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1. Introduction
The majority of the ocean's kinetic energy remains at mostly balanced mesoscale and large-scale flows. While 
geostrophically balanced eddies transfer energy to larger scales via an inverse cascade (Charney, 1971), different 
mechanisms can remove energy from geostrophic flows and transfer it to unbalanced motions at smaller scales. 
This forward cascade is modulated by submesoscale motions that act as a transition from the mostly two-dimen-
sional, geostrophically balanced dynamics to the full three-dimensional flows where dissipation occurs (McWil-
liams, 2016; Thomas et al., 2008).

Flow-topography interactions disturb the geostrophic balance and may lead to submesoscale instabilities. The in-
coming flow against the sloping topography increases bottom drag which leads to intense vertical vorticity influx 
into the flow. Observations reveal the formation of vortices due to flow-topography interaction in most of the 
world's oceans (D'Asaro, 1988; Gula et al., 2016, 2019; Molemaker et al., 2015; Srinivasan et al., 2017, 2019; Vic 
et al., 2015). The vorticity filaments merge into the topographic wake to eventually form submesoscale coherent 
vortices (SCVs; McWilliams, 1985).

Abstract Mesoscale eddies propagate westward across the South Atlantic basin. As they reach the 
westernmost part of the basin, at approximately 20°S, they interact with a quasi-zonal seamount chain, the 
Vitória-Trindade Ridge (VTR). The interactions with the local topography lead to submesoscales instabilities, 
which ignite the formation of submesoscale coherent vortices (SCVs) such as those described in the present 
study for the first time in the VTR region. Here, using high-resolution hydrographic and microstructure 
measurements, we describe the dynamics of two adjacent SCVs wandering through the ridge. We find that 
the anticyclonic SCVs are characterized by a low potential vorticity and angular momentum signature, and 
are therefore prone to both centrifugal and symmetric instabilities. This dynamic regime suggests small-scale 
turbulence is actively cascading energy down to dissipation, diagnosed from turbulent kinetic energy dissipation 
estimates within one of the SCVs through microstructure measurements. The energy dissipation levels observed 
within the SCV are two orders of magnitude larger than in surrounding waters. The thermohaline signatures of 
each SCV reveal homogenized waters in their cores but with small thermohaline anomalies when compared to 
surrounding waters, suggesting a remote generation site. Here, we argue that such vortices are essential agents 
for energy dissipation in the ocean. We speculate that the observed SCVs were formed due to mesoscale eddy-
topography interaction along the VTR and advected by the meandering South Equatorial Current to the location 
of field observations.

Plain Language Summary The interaction between topography and oceanic flows results in the 
development of small-scale turbulent phenomena. The occurrence of such phenomena is significant for the 
ocean energy balance due to energy dissipation, which occurs on spatial scales smaller than a centimeter. In 
this study, we describe, for the first time in the western South Atlantic Ocean, the physics of two adjacent 
submesoscale coherent vortices in the vicinity of the Vitória-Trindade Ridge. These vortices have radii of 
12 and 16 km and a subsurface signature with intensified velocity and weak stratification. Since this type of 
vortex has no surface expression, it is challenging to detect it due to its small horizontal scale. Microstructure 
measurements collected by a ship inside and outside the vortex enable us to evaluate, for the first time, its 
influence on energy dissipation and ocean mixing.
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Such vortices, also called intrathermocline eddies (Dugan et al., 1982), are often described as swirl-like currents 
and are predominantly associated with distinct, convex-lens-shaped tracer anomalies (Frenger et al., 2018; Gula 
et al., 2019). The convex-lens-shaped anomalies are only for anticyclonic SCVs. Though less abundant, SCVs 
can also be cyclonic (e.g., de Marez et al., 2020). The SCVs are characterized by radii smaller than the Rossby 
baroclinic deformation radius, with Rossby (Ro) and Burger (Bu) numbers of 𝐴𝐴  (1) (McWilliams, 1985). Once 
formed, SCVs can wander in the interior of the ocean for many years (McWilliams, 2016), thus acting as impor-
tant agents of long-range tracer transport since they retain waters from their formation sites as they propagate as 
coherent structures.

SCVs are present in all of the world's oceans (McCoy et al., 2020). Meddies, for example, are SCVs that flow 
from the Mediterranean Ocean, transporting a great amount of salt into the Atlantic Ocean (McDowell & Ross-
by, 1978). Puddies, which are SCVs typically formed in the eastern boundary poleward undercurrents, tend to 
maintain their coherence for hundreds of kilometers while propagating westward and feeding the subtropical 
gyres with nutrient-rich waters (Frenger et al., 2018). SCVs are also formed due to the interaction of boundary 
currents with topography as in the Beaufort Gyre (D'Asaro, 1988), the Charleston Bump and Cape Hatteras (Bane 
et al., 1989; Gula et al., 2019), and the Mid-Atlantic Ridge (Vic et al., 2018). Despite the ubiquity of SCVs, their 
generation mechanisms, as well as their role in the general ocean circulation, are still not fully known.

Most SCVs do not have a surface expression, and it is challenging to detect them due to their small horizontal 
scale (Assassi et al., 2016). They have been observed in moorings (Bane et al., 1989), hydrographic profiles from 
ships (Dugan et al., 1982), and more recently by glider measurements and in seismic images of the ocean (Gula 
et al., 2019; Ménesguen et al., 2012). Thus, observations at high spatial resolution, able to capture more than a 
single profile inside one of these features are still challenging. The Vitória-Trindade Ridge (VTR) in the South 
Atlantic Ocean (Figure 1) may be a hotspot for SCV generation due to the presence of many shallow seamounts, 
banks, and islands (Alberoni et al., 2020) along the path of the Brazil Current, which is formed just a few degrees 
north of the VTR. In addition, westward propagating eddies usually interact with the VTR since this ridge is in 
the path of the flow of the South Equatorial Current (SEC).

We conducted a high-resolution oceanographic survey in the austral summer of 2017 in order to investigate 
the impact of the seamount chain on the flow field. In this work, we describe the structure of two anticyclonic 
SCVs observed near a shallow seamount, the Columbia Seamount, which is part of the VTR. We also present 
observations of the turbulent regime inside one of the features. To the best of our knowledge, this is the first time 
microstructure measurements of mixing were taken inside an SCV.

Figure 1. Part of the Ilhas 1 austral summer survey, 3–6 February (transect 6–T6). Map of the Vitória-Trindade Ridge region, with the light yellow shading 
representing depths shallower than 300 m. Red dots and yellow stars indicate the locations of Underway Temperature, Conductivity, and Depth and Vertical 
Microstructure Profiler/CTD stations, respectively. The thick white lines represent the 4,000, 3,000, 2000, 1,000, 500, 250, 100, and 50 m isobaths. Long-time-
averaged shipboard-Acoustic Doppler Current Profiler velocities were measured along the transect beginning at the Davis Bank in the west, and ending at the Columbia 
Seamount.
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The article is organized as follows. In Section 2, we present the sampling strategy. In Section 3, we describe the 
vertical structure of two SCVs near the VTR. In Section 4, we present the first microstructure measurements 
within one SCV observed in the real ocean. In Section 5, we address one of the possible regions of origin of the 
observed SCVs. Summary and concluding remarks are presented in Section 6.

2. The Ilhas 1 Survey Data Set
During the austral summer of 2017, we conducted an oceanographic survey (Ilhas 1, from January 27 to February 
16) aboard the R/V Alpha-Crucis (University of São Paulo) as part of the “Islands” experiment in the vicinity of 
the VTR. The main purpose of this survey was to elucidate the role of seamounts in the generation of submesos-
cale features due to the interaction of the rich mesoscale eddy field with the local topography.

The VTR is a quasi-zonal ridge that extends 1,120 km from the Abrolhos shelf to the Trindade and Martin-Vaz 
Islands (Figure 1). Except for these islands, the ridge is entirely submerged and composed of flat-top seamounts 
and banks, most of them with summits between 55 and 75 m below the surface (Alberoni et al., 2020). The eddy 
activity on the VTR makes it an ideal place to study mesoscale flow-topography interaction. Throughout the 
cruise, starting at the Davis Bank and ending at the Columbia Seamount (CS), we measured the velocity continu-
ally with a Vessel-Mounted Acoustic Doppler Current Profiler (VM-ADCP, Teledyne RDI - 75 kHz) set to sample 
at 8m vertical bins. Data were processed using the CODAS (Common Ocean Data Access System) software, 
following the guidelines of Firing (1995). Simultaneously, hydrographic data were obtained using an Underway 
Temperature, Conductivity, and Depth (UCTD, Teledyne Oceanscience) probe at a high spatial resolution. Over 
the Davis Bank, the spatial resolution of temperature and salinity profiles was approximately 1 km. Over deep 
regions, the spatial resolution of profiles was around 5 km (30 min apart), but reaching deeper levels (approx-
imately 450 m). We estimated the turbulent parameters from microscale shear variance measurements at five 
oceanographic stations (Figure 1). A Vertical Microstructure Profiler (VMP - 250 Rockland Scientific), operating 
at 512 Hz, was equipped with two shear probes, one SBE7 micro-conductivity probe and one FP07 thermistor. 
The VMP operated in downcast mode (free-falling profile), and for statistical reliability, we performed at least 
three casts at each station (e.g., Doubell et al., 2018; Lazaneo et al., 2020). The CTD (Seabird) profiles were 
carried out at the same oceanographic stations where the VMP profiles were carried out, collecting conductivity, 
temperature, and dissolved oxygen measurements. The mesoscale surface field was estimated using the altimeter 
measurements distributed by the Copernicus Marine and Environment Monitoring Service (CMEMS, http://
marine.copernicus.eu).

3. The SCV Vertical Structure
During the Ilhas 1 survey, we observed a mesoscale anticyclone over the CS through the objective mapping (cor-
relation lengths: Δx = 30 km and Δz = 50 m) of the horizontal velocity measured by the ADCP along the zonal 
section depicted in Figure 1. The measured surface velocity agrees with the surface geostrophic velocity field 
from the altimeter (Figure 2). The subsurface maximum velocity occurred in the anticyclonic meander, driving 
large anomalous values of relative vorticity, obtained, in this case, from the zonal gradient of the meridional 
velocity (ζ = ∂v/∂x). 𝐴𝐴  (1) gradient Rossby numbers (Ro = ζ/f, where f is the planetary vorticity) indicate the devi-
ations from the dominant geostrophic balance (Figure 3). In addition to the intense Ro values at the location of the 
subsurface velocity maximum, the geostrophic velocity estimated from the density field (thermal-wind balance) 
presents lower magnitudes compared to the measured velocity (see Supporting Information S1). Qualitatively, 
the estimated velocity field is in agreement with the measured velocities. They differ only in magnitude. Once the 
velocity patterns are qualitatively in accordance but slightly different in magnitude, it suggests that the subsurface 
flow is not necessarily geostrophic. The presence of a flow with a non-negligible ageostrophic component and 
Ro of 𝐴𝐴  (1) is indicative of a subsurface submesoscale phenomenon, which in this case, is bounded by double 
convex-lens-shaped isopycnals. Despite the spatial variability of the isopycnals (Figure 3), the configuration of 
the two convex lenses is maintained in the objective mapping of density (not shown, same correlation lengths 
used for velocities). This flow configuration indicates the existence of two interacting anticyclonic SCVs, which 
may have been generated by the interaction of the meandering flow of the SEC with the isolated topographic 
features east of the 32°W. The meandering flow of the SEC presents a trajectory passing through the topographic 
features of the VTR (Luko et al., 2021). Therefore it tends to generate intense relative vorticity in the subsurface 

http://marine.copernicus.eu
http://marine.copernicus.eu
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due to frictional effects in the bottom boundary layer of the islands and seamounts of the ridge, which ultimately 
triggers the generation of SCVs. Inside one of these SCVs, we also observed anomalous dissolved oxygen values 
(Figure 3e), suggesting, in fact, the presence of a such subsurface vortex, which may have been generated remote-
ly. Chemical property anomalies are characteristic of SCVs, which, due to their coherence, carry water from the 
region of origin (McWilliams, 1985).

To illustrate the eddy interaction, we present in Figure 4 a schematic diagram of two adjacent anticyclones (see 
Supporting Information Figure S2), as well as the associated vertical component of the relative vorticity and hori-
zontal divergence. We notice alternating bands of anomalous values of both quantities (Figures 4b and 4c), such 
as those depicted in the fields of the observed SCVs (Figure 3). Indeed, our observations show these alternating 
bands of (∂v/∂x) and (∂u/∂x) bounded by the isopycnal inflections that delimit the vortical features. We therefore 
interpret this interaction of two vortices with the same rotation sense as a submesoscale version of the Fujiwhara 
effect in the ocean.

In order to identify the intersection region between the SCVs and their limits with the surrounding waters, next 
we characterize the temperature and salinity signatures along the transect. Temperature (Figure 5a) and salinity 
(Figure 5b) present a heterogeneous horizontal distribution, with the most consistent variations associated with 

Figure 2. (a) Vitória-Trindade Ridge region map for 5 February 2017, with the background color representing absolute dynamic topography, and gray arrows 
indicating the geostrophic velocity. Bottom panels are the Columbia Seamount region map, with the light yellow shading representing depths shallower 300 m, and with 
the (b) surface and (c) subsurface velocities obtained by the Acoustic Doppler Current Profiler. The (a) black and (b and c) white lines represent the 4,000, 3,000, 2000, 
1,000, 500, 250, 100, and 50 m isobaths.
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the location of subsurface velocity maximum. However, the deepening of isopycnals at ∼268 km from the ori-
gin of the transect – Davis Bank – demarcates the horizontal limit of the two adjacent SCVs. Despite the sharp 
inflections of the isopycnals in between the SCVs, weak stratification prevails within both convex lens-shaped 
isopycnals (Figure 5c). Further, both SCVs depict the same water mass content, which ultimately suggests that 
their generation sites may have been within the South Atlantic Central Water domain (SACW, see Stramma & 
England, 1999) (Figure 5d) but at levels close to the most stratified layer (Figure 5c), which presents the greatest 
oxygen content (Figure 3e). The anomalous patterns in the temperature and salinity zonal distributions along 
some selected depths (−200 m, −250 m, −300 m) within the two SCVs not only elucidate their boundaries 
relative to the surrounding waters but also can be indicative of density compensation and mixing processes (Fig-
ures 6b–6d). Aiming to verify the occurrence of density compensation at the SCV boundaries, we compute the 
spiciness variation (Δτ) (Ferrari & Rudnick, 2000; Munk, 1981; Veronis, 1972)

Δ𝜏𝜏 = (𝛼𝛼Δ𝑇𝑇 ) + (𝛾𝛾Δ𝑆𝑆), (1)

where α is the thermal expansion coefficient, and γ is the saline contraction. Our results show that spicy waters 
(warm and salty) mark the contact region between the SCVs, while minty waters (fresh and colder) are found in 
both SCV cores (Figure 6a). These spiciness signatures are indicative of double-diffusion processes and mixing. 
The temperature and salinity profiles at the center of each SCV highlight the density compensation processes and 
mixing (Figures 6e–6g). The SCV core to the west (w-SCV) has colder and fresher waters compared to the vortex 
waters to the east (e-SCV). Noting the temperature and salinity of the profile outside the vortices between −200 

Figure 3. Vertical section of the (a) meridional velocity component, (b) zonal velocity component, (c) divergence considered as ∂u/∂x, and (d) ζ/f. Gray contours 
represent the isopycnals [kg m−3] along the section. The origin of the transect starts at the Davis Bank (∼20.6°S, 34.7°W). The black rectangle encloses the location of 
the submesoscale coherent vortices (SCVs). (e) Vertical profiles of dissolved oxygen obtained from the CTD. The location of CTD station are depicted in panel (d). The 
red profile represents the station over the SCV.
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and −350 m, we observe that these profile segments have thermohaline properties different from the SCV core 
waters (Figures 6e–6g). These signatures suggest that the SCVs were generated remotely but not necessarily far 
from the observation site (e.g., Gula et al., 2019; McWilliams, 1985).

Given the horizontal limits of the SCVs shown in Figure 6, the w-SCV has an l = 12 km radius, and the e-SCV 
has an l = 16 km radius, assuming that we crossed the SCVs through their center. These values correspond re-
spectively to about 20% and 28% of the full-depth first baroclinic deformation radius RD ∼ 56 km, which was esti-
mated from the climatology following Houry et al. (1987). By combining the length and depth scales obtained by 
the thermohaline data analysis with the velocity measurements, we estimate dimensionless numbers of the SCVs 
observed in the VTR during the Ilhas 1 survey. We calculate the bulk Rossby number (𝐴𝐴 𝐴𝐴𝐴𝐴𝑏𝑏 = 𝐔𝐔∕(𝑓𝑓𝑓𝑓) , where 𝐴𝐴 𝐔𝐔 
is the mean value of the velocity magnitude) and the “submesoscale” Burger number (Bu = 𝐴𝐴 (𝑁𝑁𝑁∕(𝑓𝑓𝑓𝑓))

2 , where 
h = 150 m is the SCV thickness) for each SCV and present the results in Table 1. We then compare the results ob-
tained for the VTR SCVs to those presented in the classical work by McWilliams (1985) for SCVs observed and 
advected by the Gulf Stream: Rob ∼ 0.25 and Bu = 0.3. While the Rob values found here are close to the former 
author's estimates, the Bu values are larger. This is probably due to the fact that we are analyzing intrapycnoclinic 
SCVs (larger N) while McWilliams (1985) examined subpycnoclinic SCVs (smaller N). Nevertheless, the Bu val-
ues reflect a more important role for the relative vorticity (in contrast to the stretching vorticity) in our SCVs since 
they were in a region of stronger stratification. On the other hand, the estimated non-dimensional numbers for the 
SCVs described in the present work are similar to those described by Riser et al. (1986) and Paillet et al. (2002). 
The magnitude of these non-dimensional numbers reveals that the vortices present a marginally stable dynamic 
regime, and therefore relatively distant from the formation region (Buckingham et al., 2021b), where unstable 
processes are expected (Gula et al., 2019).

We now seek to describe the potential vorticity (PV) structure of the SCVs captured near the CS. We know that 
the PV of an anticyclonic SCV core is low due to the strong vertical vorticity and weak stratification (Meunier 
et al., 2018). Low PV values are prone to instabilities (D'Asaro et al., 2011; Thomas et al., 2008, 2013). Here, we 
evaluate the two-dimensional PV (e.g., Lazaneo et al., 2020; Napolitano et al., 2021; Ramachandran et al., 2018; 
Thomas et al., 2016) from the objectively mapped field. If one assumes that the features are indeed SCVs and 
that the sampling of the SCV currents and density occurs through their centers, then an approximation of the 
Ertel PV is possible.

The Ertel PV is given by

𝑞𝑞 = (𝑓𝑓�̂�𝑘 + ∇ × 𝐮𝐮).∇𝑏𝑏𝑏 (2)

Figure 4. (a) Two-dimensional depiction of two adjacent anticyclones, as well as (b) the associated vertical component of the relative vorticity and (c) horizontal 
divergence. Black arrows are the velocity vectors from the velocity field.
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where 𝐴𝐴 �̂�𝑘 is the unit vector, u = (u, v, w) is the three-dimensional velocity vector, and b = − gρ/ρ0 is the buoyancy. 
However, the (in)stability of fluid parcels, in cases where centrifugal accelerations are non-negligible, is gov-
erned not by the sign of q but the sign of Lq, where L = rv + fr2/2 is the absolute angular momentum (Bucking-
ham et al., 2021a, 2021b). Here, r = −12 km (the negative sign means an anticyclonic vortex) is the radius, which 
we assume to be the radii of the smaller vortex (w-SCV), to estimate the greatest curvature effect in the flow's PV. 
Thus, in addition to q under the preceding assumptions and under a gradient wind balance (GWB)

𝑞𝑞 =

(

𝑓𝑓 +
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
+

𝜕𝜕

𝜕𝜕

)

𝑁𝑁
2

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

𝐵𝐵𝐵𝐵𝜕𝜕𝐵𝐵𝐵𝐵𝜕𝜕𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵−𝑞𝑞𝑏𝑏𝐵𝐵

−

(

𝑓𝑓 +
2𝜕𝜕

𝜕𝜕

)(

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕

)2

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

𝐵𝐵𝐵𝐵𝜕𝜕𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵−𝑞𝑞𝑏𝑏𝐵𝐵

,

 (3)

where N2 = ∂b/∂z is the stratification, we examine the quantity Lq to verify whether the flow is potentially unsta-
ble (Lq < 0, (e.g., Buckingham et al., 2021b)). Restricting our solution to regions away from the equator, we can 
also obtain the nondimensional Ertel PV (q′)

𝑞𝑞
′ = (1 +𝑅𝑅𝑅𝑅𝑐𝑐) − (1 + 𝐶𝐶𝐶𝐶)𝑅𝑅𝑅𝑅−1, (4)

Figure 5. Vertical section of (a) temperature, (b) salinity, and (c) stratification. Gray and black contours represent the isopycnals [kg m−3] along the section. (d) T-S 
diagram. Gray dots represent points along the whole section, while red and black dots represent T-S pairs within the e-SCV and w-SVC respectively. The origin of the 
transect starts at the Davis Bank (∼20.6°S, 34.7°W). The black rectangle encloses the location of the SCVs.
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where Roc = ζc/f = (∂v/∂r + v/r)f−1 = (∂v/∂r)f−1 + Cu/2 is the Rossby number 
for a curved front, Cu = 2v/rf is the curvature number, and Ri = N2/(∂v/∂z)2 is 
the Richardson number. Thus, the corresponding non-dimensional criterion 
which accounts for centrifugal accelerations is

𝐿𝐿
′
𝑞𝑞
′ = (1 + 𝐶𝐶𝐶𝐶)(1 + 𝑅𝑅𝑅𝑅) − (1 + 𝐶𝐶𝐶𝐶)

2
𝑅𝑅𝑅𝑅

−1
< 0, (5)

where L′ = 2 L/(fr2) = (1 + Cu) is the nondimensional expression of absolute 
angular momentum (see Buckingham et al., 2021b).

Figure 6. (a) The spiciness, (b) temperature, and (c) salinity variation along-track transect, at z levels. Cyan contours represent z = −200 m depth, blue contour 
represent z = −250 m depth, and dark blue represent z = −300 m depth. (d) Along-track transect of salinity anomaly S' along isopycnals. The horizontal dashed gray 
line in (a) represents the 0 of spiciness variation. The horizontal dashed gray lines in (d) represent the upper and lower isopycnal limiting the vertical extension of the 
e-SCV. The vertical gray dashed lines separate the w-SCV from the e-SCV. The origin of the transect starts at the Davis Bank (∼ 20.6°S, 34.7°W). (e) Density, (f) 
temperature, and (g) salinity profiles in the center of the w-SCV (black) and e-SCV (red) and outside the SCVs (gray). The vertical blue dashed line represents the 
average value of properties of the profile outside de SCVs. The location of each profile is shown in panel (d) (top triangles).

Number Symbol Expression w-SCV value e-SCV value

Rossby Rob 𝐴𝐴 𝑈𝑈∕(𝑓𝑓𝑓𝑓) 0.46 0.27

Burger Bu 𝐴𝐴 (𝑁𝑁𝑁∕(𝑓𝑓𝑓𝑓))
2 1.76 0.78

Table 1 
Characterization of the Submesoscale Coherent Vortices (SCVs) in Relation 
to the Dimensionless Numbers
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In Figure 7, we show the Ertel PV (from Equation 3) with a greater focus on the two adjacent SCVs. When con-
sidering the absolute angular momentum and a flow under GWB, we observe that Lq can be negative inside the 
SCVs. The low values of Lq (<0 or ∼0) are mainly driven by the barotropic component of the potential vorticity 
(qbt) due to the intense anticyclonic relative vorticity, which in turn is a function of the curvature (Cu) of the flow. 
In addition to the dominance of the barotropic component of the potential vorticity, the low stratification inside 
the SCVs and the higher intensity of vertical shear squared (Figure 8a) also suggest a potentially unstable flow 
driven by the baroclinic part (qbc, Ri ∼ 1). To categorize the instabilities within the SCV flows, we followed the 
criteria from Buckingham et al. (2021b), which includes the conservation of absolute angular momentum. We 
observed that, despite Lq < 0, the flow is predominantly stable at the location of the observed SCVs, but with the 
occurrence of hybrid symmetric/centrifugal instability (Figure 8b). Although these results suggest the occurrence 
of instabilities, they only occur in small extensions of the vortices. This may be due to (a) the sampling strategy, 
that is, the horizontal resolution of the data set may not be enough to capture and categorize the instabilities, (b) 
due to the smoothing of the data (temperature, salinity, and velocity) by the calculation of the objective field to re-
duce the differences in the sampling scales, or due to (c) the interaction of the adjacent SCVs, which can mask, or 
even stabilize, the flow. It is noteworthy that in the present work, we do not analyze the effect of the interaction of 
the vortices, but we described their occurrence in the VTR region. The results suggest that SCVs are prone to cen-
trifugal and symmetrical instabilities, which ultimately implies that instabilities may draw energy from the flow.

Figure 7. From left to right (top panels) The discriminant Lq, Lqbt (barotropic component), and Lqbc (baroclinic component). From left to right (bottom panels) the 
discriminant (1 + Cu), where Cu is the curvature of the flow, the Rossby number considering the curvature (Roc), and the Richardson number (Ri).
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4. Pathway for Energy Dissipation
One of the defining characteristics of anticyclonic SCVs is that they exhibit anomalously low PV (e.g., Gula 
et al., 2019), as do those observed during the Ilhas 1 survey. The origin of this unstable, or marginally stable re-
gime in their cores comes from their site of origin. PV reduction can occur from convective and frontal processes 
at the surface (Thomas, 2005; Thomas et al., 2013) and subsurface frictional forces due to flow separation near 
topography (D'Asaro, 1988; Gula et al., 2019). In both cases, the manifestation of instabilities in this dynamical 
regime involves smaller-scale turbulence that cascades energy down to dissipation (McWilliams,  2016). Our 
in-situ, microstructure measurements reveal that the dissipation rate ɛ of turbulent kinetic energy (TKE) within 
the SCVs is two orders of magnitude larger than in surrounding waters (Figures 9a–9f), thus showing that SCVs 
are important agents for energy dissipation.

From the integration of the spectrum of velocity fluctuations (Φ), assuming isotropic turbulence, we estimated 
the TKE dissipation rates (ɛ) for segments of the water column,

𝜀𝜀 =
15

2
𝜈𝜈

(

𝜕𝜕𝜕𝜕′

𝜕𝜕𝜕𝜕

)2

=
15

2
𝜈𝜈
∫

𝑘𝑘max

1

Φ(𝑘𝑘)𝑑𝑑𝑘𝑘 [W kg
−1
], (6)

where ν is the kinematic molecular viscosity, ∂u′/∂z can be any of the six components of the shear fluctuations, 
and kmax is the maximum wavenumber determined by the fast Fourier transform with a 50% overlap for each ver-
tical segment. For this study, we chose segments of the water column corresponding to 1 s to convert temporal 
derivatives to spatial derivatives, assuming a frozen field hypothesis (Taylor, 1938). Lazaneo et al. (2020) showed 
that there is no significant ɛ variation from the different lengths of segments. Since the VTR presents very abrupt 
changes of depth, using a bin size of 1 s to estimate ɛ provides a reasonable number of values, mainly over shal-
low regions. The shorter the segment length, the greater the noise of the estimation. However, using an average 
from multiple microstructure profilers deployed at the same station, we can reduce the noise while keeping the 
strongest signal (e.g., Doubell et al., 2018; Lazaneo et al., 2020). Comparing the measured spectrum with the the-
oretical Nasmyth spectrum (Figure 9g), we assure better reliability. The composite mean of the TKE dissipation 

Figure 8. (a) Vertical section of the vertical shear squared in logarithmic scale. (b) The panel shows the location of different type of instabilities for anticyclonic 
flow (Roc < 0). S: stable (ϕ0 < ϕ1 < 0, see Buckingham et al., 2021b). SI: symmetric instability, CI: centrifugal instability and GI: gravitational instability. Where 
ϕ0 = tan−1[ −(1 + Cu) (1 + Roc)], and ϕ1 = tan−1[ −(1 + Cu)2Ri−1]. Gray contours represent isopycnals highlitening the upper and bottom of the submesoscale coherent 
vortices (SCVs), and black contourd represent the isopycnal crossing the SCVs.
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Figure 9. (a–e) Vertical profiles of TKE dissipation rates. Gray lines represent n-cast deployed at each oceanographic station, while black lines show the average profile 
at each station. Panel f shows the average profiles presented in top panels together, highlighting the amount of energy dissipation rates within the SCV at station T6-4 
(red). (g) Shear spectrum observed by a VMP at different depths at station T6-4 superimposed on the Nasmyth spectrum (gray curve), where kmax is the integration 
cutoff wavenumber. (h) Spatial distribution of the buoyancy Reynolds number (Reb = ɛ/νN2) superimposed on the isopycnal surfaces (black contours).
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rate shows a nearly constant amount of energy dissipation along the water column (Figure 9). However, the last 
two stations nearby the CS show a significant increase in the amount of energy dissipation at the sub-thermocline 
level. From 150 m depth to 300 m depth at station T6-4, a great burst of energy dissipation reaches values typical 
of the mixed layer. The turbulence activity parameter (ɛ/νN2), also called buoyancy Reynolds number (Reb), pro-
vides an additional indication of the degree of turbulence in the SCV core. This parameter scales with turbulent 
diffusivity from the Osborn model (Osborn, 1980) for the intermediate regime. On the other hand, the diffusivity 
scales with 𝐴𝐴 (𝑅𝑅𝑅𝑅𝑏𝑏)

1∕2 for the energetic regime, corresponding to higher values of Reb and growing turbulence (Shih 
et al., 2005). For the e-SCV, Reb is extremely high, in fact comparable to the turbulent regime of the mixed layer 
(Figure 9h).

We show that the SCVs can develop barotropic (centrifugal instability) and baroclinic (symmetric instability) in-
stabilities, resulting in energy transfer toward dissipative scales (forward energy cascade). Furthermore, we con-
firm the occurrence of dissipative and diffusive processes by measuring the vertical shear variance inside and out-
side the vortices. Thus, we conclude that (a) the effect of the curvature of the flow, (b) the intense horizontal shear 
(large Roc), and (c) the combined effects of large vertical shear and low stratification (small Ri), are plausible 
sources for the high EKE ((u′2 + v′2)/2) of the features. In Figure 10, we show that the vertically integrated EKE 
contained inside the SCVs can be 10 times higher than outside of the SCVs. Comparing the integral EKE within 
the SCV with the integral of the TKE dissipation rates at the same depth interval (h1 = −200  and h2 = −300 m)

∫
ℎ1

ℎ2
𝐸𝐸𝐸𝐸𝐸𝐸 d𝑧𝑧

∫
ℎ1

ℎ2
𝜖𝜖 d𝑧𝑧

[m3 s−2]

[m3 s−3]
= timescale [s], (7)

we obtain that the lower bound vortex dissipation timescale is approximately 17 days. It should be noted that we 
only consider the EKE available at the sampling time and a constant dissipation rate. Therefore, we only compute 
the energy to be dissipated (assuming that the EKE sources cease) and not that which may have already been 
dissipated since the beginning of the SCV life cycle. The redistribution of energy across the eddy-mean reser-
voirs may occur throughout the whole vortex lifetime. As part of the energy is dissipated by turbulent processes, 
barotropic and baroclinic instabilities, via horizontal shear production and buoyancy flux, respectively (e.g., 
Gula et al., 2016), may feedback into the EKE reservoir, and hence the difference in the dissipation timescale 
obtained and the SCVs lifetime (e.g., McDowell & Rossby, 1978; McWilliams, 1985). The complete dissipation 
of such vortices occurs by fusion into the larger eddies or by erosion due to interactions with topography (Morvan 
et al., 2019). Considering the high population of the undersampled SCVs in the interior of the oceans (McCoy 
et al., 2020), we suggest that the SCVs are one of the keys to understanding the interior ocean's energy budget, not 
limiting the occurrence of dissipative processes attributed only to boundary layers. Further studies are needed to 

Figure 10. Spatial variation of the kinetic energy (KE, black) and the eddy kinetic energy (EKE, red) vertically integrated into the water column (between h1 = −300 
and h2 = −200 m). The vertical dashed gray line depicts the location of the microstructure profiler, which captured the submesoscale coherent vortex (SCV). The gray 
dot represents the amount of EKE used to estimate the timescale of the SCV dissipation.
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clarify the eddy-mean energy conversion mechanisms throughout the SCVs lifetime and their role in the oceanic 
energy budget.

The distance between consecutive microstructure profilers along the transect does not permit the estimation of the 
TKE dissipation of both SCVs. However, the combination of weak stratification, high vorticity, low PV, and low 
Ri corroborates the hypothesis of intense mixing and energy dissipation within such features. On the one hand, 
part of the measured energy dissipation could arise from the manifestation of internal waves generated in the 
VTR (Paiva et al., 2018) by the acceleration of the flow or by the collapse of fronts (Shakespeare & Taylor, 2014) 
or due to the interaction with the local topography. Inertial oscillations are excited in boundary layers (Barkan 
et al., 2017; Nikurashin & Ferrari, 2011; Thomas, 2017), radiated, and reabsorbed by larger-scale flows, while 
only a small fraction of the energy of these oscillations is dissipated (Nagai et al., 2015). On the other hand, the 
correspondence of negative, or even low PV within the SCVs, is associated with the large TKE dissipation rates 
(e.g., Nagai et al., 2021). Finally, the evidence of the anomalous amount of energy dissipation in the e-SCV core 
evinces the role of SCVs in the ocean energy budget. Nevertheless, it remains an open question where these 
vortices have been generated, and another unsettled issue is whether or not the VTR is prone to form such small 
features. To address these questions, we inspect the mesoscale circulation pattern using altimetry data and com-
pare this scenario with the previous findings from the Ilhas 1 survey.

5. Mesoscale Circulation Pattern Along the VTR
In this section, we address the possibility that the SCVs captured by the Ilhas 1 survey sampling had been formed 
through interaction of an ocean current with the VTR. Mesoscale eddies contain the majority of the kinetic en-
ergy of ocean currents. The term “eddies” is used here to represent the various forms of ocean current variability 
at the mesoscale: vortices, rings, and current meanders (e.g., Fu, 2006). The VTR is located in the northwestern 
limb of the South Atlantic subtropical gyre circulation (Stramma & England, 1999). The region is potentially 
along the path of the southern branch of the SEC (Garzoli & Matano, 2011; Nencioli et al., 2018). Sea surface 
height measurements made by microwave altimeters can be used to obtain a synoptic view of mesoscale eddies 
(Chelton et al., 2011; Fu et al., 2010). From the altimetry data, it is possible to map the pathways of the mesoscale 
eddies reaching the VTR along with the SEC.

The surface circulation pattern through the period of the austral summer via altimetry data shows a mesoscale 
anticyclonic signal over the CS (Figure 2). From the daily output of the absolute dynamic topography, we tracked 
this signal backward in time to investigate its pathway prior to reaching the sampled area (Figure 11). In early 
November 2016, the anticyclonic meander was observed southeast of Trindade Island, centered at 22°S 27.5°W 
(Figures 11a and 11e). We defined the eddy as a region with values of Okubo-Weiss parameter W < −0.2σW, 
where σW is the spatial standard deviation of W. This definition is shown to be appropriate to detect mesoscale 
eddies from sea level anomaly (e.g., Isern-Fontanet et al., 2006; Zhang et al., 2016). In December, the northern 
edge of the anticyclone obliquely hits the island, deforming itself and enhancing its absolute dynamic topography 
(Figures 11b and 11f). After the interaction with the island, the geostrophic vorticity of the anticyclone decayed, 
keeping its core south of the island. In mid-January, this anticyclonic signal appears as a westward-propagating 
meander reaching the CS (Figures 11d and 11h). While the surface mesoscale circulation pattern depicted from 
the altimeters shows the anticyclone passing across the CS, the ADCP measurements show this eddy signal at the 
surface, with the maximum subsurface velocity related to the SCVs embedded in its flow (Figure 2).

As a mesoscale flow passes by a topographic obstacle, submesoscale relative vorticity grows downstream (Gula 
et al., 2016). The combination of intense relative vorticity and low stratification may lead to centrifugal instabil-
ities at the island wakes (e.g., Srinivasan et al., 2019). The bottom boundary condition imposed by the physical 
barrier of topography triggers the intense horizontal shear in a low-stratified environment below the pycnocline. 
Under certain conditions, these unstable wakes evolve to form SCVs (Srinivasan et al., 2019) without a surface 
signature (Gula et al., 2019). The tendency toward instabilities in the anticyclonic SCV cores (low PV values) 
may come from their generation sites. The impermeability theorem states that PV is conserved across two isop-
ycnal surfaces (Haynes & McIntyre, 1987). Thus, the PV reduction should occur through diabatic processes or 
frictional forces within the two bounded isopycnals (Thomas, 2005), leading to negative PV anomalies within the 
SCV cores (see Gula et al., 2019). Despite the low, but positive values of PV, mainly driven by the high horizontal 
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Figure 11. (a–d) Daily snapshots of the absolute dynamic topography (background color) with its respective velocity field (gray arrows) (e–h) Daily snapshots of ζg/f 
(background color), where ζg = ∂vg/∂x − ∂ug/∂y. ug and vg are the geostrophic velocity components derived from CMEMS. Gray contours represent the Okubo-Weiss 
parameter for eddy detection. Black contours represent the isobaths around the VTR. The area used to calculate the standard deviation is the area shown on the maps.
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shear, the weak stratification can be sporadically overcome by the vertical shear, leading to small-scale turbulence 
and mixing.

Long-lived SCVs may also reach the VTR region from remote locations. Analysis of Argo float data has revealed 
that SCVs are ubiquitous in the ocean, and thus of great importance in the large-scale transport of tracers (McCoy 
et al., 2020). The authors argued that tracked SCVs are, in part, generated in eastern boundary upwelling systems, 
in marginal sea overflows – influenced by capes and promontories – along open ocean fronts, and ultimately 
travel across the ocean basins. To provide context to the present work, we therefore depict the trajectory and 
measurements of two Argo floats that captured SCV-like structures in their pathways (Figure 10). The first Argo 
float trajectory shows the presence of one SCV away from the VTR (Figures 12a and 12c). The westward flow of 
the SEC can advect the SCV-like structure along the South Atlantic basin since the β effect has a relatively minor 
influence on its trajectory (Dewar & Meng, 1995). On the other hand, the trajectory of a second Argo float shows 
the occurrence of one SCV to the south of the VTR (Figures 12b and 12d). We cannot determine whether or not 
the latter SCV, captured by the Argo float, was generated at the VTR. Therefore, SCV-like structures can not only 
reach the VTR region by the SEC advection, but can also be locally generated.

Observations of these small structures in the ocean, such as the SCV captured during the Ilhas 1 survey, are chal-
lenging due to the vortices' small size and the portion of the water column they occupy (below the mixed layer). 
Nevertheless, we see them as keys to understanding the ocean interior variability since they transport water mass 
from their site of origin (life cycle on the order of years; McWilliams, 1985, 2016) and lead to energy dissipation 
enhancement through centrifugal instabilities (Srinivasan et al., 2019). Most of these findings gathered from the 
literature evinced the importance of submesoscale features to the ocean energy budget. However, these studies 
employed numerical simulations and computed the energy budget from the outputs. The present study is obser-
vational, and neither the energy budget nor the SCV site of origin estimate can be determined from our data. 
Despite that, we see as likely that the captured SCVs near the CS are a result of the interaction of the meandering 
SEC with the VTR.

Figure 12. Trajectories of the Argo floats (a) 3901496, and (c) 3902125 based on the distance from their origin. Vertical section of the stratification from Argo floats 
(b) 3901496, and (d) 3902125. The red arrows represent the location of the submesoscale coherent vortex in each Argo float trajectory (Data source: http://www.
coriolis.eu.org/).
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6. Summary and Concluding Remarks
In this study, we describe unprecedented observations of two adjacent SCVs embedded in the SEC as it flowed 
across the VTR. These intrapycnoclinic features occupied the density range of 1,026 and 1026.4 kg/m3, and 
revealed a vertical extension of approximately 150 m. The radii of the two submesoscale vortices were 12 and 
16 km, and were characterized by bulk Rossby numbers of 0.46 and 0.27, and Burger numbers of 1.76 and 0.78, 
respectively. The SCVs were characterized by homogenized SACW waters bounded by two convex-lens-shaped 
isopycnals and intense relative vorticity. The combination of temperature, salinity, and velocity measurements 
allowed us to determine the marginally stable dynamic regime inside the SCVs, which ultimately suggests small-
scale turbulence cascading energy down to dissipation via centrifugal and symmetric instabilities. Our in situ 
microstructure observations revealed that the e-SCV contained dissipation rates at least two orders of magnitude 
higher than the surrounding waters, comparable to turbulence of the mixed layer. This anomalous energy dissipa-
tion rate confirms the occurrence of turbulence inside the e-SCV.

The limited spatial distribution of sampling data does not permit the determination of the place of formation of 
the captured SCVs. Temperature and salinity signatures within each SCV exhibit homogenized SACW in their 
cores, with tiny deviations relative to the surrounding waters. These results suggest a remote site for the SCVs' 
generation, but not necessarily out of the VTR region, since flow-topography interaction is one of the principal 
candidates for SCV generation. We provide evidence of the flow-topography interaction by tracking an SEC me-
ander passing by the Trindade Island 2 months earlier than the period of the Ilhas 1 survey (austral summer). This 
mesoscale anticyclonic meander was observed over the CS through altimetry and ADCP measurements during 
our oceanographic survey. The pathway of such a mesoscale anticyclone indicates its crossing of the Trindade Is-
land 2 months earlier. The archipelago of Trindade and Martin-Vaz is the easternmost isolated set of islands along 
the SEC pathway in the western South Atlantic basin. Such interaction could result in SCV generation through 
centrifugal instability in the island wakes (D'Asaro, 1988). Submesoscale-resolving simulations are already under 
development to verify if the interaction of the eddy-rich SEC with the VTR is indeed prone to the generation of 
SCVs. However, the lack of observations in the region is still the main constraint to better understanding SCVs 
and their roles in regional ocean circulation.

Moreover, since SCVs have been observed throughout the world's oceans, they may make a significant contribu-
tion to the energy budget of the oceans. The research presented here therefore encourages further research into 
better understanding the role of SCVs in (global) ocean circulation, including their impacts on tracer and energy 
fluxes.

Data Availability Statement
The data were provided by the Copernicus Marine and Environment Monitoring Service (CMEMS, http://marine.
copernicus.eu) and from the Argo program, distributed by Coriolis Operational Oceanography (http://www.cori-
olis.eu.org/). The data used in this study can be obtained at https://jmp.sh/5zPZzCC.
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