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Mara Navarro-Buigues™®, M. Dolores Pérez-Hernandez'* ,
Cristina Arumi®, Josep L. Pelegri*®, Pedro Vélez-Belchi>®
and Alonso Hernandez-Guerra™?

!Instituto de Oceanografia y Cambio Global (IOCAG), Universidad de Las Palmas de Gran Canaria
(ULPGC), Las Palmas de Gran Canaria, Spain, ?Océano y Clima, Unidad Asociada ULPGC-CSIC,
Consejo Superior de Investigaciones Cientificas (CSIC), Las Palmas de Gran Canaria, Spain, *Barcelona
Supercomputing Center (BSC), Barcelona, Spain, *Departament d'Oceanografia Fisica i Tecnologica,
Institut de Ciéncies del Mar, CSIC, Barcelona, Spain, *Océano y Clima, Unidad Asociada ULPGC-CSIC,
Universidad de Las Palmas de Gran Canaria (ULPGC), Barcelona, Spain, *Centro Oceanografico de
Canarias, Instituto Espariol de Oceanografia (IEO), Consejo Superior de Investigaciones Cientificas
(CSIC), Santa Cruz de Tenerife, Spain

We use hydrographic observations in March 2022, combined with drifter and altimetry
time series, to investigate the structure and time evolution of an Agulhas Ring (AR). This
multi-platform approach enables a comprehensive assessment of the ring's water
mass properties, heat and salt anomalies, and energy content, offering insights beyond
those available from satellite alone. The anticyclonic AR transported relatively (to the
background state) warm (>2°C), salty (>0.3) and low-oxygen (=35 pumol/kg) Indian
Ocean waters into the South Atlantic in its upper core. Its velocity field exhibits a
coherent solid-body rotating core (~38 km radius) and a radially decaying baroclinic
structure in the periphery. The ratio between rotational and translational speeds shows
that the eddy maintains a dynamically trapped core down to at least 595 m,
representing a lower bound for its vertical extent. Heat and salt anomalies range
from 3.4 x 10'° to 4.9 x 10* J and from 1.1 x 10 to 1.5 x 102 kg, respectively, with
annualized transports of 1 x 107> — 2x 1073 PW and 3.3 x 10°-4.7 x 107> Sv. Available
potential energy (1.9-7.4 x 10% J) exceeds kinetic energy by two orders of magnitude,
indicating a strong dominance of potential energy and a tendency toward instability.
The observed weakening and fragmentation of the ring near the Walvis Ridge is
consistent with the release of this energy during its evolution. These results show that
even after several months of propagation, Agulhas Rings remain dynamically active
structures that contribute significantly to the transport of heat, salt, and water masses
across the South Atlantic.
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1 Introduction

The Agulhas Current is the western boundary current of the
Indian Ocean, transporting relatively warm and saline waters. As it
flows poleward along the coast of South Africa, the current detaches
from the continental slope and encounters the Antarctic
Circumpolar Current. It then turns sharply counterclockwise,
forming the Agulhas Return Current. At this retroflection point
(Agulhas Current Retroflection), the current loops back on itself,
producing occlusions that trap Indian Ocean waters (Arruda et al.,
2014; Clement and Gordon, 1995; Elipot and Beal, 2015;
Lutjeharms, 2006; Rae et al., 1996). These occlusions, known as
Agulhas Rings (AR), are subsequently advected into the South
Atlantic by the northwestward-flowing Benguela Current
(Duncombe Rae, 1991; Garzoli and Gordon, 1996; Laxenaire
et al.,, 2018; Schouten et al., 2000). The surface cores of ARs are
typically warmer (by up to 5°C) and saltier (by up to =1) than the
surrounding South Atlantic waters (Garzoli et al., 1999; Gordon
et al., 1992; Lutjeharms, 2006, 2007).

Agulhas Rings are among the largest and most energetic eddies in
the global ocean, with lifetimes of 3-4 years in the South Atlantic
(Byrne et al., 1995; Richardson, 2007). They generally have diameters
of 200-400 km and depths down to 1500-2000 m, with some
extending as deep as 4500 m (Van Aken et al,, 2003). ARs are readily
detected by sea level anomaly (SLA), which can exceed 1 m above
mean sea level (Gordon and Haxby, 1990). Their properties, however,
vary depending on the time elapsed since detachment from the
Agulhas Retroflection (Casanova-Masjoan et al., 2017; Lutjeharms,
2006; McDonagh et al, 1999). Typical translational speeds range
from 0.06 to 0.17 m/s (=5-15 km/day), and usually decrease under
the influence of bottom topography - such as interactions with the
Walvis Ridge - or through encounters with other mesoscale features
(Byrne et al., 1995; Garzoli and Gordon, 1996; Gordon and Haxby,
1990; Kamenkovich et al., 1996; Schouten et al., 2000).

After formation, most ARs propagate northwestward under the
influence of the Benguela Current (average transport: 26.3 + 2 Sv;
Arumi-Planas et al., 2023). Rings then tend to shift westward
between 25° and 35°S, with most of them remaining south of
20°S (Griindlingh, 1995). Garzoli and Gordon (1996) defined the
Agulhas Eddy Corridor as extending northwestward to 30°S, after
which it diverges northward, whereas Goni et al. (1997) placed the
“Ring Corridor” further south (30-40°S), marking a more westward
trajectory near 5°E. Mason et al. (2017) also show an eddy corridor
flowing northwestward and then shifting to a westward direction
after 5°EF, between 20° and 25°S.

The interbasin transfer of mass, heat and salt from the South
Indian Ocean to the South Atlantic is a key component of the Atlantic
Meridional Overturning Circulation (AMOC) (De Ruijter et al., 1999;
Duncombe Rae, 1991; Gordon and Haxby, 1990; Van Ballegooyen
et al., 1994; Weijer et al,, 1999). In particular, the influx of relatively
warm, saline Indian Ocean waters enhances surface evaporation in
the South Atlantic (Beal et al., 2011). Although the surface thermal
signal of ARs is quickly attenuated by strong ocean-atmosphere
fluxes in the South Atlantic (Mey et al., 1990; Olson et al., 1992), their
sea surface salinity (SSS) and sea surface height (SSH) anomalies
persist, making them reliable tracers of ring pathways and evolution
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(e.g., Byrne et al, 1995; Goni et al, 1997; Laxenaire et al., 2018;
Nencioli et al., 2018; Schouten et al., 2000). Statistical analyzes based
on Argo floats and satellite observations have significantly advanced
our understanding of AR trajectories and surface properties (e.g.,
Laxenaire et al, 2019), but relatively few in situ measurements
capture their full vertical structure and energetics.

This study addresses this gap using in situ observations col-
lected during the SAGA-34.5S cruise in March 2022 at 34.5-37.1°S,
3.8°E in the South Atlantic. We combine vertical profiles of
temperature, salinity, oxygen, nitrates and pH; shipboard velocity
observations; biogeochemical and hydrographic data from a
Southern Carbon and Climate Observations and Modeling
(SOCCOM) float; and satellite altimetry data. Together these
datasets enable us to characterize the initial state, vertical structure,
and evolution of a recently formed AR. This multi-platform
framework allows for a more complete assessment of water mass
and energy characteristics than satellite data can provide on their
own. Specifically, we ask: (1) How do the vertical structure and
energetics of an Agulhas Ring evolve after detachment? (2) What
does this evolution tell us about the ring’s contribution to inter-
ocean exchange?

The paper is organized as follows. Section 2 describes the
observational datasets and methodology. Section 3 examines the
water mass properties, formation processes, velocity fields, heat and
salt anomalies, and the available potential and kinetic energies of
the AR. Section 4 presents time series of vertical profiles within the
ring as obtained from a SOCCOM float. Section 5 discusses the
results and provides conclusions.

2 Data and methods

Hydrographic data were collected during the SAGA-34.5S
cruise, conducted between February 1% and March 15", 2022,
aboard the R/V Sarmiento de Gamboa. For this study, we selected
data from eight hydrographic stations occupied over a short, quasi-
synoptic period between 4™ and 6™ March 2022. Thus, all stations
were sampled within about 60 hours, minimizing the temporal
aliasing. Assuming a mean AR translation speed of 11 cm/s (Section
3.2), the ring would have displaced approximately 24 km over this
period, substantially smaller than its radius of maximum azimuthal
velocity Ry, = 86 km (Section 3.3). We therefore consider the
hydrographic section to represent a quasi-synoptic view of the ring
structure, although minor asymmetries associated with translation
cannot be excluded.

The stations were distributed along two perpendicular transects: a
zonal transect (stations 75-77), sampling South Atlantic waters away
from the AR, and a meridional transect through the AR (stations 80—
84), hereafter referred to as T1-SA and T2-AR, respectively
(Figure 1a). At each station, vertical profiles of potential temperature
(6) and salinity were obtained at 2-dbar intervals using a conductiv-
ity—temperature-depth (CTD) probe. In addition, water samples
were collected for salinity, dissolved oxygen, nitrate, and pH analyzes.

The hydrographic measurements were complemented by contin-
uous near-surface salinity and temperature data from a
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(a) Map of the South Atlantic sea surface temperature (SST) on 7 March 2022 (date of the first SOCCOM cycle). Black dots represent hydrographic
stations that are divided into two transects; stations 75-77 for T1-SA, and stations 80—-84 for T2-AR. (b) Sea surface salinity (SSS) from the

thermosalinograph for T1-SA and T2-AR, respectively.

thermosalinograph (Figure 1b). Velocity profiles were obtained using
a 75 kHz Shipboard Acoustic Doppler Current Profiler (SADCP),
which can typically reach from the surface down to depths of 600-900
m depending on acoustic conditions. During our survey, reliable
velocity measurements were obtained between 35 and 715 m depth.
The SACP data were processed using the CODAS software (https://
currents.soest.hawaii.edu/docs/adcp_doc/), resulting in 10m vertical
bins. To reduce the influence of small-scale features, the profiles
were projected onto a regular grid with 20m vertical resolution and
8 km horizontal spacing. This resolution allows for a robust
characterization of the dominant mesoscale spatial structure.

As part of the SOCCOM program (Russell et al., 2014; Sarmiento
et al,, 2023), a SOCCOM profiler (No. 5906490) was deployed at
station 83, near the center of the AR. This float remained trapped
within the ring for about 5 months (March-August 2022), providing
10-day profiles of salinity, potential temperature, dissolved oxygen,
nitrate, and pH. These data were calibrated using in situ measure-
ments from hydrographic station 83 (Figure la).

In addition, daily sea level anomaly (SLA) and sea surface
temperature (SST) data at 1/4° resolution, spanning 1 June 2021
(ring formation) to 31 August 2022 (when the SOCCOM float
exited the ring), were obtained from the Copernicus Marine Service
database to track the AR trajectory. Previous studies (Casanova-
Masjoan et al,, 2017; Goni et al., 1997; Souza et al., 2011) have
shown that ARs crossing the South Atlantic can be identified by
positive SLA signatures. Accordingly, the ring trajectory was esti-
mated by visually identifying, on each daily SLA map, the location
of the maximum positive SLA value enclosed by a closed SLA
contour, which defines the eddy center and its outer boundary.

3 Agulhas Ring characteristics
3.1 Water mass properties

The water masses present along transects T1-SA and T2-AR
were identified using 6-S diagrams (Figure 2). In addition, the AR is
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characterized by anomalies in potential temperature, salinity,
oxygen, nitrates, and pH (Figure 3), calculated relative to an
undisturbed South Atlantic reference state defined by stations 75,
76, and 77 along T1-SA (see Section 1 of Supplementary Material).
Property anomalies were obtained by subtracting the mean refer-
ence state at each depth from the values measured along T2-AR.

An SST map from 7 March 2022 (Figure la) shows the AR
along the T2-AR transect, with a weak but discernible surface
thermal signature. However, thermosalinograph data (Figure 1b)
reveal that surface salinity provides a sharper signal than SST:
surface salinities along T2-AR remain above 35.6, whereas waters
along T1-SA are fresher. This contrast is also evident in the 8-S
diagram (Figure 2), where surface waters (y* < 26.14 kg/m’, ie.
above 100-150 dbar) show similar potential temperatures (16—
21 °C) in both transects, but fresher values (= 35.4) in T1-SA as
compared to Agulhas Water (AGW) along T2-AR (Figures 2, 3a-d).
At the surface, temperature anomalies are near zero (Figure 3b),
while salinity anomalies are distinctly positive (by ~0.4; Figure 3d).
In the southernmost T2-AR stations, salinity differences vanish,
revealing the presence of South Atlantic surface waters (salinity <
35.4; Figure 1b, 3c¢).

Reference South Atlantic waters in the surface layer (y" < 26.14
kg/m?®) are characterized by oxygen concentrations about
230 umol/kg, potential temperature near 13 °C, salinity near 35.3,
and pHrys = 7.96 (Figures 3a, ¢, ¢, i). In contrast, the AR upper core
(located near 200 dbar), consisting practically of AGW, is markedly
less oxygenated (35 pwmol/kg; Figure 3f), warmer (anomalies > 2 °C;
Figure 3b), saltier (anomalies > 0.3; Figure 3d), and more alkaline (pH
anomaly > 0.04; Figure 3j).

At intermediate depths (100-700 dbar; 26.14 < ¥" < 27.23 kg/m?),
South Atlantic Central Water (SACW) is characterized by relatively
warm potential temperatures (6-16 °C; Figures 2, 3a) and salinities of
34.4-35.6 (Figures 2, 3c) (Hernandez-Guerra et al., 2019; Stramma
and England, 1999). In the eastern South Atlantic, SACW is influ-
enced by Indian Central Water (ICW) advected through the Agulhas
Current and ARs (Poole and Tomczak, 1999). ICW, trapped within
the AR, has properties similar to SACW but follows a slightly
different 6-S relation: ICW is identified for potential temperatures

frontiersin.org


https://currents.soest.hawaii.edu/docs/adcp_doc/
https://currents.soest.hawaii.edu/docs/adcp_doc/
https://doi.org/10.3389/fmars.2026.1764162
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Navarro-Buigues et al.

10.3389/fmars.2026.1764162

N~
S}

_ — —_ — —_ )
(=3 [\S] B [=)} [ee} [=}
T T T T

Potential Temperature (°C)
(o]

2 @ T1-SA (st 75-77) |
@ T2-AR (st 82-84)
0 . s s s , s . . ‘
34 342 344 346 348 35 352 354 356 358
Salinity

FIGURE 2

6-S diagrams using CTD data for South Atlantic background waters (T1-SA, blue dots) and the AR waters (T2-AR, red dots). The water masses
present are AGW, Agulhas Water; ICW, Indian Central Water; SACW, South Atlantic Central Water; AAIW, Antarctic Intermediate Water; RSW, Red Sea
Water; UCDW, Upper Circumpolar Deep Water and NADW, North Atlantic Deep Water. The selected neutral density values separate the water

masses.

above 12 °C, whereas SACW dominates in the 7-12 °C range
(Figure 2) (Schott and McCreary, 2001). The strongest anomalies
occur in the lower AR core (near 500 dbar), consisting of ICW that is
warmer (anomaly > 2.5 °C; Figure 3b), saltier (anomaly > 0.3;
Figure 3d), nitrate-poor (by 7.5 pumol/L; Figure 3h), and more alkaline
(over 0.03; Figure 3j) as compared to SACW. At 500 dbar, reference
SACW typically exhibits potential temperatures near 9 °C, salinities
near 34.7, nitrate concentrations close to 21 umol/L, and pHrys values
of 7.89 (Figures 3a, ¢, g, i).

Below the central waters, between 700 and 1100 dbar (27.23 < y" <
27.58 kg/m®), Antarctic Intermediate Water (AAIW) is identified by
minimum salinities (< 34.3; Figure 2, 3¢) and relatively cold potential
temperatures (3-5 °C; Figures 2, 3a). In the eastern basin of the South
Atlantic, salinity is elevated due to mixing with Indian Ocean
intermediate waters entering via the Agulhas Leakage. These waters
carry Red Sea Water (RSW), which is slightly warmer (> 0.1 °C) and
saltier (> 0.06) than ambient AAIW (Figure 2) (Liu and Tanhua,
2021; Stramma and England, 1999). The Deep Oxygen Maximum
(DOM) of South Atlantic waters (about 230 umol/kg; Figure 3e)
occurs between 700-900 dbar, associated with AAIW. Oxygen
negative anomalies within the AR core in this layer exceed 27.5
umol/kg, indicating poorer ventilation relative to the surrounding
South Atlantic waters (Figure 3f).

At greater depths (1100-1700 dbar; 27.58 < ¥ < 27.84 kg/m?),
Upper Circumpolar Deep Water (UCDW) is observed, advected
northward from Southern Ocean upwelling regions (Stramma and
England, 1999). The UCDW tongue is detected near 34.5°S, with
potential temperatures about 3 °C and salinities around 34.6
(Figures 2, 3a, ¢).
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3.2 Agulhas Ring trajectory and evolution

The trajectory of the eddy was estimated by tracking the
maximum value of local SLA, which represents the center of the
AR, using daily altimetry maps (Casanova-Masjoan et al., 2017).
Figure 4 shows the formation of the AR at approximately 40°S-19°E
in early June 2021 (location 1). Over the following three months,
until early September 2021, the ring propagated westward, exiting
the Agulhas Current Retroflection region (between 16-20°E; loca-
tion 2) (Lutjeharms and Van Ballegooyen, 1988). When the AR
reached near (39.1°S, 11.1°E) (location 3), it shifted northward to
near 35.5°S in mid-October 2021 (location 4). Subsequently, after
resuming a westward trajectory, the AR reached the hydrographic
stations area (red dots) in mid-January 2022 (location 5). Over the
next four months, until mid-April 2022, the ring remained confined
within the region bounded by 37.7-36.4°S and 3.5-4.5°E (location
6). Finally, by the end of August 2022, the eddy migrated north-
westward, reaching 34.4°S (location 7).

The translation speed of the AR, computed from the trajectory of
the eddy center using daily altimetry maps, is shown in Figure 5. A
Butterworth low-pass filter of a 30 days period was applied to reduce
high-frequency fluctuations. Between 1 June 2021 and 24 August
2022, the AR exhibited a mean translation speed close to 11 cm/s.
Shortly after detaching from the Agulhas Current Retroflection, the
AR accelerated to 19 cm/s on 30 July 2021. The AR alternated
between episodes of quasi-stationary motion around specific loca-
tions (e.g., positions 2, 3, and 4 in Figure 4) and phases of near linear
propagation. For instance, on 19 August 2021 the AR drifted near
(39.5°S, 14.4°E) at 13 cm/s (Figures 4, 5). During its northwestward
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FIGURE 3

Vertical profiles for the reference state (defined as the mean of the stations from T1-AS) and vertical sections of anomalies along the transect across
the AR (T2-AR). (a, b) Potential temperature; (c, d) salinity; (e, f) dissolved oxygen; (g, h) nitrates; and (1, j) pHtis. Anomalies are calculated as the
difference between properties inside the ring and those in the reference state. A zoom of the upper 275 dbar is shown. Black lines in the vertical
sections represent neutral density contours. Tick marks at the top of each vertical section indicate the position of each hydrographic station. The AR

exhibits strong anomalies gradually weaken with distance.

drift (between positions 2 and 4 in Figure 4), the AR reached a
maximum translation speed of 24 cm/s on 18 October 2021
(Figure 5), likely driven by the northward Benguela Current. Over
the subsequent months, the translation speed ranged between 8 and
13 cm/s until 7 March 2022, when the AR reached the hydrographic
stations. Afterward, its speed decreased to 5-10 cm/s (Figure 5).

3.3 Eddy circulation

During the hydrographic survey conducted on 6-7 March 2022,
the AR was identified by a maximum SLA of about 38 cm
(Figure 6a). Figure 6 presents the SLA maps along with the
SADCP velocity field vectors (black arrows) during the survey.

On the northern flank of the ring, the velocity was directed
northwestward, with a maximum of 57 cm/s at 35 m and 30 cm/s at
715 m. On the southern flank, the velocity shifted to the northeast,
with a maximum of 52 c¢cm/s at 35 m and 22 cm/s at 715 m
(Figure 6). The eddy center, located at 36.05°S, was marked by
minimum SADCP velocities of 2 cm/s at 35 m and 3 cm/s at 715 m
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(Figures 6a, b). The decrease in velocity magnitude with depth is
consistent with the baroclinic structure of the ring.

Some localized departures of the velocity vectors from the SLA
contours, likely reflect a combination of temporal mismatch between
the satellite-derived SLA field (7 March 2022) and the shipboard
measurements collected over 6-7 March, as well as ageostrophic
contributions (e.g., curvature effects and transient adjustments) that
are not captured by the instantaneous altimetric field. Overall,
however, the velocity field is largely aligned with the SLA gradients
and consistent with the anticyclonic circulation of the AR.

The northernmost portion of the T2-AR transect (=80 km) was
excluded from the dynamical and energetic analysis presented
below. This segment is influenced by the interaction between the
AR and a neighboring cyclonic structure located to the north, which
induces a local intensification of the velocity field and distorts the
characteristic circulation of the ring. As a result, velocities in this
section are not representative of the intrinsic structure of the
Agulhas Ring, and their inclusion would bias the estimates of its
dynamical and energetic properties.
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The SADCP vertical section of the cross-transect velocity
(Figure 6) exhibits the structure associated with an anticyclonic
eddy, with eastward flow on the northern flank and westward on the
southern flank. The eddy center (0 km) is marked by a transition
zone of weak velocities, separating these opposite flows. The
persistence of significant velocities below 400-500 m indicates
that the eddy extends well into the thermocline, consistent with a
vertically coherent structure characteristic of Agulhas rings.

3.4 Eddy trapping capacity

Assuming that the AR can be approximated, to first order, as a
coherent rotating structure with predominantly azimuthal flow and
comparatively radial and vertical motions, the radial momentum
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FIGURE 5
Temporal evolution of the 10-day average translation speed (cm/s)
as inferred from altimetry data from 1 June 2021 to 31 August 2022
(blue line), and after applying a Butterworth filter to reduce high
frequencies (red line). The dashed line represents the date of the
SOCCOM first cycle (7 March 2022).
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balance can be described within a cyclogeostrophic framework
(Simpson et al., 1984; Sangra et al.,, 2007; Valencia et al., 2025).
Under this idealized assumption, the centripetal acceleration asso-
ciated with the curved trajectories is balanced by the combined
action of the Coriolis force and the radial pressure gradient, so that
the radial force balance at all depths can be written as:

1

where cg is the azimuthal velocity, f is the Coriolis parameter, r is
the radius, py is the seawater density, and p is the pressure of the AR.
Formulation of Equation 1 highlights that, when curvature effects
become significant, part of the departure from geostrophic balance
arises from the need to sustain circular motion through centripe-
tal acceleration.

To assess the importance of the curvature in the momentum
balance, we estimated the nondimensional Rossby number as Ro =
co/(fr). A threshold of Ro > 0.1 is commonly used to identify
conditions under which curvature-induced centripetal acceleration
becomes non-negligible in the momentum balance (Penven et al.,
2014; Valencia et al.,, 2025). Because the T2-AR transect was
oriented nearly perpendicular to the mean circulation of the eddy,
the azimuthal velocity component cg can be approximated to the
cross-transect velocity shown (Figure 7). Accordingly, this velocity
component was adopted in the estimation of Ro, assuming u = cg.

The calculated distribution of Ro reveals values >0.1 within the
upper 150 m. Peak values (>0.3), are obtained at 300 m depth, and
between 450 and 750 m. This indicates that curvature effects play a
significant role in the momentum balance of the AR, particularly at
radial distances < 20 km. The elevated values of Ro suggest the
presence of compensating ageostrophic velocities that contribute to
sustaining the anticyclonic circulation.

To characterize the rotational structure of the AR, we examined
the radial patterns and vertical variability of the azimuthal velocity.
This integrated analysis offers a detailed description of the eddy’s
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FIGURE 6

Surface SLA (cm) on 7 March 2022 (date of the first SOCCOM cycle) with contours every 5 cm. The black arrows represent the raw velocity field
(cm/s) measured by the SADCP 75 kHz at (a) 35 m and (b) 715 m. The 35 m level corresponds to the shallowest depth with continuous spatial
coverage along the ship track, avoiding near-surface data gaps, while 715 m represents the deepest level with reliable velocity measurements during
the survey. White dots represent each of the hydrographic stations in T2-AR (80-84).

Depth (m)

-80

-60 -40 -20 0 20 40 60 80

Distance (km)

100

FIGURE 7

Vertical section of gridded cross-transect velocity (u component)
measured by the SADCP along the meridional transect across the
Agulhas Ring. Negative values indicate westward flow, while positive
values indicate eastward flow. Contours are plotted every 5 cm/s.
Black-dashed vertical lines mark the positions of the hydrographic
stations (stations 82, 83, and 84), and the solid black line indicates
the location of the eddy center (36.05°S). Gray-dot lines indicate the
position of raw SADCP profiles. On top of the vertical section, SLA at
each position is shown. The section reveals the characteristic
velocity structure associated with the anticyclonic circulation of

the ring.
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internal dynamics, allowing both vertical consistency and radial
changes in structure to be resolved.

Figure 8 shows radial distributions of ¢y for different depths. At
each depth, the observed velocity field was fitted using a least-squares
linear relationship of the form cgy = @y to evaluate the extent to which
the eddy core behaves as a solid-body rotation. In this expression, wy
represents the angular velocity, and the condition ¢y = 0 at r = 0 was
enforced. The fitting procedure was repeated progressively over
expanding radial intervals, and the core radius was identified as the
distance at which the correlation coefficient (r4y) between the modeled
and observed velocities reached the maximum value.

The radial structure of the azimuthal velocity reveals the
presence of a coherent solid-body rotating core (Figure 8). At
85 m (Figure 8a), the azimuthal velocity increases approximately
linearly with radius from the center up to =42 km, consistent with a
solid-body rotation regime (cg o r). Beyond this radius, the veloc-
ity gradually decreases toward the outer edge of the structure. A
similar pattern is observed at 135 m (Figure 8b), where the solid-
body region extends to ~38 km, followed by a velocity decline.

The vertical distribution of the rotation frequency wy (Figure 8c)
shows a clear decrease with depth. In the upper layers (approximately
40-80 m), w, reaches values higher than 6 x 107° 5™, corresponding to
rotation periods of approximately 11-12 days. Between roughly 80
and 120 m depth, the profile shows a relative decrease in rotation
frequency (and therefore longer rotation periods), followed by a
renewed increase at intermediate depths (approximately 140-220

1 and

m), where the highest frequencies approach 7 x 107° s
corresponding to periods close to 10 days. Below this level, the angular
velocity decreases steadily, reaching values near 2.5-3 x 107 s
between 250 and 350 m (periods of 25-29 days). This vertical structure
suggests that the eddy core is not vertically homogeneous but instead
composed of layers with progressively slower rotation, indicating
partial decoupling between upper and deeper levels. Overall, these
results support the presence of a well-defined core with a core radius

R~38 + 9 km.
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FIGURE 8

Radial profiles of azimuthal velocity (ce) at selected depths: (a) 35 m and (b) 65 m. Blue circles correspond to the observed data, while solid blue
lines represent the linear regression fit using cy = wyr, with cy = 0 at r = 0. The slope of the regression (wy) is perpendicular to the angular velocity of
the eddy. (c) Depth-wise variation of solid-body core’s rotation frequency (wg) and its corresponding period.

The persistence of property anomalies transported by the AR
requires that water masses remain trapped inside the eddy, pre-
venting exchange with surrounding waters (Barcelo-Llull et al.,
2017; Chaigneau et al., 2011; Flierl, 1981; Van Aken et al,, 2003).
Flierl (1981) introduced the non-dimensional parameter € = U/c,
defined as the ratio of a characteristic rotational velocity (U) to the
translation speed ¢, which determines whether a trapped volume
exists, its extent, and the intensity of the resulting disturbance
(McCartney and Woodgate-Jones, 1991). For € < 1, no water is
trapped within the ring; € ~ 1 indicates the presence of a stagnation
zone; and € > 1 implies nonlinear dynamics, with the trapped core
maintaining coherence during propagation (Chaigneau et al., 2011;
Flierl, 1981; McCartney and Woodgate-Jones, 1991).

Assuming a vertically uniform translation speed, Figure 9
compares depth-resolved estimates of characteristic rotational ve-
locity with three representative translation speeds, computed as
temporal averages over 3.5 days, + 7 days, and +15 days around
the sampling date. The rotational velocity is estimated using four
complementary approaches: (i) the maximum absolute tangential
velocity at each depth, U,,,, = max(|cq|); (ii) the velocity at the
radius of maximum velocity (RMV), obtained from the gridded
velocity field and extracted as a vertical profile (U,,,); (iii) the
maximum absolute tangential velocity within the eddy core,
Upnaxcore = max({| cg [)core); and (iv) a section-based estimate de-
rived from the zonal velocity along the transect, U,,.0n = (| tmin | +
| max | )/2, assuming that the section crosses the eddy center. The
intersection between the rotational velocity profiles and the pre-
scribed translation speeds provides an estimate of the trapping
depth, defined as the depth above which € > 1, indicating that
rotational velocities exceed or match the translation speed and fluid
parcels remain dynamically trapped within the eddy.
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A maximum in rotational velocities is observed in the upper
layers, with a relative peak around 165 m depth. Below this
maximum, velocities decrease sharply down to about 275 m. At
greater depths, the decay becomes more gradual, extending to
nearly 800 m. As shown in Figure 9, below approximately 445 m
the U,.uxcore Velocity approaches the magnitude of the translational
speed. This suggests that at such depths, the eddy capacity to trap
fluid parcels is weak. Same happens for U,,,,, which indicates
trapping capacity up to 595 m. The rest of characteristic rotational
velocities indicate that the eddy maintains a coherent trapped core
over a substantial portion of the water column (715 m), enabling the
retention and transport of water masses along its trajectory.

3.5 Heat, salt and energy content

Following the method introduced by Joyce et al. (1981) and later
used by Chaigneau et al. (2011); Laxenaire et al. (2019) and Valencia
et al. (2025), we have computed the available heat and salt content
anomalies (AHA and ASA, respectively) in the AR as:

0 prR
AHA = / / pe,6' (27mr)drdz )
z 0

0 pR,
ASA =0.001 / / pS 2rr)drdz (3)
z 0

where ¢, is the specific heat capacity (] kg °C") computed from
the hydrographic data, and €' and §' are the potential temperature
and salinity anomalies, respectively. AHA (Equation 2) and ASA
(Equation 3) were integrated radially from the ring center to the
edge of the ring core (R. = 38 km, as described in Section 3.4),
assuming the eddy volume to be cylindrical, and subsequently
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FIGURE 9

Vertical profiles of characteristic rotational velocities of the AR
compared with representative translational speeds. Colored dashed
lines indicate the translational speed, assumed vertically uniform,
computed as temporal averages over +3.5 days (blue), + 7 days
(red), + 15 days (green) around the sampling date. Black curves
represent different estimates of the rotational velocity: maximum
tangential velocity (dotted), velocity at the radius of maximum
velocity (dashed), maximum velocity within the eddy core (solid),
and a section-based estimate derived from zonal velocities (dash-
dot). The comparison between rotational and translational velocities
provides an estimate of the trapping depth, defined as the depth
range where the nonlinearity parameter € = U/c > 1, indicating that
the eddy is capable of trapping and transporting fluid parcels.

integrated vertically over the ring’s vertical extent, defined here as
the trapping depth of the eddy (z; = 445 m and z, = 595 m). This
choice reflects the fact that thermohaline anomalies are primarily
associated with the coherent, trapped core of the eddy, where water
mass properties are preserved and less affected by lateral mixing. In
Equation 3, the factor 107 converts salinity to a salinity fraction (kg
of salt per kg of seawater).

For the AR, the integration to 445 m yields an AHA of 3.4 x
10" J and an ASA of 1.1 x 10'* kg. Extending the vertical
integration to 595 m increases these values to 4.9 x 10"° J and 1.5
x 10" kg, respectively. This represents an increase of approximately
44% in AHA and 42% in ASA, highlighting the significant contri-
bution of the deeper layers to the total thermohaline content of the
eddy. These results underscore the importance of accurately con-
straining the trapping depth when quantifying the heat and salt
anomalies associated with Agulhas rings.

The associated AHA (in Petawatts, 1 PW = 10'> W) and ASA
(in Sverdrups, 1 Sv = 10° kg/s) transports were computed by
multiplying these anomalies by the translation speed and dividing
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by the ring core diameter, following the approach of different
authors (Doglioli et al., 2007; Laxenaire et al., 2019; Olson and
Evans, 1986). Considering integrations down to 445 m and 595 m,
and using the R, = 38 km together with the average translational
speed in March 2022 (6.9 cm/s), the instantaneous transports
associated with the AR core crossing an imaginary section range
from 0.03 to 0.04 PW for AHA and from 9.4 x 10~ Sv to 1.0 x 10~
Sv for ASA.

It is important to note, however, that these estimates are not
directly comparable to most previous studies, which typically assess
the mean impact of Agulhas Rings by dividing their heat and salt
content by the number of seconds in one year (Garzoli et al., 1999;
Laxenaire et al., 2019; Van Ballegooyen et al., 1994). Using this
annualized approach, the corresponding AHA and ASA transports
for the AR range from 0.001 to 0.002 PW and from 3.3 x 107 to 4.7
x 107> Sv, respectively. Finally, we computed the available potential
energy (APE) and kinetic energy (KE) following the method
proposed by Hebert (1988) and later applied by Tokos and
Rossby (1991); Rae et al. (1996); Sangra et al. (2005); Barcelo-
Llull et al. (2017) and Valencia et al. (2025):

0 R
APE = 0.5p, / / N28*Qrr)drdz 4)
Jz 0

0 R
KE = 0.5p, / / |un|*27r)drdz (5)
Jz 0

where p, and N, are the density and Brunt-Viisild frequency of the
reference state, respectively; § is the vertical displacement of the
isopycnals within the AR relative to the reference state; and u), =
u? +v* is the squared horizontal velocity magnitude, with u and v
representing the zonal and meridional velocity components from
the SADCP measurements. The reference state was defined as the
mean of stations 75, 76, and 77. The integrations of Equations 4 and
5 were performed from the surface to the vertical extent of the AR
(z; = 445 m and z, = 595 m) and radially from the center to the core
ring radius (R. = 38 km) and to the radius of maximum azimuthal
velocity (Rmax= 86 km, Figure 6). The broader integration domain
allows capturing the dynamical extent of the eddy, including its
energetic outer circulation, which may extend beyond the strictly
defined core.

At z, = 445 m, APE increased from 1.9 x 10'® J within R. to 6.7
x 10" J within R,y while KE rose from 6.0 x 10" J to 5.7 x 10'* ]
over the same radial range. Similarly, at (z, = 595 m, APE ranged
from 2.1 x 10" J (R t0 7.4 x 10" J (Ryyay), and KE from 7.4 x 10'3 ]
to 6.3 x 10 J. In all cases, APE clearly exceeded KE, with
differences of approximately two orders of magnitude at R, and
decreasing toward Ry, indicating a relative increase in the
contribution of kinetic energy as larger portions of the eddy are
included. The consistency of these estimates across both trapping
depths suggests that the bulk energetics are robust to moderate
variations in the vertical integration limit, while the systematic
increase in both APE and KE with radius reflects the growing
contribution of the outer eddy structure. This predominance of
APE over KE is consistent with the typical energetic signature of
coherent mesoscale eddies and supports the interpretation of the
structure as a mature and dynamically stable feature.
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Daily SLA (cm) images from 7 March 2022 to 18 August 2022, approximately every 20 days. Each map presents the ring’s trajectory since 7 March
(black line) and the SOCCOM drifter location for the corresponding day (blue point). The gray lines represent the bathymetric contours
corresponding to depths of 0, 500, 1000, 2000, and 4000 m. The sequence highlights the progressive deformation of the ring, including the
emergence of a secondary SLA maxima in April-May 2022, indicative of the fragmentation as the ring approaches Walvis Ridge.

4 SOCCOM trajectory and
measurements

On 6 March 2022, a SOCCOM profiler was deployed at the
center of the AR, identified as a maximum SLA of 38 cm associated
with the surface layer dome. Figure 10 shows a sequence of daily
altimetry maps, approximately every 20 days, from the start of the
first SOCCOM cycle (7 March 2022) until 5 months later, when the
profiler exited the AR in August 2022.

At the time of deployment, the AR was centered near (36°S, 4°E)
(Figure 10a). Over the following 40 days, the ring core remained
close to the hydrographic station area, drifting slightly northwest-
ward (Figures 4, 10b, c), while the SOCCOM float remained within
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the ring and completed five cycles. On 7 May 2022, SLA maps show
the profiler positioned at the edge of the AR (Figure 10d). Between
28 May and 17 June 2022 (Figures 10e, f), the SOCCOM float stayed
along the ring boundary for about 40 days, collecting data from the
periphery while SLA remained near 30 cm. In July 2022, the profiler
looped around the ring center (Figures 10g, h), and by mid-August
2022, when SLA had weakened to < 25 cm, it exited the
AR (Figure 10i).

To quantitatively distinguish intrinsic temporal evolution from
spatial sampling effects, we computed the normalized radial posi-
tion of the float within the AR, defined as the ratio between the
distance from SLA-derived ring center and the corresponding time-
varying eddy radius (R,(t) = r(t)/Reqay(t); Figure 11). Values of R, <
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1 indicate sampling inside the ring, whereas R,, > 1 denotes that the
float was outside the eddy. From early March to mid-April, the float
remained within the inner core (R, < 0.5). Between late April and
June, it occupied intermediate to peripheral positions (0.6 < R, < 1),
briefly returning toward the interior in early July. After July, R,
exceeded 1, marking the float’s exit from the AR.

Figure 12 presents selected SOCCOM profiles corresponding to
different radial positions within the AR: at deployment, inside the
ring, near the edge, and outside the AR. The time evolution of
vertical profiles of potential temperature, salinity, oxygen, nitrate,
and pHry, reveals a transition from AR-modified waters to sur-
rounding South Atlantic waters.

Above 100 dbar, the initial SOCCOM profiles near the ring
center (7 March and 7 April 2022) show warmer potential temper-
atures (20.6°C and 19.7°C, respectively; Figure 12a), higher salinity
(35.8; Figure 12b), and lower oxygen concentrations (226 pmol/kg;
Figure 12c) as compared to the profiles collected after the profiler
left the AR on 18 August 2022 (16.1°C, 35.7, and 238 umol/kg,
respectively). Figure 12a and b further illustrate the progressive
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Vertical profiles of (a) potential temperature, (b) salinity, (c) dissolved oxygen, (d) nitrate, and (e) pHr;s as measured by the SOCCOM drifter
approximately every month between the deployment date and the time the drifter left the AR. Only selected profiles related to changes in the radial

position of the SOCCOM within the AR are shown (see legend).
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deepening of the mixed layer within the AR, from about 60 to nearly
180 dbar, forming a homogeneous upper layer in the inner-ring
trapped waters. Here, the mixed-layer depth (MLD) is defined using
a potential density criterion of AGg = 0.03 kg/m? relative to 10 dbar
(de Boyer Montegut et al., 2004). Importantly, the mixed-layer
deepening observed between March and early April occurred while
the float remained within the inner core (R,<0.5, Figure 11),
indicating in situ modification of the trapped waters rather than
radial sampling artifact. In contrast, no distinct MLD is observed in
profiles outside the eddy.

Within the eddy, below the MLD, clear signatures of biological
activity are observed. Dissolved oxygen concentrations decrease to
values below 200 umol/kg, nitrate concentrations increase (up to ~3
umol/L), and pH values are lower compared to the surrounding
profiles. Together, these patterns are consistent with active
remineralization processes occurring within the eddy.

On 7 March 2022, nitrate concentrations in surface waters were
generally low (1-2 umol/L; Figure 12d), with a nitracline near 75
dbar. As the profiler drifted out of the AR, the nitracline progressively
deepened (Figure 12d), tracking the concurrent deepening of the
thermocline and pycnocline (Figures 12a, b). This transition largely
reflects coincidences with the float’s migration toward the ring
periphery (R,, > 0.6, Figure 11), suggesting that part of the apparent
temporal evolution reflects radial gradients within the AR structure.
This trend reflects that South Atlantic waters are comparatively
nutrient-rich relative to AR waters. Differences in potential temper-
ature and salinity between AR and the surrounding waters persist
down to some 850 dbar (Figures 12a, b). Meanwhile, AR profiles
show pHryys systematically higher values than South Atlantic waters,
with differences of up to 0.04 at 400 dbar (Figure 12e).

Between 150 and 600 dbar, the AR is characterized by higher
oxygen concentrations relative to surrounding waters, with mean
differences of about 10 umol/kg (Figure 12¢). At the AAIW level, the
DOM appears deeper and weaker within the AR (some 220 pmol/kg
at 850 dbar) than outside (> 225 umol/kg at 800 dbar), reflecting both
the deepening of isopycnals and the regional prominence of AAIW in
the South Atlantic (Figure 12c). After late July, when R, exceeded 1,
the vertical structure rapidly transitioned toward that of ambient
South Atlantic waters, confirming that the late-stage hydrographic
changes primarily reflect the float’s detachment from the eddy rather
than continued internal transformation.

5 Discussion and conclusions

This study provides a detailed characterization of the structure
and trajectory of an Agulhas Ring (AR) sampled during the SAGA-
34.5S cruise in March 2022 through hydrographic,
thermosalinograph, SADCP, and SOCCOM profiler data, comple-
mented with satellite altimetry.

Altimetry indicates that the AR was formed in early June 2021
in the ACR region (16-20°E) and propagated northwestward along
the Agulhas Eddy Corridor (Garzoli and Gordon, 1996) before
turning westward, following the pathways described by previous
studies (Goni et al., 1997; Schouten et al., 2000). This trajectory
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highlights the possibility of Indian Ocean waters being trapped
within the ring and transported into the South Atlantic Ocean,
contributing to its thermohaline variability (Beal et al, 2011;
Duncombe Rae, 1991; Pichevin et al,, 1999).

The AR displayed a strong positive SLA signal (38 cm), con-
sistent with long-lived rings (Gordon and Haxby, 1990; Guerra
et al,, 2018; Schouten et al., 2000). In contrast to its high surface-
salinity signal, the surface thermal signature was less apparent. This
absence of a thermal signal likely reflects the rapid erosion of
surface temperature contrasts through heat exchange with the
cooler atmosphere (Guerra et al.,, 2018; Mey et al., 1990; Olson
et al.,, 1992). These results suggest that surface salinity provides a
more persistent and reliable tracer of Agulhas rings than temper-
ature, particularly in regions where atmospheric forcing efficiently
dampens thermal anomalies.

Hydrographic data revealed that the density structure of the AR is
characterized by isopycnal depressions down to 850 m, which is
shallower than the typical 1500-2000 m depth reported for other ARs
(Biastoch and Krauss, 1999). CTD data confirmed that the AR
generated anomalies in both salinity and potential temperature
above 850 dbar, with the 10°C thermocline displaced downward to
some 600 m. Duncombe Rae (1991) reported an average thermocline
depth of 650 + 130 m for ARs, near the ring core. Within this layer,
Indian Ocean waters were identifiable from the surface Agulhas
Water to the intermediate Indian Central Water (ICW), while
mixing between Red Sea Water (RSW) and Antarctic Intermediate
Water (AAIW) was evident at greater depths. The presence of RSW is
more explicitly identified in the 0-S diagram (Figure 2), where
intermediate waters within the AR exhibit a clear salinity enrichment
relative to the AATW salinity minimum (<34.3), together with slightly
elevated temperatures, consistent with the characteristic RSW signa-
ture described in previous studies (Casanova-Masjoan et al., 2017;
Van Aken et al., 2003). The 6-S range between the salty RSW and
fresher AATW highlights strong mixing of Indian and Atlantic waters
at these depths (Giulivi and Gordon, 2006).

Property anomaly distributions indicated a ring extent consistent
with previously reported AR dimensions of 100-200 km (Biastoch
et al,, 2008; Casanova-Masjoan et al., 2017; Duncombe Rae, 1991;
Laxenaire et al, 2019; Schouten et al., 2000). The ring core was
characterized by warmer, saltier, more alkaline, and less oxygenated
waters relative to the surrounding Atlantic. The maximum temper-
ature (=2.5°C) and salinity anomalies (=0.4 psu) observed in the core
are moderate compared to values reported for recently detached
Agulhas Rings, which can reach up to =5°C and ~1 psu (Garzoli et al.,
1999; Gordon et al., 1992; Lutjeharms, 2006, 2007). This attenuation
is consistent with the estimated ~9 months westward drift of the ring,
during which partial mixing and equilibration with surrounding
South Atlantic waters are expected. In this context, the persistence
of relatively strong salinity anomalies compared to temperature
reinforces that salinity anomalies decay more slowly and provide a
more robust tracer of Indian Ocean water mass origin.

Nitrate anomalies further reflected the nitrogen-limited nature
of the Agulhas system (Marshall et al., 2023; Voss et al., 2013).
These biogeochemical anomalies are primarily consistent with the
lateral advection of Indian Ocean waters trapped within the ring,
which retain their original thermohaline and chemical signatures
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during westward propagation. However, the observed variability in
dissolved oxygen, nitrate and pH may also reflect the influence of in
situ biological processes, such as remineralization and organic
matter cycling within the eddy interior. SOCCOM profiles corrob-
orated these anomalies, capturing their gradual weakening as the
drifter exited the AR.

The normalized radial position analysis (Figure 11) provides
additional context for interpreting the AR evolution. During the
first 5 cycles after deployment, when the float remained within the
inner core (R, < 0.5), the observed deepening of the mixed layer and
modest thermohaline changes indicate genuine in situ modification
of the trapped waters.

The nearly 180 dbar-thick surface homogeneous layer observed
within the ring core likely reflects not only seasonal surface mixing
but also the upper expression of a warm-saline mode-water lens
characteristic of Agulhas Rings. The weak vertical gradients in
temperature and salinity within this layer, together with its persis-
tence below the seasonally ventilated surface layer, suggest that it
represents a combination of winter mixed-layer deepening and the
vertically coherent core structure of the eddy. In contrast, much of
the observed anomaly reduction coincided with the float’s migra-
tion toward the ring periphery (0.6 < R, < 1) and eventual exit (R,, >
1), indicating that part of the apparent temporal decay reflects the
strong radial gradients that characterize Agulhas Rings rather than
solely intrinsic dissipation.

It is worth noting that between 150 and 600 m, Indian waters
inside the AR contained higher oxygen concentrations than South
Atlantic waters (Figure 12c), reflecting the winter properties of
central waters formed in the ACR region (Arhan et al, 1999).
Importantly, the displacement of the deep oxygen maximum
(DOM) to some 850 m (Figure 12c), deeper than in adjacent
Atlantic waters, highlights the deepening and vertical adjustment
of the AAIW layer induced by the eddy, consistent with previous
studies (Schmid et al., 2003). Below 850 dbar, the SOCCOM profiles
converged with ambient conditions, indicating that the AR signal
was no longer detectable at intermediate depths.

After late July, once R, exceeded 1, the rapid convergence of
thermohaline and biogeochemical properties toward ambient South
Atlantic conditions confirms that the eddy signal was no longer
dynamically connected to the float, marking the effective end of
coherent AR influence at the sampling location.

Dynamic signatures showed counterclockwise geostrophic cir-
culation, with peak velocities of 24 and 35 cm/s near 60 dbar. These
values are substantially lower than the peak velocities reported by
Van Aken et al. (2003), which can exceed 100 cm/s for newly
formed rings. However, the observed values are consistent with
observations for more evolved structures of (Laxenaire et al., 2018,
2019). Velocity profiles revealed both baroclinic decay at the
periphery and barotropic-like behavior near the core, suggesting a
transition in dynamical regimes within the AR. In addition, the
presence of localized counterflows and vertical shear near the eddy
center suggests a dynamically complex structure, potentially asso-
ciated with internal adjustment processes or baroclinic instability,
as indicated by the SADCP observations (Figure 7).

The ring’s translational evolution followed distinct phases: a rapid
detachment and interaction with the Benguela Current (13-19 cm/s),
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acceleration westward (up to 24 cm/s), and gradual deceleration (5-
10 cm/s) as it approached Walvis Ridge (34°S, 1°E). This decrease is
also associated with the interaction with the Walvis Ridge by Byrne
et al. (1995). Matano and Beier (2003) proposed that most ARs in the
Cape Basin follow a narrow westward pathway before dissipating
their energy into smaller eddies upon encountering the Walvis Ridge.
In addition to topographic interactions, the observed weakening may
reflect the natural spin-down of the eddy due to energy dissipation, as
well as interactions with the surrounding flow field, including
mesoscale variability. These processes can contribute to the gradual
loss of coherence and kinetic energy. Our altimetry maps support this
view: five months after its formation, upon reaching Walvis Ridge,
the AR exhibited a gradual reduction in surface SLA together with
deformation of the SLA core and the appearance of a secondary
maxima (Figures 10c—e), consistent with fragmentation into smaller
rings in April 2022.

The radial structure of the azimuthal velocity reveals a coherent
solid-body rotating core with radius R. = 38 + 9 km, characterized
by a near-linear increase of velocity with radius and, consequently,
an approximately uniform relative vorticity. This core structure
weakens with depth, as evidenced by the decrease in angular
velocity, indicating partial vertical decoupling between upper and
deeper layers. Such vertical variability suggests that the eddy cannot
be considered vertically homogeneous, but rather composed of
layers with distinct dynamical characteristics (Tokos and Rossby,
1991; Valencia et al., 2025). In agreement with theoretical expecta-
tions (Flierl, 1981), the ratio of azimuthal to translation speed (€ >
1) confirms the presence of a dynamically coherent trapped core.
Further, the trapping depth analysis indicates that this condition is
satisfied down to at least 595 m.

Energy and transport diagnostics further underscore the signif-
icance of the observed AR. The estimated heat and salt anomalies
(AHA ranging from 3.4 x 10" to 4.9 x 10" J and ASA from 1.1 x
10" to 1.5 x 10'? kg) fall within the range of previous studies. Lower
AHA values (1.4-4.2 x 10" J) and ASA values (1.2-3.8 x 102 kg)
have been reported for rings in the eastern Cape Basin (McDonagh
et al, 1999; Rae et al., 1996), while higher values (1.0-2.5 x 10°° ]
and 4.4-13.1 x 10"? kg) are typically associated with younger or less
dissipated rings near the ACR or further downstream (Laxenaire
etal., 2019; Schmid et al., 2003; Van Ballegooyen et al., 1994). Given
that the studied ring is located at 36°S, 3.8°E—between the ACR
region (16-20°E) and the Walvis Ridge region (~34°S, 1°E)—its
intermediate AHA and ASA values are consistent with a stage of
partial equilibration during westward propagation.

The variability between estimates associated with different
trapping depths (42-44%) highlights the sensitivity of thermohaline
content to the vertical extent of the dynamically trapped core, while
also indicating that a significant fraction of the anomaly is concen-
trated above 600 m.

Instantaneous transport estimates (0.03-0.04 PW and 9.4 x 1074
to 1.0 x 107> Sv) are relatively large, reflecting strong signal
associated with the eddy core crossing a section. However, when
expressed as annualized contributions (1-2 x 107> PW and 3.3 x
107 to 4.7 x 107> Sv), the values fall below those reported for
younger or more energetic rings (e.g. 2.3-7.5x 10> PW and 1.4-4.2
x 107 Svin Van Ballegooyen et al., 1994; 8 x 10> PWand 3 x 1074
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Sv in Laxenaire et al., 2019), reinforcing the interpretation of a
dynamically evolving and partially dissipated structure.

Finally, the estimated APE and KE span a range depending on
both radial and vertical integration limits, with APE between 1.9 x
10" J and 7.44 x 10"° J and KE between 6.0 x 10"* J and 6.3 x 10" 7J.
The values agree with earlier studies of ARs (Clement and Gordon,
1995; Rae et al., 1996; McDonagh et al, 1999) and highlight the
predominance of potential over kinetic energy. The resulting APE/KE
ratio ranges from approximately 10 to more than 20, depending on
the integration domain, which is consistent with previous estimates
(e.g. APE/KE ratio between 2 and 10 in Rae et al., 1996; APE/KE ratio
between 3 and 5 in McDonagh et al,, 1999) and confirms that the
eddy is strongly dominated by available potential energy.

The large APE-KE imbalance suggests susceptibility to
baroclinic instability and eventual decay through energy conversion
(from potential into kinetic), consistent with the fragmentation of
ARs into smaller eddies (de Steur and van Leeuwen, 2009; Kang and
Curchitser, 2015; Li et al., 2023; Matano and Beier, 2003). In this
context, the observed fragmentation of the ring likely represents a
stage in which part of this excess APE is released and converted into
kinetic energy of smaller-scale structures, supporting the hypothesis
that high-APE rings are more prone to instability and energy
shedding. The large energy reservoirs associated with the observed
AR further suggest that Agulhas Rings could play an important role
in ocean mixing and the redistribution of heat, salt, and energy
across ocean basins (Li et al., 2023; Van Ballegooyen et al., 1994).

Although this study focuses on a single Agulhas Ring, its main
characteristics—including radius, SLA amplitude, thermohaline
anomalies, and energetic structure—fall within the range reported
for the broader Agulhas Ring population. The ring exhibits prop-
erties consistent with a mature structure located between the
Agulhas Current Retroflection and the Walvis Ridge, suggesting
that it is representative of a common evolutionary stage rather than
an exceptional case. Therefore, while caution is required when
generalizing from a single observation, the processes described
here are likely relevant to a significant fraction of Agulhas Rings
propagating across the Cape Basin.

Regarding question 1 in Introduction (How do the vertical
structure and energetics of an Agulhas Ring evolve after detachment)?,
our analysis shows that the vertical structure and energetics of the
Agulhas Ring evolve significantly after detachment, with progressive
weakening of thermohaline anomalies, reduction in rotational veloc-
ities, partial vertical decoupling, and a sustained dominance of available
potential energy over kinetic energy. These changes reflect a transition
from a newly formed to a mature and dynamically evolving eddy.

Regarding the second question (What does this evolution tell us
about the ring’s contribution to interocean exchange)?, this evolu-
tion implies that the contribution of Agulhas Rings to interocean
exchange is not constant but depends on their life stage. Even in a
partially equilibrated state, the ring retains sufficient thermohaline
and energetic anomalies to contribute significantly to the transport
of heat, salt, and water masses across the South Atlantic.

In summary, our results confirm that Agulhas Rings are not only
efficient carriers of Indian Ocean waters into the South Atlantic but also
dynamically active features with significant impacts on thermohaline
structure, transport, and energetics. Their persistence and energetic
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content highlight their fundamental role in the Agulhas leakage system
and in shaping variability across the South Atlantic Ocean.
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