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Resumo

LAZANEO, C. Z. Mixing and submesoscale dynamics in the western South Atlantic
Ocean. 2021. 135 f. Tese (Doutorado) – Instituto Oceanográfico, Universidade de São

Paulo e School of Marine Science and Technology, University of Massachusetts Dart-

mouth. São Paulo, 2021.

Esta dissertação aborda dois processos oceânicos que resultam na dissipação de energia

cinética turbulenta no oeste do Oceano Atlântico Sul. Primeiramente, abordamos o fluxo

turbulento vertical e a mistura em nível picnoclínico, relacionado à reversão do escoa-

mento entre a Corrente do Brasil (CB) e a Corrente de Contorno Intermediária (CCI).

Em segundo lugar, abordamos o efeito da topografia da Cadeia Vitória-Trindade (CVT)

na geração de vórtices de submesoescala de subsuperfície, que resultam na dissipação da

energia cinética turbulenta, bem como em processos de mistura. No primeiro estudo, in-

vestigamos o papel do cisalhamento vertical gerado pela reversão do escoamento entre a

CB e a CCI, que escoa logo abaixo da camada de mistura na latitude de 21,6◦ S. A partir de

medições de microestrutura, inéditas na região, observamos que o cisalhamento vertical

na interface entre as duas correntes desestabiliza localmente a coluna d’água, podendo

superar o efeito estabilizador da estratificação. Assim, ocorrem processos de mistura,

resultando em trocas verticais de propriedades na base da camada de mistura. Em partic-

ular, calculamos o fluxo vertical de nitrato e observamos que a turbulência pode fornecer

nutrientes à camada superior. No segundo estudo, buscamos estudar vórtices coerentes

de submesoescala (SCVs) intra-picnoclínicos na região da CVT, a partir de observações

sinóticas. Capturamos dois SCVs anticiclônicos embebidos em um meandro da Corrente

Sul Equatorial (CSE), a partir de medições de alta resolução de temperatura, salinidade

e velocidade. Os SCVs foram encontrados à sotavento do Monte Columbia (20,5◦ S,

32,3◦W). Como essas estruturas foram observadas adjacentes e interagindo, interpreta-

mos sua estrutura como uma versão de submesoescala do efeito Fujiwhara no oceano.

Ambos os vórtices apresentaram baixos valores de vorticidade potencial, e assinaturas

distintas de temperatura e salinidade, relativas às águas circundantes. As características

mais homogêneas da água do interior dos SCVs são resultado de mistura. Por meio de

medições de microestrutura feitas em um dos SCVs, observamos taxas de dissipação de

energia cinética turbulenta semelhantes, em magnitude, às medidas da camada de mistura.

Até onde sabemos, essas são as primeiras medições de microestrutura feitas no interior

de uma SCV intra-picnoclínico. Não podemos determinar a região de formação de tais

SCVs a partir de um transecto hidrográfico. No entanto, sugerimos que eles poderiam ter

sido gerados através da interação entre escoamento e topografia, uma vez que o meandro



da CSE, o qual foram observados os SCVs embebidos, foi observado interagindo com a

Ilha da Trindade dois meses antes. No terceiro estudo, investigamos se o CVT tem, ou

não, propensão para gerar vórtices de submesoescala. Em seguida, simulamos, com um

modelo numérico oceânico regional, a CSE interagindo com a cadeia. Observamos que

este tipo de vórtice é frequentemente formado na região, em diferentes feiçes topográ-

ficas e diferentes profundidades (intra e sub-picnoclínicas) ao longo de sua extensão de

900 km. Simulamos a geração de SCV com ambas as polaridades. A partir da interação

entre o CSE e a topografia da CVT, filamentos vorticais de número de Rossby O(1) são

formados a jusante da topografia, criando anomalias de vorticidade potencial. Esses fil-

amentos eventualmente evoluem, enrolam e formam SCVs. Sugerimos que a CVT pode

ser considerada um hotspot para a geração de vórtices de submesoescala. Por fim, desta-

camos a importância do oeste do Oceano Atlântico Sul no desenvolvimento de processos

de pequena escala e dissipação de energia. A região é fundamental para a compreensão

do balanço de energia do oceano.

Palavras-chave: Turbulência e mistura oceânica. Interação escoamento-topografia. Cas-

cata de energia direta. Vórtice coerente de submesoescala.



Abstract

LAZANEO, C. Z. Mixing and submesoscale dynamics in the western South Atlantic
Ocean. 2021. 135 f. Doctoral dissertation – Oceanographic Institute of the University

of São Paulo and the School of Marine Science and Technology of the University of

Massachusetts Dartmouth. São Paulo, 2021.

This dissertation addresses two oceanic processes that result in the dissipation of turbulent

kinetic energy in the western South Atlantic Ocean. We first approach the vertical turbu-

lent flux and mixing at pycnoclinic level related to the flow reversal between the Brazil

Current (BC) and the Intermediate Western Boundary Current (IWBC). We secondly ad-

dress the effect of the topography of the Vitória-Trindade Ridge (VTR) on the generation

of subsurface submesoscale vortices, which results in the dissipation of turbulent kinetic

energy as well as mixing. In the first study, we investigate the role of the vertical shear

generated by the flow reversal between the poleward-flowing Brazil Current (BC) and the

equatorward-flowing Intermediate Western Boundary Current (IWBC), which occurs just

below the mixed layer at the latitude of 21.6◦ S. From unprecedented measurements of

microstructure in the region, we observe that the vertical shear at the interface between

the two currents locally destabilizes the water column, and may overcome the stabilizing

effect of stratification. Thus, mixing processes occur, resulting in vertical exchanges of

various properties at the base of the mixed layer. In particular, we compute the vertical

nitrate flux, and observe that turbulence may supply the upper layer with nutrients. In

the second study, we seek intrapycnoclinic, submesoscale coherent vortices (SCVs) in the

VTR region from synoptic observations. We captured two anticyclonic SCVs embedded

in a meander of the South Equatorial Current (SEC) from high-resolution measurements

of temperature, salinity, and velocity. The SCVs were found at the lee of the Columbia

Seamount (20.5◦ S, 32.3◦W). As these structures are adjacent and interacting, we inter-

pret their observed structure as a submesoscale version of the Fujiwhara effect in the

ocean. Both eddies present low potential vorticity, and distinct signatures of temperature

and salinity relatively to surrounding waters. The more homogeneous water characteris-

tics are a result of mixing in their interior. Through microstructure measurements taken in

one of the SCVs, we observe turbulent kinetic energy dissipation rates similar in magni-

tude to those measured in the mixed layer. To the best of our knowledge, these are the first

microstructure measurements taken in the interior of an intrapycnoclinic SCV. We cannot

determine the region of formation of such SCVs from one hydrographic transect. How-

ever, we suggest that they could be generated through flow-topography interaction since

the SEC meander was observed interacting with the Trindade Island two months earlier.



In the third study, we investigate whether the VTR is prone to generate submesoscale vor-

tices. We then simulate, with a regional ocean numerical model, the SEC interacting with

the ridge. We observe that this type of vortex is often formed in the region at different

topographic features and different (intra- and subpycnoclinic) depths along its 900km ex-

tension. We simulate SCV generation with both polarities. From the interaction between

the SEC and the topographic features of the VTR, vortical filaments of Rossby number

O(1) are formed downstream of the topography, creating potential vorticity anomalies.

These filaments eventually evolve, roll up and form SCVs. We suggest that VTR can be

considered a hotspot for the generation of submesoscale vortices. Finally, we highlight

the importance of the western South Atlantic Ocean regarding the development of small-

scale processes and energy dissipation. This region is key to the comprehension of the

ocean energy budget.

Keywords: Turbulence and ocean mixing. Flow-topography interaction. Forward energy

cascade. Submesoscale coherent vortex.
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CHAPTER 1.
INTRODUCTION

The oceans that cover the solid surface of the Earth are almost in a turbulent

state. This state involves eddying motions visible at scales of clouds, smokes, or even

patches of foam in the ocean (Thorpe, 2005). Movements at these scales are efficient

in transferring momentum and heat in the ocean. Processes as dispersion, stirring, and

mixing in the ocean are also characteristic of turbulent motions.

Turbulence is usually described by key characteristics that distinguish it from

non-turbulent flows. According to Tennekes and Lumley (1989), turbulence is a charac-

teristic of the flow and not of the fluid. For example, turbulence flows are highly irregular,

rotational – they have three-dimensional vorticity – , are dissipative and diffusive, and

transport energy from large-scale eddies to small-scale. The term “turbulence” has been

used in reference to fluid motions since Leonardo Da Vinci (1452 – 1519), who illustrated

a turbulent flow with many co-existing vortices of different sizes (Figure 1.1a). The co-

existence of eddies of a wide range of scales in nature is also illustrated in "The Starry

Night" (Figure 1.1b) by Vincent Van Gogh (1853 – 1890). In this specific painting, we

see many eddies of different sizes in the atmosphere. But, the same configuration can also

be observed in the oceans. However, understanding the oceanic physical processes that

reach from the large scale to the small scale turbulent flow are not fully understood.
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Figure 1.1: (a) : A turbulent cascade as seen by Leonardo da Vinci. Reproduced from Kemp
(2019). (b) “The Starry Night” is an oil on canvas painting by Vincent van Gogh (1889). It has

been in the permanent collection of the Museum of Modern Art in New York City

Among the many scales of ocean movement is a class of phenomena called sub-

mesoscale. The aforementioned class of motion scale is related to the familiar mesoscale

eddies that contain the majority part of kinetic energy in the ocean (McWilliams, 2016).

Eddies at mesoscale transfer energy toward larger scales by an inverse cascade (Charney,

1971). Thus, they do not afford an intuitive route of energy toward dissipation scales pass-

ing through the submesoscales. On the other hand, to achieves the climate equilibrium,

the dissipation of kinetic energy, which occurs at the turbulence scale, is required (e.g.,

McWilliams, 2016). Thus, the understanding of the submesoscales is crucial to bridging

the meso and smaller scales.

The submesoscale is characterized by O(1) Rossby number dynamics. That

means that advective terms from the Navier-Stokes equation are not negligible as in the

mesoscale geostrophic flows. The submesoscale dynamics is not appropriately described

by the quasi-geostrophic theory usually applied to mesoscales (Thomas et al., 2008).

Moreover, the Richardson number (Miles, 1961), which reveals the stabilizing influence

of the stratification over the destabilizing influence of the vertical shear on the flow, as-

sumes intermediate values at the submesoscales. And at the mesoscales, the stratification

dominates, and the Richardson number is large. Therefore, as the vorticity and the shear
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enhances at the submesoscales, energy is removed from the dominant geostrophic flows.

That results in the transference of energy toward smaller scales and is irreversibly lost.

Measurements of properties characterizing submesoscale and smaller-scale pro-

cesses in the oceans are still challenging and too sparse. This is the main reason for the

late discoveries of these oceanic movements and their roles in general circulation. Today,

with the advancement of technologies, the oceanographic instrumentation can sample pro-

cesses on smaller scales. This helps in a better understanding of oceanic phenomena and

their relationships. However, there is still much to be discovered, measured, and finally,

incorporated into climate models so that in this way, the forecasts of future scenarios are

increasingly accurate.

The present dissertation is aimed at addressing the mechanisms that remove en-

ergy from the dominant balance in the western South Atlantic Ocean, permitting the for-

ward energy cascade towards dissipation scales. Despite the high activity of ageostrophic

processes at the boundary layers, we focus here, along with the independent, although

intrinsically related, following chapters, the presence of such mechanisms in the interior

ocean. The dissertation is organized as follows. In Chapter 2, we address the dissipa-

tion of energy generated in the subsurface due to the reverse flow of the poleward Brazil

Current and the equatorward Intermediate Western Boundary Current. The magnitude

of turbulent kinetic energy dissipation along the interface of the reversal flow reveals the

importance of mixing on the vertical tracer exchanges. In Chapter 3, we capture, for the

first time in the western South Atlantic Ocean, two adjacent subsurface vortices at subme-

soscales wandering near the Vitória-Trindade Ridge. From a high-resolution thermohaline

and velocity dataset and microstructure profiles, we estimate their dynamic regime and the

amount of energy dissipation. In Chapter 4, we simulate the ocean circulation around the
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Vitória-Trindade Ridge to verify if this kind of subsurface vortex could be locally gener-

ated owing to the influence of the shallow banks, seamounts, and islands from the Ridge.

Finally, in Chapter 5 we present the concluding remarks from all the independent chapters

present in the current dissertation.
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Abstract

An intensification of the vertical shear is observed below the surface mixed layer at 21◦ S

due to the mutually opposing flows of the Brazil Current (BC) and the Intermediate West-

ern Boundary Current (IWBC). The propensity to develop turbulence and mixing due to

vertical shear over intense stabilizing density gradients is an important characteristic of

such environments. For the first time, microscale measurements were made in the BC-

IWBC system, providing direct quantitative values of the turbulent fluctuations. Peaks

of relative strong dissipation rates of turbulent kinetic energy (TKE) (O(10−8) W kg−1)

were observed close to the base of the surface mixed-layer. On the other hand, promi-

nent peaks of TKE dissipation rates of up to two orders of magnitude higher than the

background were observed at deeper levels, where stratification begins to lose intensity.

Analyzing such peaks, caused by intense vertical shear or weak stratification—and some-

times both—, allows a characterization of the local mixing processes and the role played

by vertical exchanges of biogeochemical properties. Based on the estimated nitrate gra-

dient and the vertical diffusivity, we show that turbulent mixing driven by vertical shear

plays an important role in the supply of nitrate to the upper layer.
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Introduction

The Brazil Current (BC) is the western boundary current that closes the South

Atlantic Subtropical Gyre. It is unique among poleward-flowing western boundary cur-

rents in that its vertical structure changes along its extent (Boebel et al., 1999; Stramma

and England, 1999). The BC originates from the bifurcation of the surface branch of the

South Equatorial Current (SEC) around 15◦ S (Soutelino et al., 2011). Between its ori-

gin and approximately 20◦ S, the BC is an eddy-dominated, mixed-layer jet transporting

Tropical Water (TW) in the upper 200 m of the water column (Soutelino et al., 2011).

21◦ S marks the latitude of the South Atlantic Central Water (SACW) flow bifurcation

at the pycnocline, where this nutrient-rich and less salty water mass feeds the BC in its

poleward flow. Below the pycnocline, the equatorward flow of the Intermediate West-

ern Boundary Current (IWBC) is formed due to the bifurcation of the colder, fresher and

nitrate-richer Antarctic Intermediate Water flow (AAIW; Boebel et al., 1999). Between

26–21◦ S, the IWBC interacts with the poleward flow of the BC, enhancing the vertical

shear and property gradients. According to Silveira et al. (2004), the BC-IWBC system

is a baroclinic current system with a single distinct flow reversal between the upper and

intermediate portions of the continental slope. The reverse flow of the BC-IWBC in the

upper 400 m enhances the vertical shear in the interior ocean and may dissipate energy

through small-scale processes such as vertical mixing. Mixing in this region is one of

the least understood physical processes that may control stratification, primary produc-

tion, and carbon exchanges, as well as heat and dissolved material (nutrients) exchanges

through diapycnal transport (Gregg, 1987). A better knowledge of turbulent processes,

including the dissipation of turbulent kinetic energy (TKE), is fundamental to our under-
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standing of ocean mixing and the distribution of heat, salt and biogeochemical compo-

nents in the ocean (Gargett, 1997).

Ocean circulation is characterized by a wide range of scales of motion, and its

main energy sources are well known (Ferrari and Wunsch, 2009). The work of wind stress

on the surface of the ocean is the primary source of energy input to the ocean. Although

relatively small compared to wind stress, the effects of heating (cooling) and precipitation

(evaporation) are also relevant. On the other hand, the sink of energy and its mechanisms

are far less well understood (e.g., D’Asaro et al., 2011). To achieve energy dissipation, a

forward cascade of energy is required from motions ranging from ocean-basin scales to

the viscous, centimeter scales (e.g., D’Asaro et al., 2011). Instabilities of the large-scale

circulation lead to the generation of mesoscale eddies, which are commonly recognized

from satellite altimetry and quasi-synoptic hydrographic data, and may be simulated by

numerical models with relatively coarse spatial resolution; on submesoscale, stirring and

straining by eddies and filaments of order 1–10 km in the mixed-layer may invoke sec-

ondary instabilities (e.g., Nagai et al., 2008); from this stage on, these secondary insta-

bilities can evolve down the forward energy cascade, leading ocean-basin scale to the

viscous, centimeter-scale motions and ultimately energy dissipation (McWilliams, 2016).

However, observations of smaller-scale processes, mainly on dissipation scales (i.e., the

small-scale end of the turbulent cascade Kolmogorov, 1968) are scarce and, until now,

nonexistent in the BC-IWBC domain.

Different mechanisms can extract energy from geostrophic flows through baro-

clinic instabilities and transfer it to unbalanced motions, from where it may be cascaded to

the smallest scale (Ferrari and Wunsch, 2009; Nikurashin and Ferrari, 2011; Nikurashin

et al., 2013). According to Zhai et al. (2010), western boundary regions are recognized
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as a sink site for the westward-propagating ocean eddies, dissipating a great amount of

energy in mid-latitudes. The interaction of a flow over rough topography can promote

strong dissipation of turbulent energy, enhancing the mixing in the interior ocean (Polzin

et al., 1997; Munk and Wunsch, 1998; Ledwell et al., 2000; Kunze et al., 2006). Recent

literature suggests that fronts and mixed-layer instabilities, characterized by intense den-

sity gradients and vertical shear of the horizontal velocity component (Boccaletti et al.,

2007; Thomas et al., 2008; Mahadevan et al., 2010; Thomas et al., 2013; Ramachandran

et al., 2018), are also possible routes of energy dissipation (Molemaker et al., 2010).

Stratified-shear conditions occur in many ocean environments such as ther-

mal/salinity fronts (e.g., Ramachandran et al., 2018), wind-driven flows (e.g., Gregg,

1989), and in opposing flows such as the BC-IWBC, as in the present study. The propen-

sity to develop turbulence and mixing due to vertical shear over intense density gradi-

ents is an important characteristic of these environments. Turbulence and mixing can

be generated when the destabilizing influence of shear overcomes the stabilizing influ-

ence of stratification, which is revealed by the Richardson number (Ri = N2/S2, where

N2 = gρ−10 ∂ρ/∂z is the stratification, and S2 = (∂u/∂z)2 + (∂v/∂z)2 is the shear

squared intensity). The shear instabilities develop leading to turbulence if the ratio be-

tween these quantities is equal or less than a quarter (Miles, 1961). The local value of

Ri in the ocean (measured in orders of magnitude) may be a useful guide to the fac-

tors leading to turbulence and can provide a means to quantify mixing (Thorpe, 2007).

The generation of turbulence is frequently associated with Kelvin-Helmholtz instabili-

ties (Thorpe, 1973). These instabilities are defined by a billow of stratified fluid that

may decay into turbulence and become well-mixed (Gregg, 1987). According to Gregg

(1987), a perturbation in a stratified-shear condition such as the passage of a storm (e.g.,
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Rumyantseva et al., 2015) can evolve into a roll-up of stratified fluid until it overcomes

the buoyancy force and the feature collapses into disorganized motions. The last stage of

this is turbulence, and earlier stages are considered preturbulent stages (e.g., MacDonald

et al., 2013).

Turbulence observations near the Kuroshio Current suggest that, on the cyclonic

side of the jet at the pycnocline (Nagai et al., 2009) and also at the surface of the ocean

(D’Asaro et al., 2011), strong dissipation of TKE is associated with frontogenesis (e.g.,

Hoskins and Bretherton, 1972) and symmetric instability (e.g., Hoskins, 1974). Kaneko

et al. (2012) investigated the turbulence structure across the Kuroshio focusing on the

difference between dissipation values near to and far from the front. The mean of the

turbulent energy dissipation rate was higher near fronts on both cyclonic and anti-cyclonic

sides. However, on the cyclonic side, a strong vertical shear with higher dissipation rates

was observed, where large density gradients were consistent with turbulence enhancement

due to frontogenesis. Beyond the physical importance of the turbulent field, it has an

essential role over the biogeochemical properties exchanges. The nitrate turbulent flux

promotes the high concentration of chlorophyll-a across the Kuroshio (Kaneko et al.,

2013), and can supports up to 50% of the primary production in the Great Australia Bight

(Doubell et al., 2018). Interior regions of high energy dissipation due to the interaction

with topography and in the upper ocean are of great interest for their potential contribution

to the energy budget of the general circulation, in the maintenance of the stratification,

and in the exchange of (in)organic compounds that may explain the increase in primary

productivity. Turbulence occurring in the upper sunlit layer of the ocean is increasingly

recognized as critical to the functioning of the marine food web (Gargett, 1997).
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Here, we investigate turbulent mixing processes in the stratified-shear flow of

the BC-IWBC at 21.6◦ S. Our specific questions are: i) can the mutually opposing flows

of these western boundary currents modulate vertical turbulent mixing? and ii) what

magnitude of property exchanges is driven by small-scale processes? To address these

questions, we perform a mixing experiment at the BC-IWBC system, sampling for the

first time the microstructure of this shear-stratified environment, down to approximately

400 m, and capturing the BC-IWBC interaction (Section 2). In Section 3, we outline a

potential vorticity analysis to better understand the local dynamics at mesoscale of this

shear-stratified flow. The results of the TKE dissipation rates as well as vertical diffusiv-

ities and nitrate flux are given in Section 4. The discussion and the concluding remarks

are posed in Section 5.

The BC-IWBC Mixing Experiment

The BC-IWBC experiment was designed to study the interaction of the BC with

the reverse flow of the IWBC underneath it. South of 21◦ S, where the BC acquires a typ-

ical western boundary current structure, an oceanographic survey was conducted during

the austral winter (August) of 2017 aboard the R/V Alpha-Crucis to obtain a vertical sec-

tion across the BC. This study discusses the results of a zonal vertical section at 21.6◦ S

(Figure 2.1a) from the surface to 400 m depth, where it is possible to observe the poleward

flow of the BC within the mixed-layer and the equatorward flow of the IWBC below the

pycnocline (Figures 2.1b and 2.1c).
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Figure 2.1: a) Station map with bathymetry from ETOPO (Smith and Sandwell, 1997) in the
background (colors). Black solid lines are the isobaths. Red dots represent the stations where the
VMP, CTD, and Niskin bottles were deployed. Yellow dots represent the station where only the

CTD was deployed. The white line represents the track of the ship continuously measuring
velocity with the ADCP. b) Vertical section of the meridional velocity estimated by the objective
analysis (colors). Solid black lines represent negative isotachs, while dashed black lines represent
the positive isotachs. Isotach of zero velocity is depicted as the thick solid black line. c) Vertical

section of potential density (σθ) estimated by the objective analysis (colors). Black contours
represent the isopycnals, and vertical gray and dashed lines represent the locations of the stations

with their names at the top.

Velocity was continuously measured in a cross-section of the BC-IWBC system

with a Vessel-Mounted Acoustic Doppler Current Profiler (VM-ADCP, RDI - 75 kHz) in

8 m bins, and data were primarily processed by CODAS (Common Ocean Data Access

System) software, following the guidelines of Firing (1995). To retain higher quality re-

sults, data below 60% of the returned signal (the so-called “percent good”) were excluded.

Hydrographic data were obtained with a Seabird CTD - Rosette with 24 Niskin bottles.

Water samples for nutrient analysis were collected every 25 m down to 400 m depth, with
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the determination of nitrate concentrations performed using an autoanalyzer, following

the modified Grasshoff method (Grasshoff et al., 2009). The quasi-synopticity of the

samples was guaranteed by the positions of the 8 oceanographic stations, determined by

the local baroclinic radius of deformation.

Turbulent parameters were estimated from measurements of the shear variance at

four stations (Figure 2.1a) crossing the BC-IWBC using a vertical microstructure profiler

from Rockland Scientific (VMP - 250) operating at 512 Hz. The VMP was equipped with

two shear probes, one SBE7 micro-conductivity probe, and one FP07 thermistor. During

the free-falling profile, shear variance, conductivity, and temperature were measured. The

VMP operated in downcast mode, with speeds varying between 1.4 m s−1 near the surface

and 0.2 m s−1 near the maximum profiled depth. For statistical reliability, two VMP casts

were performed at each station. Details about turbulence measurements and its calculation

are given in Section 4.

The Mesoscale Field

The estimation of the turbulent parameters (dissipation of TKE, vertical diffusiv-

ities, and vertical turbulent fluxes) was the main focus of the experiment. Nevertheless, a

description of the mesoscale field is an important framework for interpreting these mea-

surements of turbulence. An objective analysis was conducted to estimate the background

mesoscale field of the meridional component (v) of the velocity (Figure 2.1b) and poten-

tial density (σθ; Figure 2.1c). The same correlation lengths (∆x = 30 km, ∆z = 100 m)

were used in both fields to reduce the error associated with different scales of the quanti-

ties in dynamic calculations, such as potential vorticity.
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The selected experimental site presents a unique vertical structure among west-

ern boundary currents. Just south of 21◦ S, the BC begins to acquire characteristics of a

western boundary current. However, the BC sampled at 21.6◦ S is still a surface mixed-

layer (SML) jet, confined within the upper 100-150 m of the water column (Figure 2.1b).

The SML depth is defined as the depth at which potential density is 0.125 kg m−3 greater

than the potential density value at the surface de Boyer Montégut et al. (2004). The iso-

tachs of the lower BC (Figure 2.1b) follow the high stratification layer,

N2 =
∂b

∂z
, (2.1)

where the buoyancy is

b = − g

ρ0
σθ. (2.2)

In Figure 2.1c, the sloped, western boundary currents isopycnals flatten toward the off-

shore direction. At intermediate levels, the equatorward flow of the IWBC opposes the

poleward flow of the BC. This reverse flow creates an intense vertical shear (Figure 2.2a)

within the higher stratification layer (Figure 2.2b) setting up a stratified shear flow envi-

ronment.

Figure 2.2: a) Vertical section of the vertical shear of the meridional velocity (colors) with
contours of negative (solid black lines) and positive (dashed black lines) isotachs. b) Vertical

section of the stratification (colors) with isopycnals contours. Vertical dashed gray lines show the
location of the oceanographic stations.
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A potential vorticity (hereafter PV) analysis is an indicative tool of the capa-

bility of the system to develop instabilities (Thomas et al., 2008; D’Asaro et al., 2011;

Thomas et al., 2013). Here, a two-dimensional PV section (e.g., Thomas et al., 2016; Ra-

machandran et al., 2018) is evaluated from the objective field, assuming that along-stream

variations of quantities are negligible. However, these gradients could be significant, re-

futing the approximation of two-dimensional PV (see details in Thomas et al. (2016);

Ramachandran et al. (2018)). The Ertel PV is given by the equation

q = (fk̂ +∇× u) · ∇b, (2.3)

where f is the planetary vorticity, k̂ is the unit vector, and u = (u, v, w) is the 3D velocity

vector. Given the assumptions described above, the 2D version of Eq. 2.3 is

q ≈
(
f +

∂v

∂x

)
N2 − ∂v

∂z

∂b

∂x
. (2.4)

According to Thomas et al. (2016), (2.4) is expressed by a sum of two constituents that

emphasizes the contrasting roles of vertical vorticity/stratification and baroclinicity. The

scaled PV,

q ≈

[(
f + ∂v

∂x

)
N2 − ∂v

∂z
∂b
∂x

]
f

f 2N2
, (2.5)

where the overbar denotes spatial averaging, is outlined in Figure 2.3.

No negative PV values are observed below the SML and below the pycnocline,

where the IWBC flows (Figure 2.3a); q < 0 within the SML could suggest a specific type

of SML instability (e.g., Thomas et al., 2013). However, the spatial resolution of the

dataset and the smoothing due to the objective field do not allow the diagnosis of these

processes. However, the spatial resolution of the dataset and the smoothing due to the
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Figure 2.3: Vertical sections of a) the scaled potential vorticity (total), b) the scaled vertical
vorticity/stratification term, and c) the scaled baroclinicity term. Black contours represent

isopycnals. Panel d) is the 8m Richardson number (Ri) with contours of negative (solid lines)
and positive (dashed lines) isotachs.

objective field do not allow the diagnosis of these processes. On the other hand, one

considerable patch of relative low PV is observed within the upper stratified layer (x ≈

5 − 15 km, z ≈ 80 − 160 m in Figure 2.3a), as well as low PV values occur below the

pycnocline. Vertical stratification and total vorticity, dominate the cross-section structure

below the SML. PV values close to zero are observed below the pycnocline (Figure 2.3b),

meaning that low relative vorticity and reduced stratification may increase the potential

for the development of baroclinicity-driven instabilities. The second term, which accounts

for the horizontal buoyancy gradient and the vertical shear, shows an intense patch of

negative values (Figure 2.3c). This patch of relatively high baroclinicity is confined to the
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stratified layer. If the magnitude of the baroclinicity term is higher than the magnitude of

the vertical vorticity/stratification, the water column should develop some instabilities.

The reduction of the PV values, as a consequence of the interaction between

two strong flows, makes the flow to be in a dynamical regime marginally stable prone to

instabilities. The 8 m Richardson number profiles (Ri hereafter) are sometimes close to

Miles instability criterion and, also close to 1 even over the stabilizing effect of the strati-

fied layer (Figure 2.3d). It can be an indicator of the formation of small-scale turbulence

driven by the vertical shear of the local reversed flow (e.g., Balsley et al., 2008; Taylor

and Ferrari, 2009). Previous studies conducted by Silveira et al. (2008) and Rocha et al.

(2014) suggest that the BC-IWBC is baroclinically unstable since the horizontal vorticity

gradient changes sign in the region. This criterion for baroclinic instability is also evident

(not shown) in the present study. However, the competition between shear and stratifi-

cation as depicted by the Ri profiles suggest a potential to develop shear instabilities,

and eventually enhanced small-scale dissipation and mixing. To elucidate the role of the

vertical shear in the generation of turbulence in the region, microstructure vertical shear

fluctuations along the zonal section are analyzed in Section 4.

Turbulence observations

Dissipation Analysis

In this study, dissipation rates of TKE are estimated using microstructure mea-

surements. This technique for evaluating turbulence in oceanic flows has been employed

in many previous studies (e.g., Oakey, 1982; Lueck et al., 1983; Moum and Osborn, 1986;

Itoh et al., 2010; Kaneko et al., 2012). Microstructure analysis relies on high-frequency
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measurements to directly quantify turbulent fluctuations. TKE dissipation rates (ε) are es-

timated from the MATLAB toolbox provided by Rockland Scientific, which is based on

the theory and techniques proposed in the literature (Oakey, 1982; Gargett, 1997; Gregg,

1999; Wolk et al., 2002). The microscale shear variance is used to obtain ε from the in-

tegration of the spectrum of velocity fluctuations (Φ) for segments of the water column,

ε =
15

2
ν

(
∂u′

∂z

)2

=
15

2
ν

∫ kmax

1

Φ(k)dk [W kg−1], (2.6)

where ν is the kinematic molecular viscosity and kmax is the maximum wavenumber

determined by the Fast Fourier Transform (FFT) with 50% overlap for each vertical seg-

ment. The shear variance is computed by integrating the shear power spectrum from

the lowest wavenumber k1, set to 1 cycle per meter (cpm), to the highest wavenumber

kmax, where the shear spectrum presents a minimum between the natural spectrum and

a high wavenumber peak close to noise level. If the wavenumber of minimum energy is

smaller than that corresponding to the Kolmogorov turbulent scale [η = (ν3ε−1)0.25], the

integration is extended to kmax along the Nasmyth spectral form (e.g. Oakey, 1982). In

other words, ε is proportional to the area under the shear spectrum for homogeneous and

isotropic turbulence. The spectral shapes of Φ(k) in the range below kmax agreed well

with those of the Nasmyth spectrum (not shown), indicating small systematic error (Wolk

et al., 2002). The dissipation rates were assumed reliable by the mean absolute devia-

tion (MAD) of the spectra. Estimates of ε, whose MAD were higher than 0.4, were not

considered (e.g., McMillan et al., 2016). This parameter is the average absolute deviation

between the measured spectrum and the Nasmyth spectrum (Ruddick et al., 2000).

The choice of the bin size to determine the highest wavenumber and its respective

rate of dissipation of TKE is subjective and dependent on the fall speed of the equipment
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(1.4 m s−1 close to the surface and 0.2 m s−1 at approximately 400 m). Given this subjec-

tivity, a few bin sizes are tested to obtain the best combination of the number of values and

reduction of noise. In Figure 2.4, segments corresponding to 2 s (1–6 m), 4 s (2–11 m), 6 s

(3–16 m) and 10 s (3–25 m) are used to convert temporal derivatives to spatial derivatives,

assuming a frozen field hypothesis as proposed by Taylor (1938). The smaller the water

column segment, the more highly resolved is the TKE dissipation profile, but the greater

Figure 2.4: Panels are organized from left to right as a function of stations. Panels a and e
represent station BC7, b and f represent station BC6, c and g represent station BC5, and panels d
and h represent the station BC4. Panels a, b, c, and d represent the vertical profile of dissipation
rates on logarithmic scales using 2 s (blue), 4 s (green), 6 s (red) and 10 s (purple). Panels e, f, g,
and h represent the variation of dissipation rates among those segments at 75 m (black), 100 m

(red), 150 m (green) and 200 m (blue).

is the noise carried by the signal (Figure 2.4). A combination of more highly resolved

profiles (Figures 2.4 a-d) and the small difference between the magnitude of the dissipa-
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tion rates at the same level (Figures 2.4 e-h) suggest that ε estimates from a bin size of 2 s

provide the best results. Thus, the following results are derived from a bin size of 2 s.

The microstructure profiler is equipped with two shear probes giving duplicates

of vertical profiles for each cast. In theory, both shear probes should measure the same

microstructures with the same magnitude, though in reality, they present differences due

to the sensitivity of each sensor. The contrasts in measurements of dissipation rates of

TKE from the respective shear probes can be reduced by using the mean field of TKE

dissipation rate estimates (e.g., Doubell et al., 2018). The vertical profiles of ε of each

Figure 2.5: Panels a, b, c, and d show the vertical profiles of ε estimated from the shear probe 1
(blue) and 2 (red) from the first cast. Panels e, f, g, and h show the average profile of ε from the
first cast with its respective error bar every 25 m (blue dots) (standard deviation, solid red line).

The horizontal dashed gray lines represent the mixed-layer depth (MLD). The estimates depicted
here were calculated with 2s intervals of the falling-probe in the water column.
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shear probe show a similar vertical distribution of the turbulent motion peaks despite the

difference between their magnitudes (Figures 2.5 a-d). Thus, employing the mean profile

is satisfactory for the description of local turbulence (Figures 2.5 e-h).

As mentioned in Section 2, two VMP casts were performed at each station, re-

sulting in two averaged profiles separated by approximately 30 minutes. This time interval

is small compared to the turbulent time scale following the equation

τ = TKH(∂v/∂z), (2.7)

where τ and TKH represent the non-dimensional and dimensional Kelvin-Helmholtz bil-

low evolution timescales, respectively, and ∂v/∂z is the ADCP cross-transect velocity

vertical shear (MacDonald and Chen, 2012). The Kelvin-Helmholtz billow evolution

timescales from the BC-IWBC are on the order of hours (TKHmin
= 45 min at the

most sheared layer). Stationary turbulence could be expected, since the reverse flow is

geostrophic. Thus, both casts are measuring the same turbulent feature, although peaks

of ε may occur with a slight difference in depths at the same station. To avoid capturing

peaks of ε at different depths due to the heaving of isopycnals – to filter the internal-wave

signal –, ε is interpolated into an isopycnal coordinate (Figure 2.6). Now, peaks of ε

appear at the same density range in both casts at each station, allowing the computation

of the averaged profile of both casts, which is assumed to be a reasonable measure of the

TKE dissipation rate at each station.

The composite mean of TKE dissipation rate at each oceanographic station

shows thin subsurface patches of O(10−8) W kg−1 with background values of O(10−10)

W kg−1 (Figure 2.7). Two (sometimes three) marked patches of ε are well-defined at each
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Figure 2.6: Panels a, b, c, and d represent the estimate of the TKE dissipation rates from the
average of the first (red) and second (blue) casts; panels e, f, g, and h shows the average of ε and
density estimate from both casts. The error bar (standard deviation, solid red line) are depicted for
every 0.1 kg m3 (blue dots). The dashed gray line in all panels represents the density at the MLD.

station. The first TKE dissipation rate peaks occur at the level of the SML depth and just

below it. At station BC7, the first peak reaches O(10−8) W kg−1 following the highest

stratification that occurs about 10 m below the lower limit of the SML, between 1025.7

kg m−3 and 1025.9 kg m−3. The second peak of energy dissipation rate at station BC7

reaches O(10−9) W kg−1 and occurs between 1026.1 kg m−3 and 1026.3 kg m−3 at ap-

proximately 150 m. At the other three stations (BC6, BC5 and BC4) (Figure2.7), the first

peak of ε at each station is at the same density interval as the SML depth, and the second

peak occurs also between 1026.1 kg m−3 and 1026.3 kg m−3. It is important to note that



2. TURBULENCE IN THE REVERSE FLOW OF TWO WBCS 48

the base of the SML (peaks of ε) gets deeper in the offshore direction (Figure 2.5), follow-

ing the stronger signals of vertical shear (stratification) (Figure 2.2). As the stratification

becomes weaker below the SML, the magnitude of the vertical shear becomes stronger

between 70 and 160 m in the western portion of the section and between 120 and 250 m

in the eastern portion of the section. In turn, the zonal variation of the depth of greater

vertical shear coincides with the depth of the BC and IWBC inversion.

In summary, the upper peaks of TKE dissipation rate coexist with strong strati-

fication below the SML in the BC-IWBC domain (Figure 2.7). On the other hand, lower

peaks of TKE dissipation rate are generally in the region of lower stratification but more

intense shear due to the reversal flow. This relationship highlights the role of vertical

shear in developing turbulent motions within the interface between the BC and the IWBC.

Thus, small-scale processes at the pycnocline may generate turbulent mixing and provide

exchanges of properties between the salty and nitrate-poor surface water and the fresher

and nutrient-rich subsurface water mass of the western South Atlantic.

Figure 2.7: Vertical profiles of TKE dissipation rates (solid black lines), vertical diffusivity
profiles (solid blue lines), and stratification profiles (solid red lines). Dashed gray, red, black and
blue lines represent the density at the MLD, the zero of the stratification (N2 = 0), the background

value for TKE dissipation rates, and the background value for vertical diffusivity, respectively.
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Mixing and turbulent vertical fluxes

A turbulent flow is diffusive and dissipative, which means that there is rapid

mixing of fluid properties and kinetic energy is irreversibly lost through friction (Thorpe,

2007). The magnitude of the diffusivity in the interior ocean affects a wide range of pro-

cesses, from the dispersion of non-conservative properties such as nutrients to the vertical

transport of salt and heat, affecting ultimately the stratification of the water column. To

verify whether or not the subsurface turbulence in the BC-IWBC domain may drive mix-

ing processes at the interface of these two jets, the Osborn model (Osborn, 1980) is used

to compute the vertical diffusivity (e.g., Itoh et al., 2010; Kaneko et al., 2013; Doubell

et al., 2018):

κρ = Γ
ε

N2
, (2.8)

where Γ = 0.2 is the mixing efficiency parameter (Imberger and Ivey, 1991; Gregg et al.,

2018). Turbulent diffusivity was also expressed in terms of the turbulence activity pa-

rameter (ε/νN2), which exhibits a linear relationship at the stationary and intermediate

turbulence regime (Shih et al., 2005).

Figure 2.7 shows that κρ values within the SML are of O(10−4) m2 s−1. These

values decrease below the SML depth, where high stratification creates a physical bar-

rier to vertical exchanges. Like the vertical distribution of TKE dissipation rates, peaks

of vertical diffusivities, higher than the background values, are observed at the pycn-

ocline. However, even with strong stratification, an intense relative vertical diffusivity

O(10−5) m2 s−1 is observed at station BC7 at density surfaces below the SML (Figure

2.7a). Below the pycnocline, multiple peaks of strong diffusivity are observed with or-

ders of magnitude higher than the background, particularly close to the isopycnal 1026.2
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kg m−3, where a burst of turbulence is observed. According to the turbulence activity

parameter, the intermediate regime of turbulence dominates between the base of the SML

and the 26.2 isopycnals (not shown). At those depths, vigorous patches of κρ play an im-

portant role in the turbulent flux of conservative and non-conservative properties, which

can be estimated from

Fc = −κρ
∂C

∂z
, (2.9)

where ∂C/∂z is the vertical gradient of a scalar property C (e.g., Kaneko et al., 2013;

Rumyantseva et al., 2015; Doubell et al., 2018).

Based on the higher values of turbulence observed below the SML, which are

caused by the interaction of the nitrate-poor BC with the nitrate-rich IWBC, high levels

of mixing and property exchange are expected near and below the pycnocline. Thus, we

hypothesize that mixing at the interface of BC-IWBC may bring new nutrients (NO3) to

the upper ocean, promoting an increase in new production. To test this hypothesis, an es-

timate of the vertical turbulent nitrate flux (FNO3) was conducted based on Eq. (2.9). As

the VMP was not equipped with a nitrate profiler, a density-nitrate relationship was built

using the hydrographic data from the CTD and water samples from Niskin bottles for the

lower half of the chlorophyll-a fluorescence maximum signal (Figure 2.8a). Chlorophyll-a

fluorescence is the most commonly used index of phytoplankton biomass which is con-

trolled primarily by the nutrient (nitrate) transport within the ocean (Sarmiento and Gru-

ber, 2006). The density-nitrate relationship was applied to the microstructure-derived den-

sity to estimate the microscale vertical distribution of nitrate (e.g., Sharples et al., 2007;

Rumyantseva et al., 2015). One advantage of having a reliable density-nitrate relationship

is that measurements of the nitrate gradient and turbulent diffusivity can be obtained via

the same instrument at the same time. This avoids the uncertainties associated with spatio-
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temporal differences that arise when the turbulent diffusivity and the nitrate gradient are

obtained through different releases (Sharples et al., 2001, 2007). Following Sharples et al.

(2007), Figure 2.8 shows the vertical level of the nitrate samples used to build the linear

density-nitrate relationship. Using Eq. (2.9) and the microstructure-derived density data,

the nitrate flux is estimated as

FNO3 = −κρ
∂NO3(ρ)

∂z
. (2.10)

Negative vertical gradients of nitrate appear throughout the whole water col-

umn. A prominent vertical gradient occurs between the SML depth and the isopycnal

1025.7 kg m−3, which marks the upper level of the nitrate-rich subsurface water mass

(Stramma and England, 1999). The value of the FNO3 is estimated from the average of

each quantity in Eq. (2.10) along the isopycnals that presented the highest peaks of turbu-

lence. Figures 2.9a and 2.9c show the average of these quantities, as well as the average

of N2 and S2 in the form of the bulk Richardson number (Rib)

Rib =

〈
N2
〉
ρ

〈S2〉ρ
, (2.11)

where 〈 · 〉ρ denotes the average between the 1025.65 kg m−3 and 1025.75 kg m−3

isopycnals.

Figure 2.8: a) and b): The average density profiles (black) and the fluorescence signal from the
CTD (red). Blue dashed horizontal lines delimit the lower half of the maximum fluorescence
subsurface. Red dots represent the concentrations of nitrate. c) shows the scatter plot of the

nitrate and density samples and its linear regression.
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Shear (stratification) becomes weaker (stronger) in the offshore direction. The

relation between the magnitudes of these two terms becomes clear when we look at the

zonal variation of the Rib, which shows greater susceptibility to the development of insta-

bilities in the stations to the west (Figure 2.9a). This pattern is followed by the magnitude

of the vertical diffusivity, with higher values in the western portion of the section, re-

sulting in more mixing. Westernmost stations are closer to the BC core—which contains

the highest-shear layer, trapped between the SML depth and the zero isotach. Moreover,

the nitrate gradient shows a maximum at station BC6, producing a more intense turbulent

flux (Figure 2.9c). Figures 2.9b and 2.9d show the average of terms of Eq. (2.10) and

Eq. (2.11) for the density range of 1026.1 kg m−3 to 1026.2 kg m−3, corresponding to the

maximum dissipation of TKE. The variations in the average N2 and S2 are more subtle

at the sub-pycnoclinic levels than at the pycnoclinic levels, i.e., while the stratification re-

mains approximately constant over the section, the vertical shear shows a slight decrease

in its intensity in the offshore direction. On average, the Rib below the pycnocline is

lower than the Rib into the SML depth triggering shear-instability, which in turn results

in the strong vertical diffusivities at these density levels. In this case, the vertical nitrate

gradient values were minimal, resulting in the pattern of zonal variation of the turbulent

flux being similar to that of the diffusivity rates. Despite the small gradient of nitrate at

deeper levels, the deep turbulent flux has the same magnitude of those acting on the main

source of nitrate—the subsurface water— and in the lower limit of the SML.
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Figure 2.9: Vertical diffusivity (a;b) and turbulent nitrate flux (c;d) at pycnoclinic (a;c) and
sub-pycnoclinic (b;d) levels. Blue bars in panels a and b represent the mean values of the vertical

diffusivity between isopycnals of 1025.65 – 1025.75 kg m−3 (left) and 1026.1–1026.2 kg m−3

(right), while gray bars in panels c and d represent the mean of the vertical turbulent nitrate flux
in the same intervals of density. Vertical black lines are the standard deviation of its respective

quantities. Dashed red and black lines represent the zonal variation of Rib, and the vertical shear
intensity, respectively. Solid black and blue lines represent the buoyancy frequency and vertical
nitrate gradient, respectively.The bars represent stations BC7, BC6, BC5 and BC4, as indicated

in the top.

Discussion and Concluding Remarks

In this study, microscale measurements in a region of interaction between the

mutually opposing flows of two western boundary currents in the southwestern Atlantic

Ocean are used to explore the role of the vertical shear on the mixing processes and

nitrate exchange. Shear instabilities analysed from vertical microstructure observations
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below the SML may drive an intense turbulent mixing activity, possibly supplying the

upper ocean with new nutrients.

Instabilities of the upper ocean may occur on more refined horizontal scales (Ma-

hadevan and Tandon, 2006) than that captured by the measurements during the BC-IWBC

mixing experiment. However, at the measured scale, the destabilizing influence of the BC-

IWBC shear overcomes the stabilizing stratification influence (Ri ≤ 1). This tendency is

further supported by the destabilizing effect of the baroclinicity. To evaluate the unstable

water column motion further, horizontal high-resolution in situ data is required as well as

the sampling of meridional variations of quantities assumed to be negligible in the present

study. Nevertheless, previous studies conducted by Silveira et al. (2008) and Rocha et al.

(2014) suggest that the BC-IWBC is baroclinically unstable. The flow structure measured

in our section satisfies the baroclinic instability criterion, and in addition, the microstruc-

ture also shows that shear instability may also occur within the BC-IWBC system at finer

vertical scales.

Instabilities in the upper ocean have an important role in the global energy bud-

get, maintaining small-scale processes by the forward energy cascade. In the BC-IWBC

mixing experiment, enhanced turbulent motions were observed at the isopycnals within

the lower limit of the SML and underneath it. There, high vertical shear may erode strong

stratification, resulting in a relevant peak of turbulence. According to Whitt and Taylor

(2017), dissipation rates may remain elevated throughout the strong mean stratification

and have important implications for the energy budget. Due to the attachment of the cores

of the BC and the IWBC to the continental slope (Silveira et al., 2004), it is possible to

see the zonal variation in depth of the turbulence signal, following enhanced vertical shear

and the stratified layer as well as the SML depth (Figure 2.10). Nonetheless, weaker strat-
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ification below the pycnocline combined with more intense vertical shear suggests greater

mixing and potential for exchange of properties.

Figure 2.10: The background color represents the 8m Richardson number (Ri) with gray
contours of negative (solid lines) and positive (dashed lines) isotachs. Dashed blue lines represent
the isopycnals of the base of the SML (upper) and the isopycnal of 26.2 kg m−3 (lower). Black

lines represent the vertical profiles of the vertical diffusivity on logarithmic scale.

Maximum values of vertical diffusivity of O(10−4) m2 s−1 were observed

trapped in the SML by the high stratification in the lower SML. Moreover, values of

O(10−5) m2 s−1 were observed below the pycnocline (Figure 2.7). This pattern agrees

well with those obtained by (Dunckley et al., 2012), who tested different models for esti-

mating vertical diffusivities. One of the most important points of the present study is the

verification of strong vertical diffusivity occuring below the SML. Peaks of one order of

magnitude higher than the background values emphasize the importance of the vertical

shear under the weakly stratified condition. This relationship becomes clear when we
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observe the zonal variation of turbulent diffusive processes, which agrees well with the

Rib variation, evidencing the propensity of the flow to develop shear instabilities linked

to the BC-IWBC interaction. The shear at the interface of this system may also be en-

hanced through internal waves (e.g., Pereira et al., 2005). However, further studies should

be conducted to reveal their role in producing turbulence since the observed amount of

turbulence indicates stationary turbulence. Small-scale turbulence is an ubiquitous fea-

ture on the residual layer and is also shown to exist in regions with significantly larger Ri

(Balsley et al., 2008). However, due to relatively weaker mixing at the isopycnal of the

base of the SML, vertical turbulent nitrate flux occurs in a less expressive way, even in

the presence of a stronger nitrate vertical gradient (Figure 2.9). Even with relative weaker

mixing below the SML, it has the potential to bring nitrate to the upper layer. This im-

plies a potential enhancement in primary productivity within an oligotrophic region. The

magnitude of the nitrate flux observed in the present study is the same as that noted at the

Great Australia Bight (Doubell et al., 2018) and in the southern side of Kuroshio front

where low nitrate gradient was also observed (Kaneko et al., 2013). This mechanism can

also be enhanced by the passage of an atmospheric system (Rumyantseva et al., 2015;

Thomas et al., 2016), as well as by the net seasonal heat flux variability, not discussed in

the present study.

Intense mixing near and below the pycnocline enhance turbulent fluxes and

hence increase the upward supply of nutrients. However, unlike high nitrate vertical gradi-

ents close to the base of the SML, low nitrate gradients in deeper levels show comparable

turbulent nitrate flux driven by the more intense mixing due to the BC-IWBC system.

These deeper fluxes could prove more important with photosynthetically active radiation

reaching these depths and should be investigated in future studies.
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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. Flow-topography interaction is a primary

candidate for the formation of subsurface coherent vortices such as those described in the

present study for the first time in the VTR region. The two adjacent observed subme-

soscale coherent vortices present a marginally stable regime in their cores. This dynamic

regime suggests small-scale turbulence cascading energy down to dissipation, which is

diagnosed from turbulent kinetic energy dissipation estimates within one of the SCVs.

The thermohaline signatures of each SCV reveal homogenized waters in their cores but

with small thermohaline anomalies compared to the surrounding waters, suggesting a re-

mote generation site. Here, we elucidate the role of such vortices cascading energy down

to dissipation and speculate that they were possibly formed due to the eddy-topography

interaction along the VTR and advected by the meandering South Equatorial Current to

the location of field observations.
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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-dimensional, geostrophically balanced dynamics to the full three-dimensional

flows where dissipation occurs (McWilliams, 2016; Thomas et al., 2008).

Among the processes that lead to submesoscale instabilities, flow-topography

interaction can disturb the geostrophic balance. The incoming flow against the slop-

ing topography develops highly asymmetrical vertical vorticity due to the bottom drag.

The asymmetry of the vertical vorticity distribution, with anticyclonic dominance within

isolated topographic wakes, induces centrifugal instability, leading to enhanced mixing

and energy dissipation (Molemaker et al., 2015). Moreover, observations reveal the de-

velopment of vortices due to flow-topography interaction in most of the world’s oceans

(D’Asaro, 1988; Molemaker et al., 2015; Vic et al., 2015; Srinivasan et al., 2017, 2019;

Gula et al., 2016, 2019). The vorticity filaments merge into the topographic wake to even-

tually form submesoscale coherent vortices (called SCV hereafter, following McWilliams

(1985)).

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
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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

O(1) (McWilliams, 1985). Once formed, SCVs can wander in the interior of the ocean for

many years (McWilliams, 2016), thus acting as important agents of tracer transport since

they retain waters from their formation sites as they propagate as coherent structures.

Figure 3.1: Locations of all spicy-core (red) and minty-core (blue) SCVs detected from Argo
floats over the period of August 1997 to January 2020. From McCoy et al. (2020)

SCVs are present in all of the world’s oceans (Figure 3.1, e.g., McCoy et al.,

2020). Meddies, for example, are SCVs that flow from the Mediterranean Ocean, trans-

porting a great amount of salt into the Atlantic Ocean (McDowell and Rossby, 1978). Pud-

dies, 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 (Gula et al.,

2019), and the Mid-Atlantic Ridge (Vic et al., 2018). Despite the widespread observa-

tion of SCVs, their generation mechanisms, as well as their role in the general ocean

circulation, are still not fully known.
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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 are usually either

sampled by a single profile or observed by glider measurements or seismic images (e.g.,

Gula et al., 2019). Thus, observations at high spatial resolution, able to capture more

than a single profile inside one of these features are still challenging. Since one of the

generation mechanisms of SCVs is related to flow-topography interaction, the Vitória-

Trindade Ridge (VTR) in the South Atlantic Ocean (Figure 3.2) may be a hotspot for SCV

generation due to the presence of many shallow seamounts, banks, and islands (Alberoni

et al., 2019) along the path of the Brazil Current, which is formed just a few degrees north

of the VTR.

In order to search for signals of SCVs in the vicinity of the VTR, we conducted

an oceanographic survey in the austral summer of 2017. 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 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.

The article is organized as follows. In Section 2, we present the data collection

methods that allowed us to sample an SCV. In Section 3, we describe the vertical structure

of two submesoscale coherent vortices 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 captured SCVs. Summary and

concluding remarks are presented in Section 6.
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The Ilhas 1 Survey Data Set

During the austral summer of 2017, we conducted an oceanographic survey (Il-

has 1) 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 submesoscale features due to the interaction of

the rich mesoscale eddy field with the local topography.

Figure 3.2: The Ilhas 1 austral summer survey. 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 UCTD and VMP stations, respectively. The thick white lines represent
the 4000, 3000, 2000, 1000, 500, 250, 100, and 50 m isobaths. Long-time-averaged

shipboard-ADCP velocities were measured along the transect beginning at the Davis Bank in the
west, and ending at the Columbia Seamount.

The VTR is a quasi-zonal ridge that extends 1120 km from the Abrolhos shelf

to the Trindade and Martin-Vaz Islands. 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., 2019). 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 continually with a Vessel-Mounted Acous-

tic 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
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System) software, following the guidelines of Firing (1995). To retain higher quality

results, data below 60% of the returned signal (the so-called “percent good”) were ex-

cluded. 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, but reach-

ing deeper levels (approximately 450 m). We estimated the turbulent parameters from

microscale shear variance measurements at five oceanographic stations (Figure 3.2). 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 mesoscale surface field was estimated using the altimeter mea-

surements distributed by the Copernicus Marine and Environment Monitoring Service

(CMEMS, http://marine.copernicus.eu).

The SCV Vertical Structure

During the Ilhas 1 survey, we observed a mesoscale anticyclone over the CS

through the objective mapping (correlation lengths: ∆x = 30 km and ∆z = 50 m) of

the horizontal velocity measured by the ADCP along the zonal section depicted in Figure

(3.2).

The measured surface velocity agrees with the surface geostrophic velocity field

from the altimeter (Figure 3.3). The subsurface maximum velocity occurred embedded in

the anticyclonic meander, driving the anomalous values of the relative vorticity, obtained,
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Figure 3.3: (a) Vitória-Trindade Ridge region map for February 5, 2017, with the background
color representing sea level anomaly, 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 ADCP.
The black (a) and white (b and c) lines represent the 4000, 3000, 2000, 1000, 500, 250, 100, and

50 m isobaths.

in this case, from the zonal gradient of the meridional velocity (ζ = ∂v/∂x). The O(1)

gradient Rossby number (Ro = ζ/f , where f is the planetary vorticity) indicates the

deviations from the dominant geostrophic balance (Figure 3.4).

It is indicative of a subsurface submesoscale phenomenon, bounded by double

convex-lens-shaped isopycnals. This flow configuration indicates the existence of two

interacting anticyclonic SCVs. In order to illustrate the eddy interaction, we present in

Figure (3.5) a schematic of two adjacent anticyclones (see supporting information 6), as

well as the associated vertical component of the relative vorticity and horizontal diver-

gence. We notice alternating bands of anomalous values of both quantities (Figures 3.5b

and 3.5c), such as those depicted in the fields of the observed SCVs (Figure 3.4).
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Figure 3.4: 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 SCVs.

Figure 3.5: (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.

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
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interaction of two vortices with the same rotation sense as a submesoscale version of the

Fujiwhara effect in the ocean.

Figure 3.6: 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.

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 3.6a) and salinity (Figure 3.6b) present a heterogeneous

horizontal distribution, with the most consistent variations associated with the location of

subsurface velocity maximum. However, the deepening of isopycnals at ∼ 268 km from

the origin of the transect – Davis Bank – demarcates the horizontal limit of the two ad-

jacent SCVs. Despite the sharp inflections of the isopycnals in between the SCVs, weak

stratification prevails within both convex lens-shaped isopycnals (Figure 3.6c). Further,
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both SCVs present the same water mass content, which ultimately suggests that their gen-

eration sites may have been within the South Atlantic Central Water domain (see Stramma

and England, 1999) (Figure 3.6d). 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 elucidates their boundaries relative to the surrounding waters but also can

be indicative of density compensation and mixing processes (Figures 3.7b – d). Aiming

to verify the occurrence of density compensation at the SCV boundaries, we compute the

spiciness variation (∆τ )(Veronis, 1972; Munk, 1981; Ferrari and Rudnick, 2000)

∆τ = (α∆T ) + (γ∆S), (3.1)

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 3.7a). These spici-

ness signatures are indicative of double-diffusion processes and mixing. The temperature

and salinity profiles at the center of each SCV highlight the density compensation pro-

cesses and mixing (Figure 3.7e – g). 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 and -350 m, we observe that

these profile segments have thermohaline properties different from the SCV core waters

(Figure 3.7e – g). These signatures suggest that the SCVs were generated remotely but not

necessarily distant from the observation site (e.g., Gula et al., 2019; McWilliams, 1985).
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Figure 3.7: (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 grey 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).

Given the horizontal limits of the SCVs shown in Figure (3.7), the w-SCV has

an l =12 km radius, and the e-SCV has an l =16 km radius. These values correspond

respectively to about 20% and 28% of the full-depth first baroclinic deformation radius

RD ∼ 56 km, which was estimated from the climatology following Houry et al. (1987).

By combining the length and depth scales obtained by the thermohaline data analysis with
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Table 3.1: Characterization of the SCVs in relation to the dimensionless numbers.

Number Symbol Expression w-SCV Value e-SCV Value

Rossby Rob U/fl 0.46 0.27

Burger Bu (Nh/fl)2 1.76 0.78

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 (Rob = U/fl,

where U is the mean value of the velocity magnitude) and the “submesoscale ” Burger

number (Bu = (Nh/fl)2, where h=150 m is the SCV thickness) for each SCV and

present the results in Table (3.1). We then compare the results obtained 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 are larger. This is probably due to

the fact that we are analyzing intrapycnoclinic SCVs (largerN ) while McWilliams (1985)

examined subpycnoclinic SCVs (smaller N ). Nevertheless, the Bu values reflect a more

important role for the relative vorticity (in contrast to the stretching vorticity) in our SCVs

since they inhabited a region of stronger stratification.

We now seek to describe the potential vorticity (PV) structure of the SCVs cap-

tured 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., 2020; Ra-

machandran et al., 2018; Thomas et al., 2016) from the objectively mapped field. It is
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not possible to calculate the full Ertel PV since we have only a transect of data (Figure

3.8a). The consideration of the two-dimensional PV here is equivalent to assume that

alongstream variations of quantities are negligible, which may be questionable. However,

Napolitano et al. (2020) showed that the approximation is reasonable for submesoscale

phenomena along the VTR.

The full Ertel PV is given by

q = (fk̂ +∇× u).∇b, (3.2)

where k̂ is the unit vector, u = (u, v, w) is the three-dimensional velocity vector, and

b = −gρ/ρ0 is the buoyancy. The two-dimensional version of (3.2) for our section is

q ≈
(
f +

∂v

∂x
− u

r

)
N2 − ∂v

∂z

∂b

∂x
, (3.3)

whereN2 = ∂b/∂z is the stratification and r is the radii of the SCV. The two-dimensional

PV takes into account the curvature of the SCV. We use the radius of curvature of the cap-

tured w-SCV, r = 12 km, to estimate the greatest curvature effect in the potential vorticity.

To remove the ambiguity in the definition of PV in either the northern or southern

hemisphere, we use the scaled PV instead

q ≈

[(
f +

∂v

∂x
− u

r

)
N2 − ∂v

∂z

∂b

∂x

]
f

f 2N2
, (3.4)

where the overbar denotes spatial averaging. Hence, q becomes a nondimensional quan-

tity, and positive values mean a stable dynamic regime.
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Figure 3.8: (a) Vertical section of the potential vorticity scaled by f/(f2N2)−1. (b) Vertical
section of 8 m Richardson number, in logarithmic scale. Values less than the Miles (1961)

criterion are depicted in reds. The origin of the transect starts at the Davis Bank (∼ 20.6◦ S,
34.7◦W).

The PV reduction within the observed SCVs (Figure 3.8a) is driven by the verti-

cal vorticity/stratification, as this term is more than an order of magnitude greater than the

baroclinicity (not shown). While the baroclinicity term is small, the stratification within

the SCVs is also low (Figure 3.6c). The comparison of these two terms provides a di-

rect competition between the local stratification and the vertical shear. The generation

of turbulence and mixing occurs when the destabilizing influence of shear overcomes the

stabilizing influence of stratification, which is revealed by the Richardson number. The

8m-resolution Richardson number (Ri hereafter) is sometimes smaller than the Miles in-

stability criterion (Miles, 1961), and also close to 1 within the SCVs (Figure 3.8b). It is

indicative of the formation of small-scale turbulence in the SCVs’ interiors, which may

provide a significant amount of energy dissipation.

Pathway for Energy Dissipation

One of the defining characteristics of anticyclonic SCVs is that they exhibit

anomalously low potential vorticity, as do those observed during the Ilhas 1 survey (e.g.,
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Gula et al., 2019). The origin of this marginally stable regime 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 turbulent kinetic energy (TKE, ε) dissipation within the SCVs is

two orders of magnitude larger than in surrounding waters (Figures 3.9a – f), thus showing

that SCVs are important agents for energy dissipation.

From the integration of the spectrum of velocity fluctuations (Φ), we estimated

the TKE dissipation rates for segments of the water column,

ε =
15

2
ν

(
∂u′

∂z

)2

=
15

2
ν

∫ kmax

1

Φ(k)dk [W kg−1], (3.5)

where ν is the kinematic molecular viscosity, and kmax is the maximum wavenumber

determined by the fast Fourier transform with a 50% overlap for each vertical 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 ε 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 ε provides a reasonable number of values, mainly over shallow

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 theoretical Nasmyth spectrum

(Figure 3.9g), we achieve better reliability.
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Figure 3.9: (a) to (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.(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 wave number. (h) Spatial distribution of the buoyancy
Reynolds number (Reb = ε/νN2) superimposed on the isopycnal surfaces (black contours).

The composite mean of the TKE dissipation rate shows a nearly constant amount

of energy dissipation along the water column (Figure 3.9). However, the last two stations

nearby the CS show a significant increase in the amount of energy dissipation at the sub-
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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 pa-

rameter (ε/νN2), also called buoyancy Reynolds number (Reb), provides an additional

indication of the degree of turbulence in the SCV core. This parameter scales with turbu-

lent diffusivity from the Osborn model (Osborn, 1980) for the intermediate regime. On

the other hand, the diffusivity scales with (Reb)
1/2 for the energetic regime, correspond-

ing to higher values ofReb 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

3.9h).

The distance between consecutive microstructure profilers along the transect

does not permit the estimation of the TKE dissipation of both SCVs. However, the combi-

nation of weak stratification, high vorticity, low PV, and low Ri corroborates the hypothe-

sis of intense mixing and energy dissipation within such features. 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 vor-

tices 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 circu-

lation pattern using altimetry data and compare this scenario with the previous findings

from the Ihas 1 survey.

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 energy of ocean currents. The term
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“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

and England, 1999). The region is potentially along the path of the southern branch of

the South Equatorial Current (SEC) (Garzoli and Matano, 2011; Nencioli et al., 2018).

Surface data obtained through altimeters provide a two-dimensional synoptic view of

mesoscale eddies (Chelton et al., 2011). 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 al-

timetry data shows a mesoscale anticyclonic signal over the CS (Figure 3.3). 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 3.10). In early

November 2016, the anticyclonic meander was observed southeast of Trindade Island,

centered at 22◦ S 27.5◦W (Figures 3.10a and 3.10e). 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 3.10b and 3.10f). 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 mean-

der reaching the CS (Figures 3.10d and 3.10h). While the surface mesoscale circulation

pattern depicted from the altimeters shows the anticyclone passing across the CS, the
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Figure 3.10: (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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ADCP measurements show this eddy signal at the surface, with the maximum subsurface

velocity related to the SCVs embedded in its flow (Figure 3.3).

According to Gula et al. (2016), as a (mesoscale) jet passes across a topographic

obstacle, submesoscale relative vorticity grows downstream. The combination of intense

relative vorticity and low stratification may lead to centrifugal instabilities 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 isopycnal surfaces (Haynes and 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

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 (e.g.,

McCoy et al., 2020). Analysis of Argo float data has revealed that SCVs are ubiqui-

tous 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.

Here, we show the trajectory of two Argo floats that captured SCV-like structures in their
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pathways (Figure 3.11). The first Argo float trajectory shows the presence of one SCV

away from the VTR (Figures 3.11a and 3.11c). The westward flow of the South Equato-

rial Current (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 and 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 3.11b and 3.11d). 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.

Figure 3.11: 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 SCV in each ARGO float trajectory. (Data
source: http://www.coriolis.eu.org/).

Observations of these small structures in the ocean, such as the SCV captured

during the Ilhas 1 survey, are challenging 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
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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 observational, 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.

Summary and Concluding Remarks

In this study, we describe unprecedented observations of two adjacent SCVs em-

bedded in the SEC as it flowed across the VTR. These intrapycnoclinic features occupied

the density range of 1026 and 1026.4 kg/m3, and presented a vertical extension of approx-

imately 150 m. The radii of the two submesoscale vortices were 12 km and 16 km. They

presented Rob as 0.46 and 0.27, and Bu as 1.76 and 0.78. The SCVs were character-

ized by homogenized SACW waters bounded by two convex-lens-shaped isopycnals and

intense relative vorticity. The combination of temperature, salinity, and velocity measure-

ments allowed us to determine the marginally stable dynamic regime inside the SCVs,

which ultimately suggests small-scale turbulence cascading energy down to dissipation.

Our in situ 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 dissipation rate confirms the occurrence of turbu-

lence inside the e-SCV.
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The limited spatial distribution of sampling data does not permit the determina-

tion 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 in-

teraction by tracking an SEC meander passing by the Trindade Island two months earlier

than the period of the Ilhas 1 survey (austral summer). This mesoscale anticyclonic me-

ander was observed over the CS through altimetry and ADCP measurements during our

oceanographic survey. The pathway of such a mesoscale anticyclone indicate its crossing

of the Trindade Island two 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 in-

stability 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 generate SCVs. However, the lack of observations in the region is still

the main constraint on a better comprehension of SCV dynamics and their roles in the

local dynamics.

Moreover, since SCVs have been observed throughout the world’s oceans, they

may make a significant contribution 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.
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Supporting Information

Figure 3.12: Panel (a) is a depiction of two adjacent anticyclones with different radii in the
horizontal plane. The blue and red arrows indicate the divergence within the intersection region
of them. Panel (b) illustrates the meridional velocity vectors from the adjacent vortices (yellow
arrows represent the vortex on the left, and the green arrows represent the vortex on the right

side). Black arrows represent the sum of the green and yellow arrows. The positive and negative
signs highlight the alternation bands of ∂v/∂x. Panel (c) depicts the two adjacent vortices

embedded in a larger eddy.

Acknowledgments

We thank Frank O. Smith for copy editing and proofreading this manuscript.

We also thank Dante C. Napolitano for the help in the ADCP data processing. This

study is part of the “Projeto Ilhas ”(Processo CNPq 458583/2013-8). C. Z. Lazaneo

acknowledges support from Coordenação de Aperfeiçoamento de Pessoal de Nível Su-

perior - Brasil (CAPES) - Finance Code 001, and from Conselho Nacional de Desen-

volvimento Científico e Tecnológico - CNPq (Processo 205857/2018-3). P. H. R. Calil

acknowledges support from Projeto ILHAS (Processo CNPq 458583/2013-8). A. Tan-

don acknowledges support from NSF Grant OCE1755313 and ONR N000141812799



3. SCV: A PATHWAY FOR ENERGY DISSIPATION 82

I. C. A. da Silveira acknowledges support from CNPq (Grant 307814/2017-3), Projeto

SUBMESO (Processo CNPq 442926/2015-4), Projeto REMARSUL (Processo CAPES

88882.158621/2014-01), and Projeto VT-Dyn (Processo FAPESP 2015/21729-4). The

authors are very grateful to the crew of R/V Alpha Crucis and, in particular, Captain José

H. M. Rezende.



CHAPTER 4.
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TION AT THE VITÓRIA-TRINDADE RIDGE
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Abstract

Meanders and eddies of the South Equatorial Current (SEC) are routinely observed pass-

ing through the Vitória-Trindade Ridge (VTR). Here, we analyze the influence of islands

and seamounts of the ridge in the formation of submesoscale coherent vortices (SCV)

through eddy-topography interaction using a high-resolution regional ocean model simu-

lation. The meandering pattern of the SEC interacts with the VTR topography resulting in

SCV generation with both polarities (cyclonic/anticyclonic). The bottom drag amplifies

the vortical wake and changes the potential vorticity of the flow. Eventually, the vortical

filaments roll up by forming an SCV, whose polarity is defined by the side of the inshore

edge of the SEC meander that interacts with topography. We diagnose that, regardless

of the topographic feature or depth (below the mixed layer), SCVs are often generated in

the VTR owing to the flow-topography interaction. For that reason, we conclude that the

region can be considered a hot spot of SCV formation. Once they are detached from the

topography, they are advected by the SEC towards the South American continent carrying

waters from their origin site.

Introduction

Submesoscale coherent vortices (SCVs) are subsurface eddies with radii smaller

than the first baroclinic radius (RD) and can wander in the interior ocean for months to



4. SCV GENERATIONS IN THE VITÓRIA-TRINDADE RIDGE 84

years (McCoy et al., 2020; McWilliams, 1985, 2016). They are defined as submesoscale

flow not only because of their size (< RD) but also because of relatively large Rossby

numbers associated with them, which suggests that they are not necessarily geostrophic.

Larger scale flows determine their trajectory since the β effect over their small

size has a limited impact (Dewar and Meng, 1995). SCVs are predominantly generated

by flow separation downstream of topographic features (D’Asaro, 1988; Gula et al., 2019;

Srinivasan et al., 2019; Vic et al., 2018). This generates a vertical vorticity influx into the

flow that ultimately creates potential vorticity anomalies (e.g., de Marez et al., 2020; Gula

et al., 2019). Thus, the rotation sense of SCVs is prescribed by the inshore edge of the

flow that interacts with the topography (see D’Asaro, 1988; de Marez et al., 2020; Gula

et al., 2019). For anticyclonic SCVs, the resulting potential vorticity values are close

to zero – negative anomalies – due to the anticyclonic vertical vorticity (D’Asaro, 1988;

Gula et al., 2019, Lazaneo et al., “In revision”; hereinafter L21 1). For cyclonic SCV’s,

not as commonly observed as the anticyclonic ones (McWilliams, 2016), the anomalies

of potential vorticity are positive due to cyclonic vertical vorticity (de Marez et al., 2020).

The SCV structure acquired at the topographic wake prevents property exchanges with

surrounding waters. Once developed, they carry water properties and dynamic character-

istics from their generation site into the interior of the ocean’s basins, where they are able

to coherently propagate from months to years (McWilliams, 2016; McCoy et al., 2020).

Seamounts and islands are ubiquitous in the ocean and may be hotspots for SCVs

generation with consequences for the dissipation of the kinetic energy in the ocean (L21,

Srinivasan et al., 2019). These topographic features are poorly represented in global cli-

mate models because of their small size and the relatively low horizontal resolution of the

1This reference is related to Chapter 3 of this dissertation. The manuscript is in revision in the Journal

of Geophysical Research: oceans. Hereinafter: L21
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models. Therefore, their effect on the circulation is not resolved in such models. In this

study, we show the role of the Vitória-Trindade Ridge (20.5◦ S, hereon VTR) in the for-

mation of SCVs by using a high-resolution regional ocean model. Previous studies have

shown that SCVs reach the VTR region following the South Equatorial Current (SEC)

pathway (McCoy et al., 2020), but they also indicate the region as prone to SCV formation

(L21) due to the interaction between the SEC and the seamounts. From high-resolution

thermohaline and horizontal velocity measurements over the VTR in the South Atlantic

Ocean, L21 captured two adjacent anticyclonic SCVs interacting within the ridge. The

SCVs were embedded in a propagating mesoscale anticyclonic SEC meander. Using al-

timetry data, they showed that the meander passed through the Trindade Island (20.5◦ S,

29.5◦W) two months before the measurements were taken.

The VTR seamount chain is located along the pathway of the southern branch

of SEC, which connects the eastern to the western portion of the South Atlantic Ocean

(Luko et al., 2021; Rodrigues et al., 2007; Soutelino et al., 2013; Stramma and England,

1999). The upper SEC circulation presents an intense level of eddy kinetic energy as-

sociated with the frequent propagation of mesoscale eddies in the open ocean (Chelton

et al., 2011). The SEC pathway has been attributed as a corridor for mesoscale eddies

that may dissipate part of their energy at the VTR region through the interaction with the

shallow and isolated topographic features (Garzoli and Matano, 2011; Guerra et al., 2018;

Nencioli et al., 2018).

Weaker currents and eddies similarly generate downstream vorticity even in

the open ocean, where flows encounter isolated topographic features like islands and

seamounts (Srinivasan et al., 2019, e.g.,). Even in these cases, the mechanism of SCVs

generation has been shown to occur in the same manner as described by D’Asaro (1988).
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For a scenario where a meandering jet passes through a shallow seamount or island, the

angle of attack of the incoming non-stationary flow related to the isolated topography

changes and determines the rotation sense of the vortical wake. Thus, it suggests that

meandering flows passing through isolated topography features are be prone to generate

both cyclonic and anticyclonic SCVs (Figure 4.1).

Figure 4.1: Illustration of the interaction between a meandering flow (~u) and an island in the
South Hemisphere (f <0). The picture suggests a formation of anticyclonic or cyclonic SCVs

depending on the inshore edge of the flow that hits the island. In this graphic, x and y correspond
to along-front and cross-front displacements, consistent with the meandering SEC flow.

In this work, we test the hypothesis whether the VTR region is prone to SCV

generation, like those observed by L21 nearby the region and discuss the dynamics of

SCV generation near topographic features. Section 2 defines the numerical setup and

presents the evaluation of the model results. Section 3 describes the generation of an SCV
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from a SEC meander in the lee of the Trindade Island. Section 4 explores the Columbia

Seamount along the VTR as a possible site prone to SCV generation. Section 5 presents

the main findings and conclusions.

The submesoscale-resolving simulation

We use the Coastal and Regional Ocean Community Model (CROCO)

(https://www.croco-ocean.org), an oceanic modeling system built upon the Regional

Ocean Modeling System (ROMS) (Shchepetkin and McWilliams, 2005). A high-

resolution simulation was conducted with about 1 km of horizontal resolution and 50

sigma levels in the vertical to simulate the circulation in the western South Atlantic, with

the VTR in the center of the domain (Figure 4.2). Thus, there is no direct influence of the

open boundaries in the local dynamics.

Figure 4.2: Topography (m) of the western South Atlantic Ocean from the ETOPO2 Smith and
Sandwell (1995) data set. The VTR lies at the south end of the Abrolhos Bank. The The
topography has been interpolated on the grid of the CROCO simulation (∆x ∼ 1 km).
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The model is forced with the daily QuickSCAT wind stress for the year 2000

and climatological air-sea fluxes from COADS (Comprehensive Ocean-Atmosphere Data

Set). At the open boundaries, we use the Simple Ocean Data Assimilation (SODA)

reanalysis (Carton et al., 2018) for the year 2000. SODA is also used as the initial

condition for the whole domain. Barotropic tidal forcing is obtained from the OSU

TOPEX/POSEIDON Global Inverse Solution TPXO (Egbert and Erofeeva, 2002). The

horizontal and vertical advection schemes used for tracers and momentum are the 5th or-

der weighted essentially non-oscillatory scheme (WENO5). Vertical mixing processes in

the model are parameterized with the k-profile parameterization (KPP), both in the sur-

face and bottom boundary layers (Large et al., 1994). The model is run for four years,

where the first three years are the spin-up. We analyze the fourth year of the simulation

in the present work.

The numerical scheme and the input data sets used to set our experiment are

the same as those used in recent numerical studies in the western South Atlantic Ocean

(e.g., Calil et al., 2021; Napolitano et al., 2019, 2020). The main difference is the higher

1 km grid resolution in our work. While the numerical experiments of the aforementioned

studies had been already validated, we also opt to validate our modeled fields with ob-

servations. We compare them with available data for the region that was either made

available to us or were analyzed and reported in previous works.
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Figure 4.3: Annual mean velocity field (a) from the fourth year of simulation and (b) from the
altimeter observation from the year 2000. Annual mean (same year as mentioned before) kinetic
energy field (c) from the simulation and (d) altimeter along the VTR. The gray box represented in
panel (c) corresponds to the area depicted in panels (a) and (b). Panels (e), (f), and (g) are vertical

sections of the cross-transect velocity component at the VTR from the model. Panel (e) and (f)
are related to observations presented by Napolitano et al. (2019). The locations of those transects
are depicted if the panel (a) in red lines. Panel (g) corresponds to the observations presented by

Lazaneo et al. (2020). Its location is shown in panel (a) (blue line). Altimeter data were obtained
in http://marine.copernicus.eu. Navy blue and red rectangles in panel (d) represent the location

for the ζ/f distribution, and the T-S diagram in Figure 4.4.

We verify the modeled surface circulation by comparing it with geostrophic

velocity components obtained by measurements derived from the altimeters (CMEMS,

http://marine.copernicus.eu). Here, we estimate the geostrophic velocity components (ug,
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vg) from the model using the sea surface high output,

ug = − g
f

∂η

∂y
(4.1)

vg =
g

f

∂η

∂x
(4.2)

where g is the gravitational field, and f is the planetary vorticity. We filter the resulting

geostrophic velocity with a low pass filter (8 days) to remove the high temporal variability

compared to the altimeter data.

As shown in Figure 4.3, the modeled geostrophic circulation of the numerical

experiment is well-represented by the model. The annual average of the geostrophic ve-

locity field (
∣∣Ug∣∣ =

√
u2g + v2g), near the VTR depicts the SEC meandering pattern passing

through the VTR (Figures 4.3a and 4.3b). We track the Brazil Current by its signature of

mean kinetic energy (MKE= (ug
2 + vg

2)/2) along the South American continental mar-

gin. This signature is limited by the isobaths of the continental slope (h∼ 200 - 1000 m in

both modeled and AVISO maps, Figures 4.3c and 4.3d). Since the submesoscales contain

greater amounts of kinetic energy and spatial variability compared to the motions resolved

by altimeter measurements, we expect the model output to be more energetic and variable

than the AVISO counterpart.

We validate the BC structure in the numerical domain by comparing the modeled

velocity with synoptic measurements reported by Lazaneo et al. (2020) and Napolitano

et al. (2019). The cross-transect velocities reported in the aforementioned studies captured

a typical snapshot of the Brazil Current and the Intermediate Western Boundary Current

(BC-IWBC) system (e.g., Silveira et al., 2004) at 21.5◦S and 19◦S. The BC-IWBC sys-

tem is well-reproduced in our model in all three analyzed transects, as shown in Figures

4.3e–4.3g. South of the VTR, the Brazil Current in Figures 4.3e and 4.3g is a poleward jet
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barely reaching 400 m, while the Intermediate Western Boundary Current is an equator-

ward flow underneath the Brazil Current. North of the VTR, both BC and IWBC appear

detached from the slope owing to their meandering patterns (Costa et al., 2017; Napoli-

tano et al., 2019). Indeed, the monthly average of this transect crossed the feature known

as the Abrolhos Eddy (Soutelino et al., 2011). The modeled velocity magnitude of the

BC and IWBC (-0.4 m s−1 and 0.2–0.3 m s−1, respectively) agrees with the previously

reported measurements. Moreover, the position of both western boundary flows cores

and the behavior of both jets show that our model reproduces the western South Atlantic

Ocean circulation correctly.

Next, to validate the temperature and salinity structures near the VTR, we present

the modeled water characteristics in the T-S diagram depicted in Figure 4.4a. Here we

include the temperature and salinity data set from the recent observations (L21) which

described the occurrence of SCVs in the vicinity of the VTR. According to Mémery et al.

(2000) the top 500 m of water column is composed of Tropical Water – marked by the

1025.6 kg/m3 isopycnal – and the South Atlantic Central Water in pycnoclinic levels –

marked by the 1026.9 kg/m3 isopycnal. Thus, the modeled temperature and salinity sig-

natures depicted in Figure 4.4a are in accordance with the descriptions in the literature.

In addition, we show in Figure 4.4b the average stratification (N2 = ∂b
∂z

, where b = −gρ
ρ0

is

the buoyancy, and ρ0 = 1025 kg/m3 is the density reference) profiles of the modeled water

column near the Columbia Seamount and from the observations presented by L21. We

observe a reasonable agreement of between modeled and observed N2 profiles in the re-

gion, with the seasonal pycnocline at about 70 m depth, and the maximum density vertical

gradient associated with the permanent pycnocline at about 150–200 m depth.
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Figure 4.4: (a) T-S diagram and (b) the average profile of the stratification from the region shown
in the red rectangle in Figure 4.3b. Gray dots/curve represent the model output, and the navy blue
dots/curve represent the data set presented by L21. Distribution of ζ/f in the region (c) without
the topography influence and (d) considering the VTR topography. Both regions are depicted in

Figure 4.4b.

Finally, we evaluate the ability of our model to simulate submesoscale phenom-

ena based on the probability density function (PDF) of the gradient Rossby number (Ro;

Figures 4.4c and 4.4d)

Ro =
ζ

f
=

(
∂xv − ∂yu

)
f

, (4.3)

where Ro O(1) is indicative of submesoscale dynamics (Mahadevan and Tandon, 2006).

Our results show the occurrence of O(1) Ro, and the asymmetry in the PDF of Ro val-

ues (Figures 4.4c and 4.4d). Here, we compute the Ro values within the mixed-layer

of two regions. The first region is away from the VTR and the western boundary flow

(Ocean Region – OR). And the second region includes the VTR islands and seamounts

(Ridge Region – RR). These regions are depicted in Figure 4.3d. At the OR, the modeled

vorticity presents values at the submesoscales with a predominance of cyclonic motions
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– skewness of 1.23. The tail of Ro in the PDFs towards cyclonic motions exemplifies

the ability of our model to reproduce submesoscale phenomena (e.g., Calil and Richards,

2010; Molemaker et al., 2015; Rudnick, 2001). On the other hand, the PDF for the RR

highlighs the importance of topography toward anticyclonic motions – with a skewness

of 0.59. The the higher frequency of occurrence of anticyclonic motions of large Ro is in-

dicative that the VTR region is prone to submesoscale instabilities (see Napolitano et al.,

2020; Thomas et al., 2016).

SCV formation at the Trindade Island

This Section shows how SCVs are formed at the Trindade Island wake. We

choose one particular scenario of eddy-island interaction from the numerical simulation,

which is similar to the pre-conditions described by L21 from observations.

Submesoscale Vortical Wake

At the beginning of the fourth year of simulation (austral summer, January 6),

we observe a SEC mesoscale cyclonic meander approaching the north of Trindade Island

(Figure 4.5a). This mesoscale cyclonic meander is characterized by: i) KE > 0.04 m2s−2

at its edges (where KE = 1
2
(u2 + v2)), ii) a radius of 50 km, and iii) being centered at

19.75◦ S and 29.6◦W.
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Figure 4.5: Snapshot of the (a) surface kinetic energy (KE = 1
2(u2 + v2)) field from day 6 of the

fourth year of simulation, where vectors represent the horizontal components of the surface
velocity. Snapshot of the surface cyclogeostrophic Rossby number field (eq. 4.4), considering
r0 = 50 km (C50). The gray isolines in panels (a) and (b) represent the respective sea surface
height, and black contours are isobaths (3000, 2000, 1000, 500 and 250 m). Blue contours in

panel (b) represents isolines of C50 (0.1 and 0.2) Panel (c) represents the vertical section of the
cross-transect velocity day 6 of the transect presented in blue in panel (a). Black solid (dashed)
contours represent the northeastward (southwestward) horizontal velocity. The location of the

transect (blue line in panel (a)) correspond to an orthogonal section from the SEC flow
(monthly-averaged, January). Red boxes in panel (b) represent the locations where the energy

conversion analysis is conducted in Section 3.3. Panels (d) and (e) is the vertical velocity and the
vertical relative vorticity scaled by the planetary vorticity, respectively, for the area depicted in

the gray rectangle in panel (c).
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The relevance of its cyclonic curvature is assessed by computing the cyclo-

geostrophic Rossby number (C)

C =
vθ
fr0

, (4.4)

where vθ is the angular horizontal velocity and r0 is the eddy curvature radius. The in-

stantaneous values of C ∼ 0.1 – 0.2 for an r0 = 50 km are obtained for the portion of the

cyclonic meander presenting the most intense kinetic energy (Figures 4.5a and 4.5b).

Similar numbers to those simulated for the SEC have been reported for different regions

in the ocean. According to Liu and Rossby (1993), the Gulf Stream meanders present C

∼ 0.1 – 0.3, while Niiler et al. (2003) shows that C ∼ 0.25 for the Kuroshio. Centrifugal

forces can arise from the tilting of the vorticity vector by the meander curvature, which

can potentially destabilize the meandering edge (Buckingham et al., 2020). Thus, the

non-negligible modeled C values highlight the importance of centrifugal forces to the

SEC meander stability even before hitting the island (Figure 4.5b). On the other hand it

is known that the centrifugal-force influx from the upstream meander is not a necessary

condition for the wake destabilization (see Srinivasan et al., 2019). However, this influx

can act as an additional input to make the system less stable as it interacts with the to-

pography. The SEC ever-meandering pattern correctly reproduced by our model causes

temporal changing of the angle of attack relative to the island. Successive meanders can

hit it with different phases. As consequence, the coherent vortices can be generated at a

different locations near this island at different times.

In other to verify the influence of the Trindade Island on the incoming mean-

dering flow, we first choose a transect orthogonal to the monthly average position of the

SEC, depicted in Figure 4.5a. On day 6 of the fourth year of the simulation, we observe

the cross-transect velocity of the cyclonic meander leaning against the island northern
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slope. As the meander hits the island, bottom friction changes the velocity at the slope

(Figure 4.5b), resulting in a horizontally sheared, divergent flow. The associated up-slope

flow is indicated in Figure 4.5c, accompanied by the perturbation of the density field. The

dynamic consequence of such interaction is the generation of vortical filaments of Ro

O(1) (Figure 4.5d), which are advected downstream by the larger-scale flow (Figure 4.6).

This process was investigated by Hasegawa et al. (2004), who stated that the flow block-

age by the island mass induces horizontal and vertical flow separation, and subsequently

the creation of a vortical wake.

In Figure 4.6 we show the flow separation and the vortical wake evolution to form

an anticyclonic SCV at the lee of the Trindade Island in a sequence of daily snapshots of

the subsurface Ro field. On day 6, we observe the beginning of the generation of the

anticyclonic filament adjacent to the north face of the Trindade Island slope (Figure 4.6a).

On day 11, the anticyclonic vortical filament is elongated (ζ < -0.5f ) downstream of the

island and starts rolling up (Figure 4.6b). On day 22 (Figure 4.6c), the filament roll-up is

completed and the SCV is formed. Since the SCV is developed in the anticyclonic lobe of

the cyclonic SEC meander through interaction the northern slope of the Trindade Island,

its polarity is anticyclonic as sketched in Figure 4.1. The result of the SCV formation

process displayed in Figure 4.6 corroborates those described by Srinivasan et al. (2019)

for islands and seamounts, as well as those resulting from other types of topographic

features (D’Asaro, 1988; de Marez et al., 2020; Gula et al., 2019; Molemaker et al., 2015;

McWilliams, 2016). In summary, the process of SCV generation occurs in the following

sequence of events: (i) generation of relative vorticity in the bottom boundary layer, (ii)

filament separation from the slope, (iii) vigorous instability, (iv) mixing, and finally, (v)
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the formation of SCVs. A diagnosis of the instability phenomenon and its role in the SCV

formation is addressed in the next Section (Section 3.2).

Figure 4.6: Snapshots of the horizontal slice of ζ/f at z = -230 m. Panel (a) represents day 6,
when the SEC meandering hit the Trindade Island. Panel (b) represents day 11, when the

anticyclonic filaments at downstream are wrapping up. Panel (c) represents day 22, showing the
recently formed SCV attached to the basic flow. Gray contours represent isolines of η, and black

contours are isobaths (3000, 2000, 1000, 500 and 250 m).

Ertel’s Potential Vorticity

Ertel’s potential vorticity theorem is a powerful tool for analyzing fluid motion

and its potential to develop unstable flow, mainly when the fluids’ baroclinicity is well-

resolved as is the case in our submesoscale-resolving simulation. A variety of instabilities

can arise when the PV (q) takes the opposite sign of the Coriolis parameter (Hoskins,

1974),

fq = f
(
fk̂ +∇× u

)
.∇b < 0. (4.5)

This criterion is also valid for the southern hemisphere, where f < 0). The PV equation

is multiplied by f to make Equation 4.5 more general and hemisphere-independent.

The different types of instabilities depend on the predominance of one of the

terms that constitute the scalar quantity q, which is responsible for lowering the PV value.
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By assuming that ∂w
∂(x,y)

<< ∂(u,v)
∂z

in the interior ocean, we can split Equation 4.5

in two different parts given by

fq = f (fk̂ + ζ)N2︸ ︷︷ ︸
qvert

+f

(
∂u

∂z

∂b

∂y
− ∂v

∂z

∂b

∂x

)
︸ ︷︷ ︸

qbc

, (4.6)

and separate the mechanisms that drives instability. The first term on the right-hand side

emphasizes the role of vertical vorticity and stratification. Whether qvert dominates over

qbc, two different instabilities may arise: i) if f(fk̂ + ζ)N2 < 0, N2 can be negative

giving rise to gravitational instability, or ii) if N2 > 0, ζ should be anticyclonic, giving

rise to centrifugal instability (Gula et al., 2015, 2019; McWilliams, 2016; Thomas et al.,

2013). On the other hand, the second term on the right-hand side (qbc) emphasizes the

flow baroclinicity. The combination of prominent horizontal buoyancy gradient and tilted

vortical tube can overcome the strength of the vertical vorticity/stratification resulting in

baroclinic instabilities involving vertical vorticity of either polarity – cyclonic or anticy-

clonic (see Napolitano et al. (2020) and Thomas et al. (2013) for details). Here, we are

assuming that the flows are in geostrophic balance. For a geostrophic flow, Ug, it can be

displayed using the thermal wind relation that reduces qbc to

qbc = −f
∣∣∣∣∂Ug

∂z

∣∣∣∣2 = − 1

f
|∇hb|2 . (4.7)

Figures 4.7a–4.7c show three snapshots of the PV field subsurface. The snap-

shots exhibit the spatial and temporal evolution of low PV filaments intersecting the local

topography during the SEC meander crossing of the Trindade Island. Figures 4.7d–4.7f

display vertical sections of fq, fqbc, fqvert along the detaching filament at day 11 of the

fourth year of the simulation. The comparison between the three latter panels clearly

shows that the low PV strip (sometimes negative) is driven by qvert (Figure 4.7f), and that

it corresponds to the anticyclonic vortical filament in the wake of the island captured in
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Figure 4.6. The combination of the weakly-stratified environment (not shown) and the

anticyclonic vorticity, which achieves values comparable to the planetary vorticity, is re-

sponsible for reducing the PV values. On the other hand, the qbc is a negative quantity. It

indicates that the baroclincity of the flow always reduce the PV.

Figure 4.7: Panels (a), (b) and (c) are snapshots of fq at z = -230 m showing the evolution of
filaments of low PV which evolves to the SCV formation. Black contours are isobaths. Panels
(c), (d) and (e) represent the vertical section of the low PV filament depicted in panel (b). They

represent the (d) total PV as in Equation 4.5, (e) the role of the vertical vorticity and stratification
on the total PV, and (e) the role of the baroclinicity of the flow. Panels (g), (h), and (i) are the

zoom-in of panels (d), (e) and (f), respectively, with the intent to highlight the near-topography
region where baroclinic instability dominates over centrifugal instability. Gray contours are

sigma levels.

It is evident from Figure 4.7 that the unstable flow at wake of the island is mainly

driven by qvert, but the baroclinicity (qbc) triggers strong mixing locally lowering the

Richardson number (not shown). As first suggested by D’Asaro (1988), SCVs can be

generated through PV reduction due to frictional forces and the development of centrifu-

gal instability. The same process is addressed by Gula et al. (2019), which determines the
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role of the Charleston Bump on the formation of SCVs in the wake of the bump. Thus,

our simulation indicates that the same mechanism addressed by these former studies also

occurs at Trindade Island.

Figure 4.8: (a) Trajectory of the centroid, defined as the minimum value of ζ/f within he SCV at
z = -230 m. Vertical profile of (b) the PV, (c) ζ/f and (e) the shear intensity (S2 =

(∂u/∂z)2 + (∂v/∂z)2) at the location of the centroid of the SCVs. Blue contours in panel (b)
represents the values of 0.6 × 10−13 s−4.
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To verify whether the low PV signature of such an anticyclonic SCV is kept after

its detachment from the island wake, we track this SCV for two months following its

centroid. Here, we define the centroid of the SCV as the patch of most intense vertical

vorticity within the SCV. The trajectory of the SCV is shown in Figure 4.8a. The SCV

departs from Trindade Island wake and it takes about two months to reach the region

near the Columbia Seamount, about 350 km west of its origin site. The trajectory of the

SCV centroid follows a SEC meander stream line. The SCV once formed and detached

is clearly advected by the mesoscale structure associated with the SEC. This is consistent

with the findings by Dewar and Meng (1995), where the advection of SCVs are mainly

driven by larger scale flows since the β effect over their small sizes is either reduced or

negligible. L21 observed a pair of SCVs near the Columbia Seamount and embedded in

a SEC meander. The results of the present simulation suggest that these SCVs eventually

could have been generated remotely at the Trindade Island. Indeed, the time range of the

SEC meander tracked by the daily-output from altimeters in L21 is in agreement with the

time scale of the westward propagation of a mesoscale eddy departing from the Trindade

Island towards the Columbia Seamount in our model.

As the SCV travels to the west and gets away from the Trindade Island, its signa-

ture becomes more evident due to its contrast with surrounding waters. As a consequence

of the flow-topography interaction at about day 6, the PV is reduced to values around

zero occupying the top 300 m (Figure 4.8b). After a few days, the marginally stable low

PV tongue is advected to the west at pycnoclinic level (between 200-300 m depth). We

observe that the SCV conserves the PV along its pathway. We also see the subsurface sig-

nature of the SCV become more evident by observing the Ro number of the structure (Ro

O(1)), which ultimately means that the anticyclonic vorticity is the main factor to main-
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tain the low PV along the tracked period (Figure 4.8c). Furthermore, we notice patches

of intense vertical shear squared (S2 = (∂u
∂z

)2 + (∂v
∂z

)2) related to the SCV trajectory.

The relationship of vortical shear layers in a weekly-stratified environment may provide

a favorable condition for small-scale processes toward dissipation scales. However, the

1 km resolution of our model does not solve such small-scale processes. In other words,

the intense vertical shear in the SCV interior can overcome the stratification, resulting

in mixing processes and energy dissipation. The high S2 value patches can be thought

as a proxy to patches of high turbulent energy dissipation. Indeed, this is the structure

observed by L21 in their SCVs. This study showed from microstructure observations

that the amount of energy dissipation within one SCV is as high as those observed in the

mixed-layer. Thus, our results of Sections 3.1 and 3.2 support the hypothesis that: i) the

Trindade Island is prone to generate SCVs due to the eddy-topography interaction, which

ii) can be advected by the SEC towards western portions of the ridge, and iii) may provide

mixing to the ocean interior.

Energy Analysis

It is evident from the previous Section that the SEC interacts with the Trindade

Island and SCVs are formed through this interaction. Perturbations imposed by the bot-

tom drag of the island exert strong influence on the flow, yielding the generation of those

submesoscale features. Once submesoscale phenomena are generated, energy is trans-

ferred from balanced to unbalanced flows (McWilliams, 2016).

To investigate the energy sources responsible for the SCV generation, we com-

pute the energy conversion terms for the fourth year of simulation for regions upstream

and downstream of Trindade Island (the location of such regions are depicted in Figure
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4.5b). We carry this energy analysis closely following the notation presented by Calil et al.

(2021). From the daily-averaged output, we separate all variables as u = 〈u〉+ u′, where

brackets denote the annual average and primes denote deviations from those averages.

The conversion from mean to eddy kinetic energy (EKE) due to the shear production (SP)

is divided into the horizontal shear production (HSP) and the vertical shear production

(VSP)

SP = HSP + V SP, (4.8)

where

HSP = −u′2∂u
∂x
− v′u′ ∂v

∂x
− u′v′∂u

∂y
− v′2∂v

∂y
(4.9)

V SP = −u′w′∂u
∂z
− v′w′∂v

∂z
. (4.10)

These terms represent the work of Reynolds stress on the mean shear. The conversion

from eddy potential energy to EKE, called the buoyancy production (BP), is defined in

terms of the vertical buoyancy flux

BP = w′b′. (4.11)

Hence, the EKE equation, neglecting transport, vertical mixing and horizontal

diffusion terms is,

∂

∂t
EKE = SP + BP, (4.12)

where ∂
∂t
EKE is the EKE local rate of change. Each term of Equation 4.12 is box-

averaged within the area depicted in Figure 4.5b and in the 180–280 m depth range. This

depth interval corresponds to the occurrence of the SCV described in Section 3.1. The

predominance of one of these terms (HSP, VSP, or BP) indicates if the eddy generation

mechanism is primarily through barotropic (HSP> 0), baroclinic (BP> 0), or vertical

shear (VSP> 0) instability.
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Figure 4.9: Time-series of the terms shown in Equations 4.9–4.11 for (a) the upstream and (c) the
downstream areas near the Trindade Island. All terms are calculated within the rectangles shown
in Figure 4.5b and averaged between 180 and 280 m depths. This depth range corresponds to the

portion of the water column where SCV formation occurred. Panels (b) and (d) zoom into the
first 40 days (purple rectangles in panels (a) and (c)), which is the period of SCV occurrence.

Figure 4.9 shows the time-series of each spatially-averaged term along the fourth

year of simulation. The EKE peaks are attributed to the kinetic energy input through the

passage of mesoscale eddies in the region. But, once the angle of attack of the SEC

changes relative to the island location, the position of the lee is also changed. Therefore,

there are mesoscale eddies passing through the Trindade Island whose advection effect is

not considered in this analysis. On the other hand, co-occurrence of EKE peaks upstream

(Figures 4.9a and 4.9b) and downstream (Figures 4.9c and 4.9d) shows multiple events of

mesoscale eddy-island interaction.

In general, we observe: i) the predominance of eddy potential energy conversion

towards EKE through baroclinic instabilities upstream in the absence of stronger SEC me-

anders (BP > 0, Figures 4.9a and 4.9b), and ii) the predominance of mean kinetic energy

conversion towards EKE through barotropic instabilities downstream (HSP > 0, Figures
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4.9c and 4.9d). The occurrence of vertical shear instabilities (VSP), on the other hand, is

negligible throughout the year, given that VSP∼ 0 both upstream and downstream. The

first peak of EKE in Figures 4.9a and 4.9b corresponds to the passage of the cyclonic

meander upstream described along Section 3. During the passage of this meander, we see

an increase and the predominance of the HSP term that reaches 0.2× 10−7 m2 s−3 (Figure

4.9b). This means that barotropic instabilities arise along the meander even before hitting

the island. We attribute the rise of HSP upstream to the increase of centrifugal accelera-

tion, which occurs due to the curvature of the meander (see Section 3.1). We also observe

that the change of HSP due to the passage of the SEC meanders occurs in all of the EKE

peaks captured upstream.

As EKE increases downstream, HSP also increases reaching values two to three

times greater than those observed upstream. Whether we look at the first peak of EKE

downstream, we observe that HSP reaches 0.4 × 10−7 m2 s−3 (Figure 4.9d). We inter-

pret this peak of HSP as the cause of the SCV formation, since the anticyclonic filaments

at submesoscales (Ro O(1)) occurs within the downstream box. This is another indica-

tion of barotropic instabilities (e.g., Gula et al., 2016), which ultimately are considered

a necessary condition for the SCVs’ generation (McWilliams, 2016). From the analysis

of energy conversion (this Section) and potential vorticity (Section 3.2), the role of the

Trindade Island in the development of barotropic instability (e.g., centrifugal instability),

and eventually, in the formation of SCVs is evident.

Nevertheless, we examined and explored a single event of SCV formation at the

lee of the Trindade Island in all of Section 3. This event represents only one of the several

EKE peaks displayed in Figure 4.9. The other peaks and other seamounts along the VTR

as possible sites prone to SCV generation are explored next. Moreover, we extend the use
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of HSP as a tool for diagnosing SCV formation. We also perform our analysis at different

depths and at different isolated topographic features along the VTR. These results are

presented in Section 4.

The VTR as a Hotspot for SCV Generation

In this Section, we show that, in addition to the Trindade Island, other seamounts

of the VTR also influence of the formation of SCV-like structures. To investigate the

occurrence of SCVs at different locations in the VTR and at different depths, we examine

the maximum peaks of HSP, which we assume as indicative of barotropic instabilities

(c.f., Calil et al., 2021).

As described in Section 3.3, we associate EKE and HSP peaks with the interac-

tion between mesoscale eddies and the topography of the Trindade Island. We understand

that this interaction results in the formation of submesoscale filaments, which eventually

gives rise to SCVs. In Figure 4.9c, we observe multiple peaks of HSP downstream of the

island at different times during the fourth year of our simulation.

We select the EKE-HSP peaks displayed between days 80 and 105, and 160 –

180. Figures 4.10a and 4.10d show the anticyclonic side of the incoming, meandering

SEC interacting with the barrier imposed by the Trindade Island. Two anticyclonic SCVs

are formed during these peaks as seen in the gradient Rossby number maps in Figures

4.10b and 4.10e. The generation process in both cases very closely resembles that de-

scribed in Sections 3.1 and 3.2. Anticyclonic vortical patches with O(1) Ro evolve to

become anticyclonic SCVs (Figures 4.10b and 4.10e). Vertical sections crossing the cen-

ter of these SCVs show their low PV signature (Figures 4.10c and 4.10f). Their vertical

PV and velocity structures are similar to those reported in the literature (e.g., Gula et al.,
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2019, L21). A cyclonic SCV-like structure is detected based on HSP peaks observed dur-

ing dates 260 – 275 (Figure 4.9c). In this case, we observe that the side of the energetic jet

that interacts with the topography slope is cyclonic (Figure 4.10g). As a result, cyclonic

vortical filaments of RoO(1) are developed in the lee of the island (Figure 4.10h). Unlike

the anticyclonic SCV, the roll-up of the cyclonic filaments in the lee of the island drives

positive anomalies of the PV (Figure 4.10i). In other words, the sense of rotation of the

filaments after the flow separation is the same of the Earth rotation, which results in high

potential vorticity (see Equation 4.5). Thus, our model results show SCV formation of

both polarities between 180 – 280 m in the lee of Trindade Island throughout the whole

year as the meandering SEC branch continuously interact with Trindade and Martin Vaz

Islands.

Different highRo patches are detectable in Figures 4.10b, 4.10e and 4.10h. They

can be either a consequence of the island-SEC interaction or structures coming from re-

mote locations. However, by following the larger-scale flow pathways in Figures 4.10a,

4.10d and 4.10g, we observe that these flows have previously interacted with the islands.

We also note filaments emanating from the islands’ lees in all three panels. However, we

should point out that not all vortical filaments necessarily evolve to form SCVs. For three

SCV-like features described here, and indicated in Figures 4.10b, 4.10e and 4.10h, we

present their respective development and evolution in supporting information, Section 5

(Figures 4.12, 4.13 and 4.14).

In order to check whether the SCVs can be generated at different depths than

180 – 280 m range of the previous analysis, we calculate the energy conversion terms for

the 600 – 700 m depth range. We observe many defined peaks of high HSP in Figure 4.11a

showing that, even at deeper levels, the island exerts influence on the impinging SEC flow.
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Figure 4.10: Snapshots at z = -210 m depth show periods when the energetic meanders of the
SEC (KE, color shading of panels a, d and g), which are computed by the daily velocity field

(black arrows), encounters the Trindade Island (black contours). As a consequence, filaments of
strong vorticity develop (ζ/f , color shading of panels b, e, and h), evolving into SCVs.

According to the polarity of each SCV, they carry signatures of low/high PV (fq, color shading
of panels c, f, i) in their cores. The solid/dashed black and gray contours in the zonal transects

(located by the horizontal red line in panels b, e and f) are the positive/negative meridional
velocities and density, respectively.

It also induces the generation of submesoscale phenomena, which is detected by observ-

ing many defined peaks of high HSP in the plot. As an example, Figure 4.11b shows the

rise of EKE signal followed by the maximum peak of HSP between 600 – 700 m depth in

the lee of the Trindade Island, an indication of barotropic instability. The snapshot of the

KE field at z = -650 m, for day 21, shows the presence of a meandering flow interacting

with both islands in the region – the Trindade and Martin-Vaz Islands. The consequences

of such interaction are depicted in Figure 4.11c, which shows the occurrence of at least

five SCV-like structures – three anticyclones and two cyclones.
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Figure 4.11: Time-series of the terms shown in Equations 4.9–4.11 for lee of (a) Trindade Island
and (d) Columbia Seamount. The terms are calculated within the rectangles shown in Figure

4.5b, for Trindade Island and in panel e, for the Columbia Seamount. The depth range of each
analysis is indicated in this Figure. Snapshots show periods of eddy-island interaction (KE, color

shading of panels b, and e), which are computed by the daily velocity field (black arrows) that
results in the formation of SCVs depicted in the ζ/f field by the blue boxes (panels c and f. The

depth of the snapshots are indicated in this Figure.)
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With an extension of around 900 km, the VTR is characterized by dozens of

seamounts that have their tops at about 60–100 m depth. Trindade and Martin Vaz are the

only features of the VTR that emerge above the ocean surface. We described SCV for-

mation in both the intra- and subpycnoclinic portions of the water column, depths which

are below the average top of all the other seamounts. As the SEC flows almost zonally

through the entire ridge, it is likely that the processes involving SCV generation occur

in the lee of several other topographic features. To investigate this possibility, the en-

ergy conversion analysis described in Section 3.3 is repeated, for the Columbia Seamount

(20.7◦ S 32◦W) wake, between 500 – 600 m (the area, which this analysis covers is repre-

sented in Figure 4.11e). This depth range is chosen for this analysis to ensure the local

topography effect. We observe that the time-series of the EKE and HSP in the Columbia

Seamount wake shows the same pattern of those observed nearby the Trindade Island

(Figure 4.11c). This indicates that barotropic instabilities may occur in the interior ocean

because of the SEC flow blockage by the seamount. Here we choose one event of SCV

generation to exemplify that the seamount is also prone to generate SCV-like structures.

During the period comprising of days 76 – 115 we observe a peak of HSP and EKE, as

in all other cases described in this work (Figure 4.11d). The snapshot of the KE field at

z = -550 m, on day 80 shows the presence of a cyclonic meander in the north face of the

seamount slope (Figure 4.11e). This interaction results in the formation of an anticyclonic

SCV centered at 24.04◦ S 32.2◦W. This SCV was formed at the seamount and advected

northward by the horizontal velocities associated with the cyclonic circulation of the SEC

meander.

Our model results thus support the hypothesis that the VTR is a hotspot for the

generation of both cyclonic and anticyclonic SCVs. Not all HSP peaks necessarily gener-
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ate an SCV but they show the barotropic instabilities and show that roll-up of detaching

PV filaments can form SCVs. Finally, our simulation highlights the importance of flow-

topography interactions in generating such SCVs along the VTR. These structures can

wander in the interior ocean for months to years carrying water properties from their

generation sites (D’Asaro, 1988; McWilliams, 1985, 2016).

Summary and Final Remarks

In this study, a high-resolution numerical model is employed to simulate the

dynamics of the western South Atlantic circulation and the interaction of the South Equa-

torial Current with a quasi-zonal seamount chain at about 20.5◦S, the VTR. In terms of the

model validation, both the modeled BC and the mesoscale eddy-rich SEC agree with the

available data set and previously reported studies. This enables us to use the simulation

to investigate the role of the topography on the generation of submesoscale vortices, the

SCVs. From this simulation, we observe that when energetic, meandering SEC collide

with the islands and seamounts of the VTR, submesoscale vortices can be generated in

the topography’s wake, and are advected westward by the SEC.

We initially focus on describing the SCV generation through flow-topography

interaction in one event simulated in the fourth year of the simulation (we considered the

first three years as spin-up) starting day 6 when a SEC meander approaches the Trindade

Island slope. This event shows the formation of an anticyclonic SCV in the intrapycno-

cline (in the 180 – 280 m depth range). We observed the inshore edge of the anticyclonic

SEC meander passing tangentially to the island north slope and defining the polarity of

the vortical filaments downstream. Snapshots of the gradient Rossby number showed the

formation of vortical filaments rolling up and ultimately resulting in the generation of an
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anticyclonic SCV. Since the polarity of the planetary vorticity is opposite to the formed

vortical wake, strips of low PV intersecting the boundary were generated downstream

driven by the vertical vorticity/stratification. Thus, as the the anticyclonic SCV detached

itself from the island wake, it was advected by the SEC toward the South American con-

tinent. The anticyclonic SCV carried low PV values in its interior along its trajectory.

On the other hand, the generation of cyclonic SCVs due to the eddy-island interaction,

requires an inshore cyclonic edge interacting with the topography. For these cases, the

polarity of the relative vertical vorticity is the same as the planetary vorticity, which re-

sults in positive PV anomalies. However, the energy source for the SCV occurrence of

both polarities comes from the horizontal shear production. We observe that the horizontal

shear production term is indicative of the occurrence of SCV generation with both polar-

ities. Indeed, when plotting the energy source terms (HSP, VSP and BP), we observed

intermittent high HSP peaks throughout the analyzed year of the simulation. We were

able to identify the peak associated to the SCV formation and to propose the occurrence

of a HSP peak as tool to diagnose a likely coherent vortex generation.

By repeating the energy conversion analysis to other regions and other depths

along the VTR, we diagnosed that regardless of the topographic feature or depth, vortices

are often and continuously generated (simulated) in the ridge at both intra- and subpy-

cnoclinic levels. In conclusion VTR is a hotspot for SCV generation in western South

Atlantic.

Simulation presented here show that the SCVs carry potential and relative vor-

ticity signatures in their cores, as well as vertical shear anomalies. This may establish a

donwscale energy cascade by the development of small-scale processes as patches of in-

tense vertical shear inside SCVs, where stratification is low, are indicative of ocean mixing
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and energy dissipation (L21). This hypothesis is supported by microstructure measure-

ments inside an SCV in the VTR (L21), where the authors estimated that the amount of

energy dissipation inside the SCVs is comparable to the dissipation rates observed in the

mixed layer.

While this study does not explore the SCVs generation frequency, the HSP peak

time series yields a rough estimate of the generation of these submesoscale features in

the region surrounding VTR. Since not all events of barotropic instability yield SCV, the

number of HSP peaks represent an upper bound for the estimate of SCV generation.
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Supporting Information

Figure 4.12: Temporal and spatial evolution of the vortical filaments downstream of the Trindade
Island leading to an SCV formation. Here we show the SCV formation event shown in Figures 10

a and b. (a, c, e, g, i, k, m, o) Daily snapshots of the kinetic energy at z=-210m depth
(background color)with its respective horizontal velocity field (black arrows). (b, d, f, h, j, l, n, p)

Daily snapshots of the gradient Rossby number at z=-210m depth (background color). Black
contours represent the isobaths of the Trindade and Martin-Vaz Islands.
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Figure 4.13: Temporal and spatial evolution of the vortical filaments downstream of the Trindade
Island leading to an SCV formation. Here we show the SCV formation event shown in Figures 10

d and e. (a, c, e, g, i, k) Daily snapshots of the kinetic energy at z=-210m depth (background
color)with its respective horizontal velocity field (black arrows). (b, d, f, h, j, l) Daily snapshots
of the gradient Rossby number at z=-210m depth (background color). Black contours represent

the isobaths of the Trindade and Martin-Vaz Islands.
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Figure 4.14: Temporal and spatial evolution of the vortical filaments downstream of the Trindade
Island leading to an SCV formation. Here we show the SCV formation event shown in Figures 10

g and h. (a, c, e, g, i, k) Daily snapshots of the kinetic energy at z=-210m depth (background
color)with its respective horizontal velocity field (black arrows). (b, d, f, h, j, l) Daily snapshots
of the gradient Rossby number at z=-210m depth (background color). Black contours represent

the isobaths of the Trindade and Martin-Vaz Islands.



CHAPTER 5.
FINAL REMARKS

In this dissertation, we addressed two different mechanisms that transfer energy

toward dissipation scales. First, we investigated the potential for turbulence and mixing

within the reverse flow of the Brazil Current and the Intermediate Western Boundary

Current (BC-IWBC) – the two western boundary currents of the South Atlantic Ocean.

Second, we investigated the occurrence and the generation of subsurface submesoscale

vortices along the Vitoria Trindade Ridge owing to the interaction of the south branch of

the South Equatorial Current with the shallow seamounts and islands of the ridge.

Regarding the potential of the BC-IWBC to develop turbulence and mixing,

we show that the enhancement of the vertical shear in pycnoclinic levels can overcome

the stabilizing effect of the stratification leading to mixing. Unprecedented microstruc-

ture measurements in the region show that the energy dissipation at the interface of the

Tropical Water – carried by the BC – and the South Atlantic Central Water – carried by

the IWBC at this latitude (21.6◦S) – can reach greater values allowing vertical turbulent

fluxes. This implies a potential enhancement of biological activity through the additional

supply of nutrients in the euphotic zone.

Now, about the occurrence of submesoscale vortices in the Vitória-Trindade

Ridge (VTR), we captured two adjacent Submesoscale Coherent Vortices (SCV) near the

Columbia Seamount. Both structures present the same dynamical regime. That is, they

present low potential vorticity in their cores – scaled by f/(f 2N2) to avoid hemispheri-
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cal dependence – , which means a stable regime but prone to submesoscale instabilities.

We observe that low potential vorticity in the core of the SCVs is driven by the weakly-

stratified and vertical vortical layers. Despite the same dynamical regime, they present

small deviations from the temperature and salinity of the surrounding waters. It is indica-

tive that they could be formed out of the region of observation. Moreover, we show that

the amount of energy dissipation inside the SCV captured by our microstructure profiler

is comparable to the dissipation rates observed in the mixed layer.

In order to verify if the VTR is prone to generate SCVs, we employ a regional

numerical model with high horizontal resolution. Through the interactions of the mean-

ders of the SEC with the shallow seamounts and islands of the ridge, we observe the flow

separation downstream the isolated topographic features by the formation of vertical vor-

ticity filaments of Ro O(1). Eventually, the vortical filaments roll up and evolve to the

SCV formation. The polarity of such SCVs is determined by the side of the inshore edge

of the SEC that interacts with topography. Thus, both cyclonic and anticyclonic SCVs

are formed in the VTR. We diagnose that, regardless of the topographic feature or depth,

SCVs are often generated in the ridge. For that reason, we conclude that the region can

be considered a hotspot of SCV formation. Once they are detached from the topography,

they are advected by the SEC toward the South American continent.

Finally, we highlight the importance of the western South Atlantic Ocean regard-

ing the development of small-scale processes and energy dissipation. The region is key to

the comprehension of the ocean energy budget.
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