figs. 4 and 8), the expected doming of the upper
isopycnals bounding the core was not clearly observed. In-
stead, it appeared only subtly and in a spatially localized
manner, as seen in the horizontal sections of the upper 100 m
(Fig. 8a and b), and consistent with the structure depicted by
the 25.2kgm™2 isopycnal along the OceT transect (Fig. 5).
This localized doming of the upper isopycnals within the
eddy may, in turn, reflect the advection of relatively lighter
water from the surrounding ring, circulating around — and
possibly penetrating into — the core. Moreover, the pres-
ence of this less dense “external” water may have locally
intensified the vertical density contrast in that sector of the
eddy, potentially hindering or even preventing the upward
displacement of the isopycnals native to that region. At these
depths (< 100 m depth), the eddy exhibited a generally cir-
cular, though slightly irregular, shape (horizontal aspect ratio
of nearly 1.0), with meandering horizontal boundaries. With
increasing depth, the structure became more regular and el-
liptical, maintaining a nearly constant horizontal aspect ratio
of approximately 0.8 (Fig. 8c and d). Notably, the horizontal
section at 120 m depth indicates that lighter water circulat-
ing around the core extended even to those depths (Fig. &8c).
Below 120 m, the Bentayga eddy was characterized primar-
ily by local isopycnal deepening and exhibited a reduction in
size with increasing depth (Figs. 8d, B1 and B2).

Vertical sections of the horizontal velocity components,
ogp, and Sp were extracted along the virtual transect de-
picted in Fig. 8, offering a continuous depth-wise represen-
tation of the observed features and patterns (Fig. 9). To bet-
ter represent the circulation around the eddy center, horizon-
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tal velocity vectors were rotated along the transect axis. The
anticyclonic circulation associated with the Bentayga eddy
dominated the entire water column along this transect, with
peak cross-transect velocities exceeding 30 cms™! in the up-
per 200m (Fig. 9a). Within this vertical segment, just be-
low the mixing layer (z > 70-80 m), the isopycnals exhibited
a steep inclination where the vertical density gradient was
strongest. The highest velocities (> 60 cms™!) were located
at the eddy’s edges, progressively converging towards the
boundaries of the eddy core with increasing depth. This sub-
tle inward inclination was most pronounced between 80 and
150 m, where slight doming and deepening of the isopycnals
delineating the core were also observed. Furthermore, within
it, the isopycnals displayed small-scale irregularities, charac-
terized by doming on one side and deepening on the other
side. These patterns were mirrored by the isohalines delin-
eating the relatively less saline eddy core (36.8-36.9 gkg™!).
While previous interpretations attributed these features to the
lateral advection of lighter waters from the surrounding ring
into the core, the observed isopycnal and isohaline perturba-
tions may also be indicative of vertical displacements within
the eddy structure.

Using the thermal wind balance relationship, the
geostrophic current field was derived from the interpolated
density field, with VMADCP records at 312 m depth serv-
ing as the reference level (Fig. 9b). Generally, VMADCP-
measured velocities were more intense than the geostrophic
currents, though their spatial patterns showed only mi-
nor discrepancies. Similar to the VMADCP observations,

https://doi.org/10.5194/0s-21-2305-2025

geostrophic currents were strongest at depths shallower than
200m (> 30cms™!), with maximum values above 100m
depth (50-55cms™!). The ageostrophic horizontal veloc-
ity was revealed by subtracting the geostrophic component
from the VMADCP velocity field (Fig. 9c). These veloci-
ties were strongest within the upper 150 m of the water col-
umn (> 5cms™!), peaking at over 10 cms~! between 80 and
120 m depth.

Water parcels that follow curved trajectories within an AE
require a net centripetal acceleration to maintain their motion
in equilibrium. In these conditions, the appropriate momen-
tum balance is the cyclogeostrophic one, which includes this
centripetal acceleration explicitly (Flierl, 1979; Kunze, 1986;
Olson, 1980; Shakespeare, 2016). Assuming steady, inviscid,
and axisymmetric flow, the radial component of the horizon-
tal momentum equation becomes

(10)

where vy is the azimuthal velocity, r is the radial distance
to the eddy center, pg is the mean background density, and
p is the pressure. As shown in Shakespeare (2016), the left-
hand side expresses the centripetal acceleration required to
sustain the curved trajectory, balancing the physical forces
that provide it — namely, an inward Coriolis acceleration
and an outward-directed pressure gradient. This implies that,
when streamline curvature becomes significant in an AE, part
of the observed ageostrophic horizontal velocity arises as a
compensating effect of the curvature itself.

Ocean Sci., 21, 2305-2344, 2025
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Figure 8. Objectively interpolated VMADCP velocity vectors (black arrows) superimposed on potential density anomaly (op) fields at
different depths: (a) 56 m, (b) 88 m, (¢) 120 m, and (d) 184 m. Each panel uses a distinct color scale representing oy values, with 25 contour
levels uniformly spaced across the respective density range to highlight the isopycnal structure. Velocity vectors are scaled relative to the
magnitude at each depth (see legend in the bottom right corner of each panel). The ship’s grid-like sampling trajectory during the eEIMPACT2
SeaSoar phase (pale white circles) and the virtual transect used for the vertical section in Fig. 9 (white line) are also indicated. Objective
interpolation correlation scales were set to Ly = Ly = 44 km, with 3 % uncorrelated noise applied.

To quantify the importance of curvature in the momen-
tum balance, a nondimensional number can be defined as
C =vy/(fr), known as the cyclogeostrophic Rossby num-
ber. Values of C 2> 0.1 are typically considered sufficient to
indicate that the centripetal acceleration required to sustain
flow curvature becomes dynamically significant (e.g., Shake-
speare, 2016; Ioannou et al., 2019; Penven et al., 2014; Dou-
glass and Richman, 2015). Given that the virtual transect was
nearly orthogonal to the eddy’s mean flow, the azimuthal ve-
locity component vg closely corresponds to the cross-transect
velocity shown in Fig. 9a. This component, under the as-
sumption v &~ vg, was therefore used in the calculation of C
for the Bentayga eddy.

Ocean Sci., 21, 2305-2344, 2025

The diagnosed vertical distribution of C reveals values ex-
ceeding 0.1 at depths z < 160 m when using either the mean
or the upper 10 % of vy within the eddy core. Peak values
(2 0.15) occurred between 80 and 160 m, coinciding with
the depth range of the strongest observed cross-transect (v)
and ageostrophic (v?) velocities. This suggests that curvature
effects contribute significantly to the momentum balance in
the core region, particularly for radial distances r < 40km,
promoting compensating ageostrophic velocities within the
core that help sustain the anticyclonic circulation of the Ben-
tayga eddy.
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Figure 9. Objectively interpolated cross-transect velocity components along the virtual transect shown in Fig. 8. Panels represent (a) cross-
transect velocities measured directly by the VMADCP (v), (b) geostrophic velocities estimated using the thermal wind balance (v8), and
(c) ageostrophic velocities calculated as the difference between VMADCP and geostrophic velocities (v? = v — v8). Black contours corre-
spond to oy levels (every 0.05 kg m~3), with thicker lines highlighting the 25.2, 25.5, and 26.6 kg m—3 isopycnals, which are also labeled for

reference. Light green contours denote isohalines (36.8-36.9 gkg

3.4 Oxygen distribution and biogeochemical signatures

The distribution of O, across the Bentayga eddy provides
valuable insights into its biogeochemical imprint (Fig. 10).
Vertical sections along the OceT transect reveal a well-
defined subsurface minimum in absolute O concentra-
tions (Fig. 10a), with values below 210umolkg™" cen-
tered around 110-130m depth and extending across sta-
tions 14-22. This oxygen-depleted layer coincides with the
pycnostad core of the eddy, bounded by the oy =25.2—
25.5kgm™> isopycnals. Anomalies relative to a reference
vertical profile, derived from stations outside the eddy influ-
ence (as described in Sect. 3.2), further highlight this core
as a region of moderate O deficit (AO, < —5 umolkg™")
(Fig. 10b). Beneath this negative anomaly layer, O, con-
centrations exceed the reference values, producing posi-
tive anomalies (AO» > 15 umolkg™") that closely follow the
25.5-25.6kgm™ isopycnals.

The apparent oxygen utilization (AOU) field (Fig. 10c)
offers additional support for this interpretation. Within the
eddy core, AOU values remain relatively low at around
10 umolkg ™!, slightly higher than surface waters (ranging
from —10 to O umolkg™!) but well below typical values for
thermocline or intermediate-depth waters. These low AOU
values extend deeper inside the eddy than in surrounding wa-
ters, with concentrations < 35 umolkg ™! reaching depths of
~ 270m and < 80 umol kg’1 persisting to ~ 400 m. In con-
trast, values exceeding 120 umolkg™! are observed below
500 m throughout the transect, outside the influence of the
eddy. This vertical structure suggests that the eddy retains
relatively young, recently subducted water masses, likely of
surface or coastal origin. The limited oxygen consumption
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-1

, every 0.05 gkg_1 ).

implied by the low AOU values indicates a weakly ventilated
but not yet biogeochemically aged core.

A horizontal section at 130 m depth (Fig. 10d) further
confirms the spatial coherence of this relatively oxygen-
depleted, low-AOU core. However, it seems that during the
SeaSoar phase, AOU values within the core were even lower,
ranging between 0 and 2 umolkg™', and were encircled by
a weak negative-AOU ring (—4 to —I umolkg™"). These
slightly negative values indicate that the water was slightly
oversaturated with respect to atmospheric equilibrium, con-
sistent with the recent subduction of well-oxygenated sur-
face waters into the eddy core and limited biological and mi-
crobial oxygen demand. This distribution supports the inter-
pretation that the eddy trapped and transported oxygen-poor
waters offshore, potentially sourced from coastal upwelling
regions, as suggested by the satellite-derived eddy trajec-
tory and its dynamical properties. The combination of hy-
drographic isolation and distinct O, and AOU signatures un-
derscores the eddy’s role in redistributing oxygen and mod-
ifying ventilation patterns at thermocline depths, pointing to
biogeochemical impacts that extend beyond its dynamic and
thermohaline structure.

3.5 Azimuthal velocity structure and eddy-core
rotational dynamics

To investigate the rotational structure of the Bentayga eddy,
we analyzed the radial distribution and vertical variability
of azimuthal velocities (vg) derived from multiple observa-
tional phases. This combined approach provided a compre-
hensive view of the eddy’s internal dynamics, capturing both
vertical coherence and horizontal structural transitions. Fig-

Ocean Sci., 21, 2305-2344, 2025
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Figure 10. Dissolved oxygen structure of the Bentayga eddy.
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solid-body core’s rotation frequency (wp) and its corresponding period.

ure 11 shows the depth-resolved azimuthal velocity profiles
extracted from the OceT transect. At each depth, a least-
squares fit of the form vy = wyr was applied to the observed
velocity data to quantify the degree of solid-body rotation
within the eddy core. Here, wg denotes the angular veloc-
ity, and the constraint vg = 0 at the eddy center (r = 0) was
imposed to ensure physical consistency. The linear fit was it-
eratively computed over increasing radial distances, and an
effective core radius was defined as the radial distance at
which the correlation coefficient (r,,) between the fitted and
observed data reached its maximum.

The results reveal a well-defined solid-body core extend-
ing laterally up to ~ 23-28km (close to the observed R,
in Sect. 3.2 and in the Sect. S3) and vertically from the
shallowest observed level (~ 40 m) to approximately 350 m
depth, where ryy > 0.9. Below 350 m, the rotational coher-
ence weakened, with ry reaching a minimum of ~ 0.75 be-
tween 360 and 400 m. Interestingly, r,, increased again be-
tween 415 and 450 m, remaining above 0.8 down to ~ 600 m,
after which it declined sharply, indicating the gradual ero-
sion of solid-body characteristics with depth. The vertical
structure of the rotation frequency wyg (Fig. 11d) showed a
nearly constant surface-averaged angular velocity down to
80 m, at approximately 1.35x 107> rads~! (corresponding to
a ~ 5d period). A peak in wy was observed between 110 and
130 m, reaching 1.85 x 10~ rads™! (~3.9d period), after
which the rotation rate declined abruptly, reaching ~ 70 %
of its peak by 210 m. This behavior suggests that the core is

https://doi.org/10.5194/0s-21-2305-2025

composed of vertically stratified layers, each rotating quasi-
independently rather than as a uniform column, as similarly
observed in Meddies and other intrathermocline structures
(Schultz Tokos and Rossby, 1991).

Complementing this vertical analysis, the radial structure
of azimuthal velocities in the 80-160m depth range was
evaluated across several eIMPACT2 survey phases and is
shown in Fig. 12a. Despite minor asymmetries, the veloc-
ity profiles remain consistent across them. Within the well-
mixed core (|r| < R. = 23 km), the profiles exhibit a nearly
linear increase in vg, consistent with solid-body rotation. Be-
yond this region, azimuthal velocities gradually increase to
a maximum near |r| ~ 35-45 km before declining smoothly,
a pattern reminiscent of Gaussian-type vortices. To capture
this structural transition, a hybrid vortex model was devel-
oped by combining Rankine and Gaussian profiles using a
logistic weighting function (see Sect. S3 and Eqs. S9-S12
for full formulation). This model, shown as a dashed black
curve in Fig. 12a, reproduces the linear behavior within the
core and the gradual decay in the outer region. The transition
starts around R, and the hybrid formulation remains valid
up to Re ~ 3R, =~ 70km, with R, corresponding to the outer
edge of the previously defined surrounding ring, thereby cap-
turing the eddy’s full dynamical extent. In addition, Fig. 12b
shows the normalized relative vorticity (¢/f) and strain rate
(n/f), computed from vg(r) assuming axisymmetry. While
¢/ f follows the hybrid model closely — especially in the sur-
rounding ring sector — the strain rate displays higher variabil-

Ocean Sci., 21, 2305-2344, 2025
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ity and deviates from theoretical expectations, possibly due
to azimuthal asymmetries, resolution limits, or submesoscale
deformation processes not accounted for in the axisymmetric
model assumptions (see discussion in Sects. S3-S5).

To dynamically characterize the internal structure of the
Bentayga eddy, the Rossby number (Ro) was calculated as
the ratio of the vertical component of the relative vorticity
field to planetary vorticity ({or and for, respectively). The
relative vorticity (¢or) was derived from the objectively in-
terpolated VMADCP velocity fields using ¢or = dv/dx —
du/dy. A horizontal section of the three-dimensional Ro field
was extracted at a depth of 104 m, corresponding to the level
of maximum VMADCP velocities recorded during the eIM-
PACT?2 SeaSoar phase (Fig. 13a, see also Fig. 14). Addition-
ally, a vertical section along the virtual transect shown in
Fig. 13a was examined (Fig. 13b). These analyses revealed
that its core was dominated by negative vorticity, with Ro
values within the core reaching below —0.45 and a peak neg-
ative vorticity of approximately —0.61 f at its center. Ro in-
creased radially from the core toward the outer regions, tran-
sitioning to positive values in the central part of the surround-
ing ring (45-50km from the eddy center), where Ro ranged
between 0.1 and 0.2.

In addition to Ro, the strain rate field (noy) was analyzed to
further characterize the dynamical structure of the eddy and
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its surrounding environment (Fig. 13c and d). The strain rate
was also computed from the interpolated VMADCP veloc-
ities using nor = /(3u/dx — 0v/dy)2 + (dv/dx + du/dy)>?
and normalized by for. The horizontal section at 104 m depth
(Fig. 13c) revealed a well-defined annular band of elevated
strain rate (0.1-0.2) encircling the eddy core, especially con-
centrated near its western and northeastern flanks. These
strain maxima occurred between 35-60 km radial distance
from the eddy center, roughly aligning with the radial po-
sition of maximum azimuthal velocities (see Fig. 12a) and
indicating enhanced deformation at the transition between
the inner core and surrounding ring. In the vertical section
along the virtual transect (Fig. 13d), strain values were low-
est (< 0.05) within the core region above oy = 26.6kg m3,
consistent with the nearly solid-body rotation observed in
the core (Figs. 11 and 12). Notably, strain values inside
the eddy core reached ~ 0.1 in localized regions where the
09 = 25.3kgm ™3 isopycnal displayed asymmetric behavior.
A distinct patch of high strain (~ 0.3) emerged at depths of
80-200 m in the eddy’s western and eastern flanks, suggest-
ing strong horizontal shear possibly related to interactions
with the surrounding flow or adjacent cyclonic structures.
Together, the vertical coherence of wg (Fig. 11), the radial
transition captured by the hybrid model (Fig. 12), and the
complementary patterns in the Rossby number and strain rate

https://doi.org/10.5194/0s-21-2305-2025
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Figure 13. Rossby number (Ro) and strain rate (nop) derived from the objectively interpolated VMADCP velocity fields. (a) Horizontal
section of Ro at 104 m depth, corresponding to the depth of maximum swirl speed of the eddy (refer to Fig. 14). Contours of Ro are shown
every 0.05, with negative values represented by dashed lines and positive values by solid lines. (b) Vertical section of Ro along the virtual
transect in panel (a) (thick black line). Contours of Ro are displayed every 0.05, with dashed lines for negative values. (¢, d) Same as (a) and
(b) but for the nop. Contours are shown every 0.025. Objectively interpolated og contours (every 0.1 kg m~3) are shown as gray (a, ¢) and
black lines (b, d). In (b) and (d) values of oy = 25.2, 25.5, and 26.6 kg m~3 are highlighted and labeled with thick black lines for clarity,
and, additionally, the 36.8-36.9 isohalines (every 0.05 gkgfl) are included as thick light green contours.

fields (Fig. 13) offer a consistent and physically grounded de-
piction of the eddy’s rotational structure. These diagnostics
collectively support the use of a solid-body approximation
within the core and a smooth transition to a Gaussian-like
regime in the surrounding ring, while revealing a rotation-
ally coherent interior embedded within a broader region of
enhanced deformation — hallmarks of a mature anticyclonic
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intrathermocline eddy. This provides a robust framework for
defining the integration limits used in subsequent calcula-
tions of energy content, hydrographic anomalies, and trans-
port properties.

The horizontal location where the Rossby number (Ro)
changes sign — i.e., where {or =0 — was used to dynami-
cally identify the outer boundary of the eddy’s spatially co-
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herent horizontal structure. This occurred at a radial distance
of approximately 62 km, closely aligning with the outer edge
of the nor maximum zone in the surrounding ring. Notably,
this location corresponds to «/ERmaX, where Rpax ~ 41km
marks the radius of maximum azimuthal velocity (Fig. 12;
see also Sect. S3). Interestingly, Ryax is in excellent agree-
ment with the climatological first baroclinic Rossby radius
of deformation, estimated at 42.8 km for this latitude using
the empirical polynomial from Chelton et al. (1998). As ex-
pected for Gaussian-like anticyclones, the Ro sign reversal
occurs beyond the velocity peak. This consistency between
theory and observation reinforces the validity of our dynam-
ical interpretation and the robustness of our radial zonation.
We therefore adopt this boundary to define the outer shell
enclosing the rotationally coherent region of the eddy, which
also coincides with the external edge of the strain-dominated
sector, and use it as a reference to evaluate its vertical struc-
ture and water-trapping capacity.

Once this boundary was defined, circum-averaged az-
imuthal velocities were computed at each VMADCP depth,
yielding a vertical profile of the average shell velocities along
with their corresponding standard deviation (Fig. 14). Max-
imum shell velocities were observed near the surface, at
depths shallower than 120 m, with a relative peak centered at
104 m (approximately 50+ 10cms~!). Below this peak, the
shell velocity magnitude decreased sharply, extending down
to 200m depth, with a mean vertical shear of 0.004 s~
At greater depths, the velocity reduction was more gradual,
with a mean shear of 0.002s~! down to about 600 m depth.
As shown in Fig. 14, velocities below 550 m approached
the eddy’s mean translational speed (c), and between 550
and 750 m they fell below this threshold. This suggests that,
at such depths, the eddy’s water-trapping capacity may no
longer be sufficient to significantly limit exchange with the
surroundings, thereby reducing its ability to transport and
maintain these water masses along its trajectory.

3.6 Potential vorticity and stratification

The radial distributions of Ro and nop provide a dynamical
framework for interpreting the eddy’s structure, with the for-
mer emphasizing rotational dominance and the latter indicat-
ing minimal deformation in the core and increasing strain to-
ward the periphery — together confirming a highly coherent,
vorticity-dominated interior. Complementing this, the verti-
cal stratification and PV fields characterize the internal sta-
bility of the water column and the magnitude of PV anoma-
lies within the eddy. Given the conservative nature of PV in
the absence of external forcing and dissipation, such anoma-
lies are robust indicators of water mass retention. Combined,
these analyses elucidate the interplay between the eddy’s ro-
tational dynamics and its stratification-controlled trapping
capacity. As discussed earlier (Sects. 1 and 2.3.1), ITEs are
characterized by a large reduction in PV within their core,
primarily due to their reduced stratification and the homo-
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Figure 14. Vertical profile of the averaged VMADCP shell ve-
locities (thick black line) with its corresponding standard devia-
tion (represented by thin black lines) during the eIMPACT SeaSoar
phase. The dashed vertical line indicates the average translational
speed of the eddy (5.4 cm s—h during the eIMPACT2 survey.

geneous water they enclose, resulting in significant nega-
tive PV anomalies relative to the surrounding environment.
The calculated PV of the Bentayga eddy related to isopycnal
tilting was found to be 2 orders of magnitude smaller than
the PV associated with water column stretching. This aligns
with previous findings, such as those for the PUMP eddy by
Barcel6-Llull et al. (2017), and reflects the characteristic be-
havior of ITEs, where the vertical density gradient, 9,0y, i.e.,
the stratification of the water column, predominantly controls
the magnitude of their core’s PV.

As seen in Fig. 15, the lowest PV values (~
10" m~1s~1) were observed in the shallowest layers and
within the inner core, where water exhibited high homogene-
ity and low stratification. As anticipated, higher PV values
(>5x10719m~1s~1) were detected in regions of greater
stratification, where closely spaced isopycnal surfaces indi-
cated compression of the water column in the vertical dimen-
sion. The highest PV values (> 9 x 10719 m=1 s~ 1) were de-
tected near regions of strong isopycnal lifting at the periph-
ery of the Bentayga eddy, possibly influenced by adjacent
CEs. Furthermore, the spatial distribution of PV highlights
the sharp stratification contrast between its anomalously low-
PV core and the surrounding layers of relatively higher PV
(Fig. 15b). At greater depths, below these surrounding lay-
ers, PV values diminished gradually, reaching approximately
1 x10719m~1s~! indicating a progressive decrease in PV
distribution with depth.
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Figure 15. Ertel’s potential vorticity (PV) derived from objectively interpolated VMADCP velocities and oy fields. (a) Vertical section of
logo(PV) along the virtual transect indicated by the thick black line in Figs. 8 and 13a. Extreme PV levels are represented by thick white
and gray contours, highlighting the lowest (5 x 1071, 10x 1071 and 15 x 10~ m—1 s~ 1) and highest PV values (5 x 10719, 7 x 10719,
and 9 x 10710 m=1s=1), respectively. Thin black contours indicate oy levels (spaced every 0.05 kg m~3). For clarity, og levels at 25.2, 25.5,
and 26.6 kg m~ are labeled and displayed as thick black lines. (b) Three-dimensional view of the PV field, represented by the 15 x 10~
and 5 x 10710 m~1 s~ surfaces, shown as dark blue and light yellow sheet-like patches, respectively.

3.7 Energy content

The net available potential energy (APE) and kinetic en-
ergy (KE) within the Bentayga eddy were estimated using
Egs. (2) and (3), integrating from the surface to a depth
(H) of 550 m, corresponding to the eddy’s effective trapping
depth as inferred from hydrographic and velocity anomalies
(see Sect. 3.5). This depth marks the lower boundary of the
coherent thermohaline structure, beyond which the eddy sig-
nature decays rapidly. Table 1 presents the detailed APE and
KE values obtained using three physically grounded radial
limits: the solid-body core radius (R, = 23 km), the radius of
maximum azimuthal velocity (Rmax = 41 km), and the exter-
nal edge of the surrounding ring (R, = 70 km). These limits
were defined based on the rotational and structural character-
istics of the eddy and are discussed in detail in the Sect. S3.
Across this radial range, APE increased from 0.006 to
0.031PJ, while KE increased more sharply from 0.001 to
0.021 PJ (1PJ = 10'3 J). At the solid-body core radius (R.),
APE was approximately 368 % greater than KE; this contrast
decreased to 126 % at Ryax and further to 45 % at R.. As are-
sult, the energy Burger number (Bug = KE/APE) rose from
0.21 at R; to 0.69 at R., indicating a progressive shift toward
kinetic energy dominance as larger portions of the eddy’s sur-
rounding ring are incorporated. This predominance of APE
over KE is a hallmark of well-established intrathermocline
eddies (ITEs) and is consistent with findings from previous
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Table 1. Energy content and Burger number estimates for the Ben-
tayga eddy, evaluated across three horizontal scales (Ly = 2R) cor-
responding to distinct integration radii: the solid-body core (R.), the
radius of maximum azimuthal velocity (Rmax), and the outer edge
of the surrounding ring (Re). Kinetic energy (KE) and available
potential energy (APE) were used to compute the energy Burger
number (Bug = KE/APE). The table also presents the length-scale
Burger number (Bup, = N ZLZZ /f 2L)%) and the parameterized en-
ergy Burger number (BuIF: = Bur./(1 +Ro)2), estimated using two
values of Rossby number: the average (Ro = 0.47) and the maxi-
mum (Ro = 0.65) vorticity within the eddy core. All calculations
were performed using fixed values of the squared Brunt—Viisild
frequency (N2 =3.55x 107 5—2) and Coriolis parameter (f =
6.33 x 1079571, representative of the eddy’s core conditions.

Ly KE APE  Bug Buy Buk Buk
[km] (10311 1037 (Ro=0.47) (Ro=0.65)
2R 1.24 580 021 127 0.59 0.47
2Rmax 6.64 1498 044 0.40 0.19 0.15
2Re 21.33 3094 0.69 0.14 0.06 0.05

studies (e.g., Schultz Tokos and Rossby, 1991; Schmid et al.,
1995; Fernandez-Castro et al., 2020). Moreover, it reflects a
mature stage in the eddy’s life cycle, during which the bal-
ance between available potential and kinetic energy shifts as
the structure adjusts and stabilizes (e.g., Schultz Tokos and
Rossby, 1991).
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To explore the origin of this trend, we evaluated the length-
scale Burger number, Bup, = N 2L2Z /f zLi, and its theoreti-
cal connection to the energy partitioning through the parame-
terized form Bu]]g = Bur,/(1 +R0)2, where Ly = H =550m
and L, = 2R. Ro values used in this parameterization were
derived from the eddy core and correspond to the average
(JRo| = 0.47) and maximum (|Ro| = 0.65) relative vorticity.
For consistency, all calculations were performed using fixed
values of N2=3.55x 103572 and f =633 x 107957},
representative of the eddy’s core. The results show that Buy,
decreases with increasing radius, from 1.27 at R; to 0.14
at R., reflecting the changing aspect ratio of the integrated
volume. Bu% also decreases accordingly and shows the clos-
est agreement with Bug at R = Rpax. However, this appar-
ent convergence must be interpreted with caution, as the es-
timations rely on data collected during the eIMPACT?2 OceT
phase, which is particularly susceptible to sampling-induced
distortions. At larger radii, BuI]g progressively underestimates
the observed ratio, reflecting not only the expected sampling-
related distortion but also the growing influence of processes
not captured — such as the contribution of horizontal shear,
flow strain, ageostrophic motions, and radial structural com-
plexity to the relative increase in kinetic energy. At R = R,
by contrast, Bu% overestimates Bug by nearly a factor of 2,
although the version computed using the maximum core vor-
ticity provides a closer approximation. This outcome rein-
forces the notion that energy partitioning within the eddy
is fundamentally constrained by its geometry and dynami-
cal state, while also highlighting the limitations of theoreti-
cal scalings when applied to observational data affected by
sampling biases.

Sections S4 and S5 demonstrate that the solid-body core
remains the least affected by sampling-induced distortions,
reinforcing the interpretation of R. as the most reliable spa-
tial limit for estimating the eddy’s intrinsic energetics. This
supports the notion that the eddy’s core retains the most co-
herent and energetically stable signature. However, the pro-
gressive divergence observed between theoretical expecta-
tions and empirical estimates at larger radii highlights the
inherent difficulties of reconciling these approaches, partic-
ularly under these sampling conditions. Despite these uncer-
tainties, the general pattern indicates that the internal energy
balance of the eddy is primarily governed by geometric and
dynamical constraints. Previous studies (e.g., McWilliams,
1985; Chelton et al., 2011) emphasized the role of aspect
ratio in shaping eddy energetics, while Schultz Tokos and
Rossby (1991) illustrated how strong vorticity can modu-
late the distribution of kinetic and potential energy within
mesoscale ocean structures.

To contextualize these results, Table 2 summarizes the en-
ergy partitioning and dynamical indicators of several ITEs
previously documented in the literature. Most exhibit Bug
between 0.5 and 1.5, although substantial variability arises
depending on the eddy’s age, stratification, and geographical
setting. Within this framework, the Bentayga eddy’s value of
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Bug = 0.21, when evaluated at R, lies at the lower end of
the spectrum, consistent with a strongly baroclinic structure
dominated by potential energy. In contrast, the PUMP eddy
— also sampled within the CEC — displayed a KE value ap-
proximately 50 % higher than its APE (Barcel6-Llull et al.,
2017). This divergence is particularly noteworthy consider-
ing that both eddies were of similar age at the time of their
respective surveys, suggesting potential differences in their
formation mechanisms, environmental interactions, or stages
within their life cycles. In summary, both the empirical es-
timates and the theoretical parameterizations support the use
of R as the most representative integration radius for quanti-
fying the energy content and dynamical state of the Bentayga
eddy. This limit encompasses a region of high structural co-
herence and minimal sampling distortion, thus providing a
conservative yet robust lower bound for evaluating the eddy’s
contribution to regional mesoscale energetics.

3.8 Thermohaline anomalies and transport

Distinct thermohaline anomalies were identified within the
Bentayga eddy compared to the surrounding environment
(Fig. 7). These anomalies formed the basis for computing
the vertical profiles of available heat anomaly (AHA) and
available salt anomaly (ASA). Radial integration from the
eddy center to the core outer boundary (R.=23km) re-
vealed marked vertical differences between the ASA(z) and
AHA(z) distributions (Fig. 16). As previously discussed in
Sect. 3.7, the radial limit adopted here corresponds to the
distance at which Doppler-like distortions arising from sam-
pling asynopticity are minimized (see Sects. S1-S6). Ac-
cordingly, the resulting estimates should be interpreted as
conservative lower-bound values for the full eddy-induced
effect. Within this boundary, thermohaline anomalies — and
their associated eddy-driven fluxes — exhibit the highest de-
gree of spatial and temporal coherence.

ASA(z) displayed predominantly positive values, except
within the vertical range of 80—150 m and below 700 m. Neg-
ative anomalies in the upper layer, attributed to the salinity
deficit in the core, reached a minimum of —O.lSGkgm‘1
(1Gkg = 10” kg) at 112 m depth. Below this depth, ASA(z)
increased steadily, peaking at 0.89 Gkgm™! at 232 m. This
was followed by a sharp decline with an average rate of
4.0Mkgm~2 (1Mkg = 10°kg) down to 400m, transition-
ing to a more gradual decrease (0.8 Mkgm™2) at greater
depths. In contrast, AHA(z) remained strictly positive from
~350 to 750m, with a maximum value of 27.0PTm™!
at 160 m — significantly shallower than the ASA(z) peak.
A minor reduction in AHA(z) at 90 m briefly interrupted
the general increasing trend, which rose with a slope of
—0.2PJm™~2 up to the maximum. Below 160 m, the profile
declined at 0.1 PTm~2 until 400m and then more gradu-
ally (0.02PIm™2) at greater depths. Given that the critical
trapping depth of the Bentayga eddy was 550 m, the nega-
tive anomalies in ASA(z) and AHA(z) below 700 m were
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Figure 16. Vertical profiles of radially integrated available heat
anomaly (AHA(z)) and available salt anomaly (ASA(z)) within the
core of the Bentayga eddy (R; = 23 km) during the eIMPACT OceT
phase. The solid black line represents AHA(z), while the dashed
black line corresponds to ASA(z). The horizontal dashed line indi-
cates the effective trapping depth (H = 550m), used as the lower
limit for vertical integration.

unlikely to be influenced by the eddy. Vertical integration
of ASA(z) and AHA(z) to the trapping depth yielded total
values of 0.015 Tkg (1 Tkg = 10'2kg) and 6.550 EJ (1 EJ =
10'8 7), respectively. These positive totals underscore the per-
sistence and intensity of heat and salt anomalies, despite lo-
calized negative segments in ASA(z).

During the eIMPACT?2 campaign, the Bentayga eddy fol-
lowed a west-southwestward trajectory at an average speed
of 4.5kmd~!, consistent with the phase speed of nondis-
persive baroclinic Rossby waves (Chelton et al., 2007). Us-
ing this translational speed (c), along with the eddy’s geo-
metric dimensions (R, =23 km and H = 550 m), the eddy-
driven volume transport (V) was estimated at 1.31 Sv. This
value closely matches the transport attributed to the PUMP
eddy (1.38Sv), computed using Eq. (6) and the parame-
ters reported by Barcelé-Llull et al. (2017), and aligns with
the mean mesoscale transport of 1.3 Sv estimated for the
CEC by Sangra et al. (2009). Compared to other eastern
boundary upwelling systems (EBUSs), the eddy-driven vol-
ume fluxes in the Canary Eddy Corridor exceed the average
values reported for the Peru—Chile Current System (PCCS)
(Chaigneau et al., 2011; Hormazabal et al., 2013) but remain
below those observed in the eastern Indian Ocean (Dilma-
hamod et al., 2018). In terms of thermohaline transport, the
Bentayga eddy contributed an eddy-driven heat flux (Qep) of
4.60TW (1TW = 10'2 W), approximately 1 order of mag-
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nitude greater than average values reported for the PCCS
(Chaigneau et al., 2011) and for both the western and east-
ern Indian Ocean (Dilmahamod et al., 2018). The eddy also
transported salt at a rate of Qes ~ 0.42 Gkgs™! and fresh-
water at Qy ~ —0.012 Sv. These fluxes are consistent with
those estimated for the PCCS under comparable upper-ocean
conditions, while remaining roughly an order of magnitude
lower than the typical values reported in the Indian Ocean
(Dilmahamod et al., 2018).

4 Discussion

The CEC is renowned for its intense eddy activity and el-
evated levels of eddy kinetic energy (EKE) (Barton et al.,
1998; Sangra et al., 2009). This high EKE primarily results
from the interaction of the CC with wind-driven upwelling
and the orographic influence of the Canary Islands, generat-
ing mesoscale eddies that propagate westward into the open
ocean (La Violette, 1974; Van Camp et al., 1991; Herndndez-
Guerra et al., 1993; Aristegui et al., 1994, 1997; Barton et al.,
2000; Basterretxea et al., 2002; Pelegri et al., 2005). Among
these features, long-lived ITEs are mesoscale structures that
persist for several months and play a critical role in main-
taining the region’s elevated EKE. The dense population of
eddies in the CEC further promotes frequent eddy-to-eddy
interactions (Sangra et al., 2005).

Despite their significance, detailed hydrographic and dy-
namic studies of ITEs within the upper 500 m of the wa-
ter column in the CEC are scarce. Prior to this study, only
one ITE, the PUMP eddy (Barcel6-Llull et al., 2017), had
been comprehensively analyzed. Formed south of Tener-
ife and studied during its mature phase, this ITE exhib-
ited dual cores: a shallow one at 80—100 m depth with az-
imuthal velocities exceeding 30cms™! and a deeper core
at 250 m depth containing Madeira Mode Water (MMW).
By September 2014, it had traveled approximately 550 km
southwestward over a period of nearly 4 months. In con-
trast, the Bentayga eddy, as examined in this study, ex-
hibited a single cohesive core extending from 80 to 220 m
depth, characterized by maximum azimuthal velocities ex-
ceeding 40 cms ™! and relatively homogeneous salinities be-
tween 36.8 and 36.95 gkg~!. These differences with respect
to the PUMP eddy reflect the influence of distinct physical
processes and environmental conditions between their for-
mation and subsequent observation.

For Bentayga, a combination of hydrographic and
satellite-based evidence suggests the recent trapping of up-
welling waters from filaments near Cape Juby and Cape Bo-
jador during its intensification in August 2022. Specifically,
the eddy’s inner core exhibits relatively low oxygen concen-
trations but also low AOU values (Fig. 10), together with
slightly cooler and fresher anomalies (Fig. 7) — signatures
consistent with recently subducted waters that have not un-
dergone substantial remineralization. This interpretation is
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Figure 17. Interaction between coastal upwelling filaments and the mesoscale eddy. Panel (a) shows chlorophyll a concentration, and
panel (b) displays sea surface temperature, both overlaid with geostrophic streamlines derived from satellite altimetry (black arrows). The
snapshot corresponds to 11 August 2022, a key moment during the eddy’s intensification phase, illustrating its interaction with upwelling
filaments (shaded area) along the northwestern African margin. The thick red line indicates the eddy’s trajectory, with its position at birth
marked by a red star and its position on the depicted date indicated by a yellow circle.

further supported by satellite images of sea surface tem-
perature and chlorophyll a concentration from that period
(Fig. 17), which show filaments spiraling toward the eddy’s
center, indicating surface convergence consistent with the-
oretical models of anticyclonic eddy growth (Sangra et al.,
2005, 2007). By contrast, the PUMP eddy showed no evi-
dence of proximity to, or interaction with, upwelling waters
along its trajectory prior to sampling (see Fig. 1 in Barcel6-
Llull et al., 2017).

Interactions between mesoscale eddies, a common feature
in the CEC, have been shown to influence eddy hydrogra-
phy through straining, merging, or deflection processes (San-
gra et al., 2005; Rodriguez-Marroyo et al., 2011; Ruiz et al.,
2014). Although we do not present direct observational ev-
idence of such interactions affecting Bentayga, a video de-
rived from satellite altimetry reveals that the eddy remained
in close proximity to multiple vortices throughout its life-
time (see Valencia and Aguiar-Gonzélez, 2025). This per-
sistent mesoscale crowding suggests that eddy—eddy inter-
actions may have contributed to the observed structural com-
plexity of Bentayga, distinguishing it from the more isolated
evolution of the PUMP eddy.

The Bentayga eddy displayed a well-defined anticyclonic
circulation from the shallowest VMADCP-recorded levels
(30 and 40m depth, depending on the sampling phase)
down to approximately 250 m (see Figs. 4a, 8, 9a, and Bla
and b). Below this depth, horizontal sections of the objec-
tively interpolated velocity field during the eIMPACT2 Sea-
Soar phase revealed increasingly complex circulation pat-
terns, illustrated in Figs. B1 and B2. At 328 m (Fig. Blc),
the core appeared elongated, with the minimum azimuthal
velocities slightly displaced northward, whereas at 408 m
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(Fig. B1d), the circulation weakened but retained spatial co-
herence, now with the core slightly displaced to the south.
At greater depths, the anticyclonic signal became progres-
sively distorted and spatially irregular: although some ro-
tational features persisted (Fig. B2), they were no longer
dominant. These changes may reflect the increasing influ-
ence of other dynamical processes — such as ambient shear
or nearby mesoscale structures (see Sect. S7; Valencia and
Aguiar-Gonzélez, 2025) — that may contaminate the eddy-
induced circulation below approximately 330 m. Some of the
observed features could also stem from limitations in the in-
terpolation procedure. Additionally, previous studies in the
CEC have reported the trapping of near-inertial waves at
the base of intrathermocline eddies (Martinez-Marrero et al.,
2019), which may dominate current variability at depth. The
proximity of Bentayga to the Canary Archipelago, nearby
seamounts, and the northwestern African continental margin
(Fig. 1) could further favor the incidence of super-inertial in-
ternal waves (e.g., semidiurnal tides), potentially modulating
circulation and hydrographic structure at these depths.

This observed weakening of the eddy-induced anticy-
clonic circulation below ~ 330-350m has direct implica-
tions for the vertically integrated diagnostics. While the cor-
relation between the observed azimuthal velocity profiles
and their solid-body fits (ryy) remains relatively high (> 0.9)
down to 350 m, it decreases and fluctuates below this level,
indicating reduced rotational coherence (see Sect. 3.5). How-
ever, the final vertical integration limit was not based on
rotational coherence alone. Instead, it was defined dynami-
cally as the depth at which the ratio between the shell ve-
locity and the eddy’s translational speed drops below unity.
This approach captures the level beyond which the eddy can

Ocean Sci., 21, 2305-2344, 2025
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no longer coherently advect its inner properties as it prop-
agates. Accordingly, a vertical limit of 550 m was used for
integrations, balancing physical relevance, vertical coverage,
and robustness against sampling-induced distortion. Reduc-
ing this limit to 340 m leads to differences of about 20 % in
APE, AHA, and ASA estimates, while KE remains com-
paratively less sensitive. These findings justify the use of
the full 550 m depth for integration, provided that the re-
sults are interpreted as energetically conservative yet dynam-
ically meaningful estimates of the eddy’s influence. These
complexities also highlight the importance of employing ad-
vanced interpolation techniques to accurately extract and
characterize the signal of the eddy from the observed cur-
rent and hydrographic data. Addressing these limitations and
separating external influences would require a more detailed
analysis, which is beyond the scope of this study (e.g., Can-
dela et al., 1992).

The geometry of the Bentayga eddy is broadly consistent
with previously documented AEs in the Macaronesian region
(Table 3). However, its horizontal and vertical dimensions
place it among the largest observed eddies in this area. With
an external radius of 70km and a vertical extent of 550 m,
Bentayga ranks within the upper 20th percentile in both pa-
rameters. Moreover, its core — characterized by solid-body
rotation — exhibits a radius of ~ 23 km and a vertical aspect
ratio (H/L,) of 0.012, substantially higher than the regional
median (0.0033). This dual radial structure, composed of a
compact and vertically coherent core surrounded by an ex-
tended ring, reinforces its classification as a mature and dy-
namically robust intrathermocline eddy. It is also noteworthy
that, among the studies analyzed in Table 3, only Barcel6-
Llull et al. (2017) explicitly distinguish between the core and
the surrounding ring in their structural estimates. In contrast,
the remaining studies typically report a single radius value,
without differentiating between the inner and outer compo-
nents of the eddy. Finally, the energetics of the Bentayga
eddy support this interpretation: its energy Burger number
(Bug < 1), defined as the ratio of KE to APE, is consistent
with values expected for large, baroclinically dominated vor-
tices (Table 1).

Beyond its structural properties, the eddy’s energy distri-
bution offers additional insight into its dynamical regime and
maturity when compared to other ITEs (Table 2). Across
the three integration radii considered (core radius R, ra-
dius of maximum azimuthal velocity Rpax, and external ra-
dius R.), Bentayga consistently exhibits a dominance of APE
over KE, with corresponding Bug, of 0.21, 0.44, and 0.69, re-
spectively (Table 1). These values suggest a baroclinically
dominated structure, particularly within the solid-body core
and middle ring, and are well-aligned with expectations for
mature ITEs. When compared to other observed AEs, Ben-
tayga eddy’s energetics differ markedly from those of the
PUMP eddy (Barcel6-Llull et al., 2017), which presented
Bug ~ 1.6 — indicating an energy balance tilted toward ki-
netic energy, consistent with a younger and more dynami-
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cally active eddy (McWilliams, 1985). Likewise, the Meddy
reported by Schultz Tokos and Rossby (1991) exhibited a
Bug ~ 1.05, close to unity. In contrast, Bentayga eddy’s core-
scale value of Bug = 0.21 underscores its high APE con-
tent, consistent with an evolved, stratified structure that stores
more energy in the vertical displacement of isopycnals than
in rotational motion. The increase in Bug observed at larger
integration radii reflects the contribution of the outer ring to
the total KE budget. However, this value (Bug = 0.69 at R.)
should be interpreted with caution, as the outer regions of
the eddy are more sensitive to sampling-induced distortions
and possible contamination from ambient flow, as detailed in
Sects. S1-S4.

In addition to its baroclinic character, the eddy’s momen-
tum structure reveals further dynamical complexity. The rel-
atively strong anticyclonic circulation responsible for the
observed KE levels included a non-negligible ageostrophic
component. These velocities appear to act as a compensat-
ing response to the eddy’s curved geometry, contributing ap-
proximately 10 %-20 % of the total observed flow. The ef-
fect of curvature, along with the resulting ageostrophic ve-
locities, suggests that the momentum balance within Ben-
tayga is best described in cyclogeostrophic terms. A sim-
ilar situation arises in the PUMP eddy, for which the es-
timated cyclogeostrophic Rossby number ranges from 0.17
to 0.26, indicating that both intrathermocline eddies exhibit
comparable momentum balances. While such a regime is of-
ten expected in submesoscale vortices (McWilliams, 1985),
increasing evidence indicates that mesoscale eddies can also
exhibit significant ageostrophic velocity components arising
from net centripetal forcing (e.g., Ioannou et al., 2019; Pen-
ven et al., 2014; Douglass and Richman, 2015; Kunze, 1986;
Joyce et al., 2013). Taken together, these results reinforce the
view that anticyclones in the CEC frequently deviate from
strict geostrophic balance, thereby justifying the use of cy-
clogeostrophic corrections such as those proposed by Uchida
et al. (1998), Penven et al. (2014), and Ioannou et al. (2019).

The core of the Bentayga eddy displayed positive temper-
ature and salinity anomalies, with the exception of the 80—
120 m layer, where negative salinity anomalies were detected
(Figs. 7 and 16). Overall, these anomalies slightly exceeded
those previously reported for AEs in the Macaronesian re-
gion (Table 3). Rather than indicating the presence of a dis-
tinct water mass, they are consistent with the typical prop-
erties of ENACW, which dominate the thermocline in this
region. This contrasts with the PUMP eddy, whose core was
composed of MMW (Barcel6-Llull et al., 2017), and with
subsurface ITEs formed near the Mauritanian coast, which
may transport South Atlantic Central Water into open-ocean
areas influenced by North Atlantic Central Water (Schiitte et
al., 2016; Karstensen et al., 2017). The volume, heat, salt,
and equivalent freshwater fluxes associated with the Ben-
tayga eddy’s anomalies are consistent with values reported
for other AEs in the CEC (Sangra et al., 2009; Barcel6-Llull
et al., 2017), as well as in other EBUSs (Chaigneau et al.,
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2011; Dilmahamod et al., 2018) and western boundary cur-
rent regions (Dilmahamod et al., 2018). Its subsurface inten-
sification — typical of ITEs — reflects its capacity to effec-
tively act as a conduit for transferring thermohaline anoma-
lies into the ocean interior along thermocline depths.

Satellite observations suggest that interactions with up-
welling filaments extending from the northwestern African
coast (Fig. 17) may have contributed to the thermal and saline
properties observed in the Bentayga eddy. Although our data
do not directly capture filament entrainment into the eddy’s
core, the visual evidence of filament convergence towards the
eddy center supports the hypothesis that such incorporation
could have occurred. As the eddy migrated offshore, these
entrained waters may have progressively deepened within the
eddy structure, driven by isopycnal adjustment and potential
vorticity conservation, as described for similar processes in
previous studies (e.g., D’ Asaro, 1988; Pingree, 1996). This
behavior is reminiscent of the subduction-driven evolution
proposed for a shallow subtropical subducting westward-
propagating eddy (“Swesty”) (Pingree, 1996), although a
definitive classification for the Bentayga eddy cannot be es-
tablished with the available observations. If so, it could have
contributed to the injection of coastal upwelling waters and
their associated properties into the ocean interior.

Beyond their physical transport of heat and salt, ITEs such
as the Bentayga eddy play a pivotal role in biogeochemical
exchanges by potentially delivering nutrient-rich upwelling
waters to oligotrophic regions. These processes can stimu-
late offshore primary productivity, highlighting the ecolog-
ical importance of ITEs in shaping regional ocean dynam-
ics (e.g., Hormazabal et al., 2013; Thomsen et al., 2016;
Cornejo et al., 2016; Karstensen et al., 2017; Bosse et al.,
2017; Cerdan-Garcia et al., 2024). In the case of the Ben-
tayga eddy, our in situ observations of dissolved oxygen and
AOU reveal a subsurface oxygen-deficient core with rela-
tively low AOU values — features consistent with the recent
incorporation of Saharan upwelling waters during the eddy’s
intensification, thus reinforcing its potential biogeochemical
impact on the open-ocean interior.

Extrapolating observed eddy-driven fluxes to estimate an-
nual eddy-driven transport is a common practice once the av-
erage frequency of eddy formation in a region is established.
For instance, using satellite altimetry and previous estimates,
Sangra et al. (2009) calculated an annual volume transport
of 1.3 Sv by long-lived eddies in the CEC, representing ap-
proximately one-quarter of the Canary Current’s total annual
transport, based on an average of 17 eddies per year. How-
ever, the capacity of eddies to transport heat, salt, and bio-
geochemical properties can vary widely depending on their
lifespan, size, intensity, and interactions with surrounding
waters. Applying transport values from the Bentayga eddy to
the broader context of the CEC presents certain challenges.
Nevertheless, its distinct trajectory and unique characteris-
tics underscore its significant contribution to understanding
eddy variability in the region. An analysis of the climatologi-
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cal eddy detection atlas (META3.2 DT allsat; Aviso+, 2022),
spanning 1993-2022, identified only six AEs with trajecto-
ries resembling the one of the Bentayga eddy’s, each remain-
ing near the continental shelf for over 10 d. This rare behavior
positions this ITE as a valuable case for investigating eddy-
driven transport, offering new insights into the dynamics that
facilitate the movement of coastal upwelling waters into the
ocean interior.

During the eIMPACT2 campaign, the Bentayga eddy was
flanked by two cyclonic eddies (CEs), consistent with a gen-
erally crowded mesoscale environment. A video synthesis of
daily altimetry from June to November 2022 (Valencia and
Aguiar-Gonzalez, 2025) reveals that Bentayga remained in
close proximity to multiple anticyclonic and cyclonic vor-
tices throughout its trajectory across the CEC. This persistent
mesoscale crowding supports our hypothesis that eddy—eddy
interactions may have contributed to the structural variabil-
ity observed within the Bentayga eddy. Such interactions —
via straining, merging/stacking, or filament exchange — can
modify the hydrographic properties of the eddy core and en-
hance lateral mixing (e.g., de Marez et al., 2020; Rykova and
Oke, 2022; Fu et al., 2023; Barboni et al., 2023; Garreau et
al., 2018; Ruiz et al., 2014). These processes increase the
likelihood that coastal water masses, once entrained, can be
subducted and advected into the ocean interior, potentially
amplifying the transport efficiency of coherent eddies such
as Bentayga.

The findings presented in this study offer a comprehensive
understanding of the physical characteristics — such as hy-
drography and dynamical properties — of the Bentayga eddy
and its role within the CEC as an ITE. This eddy demon-
strated the capacity to transport substantial volumes of water,
heat, and salt. Its subsurface core, characterized by oxygen-
deficient waters with relatively low AOU, further suggests
a recent biogeochemical imprint from upwelling filaments
that were likely entrained and transported during its inten-
sification. However, the marked differences observed when
compared to other ITEs, such as the PUMP eddy, highlight
that each eddy may exhibit distinct features that critically
shape its transport dynamics and regional influence. These
differences underscore the need to study individual eddies
in detail to fully capture their specific behaviors and contri-
butions. While broader patterns can be inferred through the
integration of satellite and in situ observations (e.g., San-
gra et al., 2009; Chaigneau et al., 2009; Dong et al., 2014;
Pegliasco et al., 2015; Toannou et al., 2022), high-resolution
and quasi-synoptic field surveys — such as those achieved
during specific phases of the eIMPACT2 campaign — are
essential. These allow for the characterization of fine-scale
physical structures while preserving the coherence of their
spatial and temporal context, providing insights into the cou-
pled physical-biogeochemical dynamics that unfold within
eddies. Such detailed observations are fundamental to im-
proving our understanding of the cumulative role of ITEs in
modulating regional circulation and biogeochemical cycling.
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5 Concluding remarks

This study provides a comprehensive analysis of the ITE
Bentayga, observed in the CEC, highlighting its hydro-
graphic structure, dynamical properties, transport character-
istics, and broader implications for regional oceanography.
Using high-resolution, multi-phase data collected during the
eIMPACT?2 campaign, the study emphasizes the eddy’s com-
plex structure, evolution, and interactions with surrounding
mesoscale features.

The methodological approach adopted — combining satel-
lite tracking with multiple observational phases and ideal-
ized zonation models — enabled us to characterize the eddy’s
three-dimensional structure, quantify its energetics, and as-
sess eddy-driven volume and thermohaline fluxes. The ap-
plication of different integration limits, supported by a de-
tailed analysis of its hydrography, rotational coherence, and
azimuthal velocity patterns, further enhanced the robustness
of our estimates. This multi-faceted strategy provides a valu-
able blueprint for future ITE studies in other regions.

The Bentayga eddy exhibited a compact solid-body core
surrounded by a wide outer ring of lower coherence, to-
gether transporting substantial volumes of water, heat, and
salt. Its subsurface intensification, along with the presence
of oxygen-deficient waters with low AOU, suggests a re-
cent biogeochemical imprint from coastal upwelling fila-
ments that were likely entrained during its intensification in
August 2022. Compared to other regional ITEs — such as
the PUMP eddy — Bentayga exhibited notable structural and
dynamical differences, including a single-core configuration
and distinct hydrographic anomalies. These differences rein-
force the need for case-specific studies to fully understand
ITE variability and assess their impact.

This work also underscores the sensitivity of eddy diag-
nostics to the temporal coherence of the observations. Al-
though the eIMPACT2 campaign aimed to achieve quasi-
synoptic sampling, not all phases met this objective. The re-
sulting spatial and temporal misalignments were addressed
through comparative analyses and conservative integration
strategies, but they highlight the need for improved sampling
designs to minimize distortion in future eddy surveys.

The present study contributes valuable insights to the
growing body of research on mesoscale eddies, offering a
detailed case study of an intrathermocline eddy and its role
in regional oceanic processes. However, it also highlights the
limitations of generalizing eddy-driven transport based on a
single event. Capturing the full complexity of ITE dynamics
— particularly their interactions with surrounding mesoscale
features and external forcings such as upwelling filaments —
requires extended high-resolution observational efforts and
the support of advanced numerical modeling. Future efforts
should prioritize understanding the variability of these struc-
tures across broader temporal and spatial scales, with partic-
ular attention to the mechanisms driving their intensification
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and the long-term consequences for ocean circulation, heat
and salt budgets, and ecosystem functioning.

Appendix A: Wavelet analysis of the Lagrangian
evolution of the eddy geometric properties of the
Bentayga eddy

As previously seen, in Sect. 3.1 (Fig. 3), the geometric
properties of the Bentayga eddy reveal significant variabil-
ity throughout its life cycle, spanning 23 June 2022 to
18 June 2023. To further investigate the temporal variability
and dominant frequencies, a wavelet analysis was conducted
(Fig. A1) (Torrence and Compo, 1998). In this study, a Mor-
let wavelet was employed, which is well-suited for detecting
oscillatory signals and provides good resolution in both time
and frequency domains. The dimensionless frequency used
was 6, which balances the trade-off between time and fre-
quency resolution. The analyzed periods ranged from 4 to
350d, enabling the detection of both long-term signals and
short-term variations.

Figure Ala—c present the wavelet power spectra for am-
plitude, speed, and radius detrended standardized anomalies,
with solid black contours indicating the 90 % and 95 % sig-
nificance levels. These significance levels were determined
through a Monte Carlo simulation with 10 000 iterations us-
ing white noise as a reference for identifying statistically
significant fluctuations. The dashed black and white contour
represents the cone of influence, which indicates the regions
where edge effects reduce the reliability of the results. The
global wavelet power spectra, averaged over the entire time
series, are shown in Fig. Ald.

The wavelet analysis reveals several dominant periods in
all three properties, with significant variability at both low
and high frequencies. Remarkably, a strong periodic signal
at approximately 256 d (~ 8.8 months) is observed for speed
and amplitude, corresponding to large-scale seasonal vari-
ability during the formation, growth, maturity, and slow de-
cay phases of the Bentayga eddy, as seen in Fig. 3. The
radius shows a similar periodicity, though the peak is less
pronounced. In addition, a secondary peak is observed at
shorter periods, around 64 d (~ 2 months), indicating higher-
frequency fluctuations likely linked to shorter-scale dynam-
ical processes, such as interactions with other mesoscale
structures or variations in external forcing (e.g., wind stress).
These significant fluctuations, particularly for radius and
speed, suggest that the Bentayga eddy experienced intermit-
tent episodes of intensification and relaxation, as reflected in
the variability shown in Fig. 3.

The initial rapid growth and transition into the ma-
ture phase are captured by shorter-period fluctuations in
Fig. Ala—c, where the wavelet power shows more localized
variability. However, during the slow decay and the even-
tual rapid dissipation phase, particularly after May 2023, the
wavelet analysis, using the Morlet wavelet optimized for pe-
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Figure A1. Wavelet analysis of altimetric features exhibited by the Bentayga eddy from the META3.2 NRT product. Panels (a) to (c) display
the wavelet power spectrum (color map) for the detrended standardized anomalies of amplitude, swirl speed, and radius, with thick white lines
indicating the corresponding anomalies. Panel (d) illustrates the global wavelet power spectrum, averaged over time. Dashed black/white
contours in panels (a) to (c) represent the cone of influence. Also, solid and dashed black contours indicate the 90 % and 95 % significance
levels, determined through a Monte Carlo experiment with 10 000 iterations. Dashed (dotted) lines in panel (d) indicate the 95 % red (white)

noise levels.

riodic signals, struggles to resolve these processes fully. This
is especially evident in the wavelet’s difficulty in resolving
the eddy’s rapid decay phase. The inherent shape and resolu-
tion of the chosen wavelet may smooth out sharp transitions
associated with the dissipation of the Bentayga eddy, blend-
ing them into longer-period oscillations. Therefore, while the
wavelet analysis offers important insights, complementary
methods may be needed to fully capture the complete life
cycle of the eddy, particularly the rapid transitions at both
ends of its evolution.

In summary, the combined results from the time series
and wavelet analyses provide a comprehensive picture of the
life cycle of the Bentayga eddy, characterized by alternating
periods of intensification and decay. External factors, such
as interactions with the continental margin and surrounding
mesoscale features, likely contributed to these fluctuations,
particularly during the early and mature phases. These find-
ings emphasize the importance of multi-scale variability in
the life cycle of mesoscale eddies and underscore the need
for further investigation into the mechanisms driving these
processes.

Ocean Sci., 21, 2305-2344, 2025

Appendix B: Depth-resolved VMADCP velocity field
during eIMPACT?2 SeaSoar phase

Figures B1 and B2 present horizontal sections of the veloc-
ity field recorded by the VMADCP during the eIMPACT?2
SeaSoar phase. The figures group specific depth ranges, with
Fig. B1 covering depths from 104 to 408 m and Fig. B2
showing depths from 472 to 744 m. These sections illustrate
the depth-dependent structure of the circulation within the
Bentayga eddy, as well as the potential influence of neigh-
boring eddies.

In the shallow layers (104 to 248 m), a well-defined and
coherent anticyclonic circulation is observed. Between 328
and 408 m, the eddy core becomes elongated, and signs of
a possible bifurcation into dual nuclei are noted at 328 m.
This structural change may have resulted from internal de-
formation of the eddy or interpolation artifacts during data
processing. At greater depths (472 to 744 m), the circula-
tion weakens significantly and becomes increasingly irregu-
lar. Although anticyclonic features persist, the influence of
external mesoscale eddies appears to dominate, disrupting
the eddy’s coherence.

To complement the interpolated fields shown in Figs. B1
and B2, this Appendix also presents the original VMADCP
velocity observations recorded during the eIMPACT?2 Sea-
Soar phase (Figs. B3 and B4). Horizontal sections at the
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L. P. Valencia et al.: Mesoscale dynamics of an intrathermocline eddy in the Canary Eddy Corridor

Ul [em s™)

0 6 24 30 36
T T

" 104 m depth

26.75

12 18 42
T

2

26.5

26.25

N
=}
pe)

Latitude [°N]
N
o
>

255

2525

25¢

18.5 18 17.5 17

Longitude [°W]

19.5 19

[Ul [em 57

0 6 24 30 36

/328 m depth

12 18 42

27

26.75

26.5

26.25

261

Latitude [°N]

25.75

255+

2525

251

18.5 18 17.5 17

Longitude [°W]

19.5

Latitude [°N

Latitude [°N]

2

26.75

265

26.25

N
3
T

N}
o
b
3

255+

2525

" 248 m depth

2335

U] [em s™]
0 6 12 18 24 30 36 42

30 [cm s7']

25
15.5 1!; 15;.5 16; 17‘.5 17‘
Longitude [°W]
Ul fem s
0 6 12 18 24 30 36 42 48 54 60
27F 7 ' ' '
408 m depth

26.75

265

2625

26

2575

255+

2525

251

18.5 18 17.5 17

Longitude [°W]

19.5

Figure B1. Objectively interpolated VMADCP velocity vectors (black arrows) superimposed on its magnitude contours at various depths:
104, 248, 328, and 408 m. Each panel uses a consistent color scale and speed range with 30 contour levels to highlight the velocity structure.
Velocity vectors are scaled proportionally to the respective depth (see legend in the bottom right corner of each panel). The ship’s grid-like
sampling trajectory during the eIMPACT?2 SeaSoar phase (pale white circles) and the virtual transect used for the vertical section in Fig. 9
(solid white line) are also indicated. Objective interpolation correlation scales were set to Ly = Ly = 44km, with 3 % uncorrelated noise

applied.

same depth levels are displayed as scatter plots using iden-
tical color palettes and velocity magnitude limits. These fig-
ures allow for direct visual comparison between the objec-
tively interpolated fields and the underlying measurements.
By overlaying the original ship’s sampling trajectory and re-
taining consistent color scaling, these plots provide context
for assessing the spatial coverage and reliability of the inter-
polated fields used in the main analysis.
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Code availability. The software codes used for the analyses in this
study, written in MATLAB, are available upon request from the cor-
responding author. The specific MATLAB version used for the anal-
yses is R2023b.

Data availability. All in situ datasets used in this study
are publicly available on Zenodo and can be accessed at
https://doi.org/10.5281/zenodo.14911706 (Valencia et al., 2025).
The META3.2exp NRT and DT allsat products are freely available
from AVISO+ at https://www.aviso.altimetry.fr/ (last access: 7 July
2024). The DT allsat dataset can be accessed via the following DOI:
https://doi.org/10.24400/527896/a01-2022.005.220209  (Aviso+,
2022), while the NRT product does not have an associated DOIL.
The European Seas Gridded L4 Sea Surface Heights and Derived
Variables NRT altimetry product (https://doi.org/10.48670/moi-
00142, Copernicus Marine Service, 2023) and the Global Ocean
Colour (Copernicus-GlobColour, 2022) Bio-Geo-Chemical
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Level 3 product (https://doi.org/10.48670/moi-00280, Copernicus-
GlobColour, 2022) are publicly available through the Coperni-
cus Marine Service (CMEMS) at https://marine.copernicus.eu/
(last access: 22 April 2023). The GHRSST Level 4 MUR
Global Foundation Sea Surface Temperature Analysis product
(https://doi.org/10.5067/GHGMR-4FJ04, JPL MUR MEaSUREs
Project, 2024) is provided by PO.DAAC and can be accessed at
https://podaac.jpl.nasa.gov/ (last access: 22 April 2023).

Video supplement. A video representation of the Bentayga eddy’s
life cycle is available at https://doi.org/10.5446/69688 (Valen-
cia and Aguiar-Gonzélez, 2025). This animation, based on
the daily altimetric product META3.2exp and geostrophic cur-
rent fields derived from the CMEMS near-real-time prod-
uct SEALEVEL_EUR_PHY_ L4_NRT_008_060, illustrates the
eddy’s evolution from its generation southwest of Gran Canaria
in June 2022 to its structure during the eIMPACT2 survey in
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November. The video also reveals the persistent proximity of other
mesoscale vortices along the eddy’s trajectory, providing qualita-
tive support for the hypothesis of eddy—eddy interactions within the
Canary Eddy Corridor.

Supplement. The supplement related to this article is available on-
line at https://doi.org/10.5194/0s-21-2305-2025-supplement.
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