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Abstract

This dissertation addresses the mesoscale dynamics of the western boundary cur-
rent system off Brazilian coast easternmost portion (10°-20° S). This is the area where
the South Equatorial Current (SEC) of the Atlantic Ocean bifurcates, in the scope of the
large scale wind driven subtropical gyre. This bifurcation, summed to the Equatorial
circulation, has a complex tri-dimensional structure that leads to the formation of sev-
eral different western boundary currents (WBCs) flowing in different directions and
in different depths off the entire Brazilian coast. This system have been recognized to
have major scientific importance in the last few years, because it is embedded in the
South Atlantic Meridional Overturning Circulation (SAMOC) large scale pathways.
Inter-hemisphere volume and heat net transports in different depths are partly con-
trolled by the time-averaged effect of mesoscale features occurring in the region cited
above, being these generated locally or remotely. This dissertation intends to address
the upper ocean regional dynamics of this area in two self-contained chapters. Each of
these chapters can stand alone, independently describing the problem, the methods,
the results, and their implications. The contents of each chapter are summarized in the
next paragraphs.

The Brazil Current (BC) originates with the arrival and bifurcation of the southern-
most branch of the South Equatorial Current (sSEC) at the surface between 10-20°. The
BC is a surface-cored feature and it transports warm and salty waters poleward. Previ-
ous climatological studies showed a stratified sSEC bifurcation and that the resulting
southern branch formed a shallow BC - a weak western boundary current. The site
of origin of the BC is currently one of the less explored aspects of regional circulation
and mesoscale activity in the South Atlantic Subtropical gyre westernmost portion.

Chapter (1) of this work aims to fill this gap in the 10°-20°S zone off the Brazilian coast.
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The analysis of three recent synoptic surveys and global model outputs challenge the
description of a continuous BC. According to our analysis, The sSEC bifurcation sig-
nal near the continental margin is unclear, and the velocity fields are dominated by
mesoscale eddies. Recurrent anticyclones that seem to be related to the meandering
BC leads us to construct a picture of a flow strongly influenced by topography and
probably very unstable. Given this new emerging scenario, we hypothesize that the
Brazil Current is eddy-dominated to the north of 20°S.

Chapter 2| of this dissertation assumes the hypothesis formulated in Chapter [I| to
be true, and studies the roles of vertical shear and topography on the eddy forma-
tion near the site of origin of the BC. We present numerical simulations that show that
the main realistic mesoscale features in the eddy-rich vicinities of the BC site of origin
can be successfully modeled through the dynamical interaction between parameter-
ized versions of two opposing mean western boundary currents (BC and North Brazil
Undercurrent - NBUC) and local topography, with no influence of remote dynamics or
atmospheric forcing. Three large BC-related anticyclones described in Chapter [1| are
reproduced and present a steady behavior during one year run. Two additional sensi-
tivity experiments are performed. When NBUC is removed from the physical context,
BC interaction with topography is not sufficient to generate such eddies, and the over-
all pattern shows considerably less resemblance with real data. When an idealized
flat-bottom and no-banks topography is considered, BC-NBUC interaction is also not
capable of developing realistic mesoscale structures. Our analyses suggest that lee-
ward anticyclonic eddy generation mechanism is occurring at NBUC vertical levels
(around 400 m) at the lee of bathymetric promontories and that this is driving the ap-

pearance of these eddies in the surface levels (BC domain) with a 10 days time lag.

This dissertation structure is based on two existing scientific papers, both having
the current PhD candidate as the first author, and co-authorship of his advisor, co-
advisor and colleagues. Chapter[|refers to the results of an article published at the Geo-
physical Research Letters scientific journal [Soutelino et al., 2011] and the Chapter 2| refers
to an article currently submitted to Continental Shelf Research [Soutelino et al., subml].

The contents of both Chapter [I|and Chapter 2| are expanded in respect to the publica-



tion versions. More details regarding the applied methods and additional graphics and

computations are shown. Finally, Chapter 3| ends the dissertation with final remarks.
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Resumo

O objetivo desta tese é estudar a dindmica de mesoescala do sistema de correntes
de contorno oeste ao largo da costa leste brasileira entre 10°-20° S. Esta é a drea em
que a Corrente Sul Equatorial (CSE) se bifurca, no escopo da circulagdo de larga es-
cala forcada pelo vento associado ao giro subtropical do Atlantico Sul. Este sistema de
bifurcagdo, somado a circulagdo equatorial, tem uma estrutura tri-dimensional com-
plexa que implica na formacdo de diversas correntes de contorno oeste (CCOs) que
fluem ao largo da costa brasileira. Este sistema de CCOs tem sido reconhecido na liter-
atura como de extrema importancia nos taltimos anos, por estar embebido nos padrdes
de larga escala da Célula de Revolvimento Meridional no Atlantico Sul. Transportes
de calor e volume entre hemisférios em diferentes profundidades sdo parcialmente
controlados pela média de longo termo da atividade de mesoescala na regido suprac-
itada, seja esta gerada localmente ou forcada remotamente. Esta tese objetiva estudar
a dindmica do oceano superior nesta regido em dois capitulos idependentes. Cada um
destes capitulos sdo auto-suficientes em seu contetido, descrevendo suas hipoéteses,
metodologia, resultados, discussdes e implicagdes. O contetido de cada um destes
capitulos é sumarizado nos pardgrafos seguintes.

A Corrente do Brasil (CB) se origina com a chegada e bifurcacdo da CSE em su-
perficie, entre 10-20°. A CB é uma CCO centrada em superficie e transporta dguas
quentes e salinas em dire¢do ao pdlo sul. Estudos climatolégicos prévios descrevem
a bifurcacdo da CSE como um fendémeno estratificado vertical e horizontalmente, e
que o ramo sul da CSE dé origem a CB - uma corrente de contorno oeste fraca e rasa.
A origem da CB é atualmente um dos aspectos menos explorados da circulac¢do re-
gional e sua atividade de mesoescala na parte oeste do giro subtropical do Atlantico

Sul. O Capitulo [I| deste trabalho objetiva preencher esta lacuna de conhecimento des-
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critivo na porgdo entre 10°-20°S ao largo da costa brasileira. A andlise de trés cruzeiros
quase-sindticos recentes em conjunto com padrdes inferidos por altimetria e mode-
los de circulagdo global, confronta a descri¢do da CB como uma corrente de contorno
oeste continua. De acordo com nossas anélises, o sinal da bifurcagdo da CSE préximo
a costa ndo é claro, e os campos de velocidade sdo dominados por estruturas vorticais
de mesoescala. Anticiclones recorrentes que aparentam estar associados ao meandra-
mento da CB, nos conduzem a estabelecer um cendrio de escoamento fortemente influ-
enciado pela topografia e possivelmente instdvel. Diante desde cendrio, sugerimos que
a CB se caracteriza por um escoamento dominado por vértices ao norte do paralelo de
20°S.

O Capitulo 2| parte do pressuposto enunciado no Capitulo (I e objetiva estudar os
papéis do cisalhamento vertical e da topografia na formagdo dos vértices observados
na regido de origem da CB. Apresentamos simula¢des numéricas de estudo de pro-
cesso que mostram que as principais fei¢des realisticas de mesoescala nas imediagdes
da origem da CB podem ser reproduzidas com sucesso a partir da interacdo dinamica
entre versdes parametrizadas do escoamento médio de dois jatos de contorno oeste
fluindo em sentido oposto (CB e Sub-corrente Norte do Brasil - SNB) e a topografia
local, sem influéncia de dindmca remota ou forcantes atmosféricas. Trés extensos anti-
ciclones reportados no Capfitulo|(l|sdo reproduzidos e apresentam um comportamento
estaciondrio durante um ano de simula¢do. Dois experimentos de sensitividade adi-
cionais sdo conduzidos. Quando a SNB é suprimida do contexto fisico, a interacdo
entre CB e topografia ndo é suficiente para reproduzir tais fei¢des anticiclonicas, e em
geral, o padrdo obtido exibe pouca semelhanga aos dados observacionais. Quando
uma topografia idealizada, livre de bancos e montes submarinos é adotada, a interagdo
BC-NBUC é também insuficiente para produzir as estruturas realisticas de mesoescala.
Nossa anélise sugere que vortices anticlonicos de borda de promontério ocorrem nos
niveis verticais da SNB (cerca de 400 m) e que estes estdo forcando o aparecimento de

anticiclones em superficie (CB) cerca de 10 dias depois.

Esta tese tem estrutura baseada em dois artigos cientificos pré-existentes, ambos de

autoria do presente aluno, com co-autoria de seu orientador, co-orientador e colegas.
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O Capitulo 1] destina-se aos resultados de um artigo publicado no periédico cientifico
denominado Geophysical Research Letters [Soutelino et al.,2011] e o Capitulo 2| refere-se a
um artigo atualmente submetido ao periédico cientifico denominado Continental Shelf
Research [Soutelino et al., subm]. O contetido de ambos os capitulos estao expandidos
em relacdo as versdes originais para permitir maior nivel de detalhamento das diversas
partes que compdem o trabalho. Mais detalhes relativos as técnicas metodolégicas sao
apresentados, bem como um maior nimero de graficos, buscando maximizar a clareza
do documento. O Capitulo 3| compila e sumariza os resultados oriundos de ambos
os artigos cientificos, e consequentemente desta tese, finalizando com sugestdes para

trabalhos futuros.
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Chapter 1

Is the Brazil Current eddy-dominated to
the north of 20°S?

1.1 Abstract

The Brazil Current (BC) originates with the arrival and bifurcation of the southern-
most branch of the South Equatorial Current (sSEC) between 10-20°S. Previous clima-
tological studies showed a stratified sSEC bifurcation and that the resulting southern
branch formed a shallow BC - a weak western boundary current. The analysis of three
recent synoptic surveys and global model outputs challenge the description of a con-
tinuous BC. The sSEC bifurcation signal near the continental margin was unclear in the
analyses, and the velocity fields were dominated by mesoscale eddies. Recurrent anti-
cyclones that seemed to be related to the meandering BC led us to construct a picture
of a flow strongly influenced by topography and probably very unstable. Given this
new emerging scenario, we hypothesize that the Brazil Current is eddy-dominated to

the north of 20°S.
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1.2 Introduction

The Brazil Current (BC) is the western boundary current that closes the South At-
lantic Subtropical Gyre and originates at the surface bifurcation of the southernmost
branch of the South Equatorial Current (sSEC) [Reid), (1989; Stramma, 1991; Stramma &
England, 1999} Rodrigues et al., 2007]. As presented in the literature to date, the de-
scription of the site of origin of the BC consists mostly of large-scale patterns based
on baroclinic geostrophic estimates computed from temperature-salinity climatology.
These large-scale circulation patterns (Figure indicate that the annual climatolog-
ical mean latitudinal position for the near-surface flow is between 14.5°S and 16°S
[Stramma & England, 1999; Rodrigues et al., 2007]].

Near its site of origin, the climatological BC is described as a weak, shallow cur-
rent transporting largely Tropical Water (TW) southward. \Peterson & Stramma [1991]
proposed an explanation for the BC low-volume transport (of about 4 Sv; 1 Sv= 10°
m?® s~!), namely, that the bulk of the impinging southern SEC branch enters the North
Brazil Undercurrent (NBUC).

For the surface latitudinal position of the sSEC bifurcation, |[Rodrigues et al. [2007]]
presented an annual cycle in which the bifurcation axis migrates from 10°S in Novem-
ber to 14°S in July. In all monthly scenarios, the surface bifurcation for the upper 200
m is very well defined and shows a BC flowing southward as a continuous stream.
Dynamically, according to those authors, the seasonal variability of the sSEC bifurca-
tion is related primarily to variations in wind forcing via combined effects of Ekman
pumping and remotely forced planetary waves.

While the climatological and seasonal patterns at the BC site of origin have been
investigated, the same cannot be said about the synoptic, intra-seasonal time scales.
There is virtually no information on the BC organization and mesoscale activity within
the 14°5-20°S latitude range. Two exceptions are the works by Miranda & Castro| [1981]]
and |Stramma et al|[1990] (Figure[1.2). The former used a quasi-synoptic hydrographic
section at 19°S to describe the BC, employing the classical geostrophic method (rela-
tive to an average reference depth of 500 m). Maximum velocities of 0.72 m s~! were
estimated at the surface.

Stramma et al.| [1990] also computed quasi-synoptic geostrophic velocity distribu-
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W aW  SW 20w N "
Figure 1.1: Annually averaged geopotential anomaly (x 107! m? s™2) and geostrophic flow
relative to 1000 dbar at 0, 100, 200, 400, 600 and 800 m in South Atlantic according to|Rodrigues|

[2007]. The black circles roughly indicates the position of the SEC bifurcation.
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Figure 1.2: Schematic representation of time-averaged geostrophic flow based on relative

velocities derived from historical hydrographic data, according to Stramma et al.|[1990].

tions, in this case from several historical hydrographic transects off the eastern Brazil-
ian coast between 7°S and 20°S. A section sampled in austral summer (February-March)
revealed a southward-flowing BC. The authors also state that the BC does not seem to
strengthen appreciably from its site of origin to 20°S. They also constructed a horizon-
tal pattern for the BC site of origin, with the only feeding source being the bifurcated
sSEC. A large cyclonic feature extending from 14°S to nearly 20°S and centered at 34°W
was presented in their schema, and apparently is not connected to the BC.

The weakness of the BC flow and the convoluted shape of the continental margin
with the presence of the Royal-Charlotte and Abrolhos Banks (hereafter called RCB
and AbB) as well as the Vitéria-Trindade Ridge (VIR) may lead to strong interaction
between flow and topography. Also, the impinging of the sSEC branch in the vicinity
of the Ilhéus Bight (IB) may produce a synoptic scenario that greatly differs from the
climatological one.

The main objective of the present study is to build a regional synoptic picture of
the origin, formation and organization of the BC as a boundary current, as well as of
the mesoscale activity between 10-20°S. Recent synoptic datasets are first analyzed and
simulations from an eddy-resolving ocean general circulation model (OGCM) are then

presented to support the data analysis.
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1.3 Satellite altimeter-derived patterns

Considering that the majority of the research done in the subject was based on cli-
matological historical termohaline data, one would be tempted to investigate high res-
olution satellite altimeter-derived geostrophic velocities before looking at in situ syn-
optic datasets. Tracers climatologies like World Ocean Atlas (WOA, |Boyer et al.|[2005])
lacks spatial and temporal coverage and fail to resolve dominant flows in some areas.
Recent satellite-derived sea surface height measurements allow for a more accurate
estimate of the basin scale depth-averaged mean circulation. To our knowledge, no
investigation based in satellite data was done in this degree of detail for the area of
interest. These kind of data are highly valuable, free of cost, and despite it reflects only
surface or depth-averaged quantities, it could still give interesting insights about the
general behavior of the flow.

The chosen satellite altimeter product for this analysis is the AVISO - Archiving, Val-
idation and Interpretation of Satellite Oceanographic data (nttp://atoll-motu.aviso.
oceanobs.com/), compiled by the Collecte Localisation Satellites Space Oceanogra-
phy Division (CLS/SDO). The dataset used ranges from January 1993 to July 2009.
The estimation of the ocean mean dynamic topography is a combination of altimetric
data, in situ measurements and GRACE geoid [Rio et al., 2005]. This dataset is result
of multi-satellite altimetry with 7-day temporal resolution and 1/3° longitude Merca-
tor resolution grid. It is a blended interpolation between different altimetry sensors,
made available in an equally-spaced grid map. It consists of absolute sea surface height
(SSH). The spatial and temporal resolution are worse than the single altimeter data, but
are adequate to map mesoscale structures, as already done by previous research.

Figure [1.3|compares, for instance, the annual long-term mean absolute geostrophic
velocities determined from AVISO with the WOA-derived relative geostrophic ones.
Both velocity fields were estimated using standard geostrophic relations, being the
later relative to 1000 dbar, following [Rodrigues et al. [2007]. The general flow is fairly
similar between the two analysis, although some small but significant differences ob-
served at the site of origin of the BC require attention. In the WOA-derived field (Fig-
ure ), parts of the westward SEC bend southward near Salvador, which form a

continuous climatological western boundary current (14-21°S). In the AVISO-derived


http://atoll-motu.aviso.oceanobs.com/
http://atoll-motu.aviso.oceanobs.com/
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flow field this southward flow is non-existent (see inner box of Figure and Figure
[1.4). This could be due to the better temporal and spatial coverage of AVISO, which
resolves existing eddy activity in the region resulting in a weak mean flow without a
preferred direction.

In Figure we show more AVISO-based evidences of weak and non-organized
flow in the region of interest. A zoom from the mean velocity field shows absence
of magnitudes higher than 10 cm s™' next to the continental margin between 12-21°S.
Considering the time average of vectorial fields, this could be explained either by per-
sistent weak velocities or any range of velocity magnitude that are inverting its direc-
tion in respect to time.

In order to explore this in more detail, the right panel of Figure [1.4/shows the time
series of the along slope velocity component in two different spots, between 2007 and
2009 as an example. One spot is located within the 12-21°S (18°S, off Abrolhos Bank)
range and the other is located further south, where the average flow is stronger and
the BC is widely reported to have typical WBC characteristics (22°S, off Cabo Frio,
Silveira et al. [2000b]). Note that off Abrolhos Bank, the along slope flow is indeed
changing between northward and southward orientation quite a lot during the two
year coverage. The flow is southward in 63% of the time, which may be a small enough
percentage to consider that it has no preferred direction in this area. Off Cabo Frio, the
scenario is different. As we can note, most of the time the flow is towards southwest
(89 %) in this case, with a substantially higher mean magnitude (10 cm s™') compared
to Abrolhos Bank region. This pattern could be related to a meandering BC, which
has a mean along slope flow and recurrent perturbations associated with mesoscale

eddies.
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Figure 1.3: Upper panel: Annual T-S-derived streamfuction map of the South Atlantic Sub-
tropical Gyre region at 50 m relative to 1000 m calculated from the Boyer et al.|[2005] climatology.
This map was obtained using an objective analysis scheme with a Gaussian correlation func-
tion and a decorrelation length of 470 km. The gray mask represents depths shallower than

1000 m. Lower panel: Annual long-term mean AVISO-derived geostrophic velocities.
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AVISO Geostrophic Velocities
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1.4 In Situ data-derived patterns

1.4.1 Datasets description

Three synoptic oceanographic cruises were available as valuable in situ observa-
tional datasets to be used in this research, and they are summarized in Table De-

tailed description of each survey will follow up in this section.

Table 1.1: Summary of the In Situ oceanographic cruises used in this work.

Name Date Institution Data type
Oceano Leste I Nov /2001 Brazilian Navy CTD
Oceano Leste II Mar /2005 Brazilian Navy ADCP

PRO-ABROLHOS Sep /2007 University of Sdo Paulo ADCEP, surface drifter

The Oceano Leste I (OEI) cruise was conducted by the Brazilian Navy between 01
November and 15 December 2001. The data set consisted of top-to-bottom Seabird SBE
9Plus CTD measurements, within the domain represented in Figure[I.5a. Geostrophic
velocities were calculated relative to the average depth of the oy = 26.8 kg m ™ surface
(= 1200 m), as suggested by Silveira et al.|[1994]. Horizontal distributions of geostrophic
velocities were obtained via objective analysis mapping, as detailed in Section[I.4.2]

The Oceano Leste II (OEIl) cruise was conducted by the R/V Antares (Brazilian
Navy) between 01 February and 12 March 2005. The data set made available to us con-
sisted of 75 kHz RD Instruments shipboard ADCP transects within the same sample
area of OEI CTD cruise (Figure [I.5b). The ADCP was linked to a differential global
positioning system and a scientific gyroscopic compass as heading source. The raw
velocity data was collected using a vertical bin height of 8 m, with the first reliable bin
representing a velocity mean from 16 to 24 m in depth. The depth penetration was
about 300 m, varying according to the sea state. The data were processed and cali-
brated using the Common Ocean Data Access System (CODAS) [Firing et al., |1995].
We applied standard calibration procedures from CODAS package to determine the

orientation of the transducer relative to the gyroscopic compass, as in [Joyce [1989] and
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Pollard & Read|[1989]. Horizontal distributions of horizontally non-divergent velocities

were obtained via objective analysis mapping, using as input the CODAS-analyzed
field, as described in the Section(1.4.2)

The third synoptic data set analyzed is the PRO-ABROLHOS shipboard ADCP
cruise conducted by the R/V Prof. W. Besnard in the 20-30 September 2007 period.
The 150 kHz RD Instruments ADCP was set up similarly to the R/V Antares instru-
ment. The cruise domain is confined to the region between 17°S and 22°S (Figure [1.5).
Data processing and objective mapping procedures were analogous to those described

for the OEII cruise.

Oceano Leste |

Oceano Leste Il PRO-ABROLHOS

41°wW 39°W ‘ 37°wW 35°wW 41°wW 39°W 37°wW 35°wW 41°W 39°wW ‘ 37°w 35°wW
Figure 1.5: Sample area of the three in sifu oceanographic cruises analyzed in this work. Left:

OEI CTD stations. Center: OEIl VM-ADCP tracks. Right: PRO-ABROLHOS VM-ADCP tracks.

1.4.2 Velocity Estimation Techniques

The dynamical assumption that is made in order to estimate the velocity fields is
the geostrophic approximation, given the spatial and temporal scales of the mesoscale
phenomena that we aim to study. The CTD data of the OEI cruise allows for an esti-
mation of relative geostrophic velocities, while the ADCP direct measurements of OEII
and PROABROLHOS allows for a more accurate estimation of absolute non-divergent

near-geostrophic velocities. Both approaches will be detailed in the next paragraphs.
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Because of the non-divergent nature of the geostrophic flow, one can represent the

velocity field as a streamfunction (¢), as in

9 , _ oY

According to|Pond & Pickard|[1983], ¢ in an isobaric level p can be obtained through

the simple relations

AD
Vipo/p) = T (1.2)

D
AD = / Sudp, (1.3)
yq

0

where A® is the geopotential anomaly, which is totally dependent on termohaline
data and reference level (p,) of supposedly known velocities. Usually, in the absence
of direct velocity measurements that could be used as reference, it is standard to use
a fixed level of no motion as an approximation. That is the case of the OEI dataset.
Therefore, using the Egs. one can have an estimation of geostrophic ¢ in each
CTD station. The level of no motion used here is based on |Silveira et al.| [1994] work,
whom adopted the average depth of the oy = 26.8 kg m~? surface (=~ 1200 m), because
it represents the interface of two major water masses in the region (SACW and AAIW),
where there is a flow reversal between two western boundary currents (NBUC and
DWBC).

Once we have computed ) for each hydrographic station, since they are sparse
and irregularly distributed, we need to map these values into a regular grid before
computing its spatial gradients that will finally lead to geostrophic v and v. In this
interpolation process, we must be thoughtful of the temporal and spatial aliases im-
posed by the non-instantaneous characteristic of the dataset. The technique to perform
this mapping was the Objective Analysis (OA). According to Bretherton et al.|[1976], the
OA of oceanic data is based in the Gauss-Markov theory, and can be thought as a least
squares adjustment of the samples, where the weight function depends on the data

auto-correlation behavior.
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For oceanic fields, which have a fairly continuous and isotropic spatially changing

behavior, it is usual to use the Gaussian 2-D correlation function

Clr)=(1—e)e "k, (1.4)

where r = /22 + y?, v and y represents the distance among stations and . is the
horizontal length scale of the features of interest. The choice of /. determines the degree
of spatial filtering desired to the interpolation method. In the present case, [, ~ 100
km was adopted, based on the gaussian fit to the auto-correlation curve of the data,
in respect to spatial lags. Using this value of [., small ¢/ gradients associated with
scales that are smaller than the geostrophic ones, which are not adequately resolved
by the time and spatial resolution of the data acquisition, are minimized, avoiding
contamination of the final field.

In the case of OEI and PROABROLHOS cruises, direct velocity measurements are
available, and hence the approach is different. ADCP measurements are instanta-
neous samples of the fluid velocity in a given moment. The velocity measured by
ADCPs retains all possible scales of motion, introducing a lot of noise to the back-
ground geostrophic flow. Therefore, what requires attention here is to avoid and/or
filter ageostrophic signal of the observed velocities. According to |Sutton & Chereskin
[2002] and |Pickard & Lindstrom| [1993], there are three main sources of ageostrophic

motion in oceanic regions:

v Ekman drift caused by the wind stress;
v’ near-inertial currents;

V' tidal currents.

The first step to avoid ageostrophic signal would be the choice of a level deep
enough to be out of the Ekman layer. The level chosen here is 50 m, which is a trade-off
between having a perfect Ekman-free field and being shallow enough to stay within the
BC core depth. According to the authors, near-inertial and tidal currents are naturally
tiltered during the OA process, because of its short time and spatial scales compared

to the ones of the geostrophic flow.
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It is worth mention that the OA scheme used for the ADCP velocities is different
from the one applied to the OEI CTD data. In this case, the vectorial OA (VOA) is
applied, which gets u and v from the ADCP as input and outputs observed ¢, as in
Silveira et al.|[2000a]]. The principle of this technique is that a given velocity field can be

described as

7= (u,v) =k x v — vx, (15)

which is the sum of the velocity potential x and the streamfunction #. In this case,
X is the irrotational but divergent part of the flow and 1 is the non-divergent but rota-
tional part. The computations within the VOA scheme simply remove the y part of the
velocity field. In this process, every non-divergent movement signal that is within the
sampled data is automatically removed, minimizing the ageostrophic components.

Having described the careful steps to retain the adequate velocity scales from the
different nature datasets, the next section is dedicated to describe the observed mesos-

cale patterns.

1.4.3 Mesoscale Patterns Description

The geostrophic velocity pattern depicted from OEI is rather complex and full of
eddy structures (Figure ). The sSEC bifurcation signature is not distinctive on the
map. By examining the vicinity of the western boundary, we can only identify south-
ward flow between 17°S and 20°S. Surface (relative) velocities reach 0.5 m s™! in the
southern part of the survey domain. This southward flow is related to two anticy-
clonic features centered at approximately 17.5°S and 19°S. The inspection of the whole
cruise domain points to two regions of nearly westward flow entering the study area.
The more southerly one is related to the upper sector of the 17.5°S anticyclone. The one
to the north is also associated with another anticyclone, in this case centered at 15.5°S.
Both features are near the eastern limit of the sampled area, where interpolation errors
are higher. But it seems that most of the incoming flow associated with the 17.5°S an-
ticyclone merges with the 19°S one and flows poleward along the continental margin.

This eventually may represent the origin of the BC. On the other hand, the northern
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15.5°S feature seems to be associated with a more closed circulation and contributes
very little to the northward flow along the boundary. North of 17°S, the western border
of the domain is dominated by two cyclonic features, and hence there is a net equator-
ward flow in this area. It seems rather difficult to associate this northward flow, which

is not continuous along the boundary, with the near-surface signature of the NBUC.
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Figure 1.6: (a) T-S-derived geostrophic velocity calculated from OEI CTD data at 50 m. (b)
Observed non-divergent velocities at 50 m calculated from OEIl ADCP data. (c) Observed
non-divergent velocities at 50 m calculated from PRO-ABROLHOS ADCP data. The black
lines represent the PRO-ABROLHOS surface drifters trajectories. Vectors within the continental

shelf are masked out.

As for the OFEI geostrophic flow maps, we present the horizontal patterns for 50 m
for the OEIL. As mentioned in Section we acknowledge that some Ekman drift
signal, as well some other higher wavenumber phenomena, might remain in the data;
however, the objective analysis interpolation procedure eliminated most of them be-
cause of (i) the horizontal non-divergence constraint of the scheme and (ii) the spa-
tial filtering due to the decorrelation length adopted. The observed velocity field is
as eddy-rich as the geostrophic velocities from November-December 2001. Velocities
are also comparable in terms of magnitude between Figures and [1.6b. In this
ADCP-derived horizontal velocity pattern, we observe what could be a subtle bifurca-

tion signature at about 15°S. To the south (north) of this latitude, the flow is dominantly
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southward (northward). However, in both halves of the domain, the flow is associated
with vortical structures. Three anticyclones are centered at 15°S, 17°S and 19°S, respec-
tively. One could interpret the BC as the flow composed by the coastal border of these
three features. However, the flow might or might not be continuous. The map also al-
lows us to infer that, if there is such bifurcation, then the eddies, being the most robust
structures of the field, mask its signal.

The mapped non-divergent velocity field from PRO-ABROLHOS cruise (Figure
[1.6c) presents a southward flow bordering the continental margin throughout the cruise
domain. This flow could be associated with the BC. Centered at 19°S, the interpolated
field indicates the presence of a robust anticyclonic feature that is similar to those de-
picted in the OEI (Figure[I.6p) and OEII (Figure[I.6b) synoptic scenarios. In the portion
of the domain north of 15°S, part of the boundary flow that contours the northern edge
of the AbB moves offshore and northeastward. This might be interpreted as the south-
ern limb of the anticyclone centered at 17°S depicted in the previous cruise analyses.

In addition to the ADCP data, two satellite-tracked surface drifters were dropped
during the PRO-ABROLHOS survey. Their trajectories are presented overlain with the
mapped velocities (Figure [1.6f). The drifter released at 36.75°W confirms the anticy-
clonic motion in the region adjacent to the AbB. However, it escapes through a gap in

the VTR.

1.5 OGCM-derived patterns

In the absence of data with more temporal coverage that could enrich our findings,
results from an eddy-resolving OGCM implementation are presented next (Figure
in support of the observations. The OGCM is the Ocean Circulation and Climate Ad-
vanced Model (OCCAM, Webb et al.|[1998]), implemented in a domain encompassing
the southern oceans, with a 1/12° horizontal resolution and 66 vertical levels. This
OGCM reproduced the mean features of the general open ocean circulation off Brazil
reasonably well [Cirano et al., 2006]. The last year (2003) of the 14-year model run was
chosen for comparing with observations. For example, compare the observed velocity

tields for February 2005 (September 2007) in Figure (1.6c) to those simulated by
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OCCAM for February (September) 2003 in Figure (L.70).

The model simulations show neither a bifurcation signature, nor the formation of
a continuous southward western boundary current, similar to observations. Eddy fea-
tures are seen approximately in the same area as observed in the data sets, with recur-
rence of near-shelf anticyclones offshore of RCB and of AbB (Figure and[L.7p) and
also offshore Ilhéus (Figure [1.7b). Note that quantitative comparisons of the eddies

regarding their strengths and sizes are not done in this study.
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Figure 1.7: OCCAM 2003 mean velocity fields at 50 m. (a) Annual mean. (b) February mean.
(c) September mean. Vectors within the continental shelf are masked out. For the sake of com-
parison, OCCAM velocities were interpolated to the same grid adopted to map the observed

data sets.

To understand how permanent or recurrent these anticyclones are in OCCAM re-
sults, a 2003 average flow was computed (Figure [1.7a). Remarkably, the same three
anticyclones can be identified from this field. We observed this three-eddy structure
for most of the monthly and annual means (not shown here) of the 14-year OCCAM
simulation. Note that similar eddy-dominant pattern was also observed in Southwest
Indian Ocean, where the western boundary flow (Mozambique Current) is frequently
broken into anticyclonic eddies in the Mozambique Channel [Schouten et al.,|2003]. |Bi-
astoch & Krauss [1999] argue that barotropic instability associated with the SEC (Indian

Ocean) north of Madagascar may be responsible for its formation. In the Southwest
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Atlantic, topographic features are most likely responsible for steering this eddy for-
mation offshore the continental shelf, and also restricting what could be a continuous
southward flow. Further analyses must be carried out to investigate the formation

process of the BC.

1.6 Summary and Discussion

The origin of the BC is generally associated with the bifurcation of the sSEC. Clima-
tologically, the average bifurcation axis is centered at around 15°S [Stramma & England,
1999; Rodrigues et al., 2007]. The climatological scenario shows the northern branch
tfeeding the upper layers of the NBUC and the southern branch originating the BC. The
latter is depicted as a continuous flow that crosses the VIR and sometimes splits into
two or three branches due to the ridge’s zonally oriented seamounts [Evans et al., 1983;
Evans & Signorini, 1985].

The synoptic scenario revealed by satellite altimetry, three recent quasi-synoptic
surveys and OGCM outputs differs from the climatological signature of the sSEC bi-
furcation and the BC origin. Our analysis detects no consistent pattern of bifurcation.
Both observed and modeled fields are dominated by vortical features of about 100 km
in radius. We analyzed different seasons, and the rich eddy field is present in all ve-
locity distributions. South of 15°S, there is a tendency to form a southward flow that
borders the continental margin and is linked to the coastal side of the anticyclones
present in the area. It is not clear whether this is a continuous BC, as depicted from cli-
matology, or simply a flow resulting from averaging a succession of counterclockwise
eddy structures in the 15°5-20°S latitude range.

This intense eddy activity near the BC’s site of origin has not been reported before
in literature from observations. Miranda & Castro [1981]] and |Stramma et al.| [1990], the
only two previous works which dealt with synoptic data off the Brazilian east coast,
presented sections of geostrophic velocity with a southward flow adjacent to the conti-
nental margin and concluded it to be the BC. The 19°S section presented in Miranda &
Castro [1981] shows a counterflow offshore of the BC that could be compatible with a

section of the anticyclone depicted in the three surveys analyzed in the present work.
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Silva et al. [2009] numerically simulated the area and apparently reproduced the 19°S-
centered anticyclone in their experiments, although they did not discuss the feature.

The anticyclonic eddy structures south of 15°S can be related to the convoluted
form of the continental margin. The possible topographic influence on (or forcing of)
the BC meanders may be similar to that which forms non-propagating meanders of the
North Atlantic Current east of the Grand Banks [Rowley, 1996], where conservation of
potential vorticity plays a crucial role.

The synoptic horizontal circulation patterns described in the present work raise
a very important question regarding the formation region of the western boundary
current along the eastern coast of Brazil: Is the Brazil Current north of 20°S eddy-
dominated? To a first order, we suspect the answer to be yes. One might expect the
cause to be either the topographical constraints on the eddies (by the AbB, VIR and
RCB) or geophysical instabilities created by the BC-NBUC opposing flow system, or a

combination of both.



Chapter 2

The roles of vertical shear and
topography on the eddy formation near

the site of origin of the Brazil Current

2.1 Abstract

The site of origin of the Brazil Current (BC) is currently one of the less explored
aspects of regional circulation and mesoscale activity in the South Atlantic Subtropical
gyre westernmost portion. The few studies that are available, based either on in situ
data or on numerical modeling, seems to agree that the region is characterized by rela-
tively weak and strongly baroclinic flow, with substantial mesoscale activity, which is
quite different from other western boundary current systems (e.g. Gulf Stream, in the
North Atlantic). We present numerical simulations that show that the main realistic
mesoscale features in the eddy-rich vicinities of the BC site of origin can be success-
fully modeled through the dynamical interaction between parameterized versions of
two opposing mean western boundary currents (BC and North Brazil Undercurrent -
NBUC) and local topography, with no influence of remote dynamics or atmospheric
forcing. Three large BC-related anticyclones observed in previous work were repro-
duced and presented a steady behavior during the run. Two additional sensitivity
experiments were performed. When NBUC is removed from the physical context, BC

interaction with topography is not sufficient to generate such eddies, and the overall

19
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pattern is shows much less resemblance with real data. When an idealized flat-bottom
and no-banks topography is considered, BC-NBUC interaction is also not capable of
developing realistic mesoscale structures. Our analyses suggest that leeward anticy-
clonic eddy generation mechanism is occurring at NBUC vertical levels (around 400
m) at the lee of bathymetric promontories and that this is driving the appearance of

these eddies in the surface levels (BC domain) with a 10 days time lag.
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2.2 Introduction

The Brazil Current System is a vertically heterogeneous composite of layered set of
western boundary currents (WBC) along the western periphery of the South Atlantic
Subtropical Gyre. The surface layer, generally called the Brazil Current (BC), follows
the continental shelf along eastern and southern Brazil. Its path passes over the conti-
nental shelf and slopes of several major basins — the Espirito Santo, Campos and Santos
Basins — where the search for recoverable hydrocarbons is concentrated (Figure 2.1).

The vertical structure of the BC is unique among subtropical western boundary

currents, in that it gets modified as the current flows southward [Stramma & England,

1999; Silveira et al) 2004]. It is generally thought that between its site of origin (15°S)

and 20°S the BC is only about 200 m deep and transports only Tropical Water (TW).
South of 20°S, where the pycnocline-level South Atlantic Central Water (SACW) feeds
the BC, it reaches depths of 400-500 m. At latitudes further south of 28°S, where Antarc-
tic Intermediate Water (AAIW) is transported by the BC, the vertical extension of the
current is about 1200 m [Boebel et al,[1999;|Schmid et al.,[2000] (Figure 2.1).

Figure 2.1: 3-D depiction of the complexity of water masses coming from different sources
(which are also part of the meridional overturning circulation) to form the WBCs along the

coast of Brazil.
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The intricate pattern of bifurcations of the currents in the northern limb of the sub-
tropical South Atlantic gyre is sketched in Figure The thickening process that the
BC goes through as it flows poleward is apparent. Also evident is the fact that south
of 30°S, the BC and Deep Western Boundary Current (DWBC), which transports North
Atlantic Deep Water (NADW), merge, and a water column of more than 3000 m flows
towards the confluence region with the Malvinas Current [Zembal, 1991].

The annual climatological mean latitudinal position for the near-surface South Equa-
torial Current Bifurcation (BiSEC) is between 14.5°S and 16°S; recognized as the site of
origin of the BC [Stramma & England, [1999; Rodrigues et al,2007] (Figure [L.1). North of
the AAIW flow bifurcation (28°S), an Intermediate Western Boundary Current (IWBC)
opposing the BC direction is set up. The Vitéria-Trindade Ridge (VTR), a quasi-zonal
seamount chain at 21°S, marks the latitude of bifurcation of the westward SACW flow
[Stramma & England, [1999]. Therefore, north of this latitude, the SACW flows north,
adding transport to the IWBC, starting a flow which becomes the North Brazil Under-
current (NBUC) north of the SEC bifurcation. The NBUC extends from about 200 m to
1200 m [Silveira et al., 1994; |\Stramma et al., 1995;|Schott et al., 2005] (Figure .

The climatological description of the southward BC near its site of origin is a weak,
shallow flow transporting largely Tropical Water (TW) southward. Peterson & Stramma
[1991] proposed an explanation for the BC low-volume transport (of about 4 Sv; 1 Sv=
10° m?® s7'), namely, that the bulk of the impinging southern SEC branch enters the
NBUC and not the BC.

There are few studies about the BC organization and mesoscale activity within the
14°S- 20°S latitude range. Miranda & Castro [1981] used a quasi-synoptic hydrographic
section at 19°S to describe the BC, employing the classical geostrophic method (rela-
tive to an average reference depth of 500 m). Maximum velocities of 0.72 m s~! were
estimated at the surface.

Stramma et al. [1990] also computed quasi-synoptic geostrophic velocity distribu-
tions, in this case from several historical hydrographic transects off the eastern Brazil-
ian coast between 7°S and 20°S. A section sampled in austral summer (February-March)
revealed a southward-flowing BC. The authors also stated that the BC does not seem to

strengthen appreciably from its site of origin to 20°S. They also constructed a horizontal
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Figure 2.2: Moorings-based average sectional representation of the NBUC at 11°S, according

to Schott et al.| [2005].

pattern for the BC site of origin, with the only feeding source being the bifurcated SEC
(Figure[1.2). A large cyclonic feature extending from 14°S to nearly 20°S and centered
at 34°W was presented, and apparently is not connected to the BC.

Regarding mesoscale activity and eddy features present in this area, the first study,

based on modeling efforts, was carried by |Campos| [2006]. The authors simulated an

equatorward propagation of a cyclonic eddy feature known by the Vitéria Eddy (VE).
The VE was first described by Schmid et al|[1995] through multiple sources of obser-
vations at the lee of Abrolhos Bank (AB) (see Figure[2.3), and reported to slowly trans-

late northeastward. 2006] (Figure modeled VE translational behavior de-
scribed by |Schmid et al|[1995] and noted an additional mode, where the translation

continues towards the equator, crossing the Vitéria-Trindade Ridge (VIR). More re-

cently, Arruda et al.| [subm] confirmed this translation mode through a series of satellite-

derived sea surface height (SSH) maps and recent dated data-assimilative numerical
experiments. Both authors discussed that the NBUC and/or interaction with other

vortical feature may have a role on the advection of VE.
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Figure 2.3: Bathymetry at the BC formation region, showing the VIR, RCB, AB and other

seamounts. Source: ETOPO.

Observation-based patterns within this region were recently described by
2011] (Chapter [T), who analyzed three synoptic in situ data surveys (Figure[L.6).
They reported the near-surface flow to be weak and dominated by eddies between

10°-20°S. Emphasis were brought to three persistent large anticyclonic eddies, also re-

produced by the OCCAM eddy-resolving OGCM [Webb, 2000]. |Soutelino et al.|[2011]

speculated that the eddies are either recurrent or permanent, based on their presence
in annually averaged OGCM fields (Figure[1.7).

The anticyclonic eddy structures south of 15°S may be related to the complex bathy-
metry of the continental margin (Figure [2.3). The northernmost anticyclone is located
off IThéus (15.5°S), the other is located north of the Royal Charlotte Bank (RCB) in the
vicinity of the Ilhéus Bight, and is centered at 17°S in between the Royal Charlotte and
Abrolhos Banks. The southernmost anticyclone is located offshore the Abrolhos Bank

(AB) and limited to the south by the presence of the VIR [Soutelino et al., 2011]. The

authors raised the possibility that topographic influence on the BC meanders may be

similar to that which forms non-propagating meanders of the North Atlantic Current

east of the Grand Banks [Clarke et al., 1980], where conservation of potential vorticity

plays a crucial role.
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Figure 2.4: Model results illustrating the northward propagation of the Vitoria Eddy, accord-

ing to [2006].

As it is known, the BC flow is characterized by strong vertical shear with its imme-
diate adjacent western boundary current (NBUC) of Southeast Brazil (20°-25°S).
has shown that the interaction within the baroclinically unstable BC-IWBC
system further south (around 23°S) leads to the formation of mesoscale eddies. So, we
believe that the existence of this unique western boundary undercurrent (NBUC) north

of 20° is another possible player that favors the peculiar mesoscale activity reported by

Soutelino et al|[2011] in our study area (ChapterT).

According to Verron et al|[1991], the determination of generation, growth and de-

cay characteristics of eddies represents a challenging problem having practical appli-
cations. The ocean region where the eddies were found represents both a preservation
and conservation area due to the presence of endemic nelict coral reef species and also

a future site for oil exploitation. Eddy properties can affect the local water quality and

the local distribution of sediment, fauna, nutrients and chemicals [Verron et al., 1991].

This work focuses on the possible roles of topography and BC-NBUC shear on the

eddy activity in the near-surface flow in the BC formation region (10°-20°S), reported

by the recent literature [Campos, 2006; |Soutelino et al., 2011} |Arruda et al.,|subm]. Since
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there is lack of more complete and recent observational data to tackle this problem,
we address it through feature oriented regional modeling process studies (FORMS
- \Gangopadhyay & Robinson| [2002]). The FORMS approach consists of (i) identifying
the major circulation features of the region, (ii) parameterizing such features in terms
of their synoptic characteristics (u,v, t, s). (iii) implementing a dynamically balanced
three-dimensional representation of the regional ocean as a nowcast, and (iv) running
dynamical simulations using such 3-D initialization for nowcasting, forecasting and
process studies. Details of the FORMS implementation for Eastern Brazilian Continen-
tal Margin (EBRA) region are exposed in Section 2.3} The particular parameterizations
for the BC-NBUC-SEC regional setup are described in Section The numerical
model and design of sensitivity experiments are discussed in Section[2.3.2] The results
from the CONTROL experiment (BC-NBUC with real topography) are presented in
Section The two velocity shear experiments (S1: BC-NBUC on flat bottom; and
S2: only BC on real topography) are described in Sections [2.4.2|and [2.4.3| Section

discusses the dynamical mechanisms that could explain the eddy formation, based on
quasi-geostrophic theory and energy conversions in a baroclinic instability framework.

Section 2.6l concludes this work.
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2.3 Parametric and Numerical Modeling Setup

According to (Gangopadhyay & Robinson [2002], each oceanic region, however unique
in their individual behavior, consists of a number of generic or common characteristic
synoptic circulation structures. These synoptic entities or features, when put together in
a particular region, interact and evolve to generate the combined circulation variabil-
ity due to different regional set-up of multi-scale processes, bathymetry, boundaries
and forcing due to winds and buoyancy. A regional basin like ours may include a set
of multi-scale features such as large-scale meandering currents and fronts, mesoscale
eddies and vortices.

This approach, called feature-oriented regional modeling system (FORMS) [Gan-
qopadhyay & Robinson,,2002] consists of empirically /analytically creating initial and /or
boundary conditions for momentum/tracers for primitive equation model simula-
tions. The technique is widely used for atmospheric and ocean nowcasting and fore-
casting [Robinson et al.,|{1988,1989; |Spall & Robinson|, 1990; [Fox et al., 1992; Hurlburt et al.,
1992; |Cummings et al., 1997;|Gangopadhyay et al., 1997;|\Robinson & Glen,, 1999; \Gangopad-
hyay et al., 2003; Calado et al, 2008, 2010], but it is also applicable for feature-oriented
process studies, as we aim here. Parameterizations of velocity features in the ocean
have been widely used for theoretical studies of geophysical fluid dynamics and insta-
bilities [[Schmidt et al.,2007].

According to the methodology developed by Gangopadhyay & Robinson|[2002], when
the typical characteristics of the features from previous observations or studies are
known, we can parameterize them and use as input for different process studies nu-
merical experiments and study their dynamical processes. The empirical-analytical
design formulation of the three-dimensional velocity and water mass structures of a
feature is called the feature model (FM).

We use this technique in a control experiment to analytically create the time-averaged
smooth flow described mostly by Stramma & England| [1999] and |Silveira et al.| [2000b].
We build FMs for the three currents that compose the upper 1200 m of the region lim-
ited by 10-23°S and 41-32°W (SEC, BC, NBUC). These combined features in EBRA are
required to meet observation-based kinematic characteristics and mass conservation

criteria. This field is then interpolated to a numerical model grid with the best available
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bathymetry, and allowed to evolve for one year. This period is typically a minimum
time spawn to see the development of mesoscale variability.

Thus we include (omit) each one of FMs, as well as omit(include) important topo-
graphic features in complementary sensitivity experiments, characterizing the process-
study type of approach. Dynamical adjustment and evolution of the initial smooth
velocity fields in different configurations and different bathymetry can then bring in-
sights about the role of the different entities involved. The 3D field construction will be
detailed in Section as the case of the control experiment. Thorough descriptions
of the sensitivity experiments will be given in Section[2.3.2|

2.3.1 An Idealized System Formulation

Velocity FMs can be designed through two main approaches [Lozano et al., [1996]:
forward approach and backward approach. The forward approach consists of param-
eterizing the shape of T and S surfaces that composes the baroclinic pressure gradients
that are in geostrophic balance with the velocity structures of interest. In this case, the
associated velocity field may be computed by the primitive equation model or before-
hand. In the backward approach, the exact aimed velocity structure is parameterized
and the thermohaline fields are computed afterwards through a variety of methods
[Gangopadhyay & Robinson, 2002]]. In this work, both velocity, T and S are considered as
the initial field to the primitive equation ocean model. Generally, the choice of either
approach is based on the available source of observations. Availability of direct ve-
locity measurements favors the backward approach; and availability of thermohaline
observations favors the forward approach. The velocity-based backward approach is
also more suitable for current or front-dominated regions. In the present process-study
work, the backward approach is employed.

In stage 1 of the FM backward approach, two quasi-meridional jets (BC and NBUC)
are parameterized. In stage 2, geostrophically balanced potential temperature (7') and
salinity (S) fields are computed from the FM 3D velocity field. The imposition of a
NBUC flow that is intensified northward sets up a baroclinic pressure gradient. This
gradient serves as forcing for a third parameterized jet - the southernmost SEC branch.

Hence, stage 3 consists in computing geostrophic velocities for SEC and interpolat-
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ing them to the two-jet field obtained in stage 1. The forth and last stage consists in
computing the remaining prognostic variables required by the numerical model as ini-
tial conditions, which are the depth-averaged velocity field and the sea surface height
(SSH). The application of each one of these stages is detailed in the following para-
graphs. Starting with stage 1, BC and NBUC are both parametrized by Eq2.1] To
obtain the full three-dimensional system, we sum up Eq[2.1| fed with NBUC parame-
ters and Eq2.1|fed with BC parameters. The orientation of the system defined within
EBRA is a natural coordinate frame of reference, where x is the cross-stream axis, y
is the along stream axis and z is the vertical axis. The y axis is roughly parallel to
the isobath of 150 m, which represents the interface between the coastal and the deep
oceans.

The full three-dimensional main expression for both jets along-stream velocity V is

then

_ . (z — xC)Q
V(.%',’y,Z) - U(wa) exp 262 ) (21)

which is a cross-stream Gaussian-shaped structure with a variable amplitude defined
by a v(y, z), which varies in the along-stream and vertical directions. For the cross-
stream structure, a constant width proportional to ¢ is adopted for both jets, where
z. defines the position where the jet core occurs. This position z. is also considered
constant to keep the system at a fixed distance from the shelf break, roughly following
the local topography. Hereinafter, the subscript c refers to core, which is where the
maximum velocity of the jet occurs at a given y location. The subscript ¢ refers to the
top of the jet, in respect to the orientation of the z axis (upward), and b refers to the
bottom portion of the jet.

For the NBUC jet, v(y, z) carries its northward strengthening and shallowing veloc-

ity core, as mentioned in Section[2.2] Thus,
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)
exp [—%} ,atz. <2<0
UNBUC = vc(y) (2.2)

exp [—%} catz, < 2 <z
b

\

In Eq2.2} v. enables the northward strengthening and z, represents the northward shal-
lowing. For the sake of simplicity, both v. and z. increases northward as a linear func-
tion that aims to match the typical observed values of these parameters in the southern
and northern limits of the domain. The vertical shear of the jet is kept constant in the
along-stream axis, as an asymmetrical Gaussian-shaped structure. The upper part of
the jet is less thick then the lower part, both represented respectively by 4, and ;. Note
that when the appropriate choice of parameters is made, this formulation enables the
NBUC to reach surface at the north of EBRA, but keeps it in subsurface in the south of
the domain.

In the BC case, the formulation is simpler, since there is no vertical migration of the
jet core. The vertical and horizontal structure functions are the same for the NBUC. In
other words, we do not need the y-dependence for the parameter z.. Now we aim to
model a jet that is surface-intensified and northward weakened in such a fashion that
it completely vanishes at the approximate latitude of the BiSEC. By the time we sum
both BC and NBUC, this parameterization enables a smooth transition between two
different regimes: (i) the BC over the NBUC at the southern part of the domain and (ii)
a surfacing NBUC with no BC at the northern part.

So, BC three-dimensional structure is parametrized by an identical Eq2.1] with
a different v formulation. As said above, the vertical structure vgc now carries y-
dependence only for the jet core velocity, since the jet core depth z. is constant and

at the surface, as in

(z — 2¢)

2
vpe = v.(y).exp {— 552 } , at z < 0. (2.3)
be

Another difference regarding BC is that the surface-core jet results in only one half
of the Gaussian-shaped vertical structure function, allowing us to write Eq. as a

single expression defined in z < 0.
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The graphical representation of all the relevant FM parameters are presented in by
Figure Recall that the choice of the parameters is based literature information,
where realistic jet positions, width, thickness, maximum velocities and transports are
aimed. The previous works used as references for these characteristics are summarized
in Table Note that all available information is sparse in time and space and small
adjustments of the parameters are allowed in order to conserve mass in the EBRA
domain. The current transports were computed analytically by integrating Eq2.1|from

—o00 to 0o, which results in the simple expression

T = . 6(6, + 5y). (2.4)

The parameters were chosen to reproduce the values of volume transport, core
velocities, jet depth and jet width presented in the literature listed in Table The
adopted parameters are summarized in Table Figure illustrates the volume
transport balance employed in the model boundaries of the EBRA domain, and which
corresponds to the sum of eighth column of Table Figure is key to compre-
hensively illustrate the designed setup that will serve as initialization to the numerical
experiments yet to be described.

Stage 2 consists in computing 7" and S fields by inverting the thermal wind relation
and using a linearized version of the equation of state, as in |Schmudt et al.| [2007] and
Fernandes|[2007]. We use local climatological 7', S'and potential density (p) regional av-
eraged vertical profiles to keep water masses and stratification within a realistic range.

The first step to obtain 7" and S is to compute p, from the thermal wind equation

Ov_ _9% 2.5)

fo@z T pox

where f is the Coriolis parameter, v is interpreted as the along-shelf velocity and p is
the reference density (1027 kg m~2, from climatology). Integrating Eq. [2.5/in respect to

x, we get an expression to p, which is

_ AL P
p(x,z) = p(0,2) — %/ﬂ a—Zdw, (2.6)
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where p(0, 2) is a mean density profile (also obtained from climatology) at the initial
location of the transect and L is the length of the transect. Figure 2.7/ show the result-
ing oy fields computed from Figure 2.5 velocity fields. Figures 2.8 and 2.9/ show how

the resulting system sets horizontally, after computing all the transects in the EBRA

domain.

Table 2.1: Summary of the previous work used as reference to estimate the FM geometric,

kinematic and volume transport related parameters.

Feature Relevant studies

NBUC (10°-15°S) Silveira et al.| [1994]
Stramma et al.|[1995]
Stramma & Schott [1999|]
Boebel et al. [1999[]

Silveira et al.{[2000b]
Dengler et al {[2004]
Schott et al.|[2005]
Rodrigues et al.|[2007]

IWBC/NBUC (15°-25°S) Stramma & England [1999|]
Boebel et al. [1999[]

Silveira et al.{[2000b]
Silveira et al.|[2004]
Rodrigues et al.|[2007]
Schmidt et al.|[2007]]
BC (10°-28°S) Stramma et al. [1990]
Miranda & Castro|[1981]
Silveira et al.{[2000b]
Silveira et al.|[2004]
Campos|[2006]
Rodrigues et al.|[2007]
Soutelino et al.|[2011]
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Table 2.2: Adopted parameters for the Velocity-based BC-NBUC FM system. See Figure
for graphical representation. Linear functions are adopted to transfer parameters from south

to north, when appropriate.

Feature T ) Ze 0t/2 0 /2 Ve T

NBUC-S 160 km 100 km 500 m 100 m 360 m 20 em st 9 Sv

NBUC-N 160 km 100 km 200 m 100 m 360 m 50 ¢m st 23 Sv

BC-S 160 km 100 km 0m X 150 m 20 cm s™1 3Sv

BC-N 160 km 100 km 0Om X 0Om 0cm st 0 Sv

North
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Figure 2.5: Graphical representation of velocity-based stage 1 of the FM system configuration.
(a) cross-sectional velocity distribution in the southern edge of the domain with pertinent pa-
rameters representation. (b) same, for the northern edge of the domain. For simplicity, a linear

NBUC northward surfacing and growth is adopted, as well as a linear southward BC growth.
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Figure 2.6: Volume transport values imposed in the borders of the EBRA domain via the
application of the BC-NBUC-SEC feature models for the control experiment. Note that the
sensitivity experiments will be thoroughly detailed in Section[2.3.2}
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Figure 2.7: Cross-sectional geostrophically balanced oy distributions in the (a) southern and

(b) northern edges of the domain.
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Figure 2.8: Along-shelf velocities horizontal maps for surface (a) and 400 m (b). The gray

shade represents depths shallower than 100 m and the dashed line is the smoothed shallow-

deep ocean interface that serves as origin for the FM transects. Note the limit between surface

southward (BC) and northward (NBUC) flow at 15°S representing the BiSEC signature at the

western boundary. Note also the strengthening character of NBUC at 400 m.
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Figure 2.9: Horizontal oy maps for surface (a) and 400 m (b). The gray shade represents

depths shallower than 100 m and the dashed line is the smoothed shallow-deep ocean front

that serves as origin for the FM transects. Note also the meridional density gradient resulting

from the meridionally growing BC-NBUC system.
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Figure 2.10: Cross-sectional distributions of (a) oy and (b) velocities for the SEC feature model.

The T — S fields, which are actually required for the primitive equation model as

initial and boundary conditions, are computed through

p(x,z) = p[l + BSo(z) — aT (z, )],

2.7)

which is a bi-dimensional linearized equation of state used by |[Fernandes|[2007]. Mean

haline contraction coefficient is represented by 3 (8.0 x 107%), & is the mean thermal

expansion coefficient (2.2 x 107* °C~!) and S is a mean S profile computed from cli-

matology. Temperature is then computed by re-arranging Eq[2.7]as

T(z,z) =

«Q

And finally salinity is obtained following|Fernandes|[2007] by Eq2.9}

S(z,2) = So(2) — 10T (x, 2).

(2.8)

(2.9)

In stage 3, it is aimed to include SEC flow to complete the velocity FM system. The

density and 7' — S fields already contains the adequate baroclinic pressure gradient

(Figure[2.9). The model domain 7" — S fields are completed towards the ocean interior

by repeating the last values of the FM transects, as shown in Figure[2.9] Since we know
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that in our idealized EBRA system the velocities are zero at the bottom, it is straightfor-
ward to compute SEC geostrophic velocities from this density field considering 1200
m as a level of no motion. The resulting SEC velocities are shown in Figure 2.10p. The
SEC volume transport is equal to the imbalance of 17 Sv generated by the BC-NBUC
system (see Table[2.2). This SEC velocity field is them repeated column-wise towards
the western boundary of EBRA up to a distance of 100 km of the easternmost FM tran-
sect, being damped to zero within this range. This SEC zonal velocity field is then
interpolated together with the BC-NBUC system in the model grid. The thermohaline
tields are also interpolated to this grid, getting ready to serve as initial conditions to
the primitive equation model.

Finally, in stage 4, to complete the prognostic variables required by the numeri-
cal model, depth-averaged flow and SSH are computed. In that case, SSH is simply
computed through

N (2.10)

9
where the geopotential anomaly (A®) is obtained through S and T using again 1200
m as level of no motion. Figure shows the SSH and depth-averaged velocity fields

require by the numerical model as initial and open boundary conditions variables.

2.3.2 Model Implementation and Experiments

The primitive equation model chosen for this study is the Regional Ocean Model-
ing System (ROMS) [Shchepetkin & McWillians, 2005]. ROMS has curvilinear horizontal
coordinate system and terrain-following in the vertical. The model domain for EBRA
has a 1/24° resolution with 179 x 271 grid points, which results in a 1000 km x 1440 km
area (23°S to 10°S and 41°W to 32°W) as in Figure The total number of vertical lev-
els is 20. Topography is configured in different ways for different experiments. For the
realistic topography experiment, ETOPO1 is truncated in 1500 m and than interpolated
to the grid (2.12h), minimizing pressure gradient errors by restricting the bathymetry
gradients under an r-factor of 0.2 [Haidvogel et al.,2000]. For the flat bottom idealized
topography, a mean shelf/slope is computed for the region and repeated throughout
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Figure 2.11: Horizontal SSH (a) and depth-averaged velocity (b) maps The gray shade rep-
resents depths shallower than 100 m and the dashed line is the smoothed shallow-deep ocean

front that serves as origin for the FM transects.
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Figure 2.12: Numerical model grid for the two different bathymetric configurations. (a)
ETOPO 1’ real topography truncated in 1500 m and (b) flat bottom without banks. Model
domain0 setup information is shown. The realistic 1000 m isobath is plotted as blue line in

both panels.



CHAPTER 2. DYNAMICS OF BRAZIL CURRENT ORIGIN SITE 39

the EBRA domain (Figure2.12b).

Vertical mixing of momentum, T and S is done by the k-profile turbulent closure
model by Large et al. [1994]. Harmonic horizontal mixing and diffusivity are used both
with 5 m?*s™! coefficients in the interior of the domain and a mild sponge layer of six
grid points is applied at the open boundaries (N, S, E), linearly increasing the viscosity
up to 50 m?s~!. At the three open boundaries, we follow Peliz et al. [2003] approach by
keeping the FM fields nearly steady through the use of strong relaxation in a layer of six
grid points. Nudging time scales vary from 6 to 1 day from the interior to the boundary.
In order to avoid reflections of the flow, additional active/passive conditions were also
used at the boundaries [Marchesiello et al.,2001], with strong inflow time scale of 1 day.

In all the experiments, the FM field is interpolated to ROMS grid with its particular
bathymetry setup. No other forcing are imposed, so all the dynamics are consequence
of one year evolution of the initial field interacting with itself and the topography. A
total of three sensitivity experiments were carried out to study the mechanisms pro-
posed as scientific hypothesis of this study. Table 2.3| summarizes those experiments
and Figure their schematic setup. The results of the different experiments will be
described in different sections. For each experiment, a brief description of the model

run will proceed the presentation of its results.

Table 2.3: Configuration of the different numerical experiments performed. In the table, ID

stands for the name of the experiment, IC stands for initial conditions and TOPO stands for

topography.
ID IC TOPO
CONTROL BC, NBUC, SEC Realistic
S1 BC, NBUC, SEC Flat bottom, no banks

S2 BC, SEC Realistic
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Figure 2.13: Schematic setup of the different numerical experiments performed showing the

jets and topography. (a) CONTROL experiment. (b) S1 experiment. (c) S2 experiment.
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2.4 Experiments Results

2.4.1 BC/NBUC with Realistic Topography

The CONTROL experiment accounts for the fully designed system described in
Section i.e. the dynamically balanced BC-NBUC-SEC feature models with realis-
tic topography (Figure[2.13p). In the first 10 days, the prescribed feature model system
appears to go through a spin-up phase, where the smooth geostrophically balanced
jets adjusts to the topography. Figure shows the domain-averaged kinetic energy
evolution during the year-long simulation as a proxy for dynamical equilibrium dur-
ing the three runs. The short adjustment phase is an advantage of the FM backward
approach [Calado et al., 2008|], where geostrophically balanced velocities and termoha-
line fields in a mass conserving 3D field are both available since the beginning of the

time integration.

s Domain-averaged Kinetic Energy
T T T T
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Figure 2.14: Domain-averaged kinetic energy for the CONTROL experiment: (a) the entire

simulation period, and (b) a zoom on the first 30 days of simulation.
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We selected one representative synoptic sequence of the near-surface flow to ex-
hibit the mesoscale activity developed during the run. The total velocity maps for the
first 30 days at 100 m are shown in Figure and the vertical sections of meridional
velocity are shown for four different latitudes in Figure By day 10, we note the
regional adjustment of a bifurcation at the tip of RCB, splitting into the two WBCs (BC
and NBUC), as intended by the designed FM field. At this time, BC and NBUC are
flowing above of the continental margin, smoothly following its bathymetric contours.
No significant eddy activity is noted. At day 20, after this initial adjustment stage, the
BiSEC appears to shift northward up to 15°S, which is consistent with previous stud-
ies [Stramma & England, 1999; Rodrigues et al., 2007]. We start to note relevant eddy
activities at this point. A large cyclonic eddy possibly associated with the BiSEC and
the NBUC is developed at 13.5°S and this feature is very similar to one observed in
Feb 2005 (Soutelino et al|[2011], Chapter [T} Figure 2.17). At the BC domain, the flow
responds to topography and evidence of formation of anticyclone is noted at the luff of
RCB and AB (with respect to BC flow) and just off AB. By day 30, two anticyclones are
fully developed. Hereafter we will refer to them as Ilhéus Eddy (IE, centered at 15.3°S)
and Royal-Charlotte Eddy (RCE, centered at 17°S). Their spatial and velocity scales are
remarkably similar to those from in situ observations (Soutelino et al.|[[2011], Chapter .
Figure gathers these fields to facilitate comparison. The BiSEC is now located at
14.5°S and the 13.5°S cyclone formed on day 20 slightly propagated northward. In gen-
eral, the modeled field in day 30 is qualitatively and somewhat quantitatively similar to
the Feb 2005 VM-ADCP observations, (Figure 2.17). This indicates that the dynamical
agents necessary to reproduce the typical mesoscale activity in the region are present
in this control simulation. In other words, the dynamically balanced regional setup
and interaction of this WBC system within its components and topography appears
to be sufficient to generate the major observed mesoscale features. In this experiment,
we are particularly interested in investigating the possible recurrence or stationarity of

these anticyclones, which is described next.
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Figure 2.15: Synoptic velocity fields at 100 m for the CONTROL Run. (a) day 1, (b) day 10, (c)
day 20 and (d) day 30.
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Figure 2.16: Synoptic meridional velocity vertical sections at 19°S, 17°S, 15°S, 12°S (rows) for
days 1, 10, 20 and 30 (columns) for CONTROL experiment.
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Figure 2.17: Comparison of the velocity fields from Soutelino et al.|[2011] (Chapter with the
one obtained in this work. (a) OEII observed velocities for March 2005. (b) ROMS CONTROL
run at day 30. (¢) OCCAM February 2003 average velocities. For the sake of comparison, ROMS

velocities were interpolated to the same grid adopted to map the observed data sets

The analysis of three-month averages enables us to have a general idea of the
velocity fields during most of the run. In Figure we show the averages for the
periods of 90-120 days, 150-180 days, 210-240 days and 270-300 days. In all the cases,
both IE and RCE remain fully developed and steady at the location they were initially
originated. A new anticyclone is formed offshore AB (Abrolhos Eddy, AE) and stays
steady during the remaining of the run. The steady characteristic of IE, RCE and AE
is not repeated by other structures throughout the domain. During the run, we note
eddy-flow and eddy-eddy interactions that allows for the formation of other mesoscale
features that propagate and either dissipates or grows. One example would be the
cyclone associated with the NBUC in the northern portion of the domain (13.5°S). This
feature is formed and propagates northward during the run, as in the case of Figure
and panels c-d of Figure Another feature that we highlight is the cyclonic
eddy formed in the lee of AB (20°S). This feature is very similar to the VE, cited in
Section which was studied by Schmid et al.|[1995], Campos [2006], and also recently
addressed by Arruda et al.|[subm]. We note that the VE develops by day 60 (not shown

here) and slightly grows as it slowly translates northeastward, appearing to be trapped
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by VIR seamounts. This translation pattern roughly agrees with one of the modes
suggested by |Schmid et al. [1995],|Campos| [2006] and |Arruda et al. [subm].

Continuing with the time-averaged fields analysis, Figure shows run-averaged
fields. Those were computed from day 30 to the end, to avoid the spinup and initial
eddy development phase. The presence of IE, RCE and AE in the near-surface fields
(1 and 100 m, panels a and b) is an evidence of stationarity of these features. Note the
similarity between the modeled 100 m (Figure [2.20b) field and the OCCAM 2003 av-
eraged field from Soutelino et al. [2011]-Figure . Evidences of all three anticyclones
were also reported on the recent results of (Arruda et al.| [subml] using satellite-derived
altimetry and a Hybrid Coordinate Ocean Model (HYCOM) implementation outputs (Fig-
ure|2.18).
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Figure 2.18: Comparison between altimetry (a), HYCOM (b) and in situ (c) velocities in March
2005. Adapted from Arruda et al. [subm].
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Figure 2.19: Monthly-averaged velocity fields at 100 m for the CONTROL Run. (a) Days 90-

120 average, (b) days 150-180 averages, (c) days 210-240 averages, (d) days 270-300 averages.
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Looking at deeper levels we note that the anticyclones are mostly inexistent at 400
m (Figure 2.20d). The IE and AE signatures are poor at 200 m (Figure 2.20c) and RCE
is the deepest one, with signal reaching 400 m (Figure 2.20d).

The analysis of synoptic and time-averaged fields of the main experiment supports
two statements. The first one is that BC-NBUC shear and realistic topography are
sufficient mechanisms to the development of realistic mesoscale activity previously

observed in the region. Through the analysis of the further and simpler sensitivity

experiments (Sections 2.4.2/and [2.4.3) we intend to find out if this sort of activity can or

cannot be developed when removing one of these mechanisms. The second one is that
the EBRA region under this forcing exhibited the formation of three steady mesoscale

anticyclones that lasted the entire run.

2.4.2 BC/NBUC with Flat Bottom

This experiment is designed to study the impact of the BC-NBUC shear on gener-
ating eddies without the influence of topography; i.e., the presence of the banks (the
RCB and the AB). The flat-bottom topography is built by implementing a bank-free con-
tinental margin extracted from the northern part of EBRA. This topographic profile
does not vary in the along-coast direction, e.g. no banks, promontories or seamounts
(Figure 2.12b). The FM formulation is essentially the same, except from the BC-NBUC
along-shelf trajectory, which is smoother (Figure[2.13p).

During this run, very occasional eddy activity is noted, far less than what was noted
in CONTROL run. In order to illustrate the modeled scenario, Figure shows the
synoptic meridional velocity vertical distributions up to day 90 and Figure shows
the run-averaged velocity fields in BC and NBUC typical depth levels. Figure
shows that in the BC domain, the BiSEC occurs at higher latitude (19°S) when com-
pared to the CONTROL run. From that latitude, NBUC seems well organized, stable
and is intensified towards the northern part of EBRA. BC flows southward from BiSEC
latitude with only one evidence of eddy activity at 22°S. At 400 m (Figure[2.21b, NBUC
flows continuously throughout the domain.

The results of this experiment emphasizes the importance of realistic topography

and indicate that the shear between the BC and the NBUC cannot, by itself, generate
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Figure 2.21: Yearly-averaged velocity fields at (a) 50 m and (b) 400 m for the S1 experiment.

and sustain all realistic eddies along the BC formation region, at least with this feature-

modeled configuration.

2.4.3 BC with Realistic Topography

A second sensitivity experiment (S2) is designed to isolate the topography-related
instabilities as a trigger to the observed BC mesoscale activity. By keeping the realistic
topography and removing the NBUC flow, we obtain evidences of the importance of
BC-topography interaction to the overall pattern. To create the initial fields, we remove
the NBUC-FM and adapt the BC-FM to keep the surface northward flow at the north
of EBRA active in the system. In order to do that, we simply allow BC core velocities to
intensify from 0 m s~! by changing the §,/2 and v, parameters in Table[2.2|to 150 m and
10 cm s~ respectively. This value for v. matches from the velocity of NBUC at surface
in the CONTROL experiment initial field. Without the NBUC, the SEC resulting vol-
ume transport is smaller in this case, to maintain mass balance. Figure illustrates
this setup. The spin-up phase for S2 took about 20 days, as shown in Figure The
kinetic energy in S2 run is nearly one order of magnitude smaller than in CONTROL

run, which is expected due to the absence of the undercurrent.
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Figure 2.22: Synoptic meridional velocity vertical sections at 19°S, 17°S, 15°S, 12°S (rows) for
days 10, 30, 60 and 90 (columns) for S1 experiment.
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From day 1 to day 10, the flow adjusts to topography (Figures[2.23|and[2.24). At day
30, still no mesoscale activity is observed. The first evidences of eddy activity appears
only at day 60, where two topography-related cyclones develops at the lee of RCB and
AB. Other cyclonic eddies are formed offshore and are probably associated with the
seamounts and the VIR. By day 90, these cyclones are better defined and stronger, and
an additional one (VE) is formed, but no propagation or growth is noted. The late
eddy development compared to the CONTROL run is an indication that the absence
of NBUC results in a more stable initial field.

The time-averaged fields (Figure for S2 show similar steady and slow propa-
gating characteristics noted in the mesoscale features of the CONTROL run. In S2, the
cyclonic eddies formed in the lee of the promontories appear to be steady and non-
growing features, probably indicating that the vorticity induced by BC-topography
interaction is in balance with vorticity dissipation for EBRA under these conditions.
Even VE, which was a growing and eastward slow propagating eddy in CONTROL
run, seems to be steady in S2.

According to the results of S2 experiment, the topography still provides sufficient
conditions to eddy development at EBRA, but with different types of mesoscale fea-
tures being formed. Particularly, we note that the BC interaction with topography (52)
gives rise to cyclonic eddies, and BC-NBUC-topography interaction (CONTROL), to

anticyclonic eddies.
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Figure 2.23: Synoptic velocity fields at 100 m for the S2 run. (a) day 1, (b) day 30, (c) day 60
and (d) day 90.
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Figure 2.24: Synoptic meridional velocity vertical sections at 19°S, 17°S, 15°S, 12°S (rows) for
days 10, 30, 60 and 90 (columns) for S2 experiment.
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Figure 2.25: Monthly-averaged velocity fields at 50 m for the S2 Run. (a) Days 90-120 average,
(b) days 150-180 averages, (c) days 210-240 averages, (d) days 270-300 averages.
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2.5 Dynamics of the Eddy Formation

After analysing the three process study experiments described in Sections -
one can speculate that the existence of the undercurrent (NBUC) is fundamental
in the synoptic setup for the reproduction of the realistic mesoscale features. Experi-
ment S2 indicates that the BC flow alone has a preference to evolve to relatively small
cyclonic eddies. It is clear that the realistic anticyclones are only formed on the surface
when the NBUC flow is present. In this Section, the dynamics of the system will be
explored in a quasi-geostrophic (QG) framework, in order to seek a physical explana-
tion for how the NBUC flow is affecting the formation of the surface features. All the
model results that are analyzed from now on are related to the CONTROL experiment.

According to IMagaldi et al. [2008]], leeward eddies have been largely observed be-
hind topographic features such as prominent headlands and capes. Eddy generation is
connected to the phenomenon of current separation occurring in presence of obstacles.
The cyclones formed at the surface in S2 experiment are arguably result of this type of
dynamics, where relative vorticity generation combines with the jet inertia as it moves
away from the promontories. When an organized jet moves past a promontory, its
inertia forces it to separate from the dynamical boundary (i.e., the continental slope).
Therefore, at the lee of a promontory, there is a strong velocity gradient between the
jet and the steal water left close to the boundary. This velocity gradient characterizes
the generation of relative vorticity that forces a re-attachment of the jet to the bound-
ary. Depending on the jet strength and the promontory shape, this mechanism would
result in an eddy, which we believe to be the case of our study area.

The above mentioned mechanism may not occur in all types of scenarios. Magaldi
et al. [2008] did a numerical study to investigate the roles of stratification and topogra-
phy in generation of eddy structures at the lee of capes. They designed a fully idealized
experiment where a steady jet impinges on an obstacle in a rotating and linearly strat-
ified environment. They kept the small Rossby number constant and did sensitivity

runs varying the Burger Number,

Bu= -2 (2.11)
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which measures the ratio between baroclinic Deformation Radius (1?;) and the length
scale of the obstacle (D). Their results have shown that for 0.1 < Bu < 1,i.e. D > Ry,
the jet flows around the obstacle and for Bu > 1, i.e. D < R;, eddies emerge in the
lee of the obstacle. We computed Bu for both jets offshore AbB, which has the largest

radius of curvature, using the expression

éBQHz'
Ry=Y2" (2.12)
| fol

to compute ;. In Eq. Ap is the density step between the two jets, py = 1025
kg m~? is a reference density and H; is the thickness of each jet. We found Bu = 16.61
for BC and Bu = 5.27 for NBUC, which supports the formation of leeward eddies in
both cases. That would support the cyclone formation occurring in S2 experiment,
for example. Also, one would expect that a northward flow like NBUC alone would
generate leeward anticyclones when flowing through the promontories in opposite
direction.

In order to provide a dynamical explanation to the formation of surface anticy-
clones in the CONTROL experiment, where BC and NBUC are together in the initial
field, the QG approximation is used. We aim to investigate the model outputs in terms
of linear theory for baroclinic geophysical instability, a phenomena that is typical in
this type of configuration, where there is a substantial vertical shear in the total flow.
Essentially, we will look for energy fluxes between mean and eddy flow.

Before discussing the baroclinic instability aspects, we must first test our case for
the validity of the QG approximation. The QG approximation essentially requires that
the ageostrophic component of the velocity field is much smaller than the geostrophic
one. That translates in a very small Rossby Number. To test this we evaluate the mean
Rossby Number for each of the jets during the CONTROL run, following the steps of
Francisco et al.|[2011]. Following these authors we’ve chosen to compute the Rossby

number in the form of the ratio between relative and planetary vorticity,

Ro = ﬁ << 1, (2.13)

Lol

where fj is the Coriolis parameter and ¢ is the relative vorticity, defined as
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_81} ou

where v and v are the velocity components of the flow. To compute Ro, we used
the long-term time average flow from the model. Figure show the average flow in
a zoom at the area where the main eddies were formed (IE, RCE, AbE). Both BC and
NBUC levels are shown, as well as a vertical section at 19°S illustrating the system’s
vertical structure. Note the strong vertical shear of the adjusted time-averaged sys-
tem. It interesting to compare the vertical structure obtained here to the one initially
prescribed by the feature model, shown in Figure It shows the successful verti-
cal adjustment of the FMs to the local topography, as well as the ability of the model
configuration to maintain the jets alive in the simulation , by successful prescription of
open boundary conditions. It is also interesting to note the that the two-layer nature of
the system was unquestionably preserved during the model run, with the NBUC being
substantially stronger than the BC, as known by previous research. All this encourages
us to make the analysis proposed in the following paragraphs.

Figure illustrates the Ro horizontal distribution for both jets. For the BC layer,
the average value is Ro = 0.008 and the maximum value is Ro = 0.06. For the NBUC
level, an average of Ro = 0.01 and maximum of Ro = 0.05 were found. Therefore, the
values of Ro are much smaller than 1, which leads us to admit the validity of the QG

approximation for this study.
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Figure 2.26: CONTROL run-averaged velocity fields. Left: a vertical section at 19°S showing

the vertical structure of the BC and NBUC jets. Center: surface run-averaged velocity field.

Right: run-averaged velocity field at 400 m
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Figure 2.27: Rossby Number (Ro) computation for the BC (left) and NBUC (right) vertical

domains. The BC domain is considered surface and the NBUC domain is at 400 m.



CHAPTER 2. DYNAMICS OF BRAZIL CURRENT ORIGIN SITE 60

Although the interaction with jets and topography discussed in the beginning of
this section may explain the origin of meanders in each level separately. However eddy
formation and growth may be discussed in terms of baroclinc instability processes,
capable of transferring available potential energy from the mean flow to the eddy field.

The structure of the mean modeled flow field is inevitably affected by the existence
of perturbations. The perturbations give rise to temperature fluxes and momentum
fluctuations through non-linear processes, which results in temporal averages different
from zero. Therefore, as defined by Pedlosky| [1987], the instability phenomena consists
in a preferable potential energy transfer from the flow that is free from perturbations
to the flow affected by perturbations.

The first step is to investigate whether the idealized BC-NBUC system satisfies the
necessary conditions for instability. We use the initial field here, instead of the run av-
erage, to test if the designed system itself would be prone to instabilities, since the first
eddies appear after the first 30 days of simulation. According to|Pedlosky [1987] and Sil-
veira et al.|[2008], in summary, if the vertical profile of cross-jet mean potential vorticity
gradient (0G/0s) changes sign along depth, all the necessary conditions are satisfied.
Figure shows the characteristics of the feature-modeled BC-NBUC system that are
relevant to baroclinic instability.

It is noted a potential vorticity sign change in the 400 m depth, satisfying the con-
ditions for geophysical instability occurrence. This is a necessary condition, but it does
not automatically guarantees the occurrence of instability. In order to verify if there is
a baroclinic instability process occurring in the BC domain, we perform energy conver-
sion calculations with the method used by Cronin & Watts| [1996], and already applied
by [Francisco et al.|[2011] and |Mano et al.|[2009] to different regions of the Brazilian coast.
The method consists in decomposing the three-dimensional ROMS flow into a high or-
der geostrophic component and a small ageostrophic component. In order to compute
the eddy energetics, we must split the instantaneous fields into mean and eddy fields.
This is done by defining the mean field as the long term model run average and the
eddy field as the deviations from it.

According to (Cronin & Watts|[1996], the baroclinic energy conversion, which is rel-

evant to baroclinic instability, is defined as
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where « is the salt contraction coefficient and 6, a mean vertical temperature profile.
The overbars denote time-average and the quotes denote the deviations or perturba-
tions. This expression can be evaluated at any given vertical level of the system. Posi-
tive values of £'C indicates energy conversion from the mean flow to the perturbations
and negative values have no physical meaning, according to |Pedlosky [1987].

In order to track the energy pathways, we will follow Mano et al. [2009] approach.
These authors studied a similar problem of eddy formation in the southeast Brazil
(23°S). In that area, a similar current-undercurrent (BC-IWBC) interaction occurs. They
found out through the analysis of energy conversion during a cyclonic eddy formation
event in a numerical experiment, that the following cycle occurs. First there was a well
defined flowing BC with a baroclinically unstable profile due to its vertical shear with
IWBC flowing in the opposite direction. F'C from the mean flow to a perturbation oc-
curs at intermediate (IWBC) depth. The IWBC destabilizes and meanders, followed by
the formation and growth of an eddy. E'C progressively transfers to shallower depths

and the eddy signal propagates upward. In other words, their results indicates that the
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eddy first appear in intermediate depths and then in the surface, draining energy from
the BC.

One would speculate that this could be the case of the present study. As we show
in Figure[2.29%, the first evidence of anticyclone formation (RCE and IE) during the run
is noted at 400 m depth, where the NBUC flow is dominant. However, we only note
the anticyclone on the surface field (Figure [2.29c) 10 days later. This is quite similar to
Mano et al.|[2009] findings, hence we believe that a similar process is occurring, e.g the
surface mesoscale features are being steered by the pycnoclinic flow (NBUC).

In order to verify if this is occurring in our case, we track the behavior of EC' in
the first 30 days of simulation for the levels of 0 m and 400 m, representing BC and
NBUC domains, respectively. We consider the horizontally-averaged FC values, in the
area encompassed by Figure maps. This region contains both IE and RCE, which
are the most developed eddies during the numerical experiment. We followed Mano
et al|[2009] steps in considering that the horizontal average of EC in a limited area
that contains important eddy activity is a good representation of the bulk of baroclinic
energy conversion for the system. The first 30 days are chosen because it is when the
system move from an idealized, rectilineous, perturbations-free flow to a mature eddy
development state. It is an interesting and fairly controlled time period to track the
potential energy pathways.

Figure shows the result of this analysis. The analysis of Figure is done in
combination with Figure Up to day 10 (spin-up phase) no eddies are observed
(Figure 2.29p,d) and the EC' values are negative in both levels(Figure 2.30). The EC
positive values starts to appear at the NBUC level before day 15. From day 15 to day
20 there is an increase in EC' values for NBUC and they reach a maximum value by
day 20, while the BC EC values remains negative. This is consistent with panels b and
e of Figure where there are still no sings of eddies in the BC domain, but there
is already a mature RCE and a developing IE at 400 m, which means that there was
energy transfer from the mean flow to the perturbations, due to baroclinic instability.
NBUC EC values decrease from day 20 to day 25, but are still positive, which probably
explains more growth to the RCE and final development of IE, culminating in day 30

(Figure 2.29f). It is interesting to note that positive £C' values for BC started occurring



63

CHAPTER 2. DYNAMICS OF BRAZIL CURRENT ORIGIN SITE

15°5| Z: 400 m

16°S|

17°S]

18°S]

16°S]

17°S]

18°S]

40°W

36°W

=
3

=)
<

Day: 20

o £
N (=3
. =}
> <
© ]
(-} N
o 7 ? w
n o ~ [ee)
— — — —
............... _
............ o
Donmnnno T .. AR
VAP d
PR =
N B 4t
NS ..,---,f,,;imxﬂ/ﬂ
//%7:;H_,.\.\.\HHH,}.‘\\\\:.,/
RN S/ |, \
NNNNNN MY Y 2207 TN TR N
VNN YISO NI T
PEEVNNNS T/ 1 TOQT3S 2771
. F///UI\\\\\\\\/ -,
Ll TR
.4,////7“l‘“‘VR““////1\\\\\\\o
. NN —— T -

=TT 7 -

16°S]

17°S]
18°S]

40°W

37°W 36°W

‘W

39°W 8

40°W

“,.‘..», B
AAAAAAAAAAAAAAA L IR

e e e e NN~

a B8
m (=3
5 32
a N
@ o o o
a =1 = 3
..................... ——
R : AER IR}
........................
...................
.................... \ m g TN
Coriiiiiiiiciiriiizay oo
TIIIIIiiiiioiniiil \nfw/i_wﬂﬂ,/,,
he 522223000 h oann o7 AN
how2zos N 5080004 \J« J\ ;
TR RN
: g/
Ve s ﬂ NN K\\\\\B,,
W\ W N 1R
W S
7/ //:\L\\\\\\L
M/ N S S
/ /A/ULWYA\Q\VA\\n,
o
0] E|
> -
8 W
[
n
—

16°S]
17°S]
18°S]

38°W 37°W 36°W

39°W

40°W

39°W 38°W 37°W 36°W

40°W

20 and 30, zooming

Figure 2.29: Synoptic velocity fields for the CONTROL Run in days 10,

in the region where IE and RCE are developed. (a-c) at surface and (d-f) at 400 m. Note the

formation of the eddies occurs at 400 m 10 days before it occurs at surface.
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Figure 2.30: Horizontally-avereged baroclinic conversion rate (EC) at the surface (BC) and
400 m (NBUC) between days 10 and 30 of the simulation. The gray shades represents the days
that are shown in Figure Negative values of EC' are merely mathematical results, they

have no physical meaning.

between days 20 and 30, which is exactly the time interval between a no-eddy field
(Figure [2.29p) and fully developed IE and RCE (Figure 2.2%). Note that the moment
when BC EC values started to grow, the NBUC EC values were decreasing. That could
probably indicate that the underlying dynamics here is similar to the one reported by
Mano et al.|[2009], where there is an upward baroclinic energy transfer propagation in
respect to time. In other words, when the baroclinic conversion starts at BC, it vanishes
at NBUC levels, probably indicating that the energy is gradually moving upwards in
respect to time.

We believe that these evidences support the underlying dynamical mechanism that
leads to the formation of anticyclones at the BC domain rather than the cyclones that
would be expected from the interaction with topography (leeward eddies, as in Ma-
galdi et al.| [2008]). Apparently, since the NBUC is stronger, thicker, and transports
more water, it is the first to meander and exhibit baroclinic instability triggering ed-
dies. And finally, in an interval of approximately 10 days, the surface BC responds to
it, developing its eddies in the same direction of the NBUC ones. The higher amount of
available potential energy at NBUC levels compared to BC levels apparently allows for
it to influence the rotation direction preference of the eddies just above, in a baroclinic

instability framework.
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2.6 Summary and Discussion

Our results show that the main realistic mesoscale features occurring in the eddy-
rich vicinities of the BC site of origin can be successfully reproduced by the dynami-
cal interaction between parameterized versions of the mean currents and local topog-
raphy. A primitive equation ocean model is initialized by feature-modeled velocity
fields (CONTROL Experiment), with no atmospheric forcing and no effects of remote
dynamics, and the solution compares well with recent in situ observations. The three
noticeable anticyclones (IE, RCE and AE) described by |Soutelino et al. [2011] (Chapter
were successfully reproduced in terms of their spatial scales, velocity magnitudes
and steady or recurrent behavior. All three anticyclones were also observed in the re-
cent analysis of Arruda et al.|[subm]. The evidences found here suggests stationarity of
these anticyclones in the EBRA region.

The cyclonic VE was also successfully generated during CONTROL experiment,
with a primarily eastward translational behavior similar to one of the modes proposed
by |Campos [2006] and Arruda et al. [subm]. Both (Campos| [2006] (through numerical
modeling) and |Arruda et al. [subm] (satellite-derived altimetry and numerical model-
ing) reported a translational mode of the VE where it crosses the VIR and propagates
northward. |Arruda et al.|[subm] discussed about two possible mechanisms to explain
such propagation. One of them is the northward advection of the eddy being caused
by the NBUC flow in deeper levels. Since all three anticyclones were also recurrently
observed on the recent results of |Arruda et al. [subm]|, they argue that another possible
mechanism is that the VE is being advected by the offshore side of these eddy fea-
tures. They used the Okubo-Weiss parameter to follow the VE in different northward
propagation events. In one of these events, in Arruda et al. [subm]-Figures 13-14, the
authors reported that the VE propagates just offshore of AE, forming a dipole as it
moves close to it, and continues its northward translation. In the present study, the
absence of events of northward translation may be explained by the short duration of
the time integration.

A set of sensitivity numerical experiments was designed to test different mecha-
nisms (control by either shear or topography) to the anticyclones formation. Results

show that both BC-NBUC vertical shear and local topography are both necessary and
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sufficient to form the supposedly steady anticlockwise eddies. Each one of these mech-
anisms were isolated (experiments S1 and S2) and no anticyclones were formed. The
BC-topography interaction (S2) was able to trigger cyclonic eddies in the lee of topo-
graphic promontories, but no anticyclones were noted. On the other hand, the BC-
NBUC interaction over flat bottom (51) did not generate eddies. It is clear from these
two sensitivity experiments that both mechanisms are necessary for the observed eddy
formation north of 20°S.

The formation of leeward eddies has been widely reported in the literature. The
southward BC flow potentially generates leeward cyclones on the regional EBRA ob-
stacles. On the other hand, the northward NBUC flow in deeper levels going against
the same obstacles, potentially leads to leeward anticyclones. So, after performing en-
ergy conversion analysis in a QG baroclinic instability framework, we speculate that
BC and NBUC are competing to form eddies with different rotation directions and
since the NBUC flow is substantially stronger, it is prone to baroclinic instability be-
fore the BC is, 10 days later to be more precise, considering the analysis done for the
tirst 30 days of simulation. In other words, since BC is weak and shallow, the surface
flow end up being substantially influenced by the NBUC behavior.

We suggest as future work the addition of new sensitivity experiments changing
both BC and NBUC transports observing the type of eddies that are generated, ac-
companied by energy conversion analysis as the one performed here. Studies like this
could be useful in the sense that there is possibly annual and inter-annual variabil-
ity on these WBCs strength and different ratios of BC/NBUC transports could lead to
different mesoscale scenarios. A possible implication of this is that the presence of cy-
clones or anticyclones could lead to different patterns of deep ocean shelf-deep ocean

exchanges in the area.



Chapter 3

Final Remarks

3.1 Conclusions

This dissertation goal was to investigate the mesoscale dynamics associated with
the South Equatorial Current (SEC) bifurcation and the origin of the Brazil Current
(BC), the western boundary current that closes the South Atlantic Subtropical Gyre.
There were two distinct chapters addressing the problem through different approaches.
Chapter|[I| presented a descriptive perspective of the region of interest, creating the ba-
sis for a process-study dynamical analysis in Chapter

In Chapter[l} the availability of unique and not yet analyzed in situ synoptic datasets,
made possible the first observational regional description of the near-surface circula-
tion in the region that encompasses the BC site of origin (10°S-20°S). We questioned
the traditional description of SEC bifurcation and BC flow at Brazilian eastern portion.
Our findings regarding the regional mesoscale patterns showed a very weak, shallow
and disorganized flow for the BC, as opposed to what was previously thought. In-
tense eddy activity observed in three different synoptic datasets, altimetry records and
global model outputs, suggested that there is not a continuous BC in the vicinities of
its site of origin. Furthermore, the recurrence of three large anticyclones apparently
trapped inside topographic embayments, leaded to speculations regarding flow sta-
tionarity, which served as motivation to the analysis carried in Chapter

In a consolidated idea of the flow in the BC site of origin being dominated by ed-

dies, specially regarding stationarity or recurrence of large anticyclonic structures men-
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tioned above, lies the motivation of an investigation of the physical roles of topography
and vertical shear in generating such patter. This is the subject of Chapter

We start with a review of the three-dimensional mean circulation patterns in the
region between 10°S-20°S, emphasizing the existence of a unique western boundary
undercurrent (the North Brazil Undercurrent - NBUC) flow bellow BC in an opposite
direction. The BC and NBUC together characterize an intense vertical shear within
the area, which mixed up with the peculiar topography, would potentially be prone
to trigger the observed patterns described in Chapter We designed an analyti-
cal/numerical process study set of experiments to address the roles of topography and
vertical shear in the formation of the observed structures.

Idealized BC, NBUC and SEC jets were parameterized based on previous research
to serve as initial conditions to regional numerical experiments combined in three dif-
ferent scenarios. The parameterized system aimed to reproduce previously known
characteristics of the different jets, resulting in a 3-D mass conserving SEC bifurcation
and western boundary current system. The complete scenario counted on the three
jets interacting with realistic topography for one entire year. One sensitivity setup to
isolate BC-NBUC shear mechanism was designed through the creation of an idealized
bank-free topography. And finally, to isolate topographic forcing, NBUC was removed
from the system in a second sensitivity experiment with realistic bathymetry.

The raw examination of the model outputs during the three experiments was some-
what enlightening. The first interesting result was that in the complete idealized setup
the model was able to reproduce the features described in Chapter [I|quite well, indicat-
ing that the first order dynamical ingredients were taken into account in the idealized
design. The second interesting result is that both sensitivity experiments were un-
able to reproduce the anticyclones, indicating that both topography and vertical shear
are necessary in the regional setup. Although the BC solely interaction with topog-
raphy was enough to trigger mesoscale eddies, those barely resembled the observed
structures. That motivated the question of what is physically happening within the
BC-NBUC vertical interaction that would lead to the regional setup in the study area.

Therefore, the subject of Section was to address the dynamics of the control

experiment model outputs in a quasi-geostrophic baroclinic instability framework. The



CHAPTER 3. FINAL REMARKS 69

baroclinic instability hypothesis was raised because of the vertical shear characteristic
of the system, and also because it was pointed as an important mechanism for eddy
development downstream of BC by previous studies.

Results of previous work studying flow-topography interaction first helped us to
justify the formation of cyclones (anticyclones) at the lee of topographic features if
we isolate BC (NBUC) jets. That only fails to explain why anticyclones were actu-
ally formed up to the surface. The model output showed that anticyclones were first
formed in NBUC levels, and that they were only observed in the surface after 10 days.
Our baroclinic instability analysis showed that there was energy conversion from the
mean flow to the eddy field occurring in different times for the different BC and NBUC
vertical domains, considering the first 30 days of simulation, when the jets evolve from
stable rectilineous flow to two major anticyclones. First, baroclinic energy conversion
occurs at NBUC levels. In about 10 days, this energy flux reaches a maximum and
slowly vanishes, being replaced by an energy conversion in BC vertical domain, ex-

actly when the anticyclones started to appear at the surface.

In order to enunciate a conclusion to this work, we will use two statements to an-

swer the questions posed in Chapters|l|and [2| of this dissertation:

v' The near-surface flow at the Brazil Current site of origin (10°5-20°S) is recurrently

dominated by anticyclonic mesoscale eddies.

v" Regionally speaking the complex topography and the interaction between Brazil
Current and North Brazil Undercurrent are both essential to explain the mesoscale
patterns in the near-surface flow at the Brazil Current site of origin. Geophysical

baroclinic instability appears to be playing a key role in the eddy formation.

3.2 Future Work

The first important recommendation that would derive from this work is that the
Brazil Current, regarding the present study area, can hardly be compared to west-
ern boundary currents like the Gulf Stream, Kuroshio and Agulhas Current. The BC

has thickness, velocities and transports one order of magnitude smaller than its world
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counterparts. While that was already known by previous research, this work brought
new in situ data to confirm several speculations about BC thickness and strength near
its site of origin.

Although the analyzed datasets were important to our findings, there is still a lot
of open questions regarding spatial and temporal variability of the mesoscale activity
that could not be addressed because of the snapshot nature of them. It is highly recom-
mended that moored velocity sensors are deployed in the region for longer time scales,
in order to make possible a thorough understanding of the flow in such key region for
inter-hemisphere exchanges.

Regarding the modeling part of this work, despite all the disadvantages of the ide-
alized approach, we believe it makes a strong argument about the importance of the
North Brazil Undercurrent flow to the regional patterns of the region. Modeling efforts
associated with nowcast and forecast should never underestimate its importance. We
suggest that to improve the quality of realistic numerical modeling in the region, one
would make sure to use the best representation of this undercurrent in the initialization
and open boundary condition prescription.

Our analysis also suggests that ratios between BC-NBUC transports different than
the one used here would probably lead to different mesoscale scenarios. Therefore,
we suggest new sensitivity experiments changing the strengths of the FMs by seasons.
Cause-effect relations could be established comparing different scenarios of SEC, BC
and NBUC strengths and the resulting mesoscale patterns in the area, as it is known
that there are temporal variability scales associated with these jets strengths. Also, the
impinging Agulhas Rings have certainly an effect regionally, and its physics could be

extensively explored using available global models and altimetry records.
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