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RESUMO

A fim de investigar a variabilidade intra e interanual dos vortices da Corrente do Norte
do Brasil e entender o papel dos mesmos na biogeoquimica do Atlantico Tropical Norte
Ocidental, especialmente em relacdo ao fluxo de CO», o algoritmo de deteccdo e rastreamento
de momentum angular (AMEDA) foi usado para identificagdo de suas ocorréncias, trajetorias
e parametros dos mesmos, além dos impactos nos fluxos de CO,. Com base em 24 anos (1993-
2016) de dados de reandlise do ARMOR 3D, e 25 anos (1993-2017) de dados também de
reanalise do modelo fisico GLORY'S e biogeoquimico BIORYS, identificamos uma taxa média
de 5 vortices liberados por ano. Os mesmos apresentam tempo de vida médio de 15,3 (z 5,4)
semanas, raio medio baseado na velocidade (Rmax) de 139,8 (+ 23,6) km e anomalia na altura
média da superficie do mar (SSHa) de 9,4 (£ 4,0) cm. A velocidade azimutal maxima observada
média (Vmax) foi 0,27 (x 0,08) m /s, enquanto o valor médio do numero de Rossby (Ro) foi
0,08 (+ 0,04) e a energia cinética média (KE) foi de 255,3 (+ 154,8) cm2 / s2. Além disso, a
analise da fusdo dos mesmos apontou que tal interacdo gerou um aumento significativo na
energia (52%) e na velocidade (22%) do vortice. Finalmente, observamos as anomalias verticais
dos perfis de temperatura e salinidade, que indicaram um aprofundamento da termoclina e
afundamento das aguas costeiras e tropicais associado aos vértices da Corrente Norte do Brasil.
Ainda, a presenca destas estruturas de mesoescala em 77% do tempo, variando similarmente
com a salinidade da superficie do mar, mostrou a influéncia de tais vortices na variancia da
salinidade na regido. Este resultado também apontou para a salinidade como a principal
responsavel pelas anomalias positivas de fugacidade de CO-, relacionadas aos nucleos dos
vortices. Além do mais, foi indicado que tal vértice pode aumentar, em média, 38% do fluxo
de CO2 em seus nucleos em relacdo as aguas externas. Acredita-se que anomalias positivas de
salinidade e consequentemente de carbono inorgénico dissolvido nas regides superficiais dos
centros e das partes anteriores dos anéis foram responsaveis pelo aumento na covariancia tanto
da fugacidade quanto no fluxo de CO- diério, apesar que o aumento de temperatura da superficie
do mar inerente aos vortices anticiclénicos pode também ter contribuido para estes fluxos

elevados.

Palavras-chave: vortices da corrente norte do Brasil; fluxos de CO; variabilidade intra e

interanual.



ABSTRACT

In order to investigate intra- and inter-annual variability of North Brazil Current rings,
and understand their role on the biogeochemistry of the Western Tropical North Atlantic, the
angular momentum eddy detection and tracking algorithm (AMEDA) was used for
identification of their occurrence, trajectories, and parameters, and also their impacts on CO>
flux in the region. Based on 24 years (1993-2016) reanalysis data from ARMOR 3D and 25
years (1993 — 2017) from the physical GLORYS and biogeochemical BIORYS models, we
identified an average rate of five NBC rings shed by year. The rings present an average lifetime
of 15.3 (£5.4) weeks, average speedbased radius (Rmax) of 139.8 (x23.6) km, and mean sea
surface height anomaly (SSHa) of 9.4 (£4.0) cm. The mean observed maximum azimuthal
velocity (Vmax) was 0.27 (£0.08) m/s, while the averaged Rossby number (Ro) value was 0.08
(x0.04) and averaged kinetic energy (KE) was of 255.3 (£154.8) cm2 /s2. NBC rings have
larger dimensions, rotate faster, live less, and transfer more energy in boreal winter months. In
contrast, those shed during boreal summer and early fall last longer, have smaller diameters and
carry less energy. Besides, the analysis of ring merging pointed that the interaction between
North Brazil Current rings generated a significantly increase in ring energy (52%), and velocity
(22%). Finally, we observed the vertical anomalies temperature and salinity profiles, which
indicated a thermocline deepening and sinking of coastal and tropical waters due to North Brazil
Current rings downwelling. In addition, the presence of North Brazil Current rings presence in
77% of the time, varying similarly as sea surface salinity, showed their rings influence on sea
surface salinity variance at the region. This also pointed for salinity as the main responsible for
positive CO> sea water fugacity anomalies related to ring cores. Furthermore, it was indicated
that a NBC ring could increase, in average, 38% of the CO> flux at their cores in relation to
surrounding waters. At the present study, it is believed that positive anomalies of salinity and
consequently dissolved inorganic carbon at ring surface cores and trailing edges were
responsible for this increase in the daily seawater CO> fugacity and CO; flux covariance,
although the increased sea surface temperature inherent to anticyclonic rings might have

contributed to the higher fluxes.

Keywords: north Brazil current rings; CO2 fluxes; intra and inter-annual variability.
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1 INTRODUCAO

Esta dissertacdo estd organizada em formato de artigos cientificos, em diferentes
discussdes considerando as analises da variabilidade intra e interanual dos vortices da Corrente
Norte do Brasil (CNB) e seus possiveis impactos biogeoquimicos, especialmente em relacdo
aos fluxos de CO>. Os dados deste trabalho foram baseados nas reanalises de modelos fisicos e
biogeoquimicos. O autor desta dissertacdo foi bolsista de mestrado do Conselho Nacional de
Desenvolvimento Cientifico e Tecnoldgico — CNPq (processo: 31021/2019-2). Este projeto foi
apoiado pelo projeto TRIATLAS, que recebe financiamento do programa de inovacdo e
pesquisa do Horizonte da Unido Europeia 2020 sob acordo de concessao nimero 817578, e pela
Rede Brasileira de Mudancas Climaticas — Rede CLIMA (Concessdo FINEP 01.13.0353-00).

No presente trabalho apresentamos um estudo inédito de analises da variabilidade intra
e interanual dos vértices da CNB e seus possiveis impactos biogeoquimicos, através da
aplicacdo de um algoritmo de identificacdo de ocorréncia e trajetoria de vortices em uma base
dados de reanalise. Além disso, analises estatisticas de Funcdes Ortogonais Empiricas (EOFS)
foram realizadas com o objetivo de avaliar o papel dos vértices da CNB na biogeoquimica do
ATNO, especialmente em relacdo a FCO». Esta ultima base de dados também foi aplicada ao
AMEDA para identificagdo dos impactos destes vortices em uma escala diaria, utilizando dois
vortices no ano de 2009 como estudos de caso.

Este manuscrito se encontra estruturado em sete capitulos: o Capitulo 1 de caracter
introdutério com informacBes gerais sobre o Atlantico Tropical, enfatizando sua
biogeoquimica, especialmente os fluxos de CO2, e de sua dindmica geral, com énfase nos
vortices da CNB. O Capitulo 2 descreve a area de estudo e as metodologias aplicadas ao longo
do trabalho. Ambos os capitulos estdo escritos na lingua portuguesa. Os capitulos 3 e 4
apresentam os resultados na forma de dois artigos cientificos, ambos escritos em inglés. O
Capitulo 3 traz um artigo recentemente publicado com a analise da variabilidade intra e
interanual dos vortices da CNB, enquanto que o Capitulo 4 aborda o papel destes vortices nos
padrdes dos parametros biogeogquimicos com enfoque no FCO2. No Capitulo 5 sdo apresentadas
as conclusdes gerais de ambos os estudos, enquanto que no Capitulo 6 se resguardam as

referéncias. No Capitulo 7 esta inserido o Anexo referente ao artigo publicado.



13

1.1 ASPECTOS GERAIS

Esta secdo tratard dos aspectos dinamicos e bioquimicos do Atlantico Tropical,
detalhando especialmente a dinamica na regido (secdo 1.1.1), com enfoque na Corrente Norte
do Brasil (CNB) (se¢do 1.1.2) e os vortices relacionados a mesma (se¢do 1.1.3), além de
aspectos da fugacidade de CO neste oceano (se¢édo 1.1.4).

1.1.1 Atlantico Tropical

O Atlantico Tropical apresenta circulacdo oceanica em superficie delimitada pelas
bordas equatoriais dos giros subtropicais dos hemisférios norte e sul (LUMPKIN; GARZOLI,
2005). Os padrdes de circulacdo presentes especificamente na regido noroeste deste oceano (i.e.
limitados, longitudinalmente entre 35-60°W) possuem papel importante no transporte de massa,
calor e sal entre o Hemisfério Norte (HN) e o Hemisfério Sul (HS) (SCHMITZ;
RICHARDSON, 1991; SCHMITZ; MCCARTNEY, 1993). De fato, € esta a circulacdo, por
exemplo, responsavel pelo fechamento da Célula de Revolvimento Meridional do Atlantico
(CRMA), causado pelo transporte em superficie de dguas quentes do HS para o HN através da
CNB, e pelo transporte profundo da Agua Profunda do Atlantico Norte (APAN) em direc&o ao
HS através da Subcorrente de Borda Oeste (SCBO). A SCBO ¢é também conhecida como
Corrente Profunda de Borda Oeste (CPBO) (JOHNS et al., 2008; MEINEN et al., 2012).
Estima-se que a magnitude desta troca de massas d’agua entre os hemisférios seja na ordem de
13 Sv (SCHMITZ; RICHARDSON, 1991). A regido conta ainda com a presenca de
contracorrentes zonais e outras correntes de borda oeste, tornando a circulagdo ainda mais
complicada nesta area (BOURLES et al., 1999). A combinacéo de 4guas provenientes de ambos
os hemisférios fornece um mecanismo de formacdo de massas d’agua com caracteristicas
distintas, sendo isso indicativo do papel do Atlantico Tropical em misturar as &guas com origens
em diferentes hemisférios (BOURLES et al., 1999).

Superficialmente a circulacdo no Atlantico Tropical é caracterizada por um fluxo da
Corrente Sul Equatorial (CSE) em direcdo a oeste. O Atlantico Tropical Sul é caracterizado
pela presenca do ramo Sul da CSE (sCSE), a qual flui desde o Sul da costa da Africa (Figura 1)
até a costa brasileira, onde a mesma se bifurca, dando origem a Subcorrente Norte do Brasil
(SCNB) e Corrente do Brasil, com a primeira fluindo ao norte, atravessando a regiao equatorial,
e a ultima fluindo a sul pela costa brasileira. Ao chegar a aproximadamente 5°S, a SCNB se une

ao ramo Central da CSE (cCSE) que vem de leste, formando assim a intensa CNB. A CNB
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sofre retroflexd@o superficialmente em aproximadamente 7°NLF e 48°W, alimentando a CCNE.
Esse giro equatorial €, portanto, constituido pela CNB e sua retroflexdo, pela CCNE de fluxo
de oeste, pela Corrente de Guiné (ARNAULT, 1987), e por parte da CSE que formam ou se
juntam a CNB, fechando o giro (Figura 1) (LUMPKIN; GARZOLI, 2005). A circulacdo ¢ ainda
caracterizada por correntes profundas, apresentando estrutura vertical também bastante
complexa. A bifurcagdo da Corrente Norte Equatorial (CNE) no HN é importante para
alimentac&o tanto da CCNE quanto da Subcorrente Norte Equatorial (SCNE) (BOURLESet al.,
1999) (Figura 1). Além disso, a CNB e a sua componente subsuperficial, a Subcorrente Norte
do Brasil (SCNB) alimentam correntes zonais que fluem para leste em latitudes e profundidades
diferentes, como por exemplo, a Subcorrente Equatorial (SCE), centrada na termoclina, e a
SCNE localizada abaixo da termoclina (SILVEIRA et al., 1994; BOURLES et al., 1999)
(Figura 1). Como dito anteriormente, a CNE também contribui consideravelmente paraa SCNE
(Figura 1). Bourles et al. (1999) obteve que o transporte médio do sistema CNB/SCNB é 22.1
+ 4.5 Sv, sendo 23.6 Sv no verdo e 19.1 Sv no inverno. Ainda, 0 mesmo trabalho apontou que
o0 sistema CCNE/SCNE possui transporte médio de 30.0 + 7.3 Sv, sendo a diferenca observada
entre os dois diferentes sistemas devida a contribuicdo da CNE que, ao se retroflectar, alimenta
0 Ultimo. Outros estudos observaram que a SCBO, proveniente da regido leste do Caribe
também se junta & SCNE (JOHNS et al., 1990; COLIN; BOURLES, 1994) (Figura 2).

Soma-se a toda complexidade da area a grande variacdo sazonal que as correntes do
Atlantico Tropical apresentam. A CCNE e o ramo equatorial da CSE, por exemplo, apresentam
méaxima intensidade durante o inverno e primavera no HS (i.e. ~ junho-novembro) e
enfraguecem no outono (RICHARDSON; WALSH, 1986; ARNAULT, 1987; RICHARDSON;
REVERDIN, 1987). Da mesma forma, a CNB e a Corrente de Guiana também apresentam
sazonalidade, com maximos também nos periodos de inverno e primavera no HS
(RICHARDSON; WALSH, 1986; ARNAULT, 1987; JOHNS, et al., 1998). Tais varia¢des sao
ocasionadas pela sazonalidade em larga escala dos ventos alisios, influenciados
primordialmente pela migragdo da ZCIT, com tais correntes atingindo o maximo quando a
ZCIT esté localizada na posicdo mais ao norte que possa alcancar (STRAMMA; SCHOTT,
1999).

O Atlantico Tropical € também caracterizado por ser uma regido de grande ocorréncia
de furacdes e ciclones tropicais. Por ser uma regido tropical, apresentando alta Temperatura da
Superficie do Mar (TSM), é de extrema importancia o estabelecimento das caracteristicas
fisicas da regido, para previsao de possivel intensificacdo ou ndo, além de como que a passagem

de furacéo pode afetar tal oceano. De fato, altas TSMs podem causar intensificacao de Ciclones
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Tropicais (CTs), além da passagem destas tempestades causarem um aprofundamento da
camada de mistura, ¢ diminui¢do da TSM, devido ao efeito de “cold wake” (CIONE;
ULHLORN, 2003). Pasquero e Emanuel (2008) retrataram ainda o crescimento das anomalias
de TSM na regido a partir de 1950, indicando aumento de contetdo de calor na superficie, fator
crucial na intensificagdo de CTs. A maxima alteracdo de temperatura observada foi a 150m de
profundidade, atingindo 0.65-0.7°C de variacdo (PASQUERO; EMANUEL, 2008). Além
disso, a dinamica do Atlantico somado aos efeitos das suas piscinas quentes se mostrou também
importante na taxa de precipitacdo e na intensificacdo de furacdes na regido (WANG et al.,
2006, HOUSON-GBO et al., 2015). Outro fator primordial no Atlantico Tropical é a presenca
da pluma dos rios Orinoco e, principalmente, Amazonas. Acredita-se que tais plumas também
sejam participantes nos eventos de intensificacdo de furacGes por conta do efeito de camada de
barreira (FFIELD, 2006). A descarga do Rio Amazonas, de fato, tem papel muito importante
nesta bacia ocednica. Tal descarga do Amazonas ja demonstrou ser influenciada pelos anos de
ocorréncia de EI Nifio Oscilagdo Sul (ENOS) (TYAQUICA et al., 2017), além de ter capacidade
de impactar a distribuicdo de nutrientes, microrganismos e fluxos de carbono (GOES et al.,
2014; ARAUJO et al., 2017). A seguir, h4 um maior detalhamento a respeito da CNB e, em
seguida, o foco é direcionado aos vortices desta corrente.

1.1.2 Corrente Norte do Brasil (CNB)

A CNB é uma intensa corrente de borda oeste de baixas latitudes no Atlantico Tropical,
que flui na direcdo noroeste, transportando aguas das camadas superiores dos oceanos que
cruzam o equador (JOSEPH, 2013). Tem influéncia até aproximadamente 800m de
profundidade, onde héa a transi¢do para a SCBO (JOHNS et al., 1998), e seu surgimento tem
origem na sCSE, que, ao atingir a regido abaixo da ponta mais oriental do continente sul-
americano, aproximadamente 10°S, podendo variar de 8°S em 100m até 20°S em 500m de
profundidade (VELEDA, 2008), posteriormente se bifurcando, d& origem a uma corrente
fluindo a sul, a Corrente do Brasil, e uma fluindo a norte, a SCNB (Figura 1) (JOHNS et al.,
1998; LUMPKIN; GARZOLI, 2005; VELEDA et al., 2012).

O ramo subsuperficial da CNB é mais conhecido como a SCNB, onde o sistema
CNB/SCNB apresenta transporte médio anual de 22.1 + 4.5 Sv, com 0 maior transporte
concentrado no verdo (BOURLES et al., 1999). A medida que flui para norte, a CNB (antes
uma corrente fraca e costeira) inicia um processo de intensificacdo, devido principalmente a
contribuicdo da porgéo central da CSE em 4°S (Figura 1) (LUMPKIN; GARZOLI, 2005). Tal
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processo transfere o nucleo de méaxima velocidade do sistema CNB/SCNB de 200m de
profundidade para regides superficiais, o que faz com que o sistema seja enfraquecido e haja
total predominancia da CNB em superficie (SCHOTT et al., 1998). Contribui também para tal
intensificacdo a confluéncia da porcdo norte da CSE entre 2-3°N, que aceleram ainda mais a
CNB (LUMPKIN; GARZOLLI, 2005). Antes disso, ao cruzar a linha do equador, parte da CNB
sofre retroflex&o, originando e alimentando a SCE (LUMPKIN; GARZOLLI, 2005).

Figura 1 — Padréo de circulacéo no Atlantico Tropical
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Fonte: O autor (2019)

Uma imagem de concentragdo de clorofila do MODIS/Aqua de 23 de setembro de 2003 foi utilizada para realcar
os padrdes de correntes. SCNB: Subcorrente Norte do Brasil; CNB: Corrente Norte do Brasil; SCNE: Subcorrente
Norte Equatorial; SCE: Subcorrente Equatorial; SCSE: Subcorrente Sul Equatorial; CCNE: Contracorrente Norte
Equatorial; nCSE: ramo norte da Corrente Sul Equatorial; cCSE: ramo central da Corrente Sul Equatorial; SCSE:
ramo sul da Corrente Sul Equatorial.

A retroflexdo intensifica a vorticidade do escoamento e pode, ocasionalmente, liberar
grandes vortices anticiclonicos de nucleo quente (DIDDEN; SCHOTT, 1993; JOHNS et al.,
2003). Tais vortices sdo propagados para noroeste e sdo considerados a principal contribuicdo
para a perenidade, ao longo da costa norte da América do Sul, da Corrente de Guiana, uma
corrente que se estende abaixo da camada de Ekman influenciada pela CNB (LUMPKIN;
GARZOLLI, 2005). Lumpkin e Garzoli (2005) indicaram intensificagdo na corrente de Guiana
associada a sazonalidade da retroflexdo da CNB, onde a corrente se apresenta mais forte nos
meses de auséncia da retroflexdo. A CNB tem papel fundamental em dois processos: o
fechamento do giro equatorial gerado pelo regime de ventos, alimentando um sistema de
Contracorrentes zonais (LUMPKIN; GARZOLLI, 2005); e o favorecimento do transporte das
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aguas quentes superficiais do Atlantico do HS para o HN, sendo parte importante da CRMA
(JOHNS et al., 1998). Os vortices relacionados a CNB s&o mais detalhados na proxima secéo.

1.1.3 Vortices da Corrente Norte do Brasil (VCNBSs)

Vortices ocednicos contribuem para distribuicdo de massas de &gua, sendo parte da
circulacdo geral oceanica (OLSON, 1991). Desta forma, vortices oceanicos, também chamados
de anéis oceanicos, tém extrema importancia no transporte e balango global de energia, massa,
calor, nutrientes, produtividade e ciclagem de elementos (OLSON, 1991; MCGILLICUDDY
etal. 1998; BENITEZ-NELSON et al. 2007; VILLAS BOAS et al., 2015). Eles s&o geralmente
associados as correntes de borda oeste, as instabilidades baroclinicas de correntes de larga
escala, além de interacdes com topografia e forcantes atmosféricas (KAMENKOVICH et al.,
1986). Uma intensa corrente de borda oeste € a Corrente Norte do Brasil (CNB), a qual é
considerada o padrdo dominante da circulacdo em superficie no Atlantico Tropical Ocidental
(Figura 1) (FRATANTONI; RICHARDSON, 2006).

A CNB flui predominantemente para noroeste ao longo da costa norte do Brasil e
proximo de 6° N — 8° N e 45° - 50°W, se separa da costa e retroflexiona para leste, alimentando
a Contracorrente Norte Equatorial (CCNE) (Figura 1) (JOHNS et al., 1990; JOHNS et al., 2003;
FONSECA et al., 2004). Esta retroflexdo intensifica a vorticidade do escoamento e pode,
ocasionalmente, liberar grandes vértices anticiclénicos de nucleo quente (DIDDEN; SCHOTT,
1993; JOHNS et al., 2003), que sdo associados a subsidéncia de massas de agua, anomalias
positivas de Altura da Superficie do Mar (ASM) e aprofundamento da termoclina em seus
ndcleos (WILLIAMS; FOLLOWS, 2003; BAKUN, 2006).A retroflexdo da CNB apresenta um
ciclo sazonal associado com a migracdo da Zona de Convergéncia Intertropical (ZCIT)
(FONSECA et al., 2004). O deslocamento meridional da ZCIT faz com que os alisios de sudeste
predominem de junho a novembro, desenvolvendo ao maximo a retroflexdo nestes meses,
enquanto que entre dezembro e maio a retroflexdo é praticamente ausente (JOHNS et al., 1998;
GARZOLI et al., 2004; LUMPKIN; GARZOLLI, 2005). Além disso, estima-se que haja uma
relagdo direta entre o volume transportado pela CNB e a latitude de penetragcdo no HN que ela
atinge. Quando este transporte € maximo, a maxima latitude de penetracao também é alcancada
e um vortice quase sempre € liberado (GARZOLI et al., 2003; GARZOL et al., 2004). Ou seja,
quanto maior a latitude de penetracéo da retroflexdo da CNB, maior é a chance de liberagdo de
vortice (GARZOLI et al., 2003), indicando que 0s anos em que a CNB atingir mais vezes a sua

méaxima latitude seriam os anos com mais vortices liberados. Os vortices da CNB (aqui
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denominados VCNBSs) séo liberados principalmente devido a pequena inclina¢do da costa da
América do Sul entre 5°N-8°N (ZHARKOV; NOF, 2010).

O primeiro estudo que descreveu e identificou a presenca dos vortices dos VCNBs foi
o realizado por Legeckis e Gordon (1982). Eles identificaram, atraves de dados de satélite de
Temperatura da Superficie do Mar (TSM), a presenca de anéis elipticos de ndcleo quente que
transladavam com velocidades variando entre 4-35km/dia (LEGECKIS; GORDON, 1982).
Posteriormente, diversos trabalhos foram realizados com objetivos de analisar tais VCNBs
(DIDDEN; SCHOTT, 1993; FRATANTONI et al. 1995; GONI; JOHNS, 2001;
FRATANTONI; GLICKSON, 2002; JOHNS et al. 2003; FRATANTONI; RICHARDSON,
2006; JOCHUMSEN et al. 2010; CASTELAO; JOHNS, 2011). Estes vortices, tipicamente,
apresentam um diametro médio de 400 km, maxima anomalia de ASM (aASM) de 5-30 cm
(DIDDEN; SCHOTT, 1993; JOHNS et al. 2003; FRATANTONI; RICHARDSON, 2006),
velocidades azimutais superficiais de 1 m/s e subsuperficiais de 15-20 cm/s, e podem se
estender até profundidades maiores que 1000 m (JOHNS et al., 1990; DIDDEN; SCHOTT,
1993; FRATANTONI et al., 1995; FRATANTONI; GLICKSON, 2002; GONI; JOHNS, 2003,
FRATANTONI; RICHARDSON, 2006). Os VCNBs se movem na direcdo noroeste, por 3 a 4
meses, em dire¢do ao Mar do Caribe, com velocidade de translagdo de 7-20 km/dia, até atingir
as Antilhas, onde comegam a se dissipar (DIDDEN; SCHOTT, 1993; FRATANTONI et al.,
1995; FRATANTONI; GLICKSON, 2002; GONI; JOHNS, 2003; FRATANTONI,;
RICHARDSON, 2006; CASTELAO; JOHNS, 2011). Estima-se que o0 nimero médio de
vortices por ano seja entre 3 e 7 (GONI; JOHNS, 2001; FRATANTONI; GLICKSON, 2002;
GARZOLI et al.,, 2003; GONI; JOHNS, 2003; JOHNS et al., 2003; FRATANTONI;
RICHARDSON, 2006; JOCHUMSEN et al., 2010). Castel&o e Johns (2011) apontaram para a
presenga de um “escudo dindmico” nos VCNBs, gerado por uma vorticidade externa (positiva),
inerente aos mesmos, de sentido oposto a interna (negativa), o que pode dificultar a fusdo entre
estes vortices. Richardson et al. (2005) sugeriu que a interacdo entre os VCNBs com as ilhas
Antilhas contribui na gera¢do de outros vortices anticiclonicos observados no arco de ilha a
leste do Mar do Caribe. Ao atingir a regido Caribenha, os vortices causam alteracfes nos
padrées de circulacdo local, além de gerarem variagbes nas salinidades superficiais e
influenciarem na capacidade de recrutamento e crescimento de larvas plancténicas de peixes
(COWEN; CASTRO, 1994; KELLY et al., 2000; COWEN et al., 2003). Por fim, os VCNBs
sdo responsaveis pelo transporte de mais da metade do fluxo de calor da Célula de
Revolvimento Meridional do Atlantico (CRMA) do HS para o HN (FRATANTONI et al. 2000;
JOHNS et al., 2003), sendo os mesmos tambem um dos principais mecanismos de transporte
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de energia e massa do Atlantico Sul para o Atlantico Norte (FRATANTONI et al. 1995;
FRATANTONI et al., 2000; JOHNS et al., 2003; CRUZ-GOMEZ; SALCEDO-CASTRO,
2013).

1.1.4 CO2no Atlantico Tropical

O Atlantico Tropical, em geral, apresenta-se como uma regido fonte de CO; para a
atmosfera (LEFEVRE et al., 1998). Este fato est4 relacionado principalmente & ressurgéncia
equatorial, processo que traz dguas subsuperficiais ricas em CO; para a superficie, aumentando
a saturagdo em superficie de carbono nesta regifo (LEFEVRE et al., 1998). Além disso, Andrié
et al. (1986) perceberam no local um aumento na fugacidade de CO; (fCO.), ou seja, a pressdo
parcial de CO., com um aumento de temperatura de leste a oeste nesta bacia oceénica. De fato,
Takahashi et al. (1993) observou, considerando as demais varidveis constantes, uma taxa de
aumento de fCO2 no oceano de 4%/°C. No entanto, percebem-se areas de baixissimas
concentracdes de carbono no Atlantico Tropical relacionadas a dispersdo da pluma do
Amazonas (KORTZINGER, 2003; COOLEY et al., 2007; LEFEVRE et al. 2010; LEFEVRE
et al. 2017). De fato, a pluma do Rio Amazonas tem grande influéncia na costa nordeste da
América do Sul, no Mar do Caribe e no Oceano Atlantico Equatorial, especialmente em relacdo
a fatores como: deposicdo e erosdo costeira (FROIDEFOND et al., 2002); aumento da biomassa
fitoplanctonica e produtividade primaria (SMITH; DEMASTER, 1996); distribuicdo de
microorganismos (ARAUJO et al., 2017), aporte de nutrientes e, especialmente, sequestro de
carbono (KORTZINGER, 2003; COOLEY et al., 2007; LEFEVRE et al. 2010; LEFEVRE et
al. 2017). O Amazonas €é o rio que possui a maior descarga global e conta por 20% da entrada
fluvial nos oceanos, além de ser responsavel por quase metade de toda entrada de 4&gua doce no
Atlantico Tropical Norte (CARTON, 1991). Tal descarga do Amazonas ja demonstrou
apresentar sazonalidade, com a maior descarga ocorrendo nos periodos de chuva, além de
também ser influenciada pelos anos de ocorréncia de ENOS (TYAQUICA et al., 2017).

Diferentes fatores, como a salinidade, temperatura, pH e produtividade primaria
contribuem para que a pluma do Rio Amazonas seja caracterizada como uma regido subsaturada
de COz. Diversos trabalhos apontaram a salinidade como principal fator de controle da taxa
fluxo de CO2, onde quanto menor a salinidade, maior a captacdo de carbono pelos oceanos
(KORTZINGER, 2003; LEFEVRE et al. 2010; LEFEVRE et al. 2017; LEFEVRE et al. 2020).
Este fato deve-se as menores salinidades em regies oceénicas estarem associadas a diminuicdo

da turbidez estuarina, aumento de nutrientes e consequente aumento de producdo primaria.
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Ternon et al. (2000) estimaram que a produtividade priméria na pluma do Rio Amazonas é
responsavel por 30% do consumo de CO, do Atlantico Tropical. Adicionalmente, a
produtividade primaria liquida na pluma do Rio Amazonas reduz em mais de cem vezes a
concentragdo de COzna mesma (COOLEY et al., 2007). Ainda, Lefevre et al. (2020) indicaram
que a diminuicdo de fCO; esta associado com um pico moderado de clorofila na béia 8°N, 38°W
depois de 2 meses de transporte da agua do rio. A Figura 1 ilustra altas concentragdes de
clorofila que podem ser observadas na foz do Amazonas. Além disso, Cooley et al. (2007)
indicaram que as diversas condicGes sensiveis ao clima (como temperatura, ventos e
precipitagdo), que controlam a dindmica do rio, a solubilidade do CO, e a troca gasosa é que
sdo responsaveis por tornar a pluma do Amazonas como sumidouro de carbono.

Héa anos tentam-se estabelecer relagdes entre vortices e balango de carbono nos oceanos
(MOURINO et al., 2003). Mais recentemente, outros trabalhos foram desenvolvidos com o
objetivo de avaliar os impactos da hidrodindmica de vértices em fluxos de CO> e a contribuicdo
dos mesmos para o fluxo global dos oceanos (SONG et al., 2016; ORSELLI et al., 2019). De
fato, demonstrou-se a importancia dessas estruturas na modulacdo dos processos de oceano-
atmosfera na trocas de gases. Vortices de mesoescala apresentaram papel fundamental nestes
processos na Passagem de Drake, no Oceano Austral, onde, no verdo, vortices
anticicl6nicos/ciclonicos eram capazes de captar mais/menos CO2 que as aguas adjacentes,
respectivamente; enquanto que no inverno 0 oposto ocorria, 0s Vvortices anticiclénicos/
ciclénicos liberavam mais/menos para a atmosfera, respectivamente (SONG et al., 2016). Ja
Orselli et al. (2019) mostrou que vértices anticiclonicos provenientes da corrente de Agulhas,
que cruzam o Atlantico em direcdo a América do Sul, representam regiGes pontuais de
sumidouros de CO;, podendo também contribuir para uma rapida acidificacdo da Agua Central
do Atlantico Sul (ACAS). Mourifio et al. (2003), por outro lado, identificaram que vortices
subtropicais no nordeste do Atlantico contribuiram menos de 1% para a producéo liquida total
da regido, indicando pouca influéncia nos fluxos biogeoquimicos neste local. Mais
recentemente, a TSM se mostrou como principal responsavel na mudanga de vortices
anticiclonicos de sumidouros para fontes CO2 de para atmosfera na Confluéncia Brasil-
Malvinas (PEZZI et al., 2021). Desta forma, observa-se que os processos que afetam os fluxos
de CO2 no nucleo dos vortices sdo bastante dindmicos, estando 0s mesmos sujeitos as variagoes
e particularidades de cada regido.

Ffield (2005) observou que os VCNB:s intensificados superficialmente ndo envolviam a
pluma do Amazonas, e sim as aguas tropicais da NBC, ficando a &gua menos salina apenas nos

limites circundantes aos vortices. Por outro lado, vortices com maior intensidade em
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profundidade conseguiram superficialmente capturar &guas menos salinas (FFIELD, 2005).
Desta forma, estima-se que o conhecimento da dindmica do vortice em questdo e do ambiente
que o contorna é também capital para 0s processos biogeoquimicos nos centros destes vortices.
Neste contexto, a analise da variabilidade espaco-temporal dos vortices e suas caracteristicas
fisicas sdo, de fato, cruciais para a melhor compreensao de aspectos de circulacdo global e dos
processos fisicos e biogeoquimicos responsaveis pela variabilidade do CO. no Atlantico
Tropical Noroeste. Por fim, o estudo se mostra importante para 0 monitoramento espacial do
balango de CO2 no Atlantico Tropical e, por consequéncia, na contribuicdo dos VCNBs nos
fluxos de CO2 em escala global.

No presente trabalho, o papel dos VCNBs nos fluxos de COzna regido do Atlantico
Tropical Noroeste foi analisado. Para tal, aplicou-se o algoritmo AMEDA as diferentes bases
de dados de reanalise, afim de se realizar: um estudo de 24 anos da variacdo da dindmica intra
e interanual dos VCNBs e o papel da fusdo nas caracteristicas dos mesmos; um outro estudo
com o objetivo de avaliar os impactos de alguns vértices especificos nos fluxos de CO- entre
oceano e atmosfera, apontando também para uma possivel sazonalidade de tais impactos
biogeoquimicos nessa regido. No Capitulo 2 deste documento, detalha-se a metodologia

aplicada neste trabalho.

1.2 OBJETIVOS

1.2.1 Geral

O objetivo principal deste trabalho é entender o papel dos Vértices da Corrente Norte

do Brasil na modulacéo dos fluxos de CO. do Atlantico Tropical Norte Ocidental.

1.2.2 Especificos

o Estudar a variabilidade espaco temporal e as caracteristicas fisicas dos VCNBS;
o Avaliar eventos especificos de formacao e, principalmente, de fusdo de VCNBs,
concluindo com os possiveis impactos dessas interagdes vortice-vortice;

o Avaliar os impactos dos VCNBs nos fluxos totais de CO2 entre oceano e

atmosfera na regiao;
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Concluir estudos de caso para se obter mais detalhes a respeito da influéncia dos

VCNB:s nos fluxos de CO, em escalas sazonal e interanual.
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2 METODOLOGIA

2.1 AREA DE ESTUDO

O presente trabalho teve como area de estudo uma regido especifica do Atlantico
Tropical Ocidental, limitadas latitudinalmente entre 5° S - 15° N e longitudinalmente entre 45°
W - 65° W (Figura 2). Tais limites foram selecionados com o objetivo de tornar a analise de
geracdo e evolucdo dos VCNBs mais detalhada, haja vista que dentro destes limites ocorre a
retroflexdo da CNB (6° - 8° N e 45 - 48° W) e a consequente liberacdo dos vortices. Além disso,
é importante destacar que na area de estudo a presenca das desembocaduras dos rios Amazonas
(0,5° N; 50,5° W) e Orinoco (9,5° N; 61,5° W) (Figura 2) ja demonstraram ser importantes para
0 a regido de diversas formas (SMITH; DEMASTER, 1996; FROIDEFOND et al., 2002;
KORTZINGER, 2003; LEFEVRE et al., 2010), além de se relacionarem com os vortices da
CNB (FFIELD, 2005).Reitera-se aqui o papel de fonte de CO2 que o Atlantico Tropical possui
(LEFEVRE et al., 1998), enquanto que as regides das plumas dos rios, especialmente a do
Amazonas, estdo relacionadas com sumidouro de carbono atmosférico (KORTZINGER et al.,
2003; COOLEY et al., 2007).

Figura 2 — Area de Estudo delimitada e representacéo esquematica de um vortice desprendido da retroflexdo da
CNB (circulo branco)
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Fonte: cedido por Pedro Tyaquica (2019).

Uma imagem de concentragdo de clorofila do MODIS/Aqua de 23 de setembro de 2003 foi utilizada para realcar
0 padrdo do VCNB além da foz dos rios Orinoco e Amazonas.
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2.2 BASE DE DADOS

2.2.1 Dados de reanalise ARMOR 3D

Neste estudo foram utilizadas 24 anos (janeiro de 1993 - dezembro de 2016) de dados
de reandlise semanais de altura absoluta da superficie do mar (m), e das componentes
geostréficas zonais (u) e meridionais (v) a 50 m de profundidade das correntes (m/s), com
resolucdo espacial de ¥ (0,25°).Estes dados, obtidos do Global Observed Ocean Physics
Temperature Salinity Heights and Currents Reprocessing - ARMOR3D L4 (GUINEHUT et
al.,, 2012; MULET et al., 2012), foram utilizados com o objetivo de detectar a ocorréncia
espaco-temporal dos VCNBs. Esta base de dados é desenvolvida através da combinacdo de
dados de ASM, TSM, e salinidade, e dados in situ de perfis verticais de temperatura e
salinidade, apresentando um campo 3D semanal de temperatura, salinidade e velocidade
geostrofica (Verbrugge et al., 2017). ARMOR 3D estéd disponivel no CMEMS web portal
(http://marine.copernicus.eu/services-portfolio/accessto-products/, ID do produto:
MULTIOBS _GLO PHY_REP_015 002) com a nova versdo 4, atualizada em abril 2018. O
produto usado no presente trabalho foi da wverséio 3 (ID do produto:
GLOBAL_REP_PHYS 001 021). Além da andlise da variabilidade espaco-temporal dos
VCNBs, 0o ARMOR3D foi também util para observacdo dos perfis verticais de temperatura e
salinidade no centro dos VCNBS, e para avaliacdo dos impactos (especialmente na termoclina)
gue o movimento de subsidéncia de aguas apresenta nestes locais. Ainda, a frequéncia semanal
e resolucdo espacial de ¥° permitiu a caracterizagdo dos vortices da CNB, haja vista que sdo
estruturas de mesoescala (de centenas de quildmetros), e a analise da variabilidade dos mesmos

em longo prazo.

2.2.2 Modelo Mercator

O estudo sobre a contribuicdo dos VCNBs para a variabilidade espacial de varidveis
biogeoquimicas, baseou-se na analise de anomalias de médias mensais dos dados diarios do
projeto Mercator Ocean (www.mercator-ocean.fr) atraves do modelo fisico GLORYS12v1
(resolucéo espacial de 1/12°, e vertical de 50 niveis) e do modelo biogeoquimico BIORYS2V4
(resolucdo espacial de ¥4°, e vertical de 75 niveis). A simulacdo do Mercator Ocean é baseada
na plataforma de modelagem NEMO (Nucleus for European Modelling of the Ocean),

possuindo uma cobertura global no periodo de 1993-2019.0 componente biogeoquimico
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PISCES (AUMONT et al., 2015) é acoplado offline ao componente hidrodindamico NEMO em
uma frequéncia diaria. Ambos os componentes sdo for¢cados por campos atmosféericos do ERA-
Interim. O modelo biogeoquimico esta disponivel no catdlogo do Copernicus Marine Service
(product GLOBAL_REANALYSIS_BIO_001_029). Detalhes de tal simulacao estdo descritos
no Quality Information Document (http://marine.copernicus.eu/documents/QUID/CMEMS-
GLO-QUID-001-029.pdf). O modelo hidrodindmico est4 disponivel sob requerimento no
balcdo de atendimento do Mercator Ocean. Além disso, os dados didrios dos modelos foram
diretamente utilizados de forma a se realizar uma analise mais aprofundada da estrutura fisica
e, especialmente, do impacto biogeoquimico destes vortices nas aguas em que 0S mesmos

atuam.

2.3  ANALISES

2.3.1 Métodos de identificacdo de vortices

Diversas metodologias foram utilizadas para identificacdo de vortices e determinagédo
de seus centros com eficacia. Inicialmente, foram utilizadas metodologias baseadas ou em
caracteristicas geométricas do campo de velocidade geostréfica ou em mapas de altimetria da
superficie do mar. Um dos primeiros trabalhos que divulgou e aplicou uma destas metodologias
foi o de McWilliams (1990), que utilizou a vorticidade relativa para identificacdo dos centros
dos vortices. Este método foi melhorado através da utilizacdo de analise de ondeleta no campo
de vorticidade (DOGLIOLI et al., 2007). Muito se usou também o parametro de Okubo-Weiss
(OW), que quantifica a importancia relativa da rotacdo em relacdo a deformacéo, através de
dados de corrente geostrofica (ISERN-FONTANET et al., 2004; CHELTON et al., 2007;
CHAIGNEAU et al., 2008). Assumindo que um vortice coerente seria caracterizado por linhas
de correntes fechadas ou espirais, outros trabalhos utilizaram apenas as caracteristicas
geométricas do campo de velocidade geostréfica na identificacdo de vortices (SADARJOEN;
POST, 2000; NENCIOLI et al. 2010). Mais recentemente, outras metodologias comecaram a
se destacar pelo seu carater hibrido: considerando tanto os aspectos geométricos quanto 0s
fisicos dos vortices (HALO et al. 2014; YI et al. 2014; MKHININI et al., 2014). Estas, no
entanto, utilizavam o OW para deteccdo de possiveis centros de vortices, com exce¢do de
Mkhnini et al. (2014). Este introduziu um novo pardmetro: o Momento Angular Local
Normalizado (MALN), ou seja, o valor da integral do momento angular em uma area restrita.

Este parametro sera detalhado na secdo 2.3.2. Atualmente, os algoritmos hibridos se tornaram
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ainda mais eficazes com a insercdo da identificacdo de eventos especificos de separagdo ou
fusdo de vortices (LI et al., 2014; LE VU et al., 2018). Desta forma, os melhoramentos nas
metodologias utilizadas para identificacdo de vortices permitem a caracterizacdo dos principais
parametros dindmicos destas estruturas, entre eles: velocidade azimutal maxima, raio de
méaxima velocidade azimutal, nimero de Rossby; além da identificacdo dos eventos de
interacdo vartice-vortice, seja de fusdo ou separacao.

Através do Angular Momentum Eddy Detection and Tracking Algorithm (AMEDA) (LE
VU et al., 2018), um algoritmo hibrido, sera realizada a identificacdo de ocorréncia e da
variabilidade espaco-temporal dos VCNBs neste estudo. Com o AMEDA, pode-se analisar os
momentos de génese, crescimento, intensificacdo, trajetoria, fusdo e separacdo dos vortices,
além dos parametros obtidos para cada vértice formado. O AMEDA possui as seguintes
propriedades, de acordo com Le Vu et al. (2018): algoritmo com parametros ajustaveis e
robustos a diferentes resolucbes espaco-temporais; facilidade de validacdo do algoritmo, haja
vista que o célculo de propriedades dos vortices permite a comparacao direta com dados in situ;
identificacdo dos eventos de fuséo e separacdo de vortices, permitindo 0 acompanhamento com
precisdo da evolucdo dindmica dos mesmos. Diversos trabalhos utilizaram recentemente este
algoritmo. louannou et al. (2017) aplicou 0 mesmo para o estudo de lerapetra eddies no Mar
Mediterraneo, enquanto que Garreau et al. (2018) usou a ferramenta para monitorar a trajetoria
de um vértice anticiclonicos na bacia da Argélia. Por fim, o AMEDA foi utilizado também para
estudo global dos vértices (DE MAREZ et al., 2020). O algoritmo sera detalhado a seguir, na
secédo 2.3.2.

2.3.2 AMEDA

Destaca-se aqui os dois passos principais do AMEDA: a identificacdo dos centros dos
vortices e a determinacdo de sua trajetéria. Para a identificacdo dos centros dos vortices, 0
algoritmo se baseia em dois critérios: critério dinamico e critério geometrico. Para o primeiro,
AMEDA utiliza um método proposto por Mkhinini et al. (2014), que, ao invés de utilizar o
OW, que é um parametro vastamente utilizado para identificacdo de centros de vortices a partir
de dados do campo de velocidade geostrofico (CHELTON et al., 2007; CHAIGNEAU et al.,
2008), utiliza outro parametro dindmico, o Momento Angular Local Normalizado (MALN), ou
seja, o valor da integral do momento angular em uma area restrita. O MALN sera 1 para 0s
centros dos vortices ciclénicos e -1 para 0s centros de vortices anticiclénicos. Este parametro

ndo depende da intensidade do vortice e é utilizado para a distingdo entre pontos hiperbdlicos
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(MALN alto) e pontos elipticos (MALN igual a zero) (LE VU et al., 2018). Como o valor de
MALN ndo é suficiente para garantir pontos de centros de vortices realmente capazes de
prender massas de agua (LE VU et al., 2018), o critério geométrico também € utilizado. Este
ultimo é baseado nas linhas dos campos de correntes e considera um ponto como o centro de
um vortice somente se os valores de MALN caracteristicos de vortices coincidirem com linhas
de correntes fechadas ao seu redor. Ou seja, que as linhas de velocidade sejam invertidas quando
cruzarem o centro do vortice e que as direcdes dos vetores de velocidade mudem com um senso
de rotacdo, onde vetores de velocidades vizinhos devem estar no mesmo quadrante ou em
quadrantes adjacentes (NENCIOLI et al., 2010). A determinacdo das trajetdrias dos vortices,
por sua vez, é baseada na pesquisa a cada passo de tempo dos vortices que estavam presentes
no passo de tempo anterior. Para isso, AMEDA utiliza o0 método do Vizinho Local mais
préximo, que consiste em associar, para cada centro de vortice detectado em determinado passo,
0 outro mais préximo de mesmo sinal detectado no passo anterior em determinada area. Desta
forma, o Algoritmo foi capaz tanto de identificar os centros dos vortices, quanto em indicar
suas provaveis trajetorias.

E importante destacar, no entanto, que analises criteriosas foram realizadas em cada
passo de tempo (em cada semana) para a verificacdo de tais trajetdrias e da duracéo dos vortices.
Além disso, ressalta-se que as configuracfes padrdes dos parametros, utilizadas por Le Vu et
al. (2018), foram praticamente mantidas, com excec¢do do Rlim (i.e. mé&ximo tamanho do
contorno caracteristico do vértice). Devido a problemas na identificacdo dos vortices, 0s
idealizadores do AMEDA (Briac Le Vu e Alexander Stegner) sugeriram uma alteracdo do Rlim,
antes estabelecido como Rlim=5Rd, para Rlim=10Rd, sendo Rd o raio de deformacéo de Rosshy
do primeiro modo baroclinico na area de estudo. O Rd utilizado foi o analisado por Chelton et
al. (1998) e ¢ definido como a escala horizontal em que os efeitos rotacionais se tornam mais
importantes do que efeitos de flutuacdo e gravidade. (NURSER; BACON, 2014). Nurser e
Bacon (2014) também o definem como a escala horizontal do relaxamento geostréfico. O
AMEDA também diferencia 0s momentos em que Rméx (i.e. o raio correspondente a maior
velocidade azimutal) (LE VU et al., 2018) é maior que o raio do vortice e 0 momento em que
ambos os raios sdo praticamente semelhantes. Além disso, hd também diferenciacdo entre

vortices cicldnicos e anticicldnicos.

A aASM para cada semana foi calculada da seguinte maneira:

aASM(x,y,t) = ASMs(x,y,t) — ASMm(x,y, s) Q)
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Onde: ASMs ¢é a altura absoluta da superficie do mar para determinado ponto de
determinada semana, ASMm ¢é a média de ASMs obtida para cada ponto na semana especifica
de cada més dos 24 anos observados, € X, Y, t, s sdo a latitude, longitude, o passo de tempo e a
semana especifica do més de cada centro de vortice identificado, respectivamente. Ou seja, a
aASM da 12 semana de janeiro de 1993 sera 0 ASMs desta semana menos 0 ASMm das primeiras
semanas de janeiro de 1993-2014.

A partir do funcionamento do Algoritmo, com os vortices identificados em cada tempo
especifico, passaram a ser computados 0s parametros para cada vortice. Para cada VCNB foi
escolhida uma semana especifica para se ter tais parametros. Os parametros contados nesta
semana representam cada vortice especifico, e, portanto, a semana a ser computada deve ser
escolhida atentamente. O critério para a escolha da semana em que 0s parametros do vortice
seriam computados foi a principal assinatura em superficie dos vortices, ou seja, a assinatura
de aASM. Desta forma, os momentos de maxima aASM identificados nos centros dos vortices
(além de seus parametros) foram selecionados para representar os vortices. Além disso,
consideraram-se apenas 0s aneéis liberados pela CNB que cruzaram a linha de 55°W. Pequenas
turbuléncias com duracdes menores que duas semanas e raios inferiores a 30 km na area de
estudo, ocasionalmente, também eram consideradas vortices pelo AMEDA. Acredita-se que
tais dimens@es turbulentas possam corresponder as ondas de Rossby, e, portanto, ndo foram
consideradas como verdadeiros vortices da CNB. De fato, ondas de Rossby provenientes do
Leste também sdo incidentes na regido, influenciando na dindmica dos vortices, mas na escala
turbulenta. (Fratantoni and Richardson, 2006; Jochum and Malanotte-Rizzoli, 2003).

Através deste método foram computados os parametros representativos de cada vortice.
Foram analisados 3 parametros diretamente do AMEDA, sendo eles: Vméax, Rméx, EC. Vmax
indica a maxima velocidade azimutal (i.e. velocidade rotacional, ou seja, a velocidade do corpo
em torno de seu proprio eixo), e é dado em metros por segundo (m/s). Rmax, que ja foi definido
anteriormente, é também definido como o raio do circulo da mesma area com contorno fechado
de aASM que apresentou maxima velocidade geostrofica media (MASON et al., 2014). Rmax
é dado em quilémetros (km). EC é a energia cinética de cada vortice, dada em metro ao
guadrado por segundo ao quadrado (m?/s?).

Outro parametro foi obtido indiretamente do Algoritmo: o nimero adimensional de
Rossby para os vortices, Ro, que relaciona os efeitos de advecgédo e rotagdo em um vortice
(VANDENBROUCK et al., 2000). Para os calculos de Ro, utilizou-se também o f, o parametro
de Coriolis para cada vortice, também retirados do AMEDA, de forma que o nimero de Rossby

foi calculado como a razéo entre a forga inercial e a forga de Coriolis:
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Vmax
Ro =

- fRmax

)

Ro representa forca da rotacdo aplicada em relagao aos termos nédo-lineares, comparando
a importancia da vorticidade relativa em relacdo a planetaria, e possui valores na ordem de Ro
~102, por exemplo, para um fluido geofisico, que apresenta larga dimenso espacial, e é
fortemente influenciado por Coriolis (VANDENBROUCK et al., 2000). Ro para vértices
anticiclonicos, é, por definicdo, negativo, em relagdo ao sentido de rotacio (CASTELAO;
JOHNS, 2011). Observa-se que os vortices anticiclénicos ao redor do globo possuem valores
médios de Ro por volta de -0.1 (OLSON, 1991). No entanto, para este estudo, foi considerada
apenas a magnitude tanto de Vméax quanto de Ro, onde todos os valores indicativos de tais
parametros estdo representados em modulo. AMEDA ja foi utilizado por trabalhos anteriores
para a computacdo do nimero de Rossby (GARREAU et al., 2018; DE MAREZ et al., 2020).
AaASM foi também computada para cada centro de vortice encontrado. Desta forma, os
pardmetros analisados inicialmente foram: Vméax, Rmax, EC, Ro, aASM. Os resultados
observados para estas analises estdo detalhados no Capitulo 3, enquanto que as analises para o

Capitulo 4 sdo detalhadas nas préximas secfes 2.3.3 € 2.3.4.

2.3.3 Funcbes Ortogonais Empiricas (EOFs) e Analise de Ondeleta

A partir dos dados diarios do modelo Mercator, foram calculadas as anomalias mensais,
que posteriormente, foram analisadas atraves das Funcbes Ortogonais Empiricas (EOFs). EOF
€ uma técnica estatistica capaz de extrair caracteristicas espago-temporais inerentes a base de
dados (WILKS, 1995). EOF se apresenta como uma ferramenta poderosa na decomposicao de
grandes bases de dados que variam no tempo e no espaco, e para a identificacdo dos modos
dominantes. A técnica decompde a matriz covariancia em modos, representando a variabilidade
no espaco e no tempo (WILKS, 1995). Os principais componentes estdo associados com
padrdes espaciais para cada modo, representando a evolugdo com o tempo.

Como forma de representar os VCNBs na anélise de EOF, o parametro de Okubo-
Weiss foi calculado através de dados das correntes oceanicas como descrito por ISERN-
FONTANET et al. (2004). Este parametro, como citado anteriormente, quantifica a importancia
da rotacdo em relacéo a deformacdo (ISERN-FONTANET et al., 2004; CHELTON et al., 2007;
CHAIGNEAU et al., 2008) e é definido como:
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OW = s2 + s% — w? (3)

onde sn, Ss € » sdo as componentes da velocidade, de cisalhamento da deformacéo, e a

vorticidade relativa do fluxo, respectivamente, definidas como:

du dv

Sn = T @ (4)
dv du

S=nt D ®)
dv du

w = E - E (6)

onde um OW negativo indica que a vorticidade domina, e positivo a deformacéo domina.
Além disso, outra técnica aplicada no presente trabalho foi o método da
Ondeleta/Ondeleta-Cruzada, que permite a deteccdo de sinais temporais na frequéncia e no
dominio do tempo, detectando os sinais principais (VELEDA et al., 2012). A anéalise de
Ondeleta também identifica a periodicidade associada ao sinal, enquanto que a Ondeleta-
Cruzada indica a periodicidade em que dois sinais apresentam covariancia comum. Por fim, a
analise de coeréncia de Ondeleta € um método para deteccdo de coeréncias significativas entre

duas séries temporais no dominio de frequéncia do tempo (GRINSTED et al, 2004).

2.3.4 Estudo de Caso

A partir da visdo geral apresentada pelas analises estatisticas, um estudo de caso foi
realizado para o ano de 2009 (Figura 3) de forma a entender como 0os VCNBs podem afetar as
variaveis envolvidas em tais estruturas, tanto em superficie quanto em profundidade, e,
consequentemente, o fluxo de CO:z entre oceano e atmosfera. Para tal, dados diarios de correntes
zonais e meridionais do GLORYS12vl foram também aplicados ao AMEDA para a
identificacdo dos VCNBs escolhidos como estudos de caso. As parametrizagGes utilizadas aqui
foram as mesmas descritas anteriormente na secdo 2.3.2. Posteriormente, a evolucdo em
superficie e da estrutura vertical diaria de cada vortice ao transladar, e o consequente
comportamento fisico e biogeoquimico dos mesmos, foi avaliada. Dados do modelo fisico do
Mercator foram escolhidos para esta analise, em detrimento dos dados do ARMOR3D, devido
aos primeiros apresentarem maior resolucao espacial (1/12° x 1/4°, respectivamente) e temporal

(diario e semanal, respectivamente), o que permitiria uma analise mais robusta, especialmente
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em relacdo aos estudos de caso. Além disso, os dados do ARMOR3D se resumem as correntes
geostroficas, e ja foi demonstrado que ao assumir a presenca de balangco geostréfico em um
vortice, hd uma subestimacdo da velocidade azimutal do mesmo (DOUGLASS &
RICHMAN, 2015). Desta forma, os dados de correntes do Mercator seriam mais indicados para
esta andlise mais minuciosa. Na proxima sec¢do, detalham-se como os célculos dos fluxos de

CO; foram realizados no presente estudo.

2.3.5 Calculo do fluxo de CO>

Para analise das trocas de CO: entre oceano e atmosfera é necessério estimar a
fugacidade (i.e. pressdo parcial, indicado por fCO2) do gas nos dois diferentes ambientes (fCO>
sw e fCO2 atm, respectivamente). Para o célculo do primeiro, utilizaram-se dados superficiais
diarios e médias mensais de temperatura, salinidade, carbono inorgéanico dissolvido (DIC),
alcalinidade total (TA), silicato e fosfato, que foram aplicadas a ferramenta do CO2SYS
(LEWIS; WALLACE, 1998; PIERROT et al., 2006) no matlab, para se obter fCO2 sw. Para tal,
utilizou-se a constante de dissociacdo de Merhbach et al. (1973), renovada por Dickson e
Millero (1987).

O método de célculo de fCO2 atm utilizado neste trabalho foi extensamente descrito por
Ibanhez et al. (2017) e Lefévre et al. (2017). Para o célculo do fCO2 atm foram utilizados dados
mensais e semanais de fracdo molar de CO2 atmosférico (xCO>) provenientes da rede NOAA
GMD Carbon Cycle Cooperative Global Air Sampling Network (DLUGOKENCKY et al.,
2020), disponibilizados na NOAA/ESRL Global Monitoring Division
(http://www.esrl.noaa.gov/gmd/dv/data), para a estacdo de Barbados (13.17°N, 59.43°W) (ID
do produto: CO2_RPB_surface-flask NOAA ccgg). Através de dados de salinidade e TSM do
modelo GLORYS12V1, pH20 (ou seja, pressdo de vapor de agua em 100% de umidade) foi
medida. O coeficiente de fugacidade (C) foi calculado através de Weiss (1974). Desta forma,
tendo P como a presséo atmosférica, o fCO2 atm foi calculado seguindo a equacdo:

fCOZATM == xC02 (P - pH20) C (7)

O fluxo de CO2 (mmol m2 d1) entre oceano e atmosfera foi estimado baseando-se na
ferramenta do matlab disponibilizada por Chapa (2020), que utiliza a seguinte equacéo:

F =kS(fCO2gy — fCO247m) (8)
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onde k (cm h™?) é a velocidade de transferéncia de gés, e S (molL tatm™) a solubilidade deste
gas (WEISS, 1974). Um fluxo positivo indica que o oceano é uma fonte de CO; para a
atmosfera, enquanto que fluxos negativos indicam o oceano como sumidouro de COa,
removendo carbono da atmosfera. Os fluxos e fugacidades de CO, foram calculados tanto em
resolucdes diarias quanto em mensais.

O k, por sua vez, é parametrizado em funcéo da velocidade do vento (SWEENEY et al.,
2007) e o numero adimensional de Schmidt, Sc (WANNINKHOF, 2014). Para tal, foram
utlizados dados de reanalise didrios e mensais da velocidade do vento a 10m (U1o) do ECMWF
ERAS5 (European Centre for Medium-Range Weather Forecasts), disponivel em Copernicus
Climate Change Service (C3S) (http://cds.climate.copernicus.eu/), aplicados a seguinte

equacao:

k=027 xU?x600/S. X 0,5 9)
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3 ARTIGO 1 - INTRA- AND INTER-ANNUAL VARIABILITY OF NORTH
BRAZIL CURRENT RINGS USING ANGULAR MOMENTUM EDDY DETECTION
AND TRACKING ALGORITHM: OBSERVATIONS FROM 1993 TO 2016

Citar como: Aroucha, L.C.; Veleda, D.; Lopes, F. S.; Tyaquica, P.; Lefevre, N.; Araujo, M.
(2020). Intra- and Inter-Annual Variability of North Brazil Current Rings using Angular
Momentum Eddy Detection and Tracking Algorithm: Observations from 1993 to 2016, Journal
of Geophysical Research: Oceans, v.125, ed.12, https://doi.org/10.1029/2019JC015921

O primeiro artigo produto desta dissertacdo foi publicado pelo Journal of Geophysical
Research: Oceans, volume 125, edicdo 12, https://doi.org/10.1029/2019JC015921. O mesmo
trata de uma investigacdo da variacdo intra- e interanual da variabilidade dos vortices da
Corrente Norte do Brasil em 24 anos (1993-2016), através de um algoritmo hibrido de
identificacdo de vortices, estimando os impactos desta variabilidade em parametros dindmicos
de tais estruturas e em aspectos fisicos da coluna d’agua. A partir desse trabalho pode-se
observar efeitos da dindmica dos vértices no perfil vertical de salinidade em seus centros,
através do movimento de subsidéncia de aguas, além de ser observada certa variagdo sazonal
nas caracteristicas (estimadas por parametros dindmicos) de tais estruturas. Por fim, mostrou-
se que eventos de fusdo de vortices na regido podem significativamente aumentar a energia
cinética dos mesmos. O presente trabalho tem como autores: Léo C. Aroucha?3, Déris
Veledal?, Francis S. Lopes®?, Pedro Tyaquicd®, N. Lefévre*, e Moacyr Araujo’®
!Laboratory of Physical, Coastal and Estuarine Oceanography — LOFEC, Federal University
of Pernambuco — UFPE, Recife, Brazil. leo_aroucha@hotmail.com
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3Department of Oceanography - UFPE, Cidade Universitaria, Recife, Brazil,
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SCenter for Risk Analysis and Environmental Modeling — CEERMA, Federal University of
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O artigo completo publicado esta inserido no Anexo.
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3.1 INTRODUCTION

The North Brazil Current (NBC) is an intense western boundary current, which is the
dominant feature of the surface circulation in the Western Tropical North Atlantic (WTNA). It
flows predominantly northwestward along Brazilian northern coast and, around 6°N-8°N and
45°W, the current separates from the coast and retroflects to the east, feeding the North
Equatorial Countercurrent (NECC) (GARZOLI et al., 2003; JOHNS et al., 1990). This
retroflection, which is related to the seasonal migration of the Intertropical Convergence Zone
(ITCZ) (FONSECA et al., 2004), can occasionally shed large anticyclonic rings, that are
associated with positive anomalies of sea surface height (SSH) in their centers, traveling
northwestward until colliding with the Lesser Antilles (DIDDEN & SCHOTT, 1993;
FRATANTONI & RICHARDSON, 2006; JOCHUMSEN et al., 2010; JOHNS et al., 2003).
The NBC retroflection is most developed between June and February and is nearly absent from
March to May (JOHNS et al., 1998). However, other mechanisms, rather than the meandering
current, were proposed to explain NBC rings generation. Ma (1996) and Jochum and
Malanotte-Rizzoli (2003) showed that equatorial Rossby waves that propagate westward and
reflect at the Brazilian coast could generate these eddies. Moreover, they intensify when
traveling northwestward due to the conservation of the potential vorticity (JOCHUM &
MALANOTTE-RIZZOLI, 2003). The south American coastline inclination between 5°N and
8°N was shown to be important for ring generation (ZHARKOV & NOF, 2010). NBC rings are
crucial in the interhemispheric transport of mass and heat in the Atlantic, being an essential part
of the meridional overturning circulation (MOC) (FRATANTONI et al., 2000; JOHNS et
al., 2003). Furthermore, they contribute to the dispersion of fresh nutrient-rich waters from the
Amazon River toward the Caribbean (JOHNS et al., 1990), also affecting local circulation, that
influences planktonic fish larvae recruitment and growth (COWEN et al., 2003). Given the
importance of those rings, their study and record of their parameters are a key to the
comprehension of physical and biogeochemical processes in the WTNA.

The first study that described the presence of the NBC rings was done by Legeckis and
Gordon (1982). They used satellite sea surface temperature (SST) data to identify elliptical
warm-core rings that move northwestward with velocities from 4 to 35 km/day (LEGECKIS &
GORDON, 1982). In the following years, a number of studies contributed to the understanding
of NBC rings dimensions and dynamics (DIDDEN & SCHOTT, 1993; FRATANTONI et
al., 1995; JOHNS et al., 1990; PAULUHN & CHAO, 1999; RICHARDSON et al., 1994),
especially after the 1998-2001 NBC Ring Experiment (FRATANTONI & GLICKSON, 2002;



35

GARRAFFO et al., 2003; GARZOLI et al., 2003; GONI & JOHNS, 2001, 2003; JOHNS et
al., 2003). Those rings present typically a mean radius of 200 km, SSH anomaly of 30 cm,
surface and subsurface azimuthal velocity of 1 m/s and 15-20 cm/s, respectively, and can reach
over 1,000 m deep (DIDDEN & SCHOTT, 1993; FRATANTONI et al., 1995; FRATANTONI
& GLICKSON, 2002; FRATANTONI & RICHARDSON, 2006; GARRAFFO et al., 2003;
GONI & JOHNS, 2003; JOCHUMSEN et al., 2010; JOHNS et al., 2003; PAULUHN &
CHAO, 1999). NBC rings travel with an average propagation speed of 8-15 km/day toward the
Caribbean, for 3-4 months, until interacting with the Antilles, where they start to coalesce
(DIDDEN & SCHOTT, 1993; FRATANTONI et al.,1995; FRATANTONI &
GLICKSON, 2002; FRATANTONI & RICHARDSON, 2006; GARZOLI et al., 2003; JOHNS
etal., 1990; RICHARDSON et al., 1994). It is estimated that on average 3—7 rings are detached
from NBC per year (FRATANTONI et al., 1995; FRATANTONI & GLICKSON, 2002;
FRATANTONI & RICHARDSON, 2006; GARZOLI et al., 2003; Jochumsen et al., 2010;
JOHNS et al., 1990; MELICE & ARNAULT, 2017), yet some works indicated a rate of 8-9
rings/year (GARRAFFO et al., 2003; JOHNS et al., 2003). Although a lot is known about NBC
rings dynamics, only few works performed a long-term study (JOCHUMSEN et al., 2010;
MELICE & ARNAULT, 2017; SHARMA et al., 2009). Moreover, it is crucial to establish and
understand the change of ring parameters and how they evolve through seasons and years to
evaluate, for example, if there is a seasonal or year-to-year variation that could indicate periods
of higher intensity, energy, or SSH anomaly.

Several methodologies were used to efficiently identify eddies and determine their
centers and parameters. Initially, methodologies were based either on the geometric velocity
fields of geostrophic currents or in altimetry maps of sea surface. Posteriorly, the methods
started to be based on dynamical parameters. McWilliams (1990) was one of the firsts to use
relative vorticity for eddy identification. This method was improved over the use of wavelet
analysis on the vorticity field (DOGLIOLI et al., 2007). Other parameter widely used was the
Okubo-Weiss (OW), which quantifies the importance of rotation in relation to strain through
geostrophic current data (CHAIGNEAU et al., 2008). On the other hand, other works utilized
only the geometry of the geostrophic velocity field for eddy identification, assuming these
structures as coherent vortex if characterized by closed contour current lines (NENCIOLI et
al., 2010; SADARJOEN & POST, 2000). More recently, hybrid methodologies which consider
both geometric and physical aspects (i.e., OW parameter) of eddies began to stand out (HALO
et al., 2014; Y1 et al. 2014). Mkhinini et al. (2014) introduced the local normalized angular

momentum (LNAM), a new dynamical parameter for eddy detection, which represents the
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normalized value of the angular momentum in a restricted area. This value will reach its
extremum in the center of a solid core rotation (LNAM = +1 for cyclonic eddies and
LNAM = —1 for anticyclonic). Currently, hybrid algorithms have become even more effective
with the possibility of identification of eddy interaction through merging and splitting events
(LE VU et al., 2018; LI et al., 2014). Therefore, the improvement on the methodologies used
for eddy identification and tracking allows the characterization of the main dynamical
parameters of these structures, such as: maximum azimuthal velocity (Vmax), speed-based
radius (Rmax), and Rossby number (Ro), apart from the events of eddy interaction.

The angular momentum eddy detection and tracking algorithm (AMEDA) (LE VU et
al., 2018), will be used in this study for the identification of NBC rings occurrence, trajectories,
and physical parameters. The main goal of this work is to apply the AMEDA, using SSH and
geostrophic currents field data, in order to investigate the intra- and inter-annual variability of
NBC rings occurrence and parameters. Also, an event of rings merging will be detailed in terms
of parameters change, and identified trajectories will be commented. The significance of
studying eddy merging and splitting events relies on the fact that these events are able to change
eddy characteristics. Indeed, ring interaction can alter significantly eddy size, energy, and SSH
signal, and the main cause of their occurrence are current-eddy-topography interactions and
current variation (CUI et al., 2019). Furthermore, the study goes through the previously results
observed in published articles on NBC rings, for comparison with this AMEDA analysis. The
study is organized as follows: in Section 2 the database and the study area are explored. The
application of the data to AMEDA is described and the parameters measured are defined. In
Section 3 we highlight the inter- and intra-annual variability of NBC rings, emphasizing how
changes are observed in terms of their parameters. We also describe how vertical temperature
and salinity profile change within eddies, and analyze the 4 observed merging events between
two NBC rings with tracking identified by AMEDA. Finally, our results are compared with

previous studies. Conclusion is presented in Section 4.

3.2 DATA AND METHODS

3.2.1 Database and Study Area

The data set used in this study consists of 24 years (January/1993-December/2016) of

absolute SSH (i.e., geopotential height) and the components of the geostrophic current fields

taken from “Global Observed Ocean Physics Temperature Salinity Heights and Currents
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Reprocessing”—ARMOR 3D, with Y4° spatial resolution (e.g., GUINEHUT et al., 2012;
MULET etal., 2012; BUONGIORNO NARDELLI et al., 2016). This database results from the
combination of sea level anomaly (SLA), SST, and sea surface salinity (SSS) data and in situ
T, S vertical profiles measurements, presenting a global 3D weekly temperature, salinity,
geostrophic velocities fields (VERBRUGGE et al., 2017). ARMOR 3D is available at
Copernicus  Marine  Environment  Monitoring  Service (CMEMS) web portal
(http://marine.copernicus.eu/services-portfolio/accessto-products/, product id:
MULTIOBS _GLO_PHY_REP_015 002) with the newest Version 4, updated in April 2018.
The product used here was the Version 3 (product id: GLOBAL_REP_PHYS_001_021). The
domain of this work is restricted to the region 15°N-5°S, 63°W-45°W, which includes NBC
retroflection area (ring generation), Amazon and Orinoco Rivers mouths, and the Lesser
Antilles (ring demise). Indeed, NBC rings seems also to interact with Amazon and Orinoco
waters (FFIELD, 2005; RUDZIN et al., 2017). In addition, radiating Rossby waves from the
east also reach this region, influencing ring dynamics (FRATANTONI &
RICHARDSON, 2006; JOCHUM & MALANOTTE-RIZZOLI, 2003). We used data from
50 m deep, in order to reduce the surface signal of equatorial Rossby waves and also as an
attempt to identify subsurface rings with a negligible surface signal. Finally, sea surface height
anomaly (SSHa) were calculated based on the 24 years data. Taking the anomalies can filter
the seasonal signal, that dominates the tropical Atlantic Ocean (ARNAULT &
CHENEY, 1994), allowing a better analysis of intra-annual variability.

3.2.2 Detection Algorithm and Measured Parameters

The AMEDA (LE VU et al., 2018) was used. It is a hybrid algorithm, based not only on
dynamical parameters, but also on geometrical properties of the velocity field. In AMEDA,
while the extremum LNAM (dynamical) indicates eddy centers, the closed streamlines
(geometrical) indicates eddies boundaries, characterizing a structure as an eddy only if the grid
point corresponds for both constraints (LE VU et al., 2018). For eddy tracking, the algorithm
uses the local nearest neighbor (LNN) method (LE VU et al., 2018) and it also has the capacity
to identify merging and splitting events. AMEDA has been used in a few works in the last years.
loannou et al. (2017) applied this algorithm for the study of lerapetra Eddies on the
Mediterranean Sea, while Garreau et al. (2018) used the tool for tracking an anticyclonic eddy

in the Algerian Basin.
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The geostrophic velocities from ARMOR 3D were applied to AMEDA for ring
identification, tracking, interaction with neighboring eddies, and for computation of their
parameters. The first baroclinic Rossby radius of deformation (Rd) was calculated for each grid
point, based on Chelton et al. (1998). This radius is defined as the length scale of geostrophic
stretching, and at the equator Rd values are typically in scales of hundreds kilometers
(CHELTON et al., 1998; NURSER & BACON, 2014). Although a ¥4° data set grid was used,
the combination with the calculated Rd values is expected to be enough for normal functioning
of AMEDA, since it is a robust algorithm for different space—time resolutions, and with
tuneable parameters (LE VU et al., 2018). Only the NBC rings that were clearly detached from
the NBC retroflection and that crossed 55°W were taken into account in this analysis. Moreover,
we maintained the default AMEDA configuration of excluding the eddies between the 5°N and
5°S equatorial band, since the NBC retroflection and rings trajectory are still further north. For
each week of a ring occurrence, several parameters were measured. These parameters
constantly varied from week to week and from ring to ring. Therefore, the week of maximum
SSHa was chosen to be the representative for the rings. The parameters analyzed were: lifetime
(weeks), Rmax (km), Vmax (m/s), Ro, KE (cm2 /s2), and SSHa (in cm). Ring lifetime
corresponds to the number of weeks that the ring was identified by AMEDA. Rmax (in
kilometers) indicates the radius of the closed streamlines corresponding to the module of the
maximum azimuthal velocity (Vmax, in m/s). Ro is the dimensionless Rossby number defined
as: Ro = Vmax/(f Rmax), where f is the Coriolis parameter at ring latitude. Ring kinetic energy
(KE) is calculated from the geostrophic velocity field, is defined as KE = (u"2 + v"2)/2, and
represents the mean KE for all the grid points within each ring. Finally, as previously cited,
SSH anomalies were taken based on the 24 years data, providing the SSHa parameter.

3.3 RESULTS AND DISCUSSION

3.3.1 Observed Variability of NBC Rings Shedding Rates

It is important to initially highlight that this is the first study to apply an eddy detection
algorithm for 24 years period in the NBC region. Although other works have also analyzed
decadal time-series in NBC rings generation (JOCHUMSEN et al., 2010; MELICE &
ARNAULT, 2017), they did not used an eddy identification tool based on dynamical and
geometrical constraints, identifying the NBC rings only by statistical analysis of sea level
anomalies (MELICE & ARNAULT, 2017), or based on velocity fields of the modeled data
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(JOCHUMSEN et al., 2010). In the analyzed 24 years period, 121 NBC rings were observed to
detach from the NBC retroflection and cross the 55°W longitude line. It provides an average
shedding rate of five rings per year. The results for each year are presented in Figure 1a. Overall,
previous studies estimate a rate from 2 to 9 rings per year, which varies according to the period
covered and the method used by the study (e.g., DIDDEN & SCHOTT, 1993; GARZOLI et
al., 2003; JOCHUMSEN et al,2010; JOHNS et al, 1990, 2003; MELICE &
ARNAULT, 2017; SHARMA et al., 2009). The comparison with other works, allow us to say
that AMEDA results are reasonable. In fact, the ring shedding rate here obtained varied from a
maximum of eight rings/year in 2005 to a minimum of three rings/year in 2006 (Figure 1a).
However, the present study underestimated the average shedding rate when comparing with
few others which pointed for a 7-9 rings/year average (JOHNS et al., 2003; JOCHUMSEN et
al., 2010). This fact is thought to be mainly due to the presence of subsurface NBC rings, which
present the maximum velocity signal at 200 m and no apparent surface signal (GARRAFFO et
al., 2003). Because the present work used only 50 m depth velocity fields data, possibly some
subsurface NBC rings were not identified by AMEDA. Furthermore, Goni and Johns (2001),
using altimeter data, identified 34 anticyclonic eddies from October 1992 to December 1998.
In this study, which started to count from 1993, 29 NBC rings were identified from 1993 to
1998. In addition, 18 NBC rings were observed using ocean color imagery from September
1997 to September 2000 (FRATANTONI & GLICKSON, 2002), while we identified 16 NBC
rings in the same period. Using in situ data from moorings and ship cruises, the NBC Rings
Experiment (GARZOLI et al., 2003; GONI & JOHNS, 2003; JOHNS et al., 2003) found one
ring in November/December 1998, two rings from February/March 1999, and one ring in
June/2000. In the present work, we identified the presence of all of these rings in the periods
cited. The generation dates and parameters of all the 121 identified rings in this study are
summarized in Supporting Information (Table 3.S1). More recently, some works preceded in
longer time series for NBC ring identification. Sharma et al. (2009) using drifting buoys, ADCP
and satellite data identified 44 NBC rings in 8 years, with maximum shedding rates in 2005 and
2007, what is consistent with what was found in this study. Jochumsen et al. (2010) analyzed
from the FLAME model all the NBC ring types generation in 15 years, indicating a shedding
rate ranging from 4 to 8 rings/ year. In addition, the recent study from Meélice and
Arnault (2017), using satellite altimeter and empirical mode decomposition, presented a mean
rate of five rings generated by year, similar to the present study. Finally, although previous
studies demonstrate some differences in the inter-annual ring generation rates, the similarities

observed between them and the present work indicate AMEDA algorithm robustness and
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efficiency for ring surveillance, since it identified the presence of NBC rings quite similarly to
other studies using different methods. It is thought that when applying current velocity data
from greater depths rather than only surface fields, the algorithm will also be able to recognize

rings of larger subsurface signal.

Figure 1 — (a) Number of North Brazil Current (NBC) rings which crossed 55°W observed per year. (b)
NBC rings seasonal climatology generated for 24 years period. Both (a) and (b) compare our results with Mélice
and Arnault (2017) and Jochumsen et al. (2010)
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Moreover, it is possible to notice a considerable year-to-year variability in NBC ring
generation. This rate remained between 4 and 6 rings/year, (Figure 1a), in exception from 2005
to 2006, where the maximum and minimum ring frequency, respectively, was observed. Sharma
et al. (2009) theorized a biannual pattern in NBC ring generation rates, where alternate years
present a gap in ring formation during late spring and early summer. Therefore, it seems that
the maximum number of NBC rings generated in 2005 was compensated by the lower
generation rate in the following year. The year 2005 has maximum shedding rates and appears
to be followed by a steady cycle of ring formation and migration (SHARMA et al., 2009). It is
still not clear which mechanisms drive this inter-annual variability on NBC ring generation.
However, few works have pointed possible reasons for it, such as: penetration latitude (i.e.,
distance between the northernmost point of the retroflection and the arbitrary location of 0°S,
42°W) of NBC retroflection (GARZOLI et al., 2003) and the influence of large-scale transport
processes in Atlantic Basin (GONI & JOHNS, 2003). Garzoli et al. (2003) indicated that almost
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every time NBC retroflection reaches its northernmost position, a ring is detached, although no
clear seasonality is observed in NBC latitude of penetration. In addition, Goni and Johns (2003)
speculated at least a weak relationship between ring generation and Northern Tropical Atlantic
Index, based on possible links between ocean temperature variation and NBC rings shedding
rate. Lastly, Sharma et al. (2009) indicated that ITCZ and forcing by trade winds are not the
main factors influencing ring formation and migration. It is believed that several mechanisms
might impact NBC rings generation, and further studies could highlight these relationships.

The results obtained for the ring generation as a function of the season are described in
Figure 1b. We show that rings are formed in all months of the year, with a maximum ring
generation in February, followed by March, June, and July. The minimum generation rate, in
its turn, was observed in September-October-November trimester (SON) (Figure 1b). Those
results agree with what was found in the literature, using different methods. Fratantoni et
al. (1995) compared the modeled rings with observations from Richardson et al. (1994). They
showed a maximum generation period from October to March, with the highest observation
ring frequency in November and February, and the maximum modeled frequency in February,
April, and May. Goni and Johns (2001) presented December and January as the months of
greatest ring liberation. However, they have in 2003 pointed for different months as maximum
(i.e., February and June) (GONI & JOHNS, 2003), which the latter agrees most with the current
paper. Those previously cited works (FRANTANTONI et al., 1995; GONI & JOHNS, 2001,
2003) presented minimum generation rate from July to October, which is in agreement with the
smaller generation in August and September observed in the present study. October 2016 was
the only month in the analyzed period, which was characterized by more than one ring shed
(Table 3.S1).

The NBC ring maximum generation occurred from December to February (Figure 1b),
while a minimum was observed from September to November. The December-January-
February (DJF) trimester was responsible for 31.40% of NBC rings genesis in the 24 years,
while 25.62% and 26.45% of rings were shed for March-April-May (MAM) and June-July-
August (JJA) trimesters, respectively. It was verified a 47.37% reduction in ring generation rate
between maxima (winter) and minima (fall) trimesters. Goni and Johns (2001) presented similar
results using TOPEX altimetry data, with a maximum generation in boreal winter (DJF) and
minimum in early boreal fall (SON), although from September to November the generation rate
IS quite the same as the previous months (MAM and JJA). On the other hand, Fratantoni and
Glickson (2002) showed that the higher frequency of generation occurs from March to May,

with equivalent frequency in the other trimesters. Also, Jochumsen et al. (2010) and Mélice and
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Arnault (2017) presented similar results on the number of rings generated per trimester, with
the highest frequencies at spring (MAM) and minimum at fall (SON). According to Fratantoni
and Glickson (2002), no particular seasonality is detected in NBC ring generation and that the
observed variations in the results of those studies are most likely to be due to different
methodologies. Seasonality appears to be evident but inconsistent between successive years
(SHARMA et al., 2009). Therefore, from the present and previous studies, it is possible to
clearly identify the trimester of the minimum generation rates, which evolves the months of
September, October, and November, and that NBC rings appear to be more frequent in the first

half of the year.

3.3.2 NBC Rings Parameters

Figure S1 indicates the frequency distribution of the parameters for each identified ring.
Those parameters were obtained at the time step corresponding to the week of maximum SSHa.
The parameters of all the 121 identified rings in this study are summarized in Table S1. The
NBC rings presented an average lifetime of 15.3 (£5.4) weeks, with the higher frequency of
lifetimes between 10 and 18 weeks (Figure S1a). The last identified rings in October 2016 (i.e.,
R120 and R121) were not considered as they were not entirely vanished by the end of 2016, so
their lifetime could not be determined. The maximum ring duration was 31 weeks, and the
minimum, 4 weeks. These results are in agreement with previous studies (GONI &
JOHNS, 2001; RICHARDSON et al., 1994). Indeed, Goni and Johns (2003) verified through
satellite altimetry that NBC rings remain an average of 3.5 months in the region, with this time
ranging from 2 to 5 months. Besides, Fratantoni and Richardson (2006), using floats and
drifters, pointed for a lifetime ranging from 1 to 6 months, with an average of 3.3 months. The
importance of ring lifetime relies on how long the vortex dynamics is able to trap the parcel of
water within it. The length scale of the ring, Rmax ranged from a minimum of 87.3 km to a
maximum of 204.8 km, with an average radius of 139.5 (+23.6) km. NBC rings were more
frequent with Rmax ranging from 120 to 160 km (Figure S1b). In general, other works on NBC
rings indicate a similar length scale, with diameters varying from 150 to 400 km (CASTELAO
& JOHNS, 2011; DIDDEN & SCHOTT, 1993; FRATANTONI et al., 1995; FRATANTONI
& GLICKSON, 2002; FRATANTONI & RICHARDSON, 2006; GONI & JOHNS, 2003;
JOCHUMSEN et al., 2010; RICHARDSON et al., 1994). These length scales of hundreds of
kilometers imply a considerable water mass transport along the northern Brazilian coast. It is

estimated that an annual transport of 9.3 Sv by NBC rings, which represents an essential part
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of the MOC return flow (JOHNS et al., 2003). A mean SSHa of 9.4 (x4.0) cm was detected
with a maximum value of 24.0 cm. The higher frequency observed was around 5-15 cm of
SSHa (Figure S1f). Those results are consistent with those found in the literature. Didden and
Schott (1993) found a 4 cm SSH variability associated with NBC rings, while Goni and
Johns (2001) presented an average SSH residue of 8 cm. More recently, maximum surface
elevation related to NBC rings was pointed to range around 20-30 cm (CASTELAO & JOHNS,
2011; CRUZ-GOMEZ & SALCEDO-CASTRO, 2013). Moreover, the lowest observed value
for SSHa was 1.1 cm, which might indicate that this study could also identify NBC rings with
small surface signal, such as subsurface rings. However, to trustworthily classify NBC rings it
IS necessary to have a vertical picture of its dynamics, including thermocline and maximum
velocity depths. Then, since the present work is based only on SSHa values and a 1-level

velocity database, NBC ring classification goes beyond the scope of this study.

Figure 2 — Monthly variation of the measured North Brazil Current rings parameter during the 24 years
analysis: Ring lifetime (a), Rmax (b), Vmax (c), Rossby number (d), Kinetic Energy (e), SSH anomaly (f). The
central red mark is the median, the edges of the box are the 25th and 75th percentiles, the whiskers extend to the

most extreme datapoints, and individual red crosses are outliers
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The frequency of the maximum azimuthal velocity values (Vmax) computed from the
NBC rings indicate a higher occurrence of rotational velocities from 20 to 30 cm/s (Figure 2c).
The mean Vmax is 0.27 (x0.08) m/s, while the maximum and minimum are 0.48 m/s and

0.12 m/s, respectively. Previous works indicate that NBC rings swirl velocity vary from 12 to
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84 cm/s (FRATANTONI et al., 1995, FRATANTONI & RICHARDSON, 2006;
RICHARDSON et al., 1994). However, more recent studies established that Vmax could be
even higher than 115 cm/s (CASTELAO & JOHNS, 2011; CRUZ-GOMEZ & SALCEDO-
CASTRO, 2013). The reduced Vmax found in this study might be explained by several reasons.
First, the week of maximum SSHa does not necessarily correspond to the time step of maximum
Vmax. Then, it is possible that the values of Vmax are not the maximum rotational velocities
that a ring reached during its lifetime. In addition to this, when using geostrophic velocities
fields and assuming geostrophic balance within an eddy, its azimuthal velocity might be
underestimated due to the negligence of inertial components of momentum balance
(DOUGLASS & RICHMAN, 2015). Hence, Vmax values seemed to be underestimated in the
present study. In addition to this, it is believed that the cyclogeostrophic force terms are
important in disrupting eddy characterization from geostrophy in eddies with Ro >0.3
(DOUGLASS & RICHMAN, 2015). It seems from the literature that NBC rings Ros are on the
threshold of these values, in a way that only geostrophy might not characterize NBC rings
perfectly. Moreover, louannou et al. (2019) indicated the need of ageostrophic corrections for
mesoscale anticyclones which exceeds Ro > 0.15. Hence, aiming to quantify the amplitude of
the ageostrophic velocity component, we performed velocity corrections for NBC rings with
Ro equals or exceeding 0.15, based on the methodology of loannou et al. (2017). Results for
velocity profiles corrections and percentual increase in Vmax for each of the eight analyzed
rings are indicated in Figure S2 and Table S2, respectively. We verified a 30.0% average
increase in cyclogeostrophic Vmax for those rings. Plus, the Pearson correlation index between
Ro and Vmax increases for each ring (p =0.929), showing the proportional increase in
cyclogeostrophic Vmax in relation to a larger Ro, as expected and indicated by loannou et
al. (2019). Although in this study only a few rings exceed Ro > 0.15, it is clear that ageostrophic
corrections for rings with large Ro are indeed not negligible for reliable Vmax estimation.

Ro compares the importance of relative to planetary vorticity, and their values are
variable around the globe. The high Ro values observed for the NBC rings region are due to the
proximity of equator, an area of minimal Coriolis parameter. In this study, NBC rings presented
an average Ro of 0.08 (x0.04) (Figure S1d), and maximum and minimum values of 0.21 and
0.04, respectively. Overall, it is expected that Ro values for anticyclones are negative. Yet, as
we used the module of Vmax to measure Ro, only positive values were found. AMEDA has
already been used for Ro computation (DE MAREZ et al., 2020; GARREAU et al., 2018). The
definition of Ro in the present work is the vortex Ro, which is based on maximal azimuthal

velocity, and was also used by Fratantoni et al. (1995) and Casteldo and Johns (2011).
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However, we highlight that various definitions of Ro exists and were applied for the NBC rings.
Richardson et al (1994) and Cruz-Gémez and Salcedo-Castro (2013) defined Ro based on the
core angular velocity (Ro (2) = Q0/f, Q0 =V (R)/R when R = 0). For a Gaussian vortex, V(r) =
Vmax/Rmax r e ((1 — r 2 /[Rmax2]/2), we get Ro (2) = 1.64*Ro. From the Ro definition,
studies observed values between 0.13 and 0.26 (FRATANTONI et al., 1995), and mean
absolute Ro of 0.33 for the NBC region (CASTELAO & JOHNS, 2011). From Ro (2) values
shifted from 0.20 to 0.36 (RICHARDSON et al., 1994; CRUZ-GOMEZ & SALCEDO-
CASTRO, 2013). Even though the 1.64 factor from Ro (2) to Ro, the values here obtained for
Ro were still smaller than the ones cited in the literature using both definitions. As occurred for
Vmax, the use of purely geostrophic fields generated this underestimation. Douglass and
Richman (2015) using the core vorticity Ro definition (Ro (3) = £0/f, for a Gaussian vortex Ro
(3) = 3.3*Ro) indicated that ageostrophic corrections in Vmax are needed for vortex Ro > 0.009.
Here, we performed these corrections only for rings with Ro >0.15, as previously cited
(Figure S2 and Table S2), based on loannou et al. (2019). Table S2 also indicated the corrected

cyclogeostrophic Ro for the eight analyzed rings.

Figure 3 — Year to year variability of the measured North Brazil Current rings parameters from 1994 to 2016. In

exception, panel (a) only until 2015. Ring lifetime (a), Rmax (b), Vmax (c), Rossby number (d), Kinetic Energy

(e), SSH anomaly (f). The central red mark is the median, the edges of the box are the 25th and 75th percentiles,
the whiskers extend to the most extreme datapoints, and individual red crosses are outliers
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Finally, the NBC rings KE in the present study varied from a minimum of 49.53 cm2
/s2 to a maximum of 789.93 cm2 /s2, with the highest frequency of rings with KE around 100—
300 cm2 /s2 (Figure S2e). The average kinetic energy observed was 255.30 (+154.81) cm2 /s2.
These results are in agreement with Didden and Schott (1993), who presented similar
geostrophic NBC rings KE, changing from 100 to 300 cm2 /s2. The increased standard
deviation represents significant changes in rings KE, indicating that rings shed by the NBC
present diverse dynamical characteristics from ring to ring.

In order to investigate the seasonal variation of NBC rings characteristics, the variability
of their parameters is plotted as a function of the month for the 24 years (Figure 2). All months
were characterized, at least in one year, by a NBC ring formation. NBC rings last less in boreal
winter and have an increased lifetime in boreal summer, especially from July to August
(Figure 2a). Although boreal summer months presented higher variability from minimum to
maximum values, the median lifetime for these months is still higher than the others. On the
other hand, Rmax median values are increased in boreal winter (Figure 2b), even though a weak
seasonal variability is observed. Sharma et al. (2009) also found low seasonal amplitude in
NBC rings dimensions, with increased rings from October to March. Also, Ro and SSHa values
did not present any clear seasonal variability (Figures 2d and 2f). In contrast, Vmax and KE
show the highest median values in boreal winter months (Figures 2c and 2e). Vmax slightly
increases in boreal summer, reaching a maximum in July. Similar behavior can be observed for
KE. Didden and Schott (1993) associated KE changes in the NBC rings region with ring activity
and the seasonal retroflection circulation, which, respectively, generated KE peaks in winter
and a secondary summer maximum. More KE is available within NBC retroflection (SHARMA
et al., 2009). Therefore, Vmax and KE follow NBC retroflection seasonality. The maximum
strength of NBC retroflection in boreal summer (RICHARDSON & WALSH, 1986) is verified
in Figure 2c, while the maxima KE values are likely to be related to the beginning of NBC
retroflection weakening in January (LUMPKIN & GARZOLLI, 2005). The importance of
studying such variability of parameters relies on the estimation of ring volume and energy
within a ring, for example. Rings with larger dimensions are capable of wrapping a larger
volume of water, while its lifetime indicates eddy capacity in maintaining that wrapped piece
of water. At the same time, estimation on KE variation might indicate a seasonal energy
transport within NBC rings. In general, NBC rings seem to have larger dimensions and rotate
faster during boreal winter months, carrying more KE within them. This energy, however, is

likely to dissipate more quickly, since, in boreal winter, NBC rings presented shorter lifetimes.
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On the other hand, NBC rings shed during summer, and early boreal fall appears to last longer,

to have smaller diameters, and carry less energy.

Figure 4 — Averaged climatological anomaly of North Brazil Current ring parameters for each year during the 24
years analyzed: Ring lifetime (a), Rmax (b), Vmax (c), Rossby number (d), Kinetic Energy (e), SSH anomaly (f)
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The characteristics of the rings are plotted as a function of year to identify inter-
annual variability (Figure 3). Ring lifetime is reduced in the last decade (Figure 3a). Very high
values of lifetime are detected as outliers for some years (2007, 2008, 2012, and 2013). The
highest ring dimension is in 2003, followed by 2006 and 2009 (Figure 3b). Sharma et al. (2009)
pointed 2006 as the year with an average ring size larger than other years. The highest median
rotational velocity was observed in 2009 (Figure 3c), following the year of maximum Vmax
variation (i.e., 2008). Year 2009 was also the year of maximum KE and mainly SSHa
(Figures 3e and 3f). We calculated an annual climatological anomaly for the 24 years and
observed that 2009 presented the most significant anomaly of Vmax, KE, and SSHa (Figure 4).
Foltz et al. (2012) identified an anomalous SST cooling in the Equatorial North Atlantic band
(2°N-12°N) in 2009 and SST warming in the Equatorial South Atlantic (5°S—0°N) which
produced a shift in wind direction, changed the ITCZ position and the rainfall rates over the
region. Moreover, Tyaquicé et al. (2017) indicated an increased Amazon River discharge in
2009. These events might have altered current dynamics in this region, contributing to change

NBC ring parameters in this year. We verified from filtered monthly anomalies of salinity and
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of zonal(u)-component of NBC in a longitudinal cut at 53°W, 3°N-7°N, from surface to 500 m
deep, that 2009 year indeed presented an NBC intensity anomalous increase (Figure 5). This
increase is indicated by a higher negative anomaly in the zonal component of NBC, and
accompanied by salinity anomalies decease in the same year, showing a higher influence of
Amazon plume in this year. Additionally, data for the 24 years of monthly Amazon discharge
values recorded at the Obidos Gauging Station, available from the Environmental Research
Observatory— Geodynamical, hydrological, and biogeochemical control of erosion/alteration
and material transport in the Amazon basin (ORE-HYBAM: http://www.ore-hybam. org), were

used to estimate Amazon discharge inter-annual anomalies (Figure 5).

Figure 5 — Monthly anomalies of zonal(u)-component (a) and salinity (b) of North Brazil Current in a
longitudinal cut at 53°W, 3°N-7°N, from the surface to 500 m deep ARMOR 3D product. (c) Indicates monthly
anomalies of Amazon river discharge at the Obidos Gauging available from the ORE-HYBAM
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Source: the authors (2020).

From Amazon discharge is clear the positive anomaly during the entire 2009 year. An
increased Amazon River runoff can contribute to NBC and its rings intensity by diminishing
density through the influence of freshwater, generating an increase in current velocity.
Moreover, Amazon River discharge could contribute to the increase in local vorticity, favoring
rings intensity. Overall, it is believed that the combination of both increased NBC intensity and
Amazon River runoff contributed for the 2009 intensity change in NBC rings dynamics.

Another considerable pattern observed from 2009 is the positive trend in SSHa anomalies
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(Figure 4f). This indicates that SSHa within NBC rings is increasing in the last years. This could
be related to changes in ocean circulation during the last decades. NBC rings are very dynamic
and variable, being subject to several oceanographic and atmospheric forcings that affect their
characteristics. Therefore, a strong inter-annual variability of their parameters is expected. In
addition, we attempted to correlate Atlantic climate indexes with NBC parameter anomalies.
The highest observed correlation was 0.34 between SSHa and Atlantic multidecadal oscillation
(AMO). Although it seems a weak correlation, the analyzed period covered only the
positivephase of the AMO cycle, characterized by changes in a climate signal of 60-80 years.
Further studies could analyze a long-term climatological ring data to compare with this climate
index. NBC ring evolution in terms of eddy characteristics is highlighted in Section 3.3.

3.3.3 Rings Trajectory and Evolution: Merged Rings Case Studies

Regarding the trajectory of the 121 analyzed NBC rings, Figure 6 and Table S3 displays
the location of rings formation, location of maximum SSHa, and location of final detection. In
general, we can observe rings being generated in the NBC retroflection area, propagating
northwestward along the coast until demise when reaching the Lesser Antilles (Figure 6). The
location of rings SSHa max is spread along the area, indicating that SSHa max could be
observed right after ring formation as well as close to ring demise. Generation area is limited
from 53°W to east, while ring final detection settles mainly from 58°W to west, although few
rings were last identified east of this longitude. NBCRs far eastern from 58°W identified in
Figure 6 indicate rings that merged (e.g., R83 — see Table 3.S3). Rings centers demise were
identified sitting northward or close to Barbados, and many were last verified before reaching
Barbados. One ring translated differently, demising in the continental shelf near Orinoco River
(Figure 6). Overall, rings decease occurred in regions influenced by the bottom bathymetry of
Antilles. In fact, the influence of topography in finishing rings in the region has been well
documented (FRATANTONI & RICHARDSON, 2006; JOCHUMSEN et al., 2010).
Additionally, their demise is strictly connected to the presence of the Lesser Antilles, which
constitutes a barrier to ring translation (FRATANTONI & RICHARDSON, 2006). Interaction
with the island leads to the destruction or the splitting of the incoming vortex into several
smaller ones (FRATANTONI & RICHARDSON, 2006; TANABE & CENEDESE, 2008).

Studies showed that ring might also be identified west of the island chain, indicating
few surviving rings after topography interaction (FRATANTONI & RICHARDSON, 2006;
JOCHUMSEN et al., 2010; MELICE & ARNAULT, 2017; TANABE & CENEDESE, 2008).
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However, in our study the splitting of NBC rings encountering the Antilles was not detected by
AMEDA, since the algorithm did not identify any NBCR west of the Antilles. This fact is
mainly explained by the reduced study area, which imposes the tracking of rings with
boundaries limited to 63°W.

Figure 6 — North Brazil Current rings position observed in the study area for three different moments during their
lifetime: first week (blue); week of maximum sea surface height anomaly (yellow); last week (red). The
background displays gridded bathymetry data from The General Bathymetric Charts of the Ocean (GEBCO),

available at: https://www. gebco.net/
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Source: the authors (2020).

Using rings center position (Table 3. S3) and exploring the potential of ARMOR 3D
data set for vertical profiles, we evaluated the water masses carried by NBC rings and the
vertical temperature and salinity anomaly profiles on a seasonal scale. The vertical T-S
diagrams were built from ARMOR 3D data set until 1,000 m, and the identified water masses
were depicted (Figure 7). We recorded three water masses carried by NBC rings: South Atlantic
Central Water (SACW), those with temperatures < 18°C and salinities < 36.0; coastal water
(CW), with temperatures>20°C and salinities <35.4 and tropical water (TW), with
temperatures > 20°C and salinities > 36.0. Neumann-Leitdo et al. (2018) using in situ data
observed the same water masses distribution in this region. Figure 7 displays the T-S diagrams
for NBC rings locations at three different life stages, and starting at the four different seasons.
A clear seasonality is observed in the water masses within NBC rings. From the end of boreal
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spring until JJA, CW from the Amazon River discharge is much more present in those eddies,
while from September to February, the influence of TW is more pronounced is those vortex,
and the CW is nearly absent (Figure 7). In fact, the seasonality of Amazon River runoff is
known for decades, where the maximum monthly river discharge is in May and June
(HELLWEGER & GORDON, 2002), demonstrating that the T-S diagram within an NBC eddy
is related with their generation season. Additionally, NBC rings center presented similar T-S
signatures during their translation, especially from their maxima week until their demise. It
seems that rings in the starting week might not have enough intensity to trap water masses,
reaching this stage of closed waters in vortex center during the following weeks. From the week

of maxima SSHa, water masses are trapped until ring demise.

Figure 7 — T-S diagram for each ring generated in the four different seasons from ARMOR 3D data set: DJF (a),
MAM (b), JJA (c), SON (d). DJF, December-January-February trimester; JJA, June-July-August trimester;
MAM, March-April-May trimester; SON, September-October-November trimester.
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Furthermore, we performed the temperature and salinity 3-month profiles anomalies for
each ring center identified, removing the climatology (based on the 24-years data from ARMOR
3D) from ring vertical profiles for each position. Three-month anomaly profiles were calculated

in the central points of initial, maximum and final rings positions. The greatest anomalies
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observed in depth were located at ring SSHa maxima for both temperature and salinity (Figure
8). For initial and final positions, both the temperature and salinity anomalies profiles are not
well defined, although rings initial position seems to relate to a stronger downward flux than
final vortex locations (Figures S3a and S3b, respectively), since the latter is closer to Antilles
bathymetry, what causes mixing. This behavior is an indication of an increased water
downwelling in the eddy max position, while in initial and final positions the downward water

flux at the ring center is weakened.

Figure 8 —Temperature (a) and salinity (b) profiles anomalies for each ring center identified for Max sea surface
height anomaly position, removing the climatology from ring vertical profiles for each position
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Overall, regarding temperature profiles, maximum positive anomalies of 5°C are

observed from 150 to 200 m deep, with no clear seasonality (Figure 8a). The downwelling
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associated with anticyclonic eddies increased the thermocline depth until 200 m in this region.
Polo et al. (2015) indicated maxima MLD of 80 m for the WTNA region, showing that NBC
rings can generate deeper thermocline and consequently greater mixed layer depths. For
salinities, in general, negative anomalies (~-0.5) are observed at 100 m, settling above positive
anomalies of 1.0 at 200 m (Figure 8b). These vertical salinity anomalies are also an indication
of water sinking at NBC rings centers, that transport surface tropical saltier and coastal fresher
waters to deeper layers. From this, the denser and saltier TWs settle under the less dense and
fresher CW related to Amazon and Orinoco River plumes. Since Amazon discharge is more
present in rings waters generated in JJA (Figure 7c), the most well-defined salinity anomalies
profiles are referred to rings generated in this season, reaching SSHa max position at SON
months, generating a more well-defined stratification insalinity anomalies profiles (Figure 8b).
The increase in thermocline depth associated with sinking of riverine and TWs within NBC
rings might spawn shifts on physical and biogeochemical features at WTNA, such as surface
heat content, and CO2 saturation. Further studies on this could indicate those answers.

A striking innovation of AMEDA algorithm is the capacity to detect merging between
two eddies, and this capacity was explored in the present study. We detected only four merging
rings events in the 24-year study period for NBC eddies, indicating that NBC rings did not
interact much within each other. However, Casteldo and Johns (2011) pointed that the presence
of an inner core surrounded by an outer core of opposite vorticity is able to “isolate” the NBC
rings, allowing them to be very close to each other without merging (CASTELAO &
JOHNS, 2011). This structural configuration might explain why only 1 merging event was
identified for each 6 years on average in the present study. In addition, few moments of NBC
ring interaction with westward propagating anticyclonic eddies could be observed during the
analyses. Plus, cyclonic eddies were also identified in certain weeks (Figure 9). Previous studies
pointed for the formation of two different types of anticyclones in the region, the intermediate
ones, and the NBC rings, that could coalesce within each other and generate deep-reaching
rings (GARRAFFO et al., 2003; JOCHUM & MALANOTTE-RIZZOLI, 2003). Cui et
al. (2019) found that eddy merging is not likely to happen between eddies with similar
intensities. Instead, the most common to happen is a strong eddy merging with a weaker one.
Therefore, it is possible that NBC rings interact more often with weaker eddies (e.g.,
intermediate eddies, cleavaged eddies, eddies associated with NECC-NBC flow) present in the
region than with other true NBC rings. Preceding works also identified cyclonic eddies in the
region (DIDDEN & SCHOTT, 1993; FRATANTONI & RICHARDSON, 2006), which are



54

associated with the NBC/NECC system variability, as well as with the dynamics of the
anticyclonic NBC rings.

Figure 9 —Large scale circulation features in Western Tropical North Atlantic over a sea surface height anomaly
(SSHa) background from ARMOR 3D data set at week of 24th March 2009. R82 and R83 are two North Brazil
Current (NBC) rings and two anticyclonic eddies identified by angular momentum eddy detection and tracking
algorithm. Dashed (filled) lines represents outermost (Rmax) closed contour Rmax. Blue contours indicate
anticyclonic eddies. Gray lines denotes large scale currents. SSHa smaller than 5 cm were removed for better
visualization of rings. NECC, North Equatorial Countercurrent
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In order to highlight the typical evolution of the dynamical parameters of NBC rings
during their northwestward propagation along the coast, and to analyze if there are significant
changes in rings parameterafter merging, we computed the parameters for every week of
occurrence of the 8 isolated rings which turned to four merged rings events. Rings parameters
evolution is depicted in Figure S4 and Table S4. Weeks with NaN values represent weeks that
AMEDA could not identify eddy. Figure 10 shows the trajectories of rings in the four analyzed
events. From the four events, three rings remained merged until their demise (Figures 10a, 10c,
10d), while one of them merged and then splitted into two rings after 2 weeks (Figure 10b). All
observed merging rings were generated from 52°W to east, above 5°N, and traveled
northwestward along the northern coast of Brazil (Figure 10). Plus, the four merging events
took place from mid-February to start of April, where six isolated rings were generated in DJF,
one in September and one in March. Dated only in the first half of the year, the time of merging

events corresponds with the time of increased ring formation (Figure 1). Other works also
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observed merging events only in this period (BARNIER et al., 2001; FRATANTONI &
RICHARDSON, 2006). It is believed that in the second half of the year the ring generation rate
is not sufficient to promote a ring encounter when translating, before one of them demise in the
Antilles. Still, regarding the location of merging events, all 4 events settled in the area indicated
by the red rectangle in Figure 10. This area is located in a topographic depression between the
start of Caribbean topography and the extended continental shelf from 53°W to 55°W (Figure
10). It is hypothesized that in this highlighted region NBC rings decelerate as reaching Antilles
topography, allowing upcoming NBC rings to reach the previous eddy and merge. In fact,
Barnier et al. (2001) indicated that a NBC eddy was slowed down as it encountered the
Trinidad—-Tobago topographic rise, which contributed for ring merging. The authors still
indicated that such ring merging was also reported by Didden and Schott (1993). Further studies
on the influence of this topography for the fusion of NBC rings are required. Lastly, Figure 10
also displays that rings trajectory right after merging are slightly deviated to west-southwest.
De Marez et al. (2020) indicated that anticyclonic eddies are more likely to be orientated
southwest-northeast due to the p-effect. It seems that NBC rings are also influenced by this
effect.
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Figure 10 —Merging rings trajectory. M1 from R20 (yellow) and R21 (blue) (a); M2 from R39 (yellow) and R40
(blue) (b); M3 from R78 (yellow) and R77 (blue) (c); M4 from R83 (yellow) and R82 (blue) (d). Red rectangle
indicates area where all rings merged. Black lines represent rings trajectory. Circle size depicts Rmax. Circle
height is four times lower that the real circle height based on Rmax. Circle shapes do not depict real ring shapes,
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In addition, the change on NBC ring vertical and translation structure is related not only
to ring and current field dynamics but also to the influence of topography in the region,
especially regarding ring demise (FRATANTONI & RICHARDSON, 2006; JOCHUMSEN et
al., 2010). Hence, since ring parameters evolve in time and could be strongly affected by bottom
bathymetry, especially when the vortexes reach Caribbean coastal shelves, we attempted to
evaluate the influence of topography in NBCRs parameters. To do that, we used the merged
events M1 and M4 (Table 3.54) as case studies for comparison of their parameters before and
after reaching 58°W (i.e., where influence of bottom topography seems to increase), computing
their characteristics only 1 week after they merged to remove merging effects, and performing
t student tests. M3 merged after 58°W, where merging effects could superimpose topographic
effects, so we did not consider this event as a case study. On the other hand, M2 splits when
reaches 58°W, what could indicate bathymetry influence. For M1, we observed significant
decrease in Rmax (p = 0.002), while total ratio and Vmax did not change (p = 0.9432 and p
= 0.7154, respectively). In the case of M4, no shifts were observed at all (Rmax, p = 0.1740;
total ratio, p = 0.7800; Vmax, p = 0.1383). By potential vorticity conservation, it was expected
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that when reaching shallow waters eddies would flatten and increase their size, while diminish
their velocities. However, only a significant reduction in Rmax was observed. This uncertainty
might be due to effects of the bathymetry in the algorithm identification using this data set
spatial resolution (1/4°), where further studies using an increased data resolution could better
indicate current vectors around the island chain, improving ring identification, and allowing a

finer evaluation of the effects of Lesser Antilles bathymetry in NBC ring parameters.

Table 1 —Test t-Student Between Isolated and Merged Rings.

t- Mean Mean Significant
student solo merged difference (%)

Rmax 0.4091 113.6 km 121.2km Not
Vmax 0.0291 0.23 m/s 0.28 m/s +22.0

Ro 0.0194 0.11 0.08 -27.3

187.6 285.1

KE 0.0141 cm2/s2 cm2/s2 +52.0

SSHa 0.9775 6.4 cm 6.4 cm Not

Source: the authors (2020).

Note. Significant differences were considered in a 95% confidence interval (p < 0.05) and are indicated in bold.
Significant differneces (%) indicates the percentage of change between mean solo and mean merged rings
parameters. Abbreviations: KE, kinetic energy; Ro, Rossby number; SSHa, sea surface height anomaly

Moreover, significant changes were observed for three parameters of NBC rings after
rings merging. To address that, we performed t-student tests for the parameters computed for
each of the eight isolated and the four merged NBC rings, which results are indicated in Table
3.1. We removed the weeks immediately before and right after ring merging from the test t, in
order to remove effects of definition of the eddy radius during the merging event, since for a
perfect merging between two symmetric eddies their radii should tend to zero just before a
single eddy contour emerge (LE VU et al., 2018). Significant changes were verified for Vmax,
Ro and KE, while Rmax and SSHa did not present considerable difference between isolated
and merged vortex (Table 3.1). Shift in Ro occurred due to increased Vmax and the
maintenance of Rmax from isolated to merged eddies. A Vmax positive change of 22.0%
resulted in merged rings with 52% more KE that the isolated, in average. This increase in ring
KE might disrupt local circulation around Caribbean islands in a greater scale, impacting also
fish larvae recruitment, and ocean-atmosphere energy exchanges. In addition, eddy merging
events could function as a “large-scale energy pump” in the inverse energy cascades in two
ways: from changes from small- to large-scale eddies and increasing residence time (KLEIN et
al., 2019; WANG et al. 2019). After merging, there is a significantly increase the total KE and
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strengthen of the large geostrophic eddies by making them more coherent with a longer life
time (KLEIN et al., 2019). In this study, however, we did not identified shifts in Rmax after
merging (rings maintained their length scale), and due to interaction with Antilles right after
merging did not allow a longer residence time (i.e., they are not isolated eddies). Then, we
cannot affirm that NBC rings play this role. Further studies on this might spark answers for this
question. The increase ring KE was also observed by Cui et al. (2019). The authors reported
that splitting or merging events can change eddy properties by a factor of 2 or more (CUI et
al., 2019). The observed changes in this study did not represent such a variation in eddy
properties after merging. However, it showed that NBC ring merging has a considerable impact
in its rotational speed, KE and intensity variation, and that those events should be taken into
account when evaluating physical and biogeochemical impacts of NBC rings in the WTNA. On
the other hand, Wang et al. (2019) stated that, overall, eddies KE decreased while total
mechanical energy increased after merging, and that merging events require external energy
input into rings. Therefore, we theorized that only in specific years this necessary energy input
coincided with times of NBC rings close enough to merge with each other, making a NBC ring
merging event such a rare event. More studies on the relation of ring merging years and climate
indexes that could provide the required amount of energy for rings merging might elucidate this
hypothesis. To evaluate how ring parameters are related with each other, we performed a
correlation analysis between the computed parameters for the eight isolated the four merged
rings, where Pearson correlation index are indicated in Table 3.S5. We observed that Vmax and
KE are well correlated with all analyzed parameters, in exception of Ro, while SSHa did not
present high correlation with Rmax. Therefore, the use of maximum KE as a proxy for rings
maxima is more indicated than the SSHa used in this study, since it includes a correlation not

only with ring speed and energy, but also with ring size.

3.4  CONCLUSIONS

We applied the AMEDA for the identification of NBC rings occurrence, trajectories,
and physical parameters. This work uses a 24-year (1993-2016) reanalysis database of
geopotential height and geostrophic velocity fields, standing as the first study to apply an eddy
detection algorithm for NBC ring identification in a decadal period. The choice of AMEDA is
based on its robustness and ease of use for eddy properties time series analysis, since it

considers not only dynamical but also geometrical properties of the velocity field.
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Here, we identified an average rate of five NBC rings shed by year, which presented an
average lifetime of 15.3 (+5.4) weeks, Rmax from 87.3 to 204.8 km, with an average radius of
139.5 (£23.6) km, and were associated with mean SSHa within their centers of 9.4 (x4.0) cm.
The mean observed Vmax was 0.27 (x0.08) m/s, while the averaged Ro value was 0.08 (£0.04)
and averaged KE was 255.3 (£154.8) cm2 /s2. It is pointed that the azimuthal velocity and Ro
values might be underestimated due to the use of purely geostrophic velocity fields. NBC rings
occur more frequently in the first half of the year. In fact, a decrease in ring generation rate of
47.37% was detected between maxima (boreal winter) and minima (boreal fall) trimesters.
Moreover, NBC rings have larger dimensions, rotate faster, and present shorter lifetimes in
boreal winter months, also carrying more KE within them. On the other hand, NBC rings shed
last longer, have smaller diameters, and carry less energy during summer and early boreal fall.
2009 was a year of anomalous conditions, since it presented maximum values of KE, Vmax,
and SSHa associated with NBC rings. Another pattern identified in this work was the positive
trend in SSHa anomalies from 2009 to 2016. This shows that SSHa within NBC rings is
increasing in the last years, which could be further investigated.

Furthermore, we identified that downwelling within NBC rings center cause a
thermocline deepening and anomalies in the salinity profile, indicating downward transport of
tropical and CWs. Also, the analysis of T-S diagram allowed us to identify seasonality in
relation to water masses in the interior of NBC rings. River water was observed within eddies
center only in the ones formed from May to August, implying that NBC rings generated at those
months might play different biogeochemical impacts in the WTNA region, such as shifts CO2
fugacity in the ocean and CO2 flux between ocean—atmosphere. The vertical change in
temperature and salinity profiles can as well influence these physical and biogeochemical
effects. More studies on this could provide this response. In addition, we observed in the year
of 2009 a possible influence of Amazon River discharge on NBC ring dynamical parameters,
such as Vmax and KE, through effects in water density, flow vorticity and velocity, what might
also have contributed for a ring merging event in that year. Still, NBC rings merging events,
although not very frequent, can significantly increase ring velocity and energy. However, the
mechanism and energy supply that allow then to occur with NBC rings remains unclear.
Moreover, these increase in ring KE can have an impact in the current dynamics around
Caribbean, influencing, for example, phytoplankton distribution. Further works on this would
provide this answer.

In this study, the use of reanalysis data associated with this AMEDA tool allowed the

investigation of the intra- to inter-annual variability of NBC rings occurrence and dynamics.
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Further, the algorithm demonstrated to be straightforward in the identification of interaction
among rings, which facilitate the analysis of these events. Overall, quantifying ring parameters
seasonal and inter-annual variability, and identifying interaction between eddies, is crucial for
understanding ring dynamics and consequently its impacts on the physics and biogeochemistry

of the ocean.

3.4.1 Data Availability Statement

ARMOR 3D data supplied by Copernicus Marine Environment Monitoring Service
(CMEMS) at http:// marine.copernicus.eu/. The 24 years of monthly Amazon discharge values
recorded at the Obidos Gauging Station, are available from the Environmental Research
Observatory— Geodynamical, hydrological, and biogeochemical control of erosion/alteration

and material transport in the Amazon basin (ORE-HYBAM: http://www.ore-hybam.org).
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3.6 SUPPORTING INFORMATION

Here we provide the values of the parameters for the weeks of maximum Sea Surface
Height Anomaly (SSHa) for each of the 121 analyzed rings (Table 3.S1), and for the evolution
of the isolated and merged rings parts of the four observed merges events (Table 3.S4). Also,
we deliver each location for three different ring stages (Table 3.S3), the ageostrophic correction
in current velocity field (Table 3.52) and the observed correlations between ring parameters
(Table 3.S5).

Regarding the figures, Figure S1 details the distribution of the values for analyzed
parameters of each NBC ring. In addition, Figure S2 support the ageostrophic correction in
current velocity field, and Figure S3 indicate the influence of ring dynamics in temperature and
salinity profiles for the first and the final week of NBC rings. Finally, Figure S4 provides

information on the evolution of ring parameters through time.
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Figure S1 —Frequency distribution of values obtained for each measured NBC ring parameter.
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Figure S2 —Velocity profiles of the eight observed rings in this study with Ro >= 0.15. The geostrophic profile is
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et al. (2017), is shown in red
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Figure S3 —Temperature and salinity profiles anomalies for each ring center identified for position at the first
week (a) and at the end week (b), removing the climatology from ring vertical profiles for each position
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Figure S4 —Merging rings parameter evolution. M1 (purple) from R20 (red) and R21 (blue) (A); M2 (purple)
from R39 (red) and R40 (blue) (B); M3 (purple) from R78 (blue) and R77 (red) (C); M4 (purple) from R83
(blue) and R82 (red) (D)
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Table S1 —Information and parameters values for the week of maximum SSHa obtained for each of the 121 rings
analyzed in this study. Vmax and Ro values are for purely geostrophic velocities

ID
R1
R2
R3
R4
RS
R6

R7
R8

R9

R10

R11
R12

R13
R14
R15
R16
R17
R18
R19
R20
R21
R22
R23
R24
R25

R26

Week of
formation
20 Jan
1993
24 Feb
1993
7 Apr 1993
9 Jun 1993
4 Aug
1993
3 Nov
1993
2 Feb 1994
22 Jun
1994
20 Jul
1994
23 Nov
1994
4 Jan 1995
8 Mar
1995
5 Apr 1995
5 Jul 1995
6 Dec 1995
28 Feb
1996
27 Mar
1996
24 Jul
1996
6 Nov
1996
18 Dec
1996
22 Jan
1997
26 Feb
1997
23 Jul
1997
29 Oct
1997
25 Feb
1998
22 Apr
1998

Lifetime
(weeks)
14
14
11
18
22
16

9
12

23
16

15
13

13
22
14
10
13
7
12
10
5
15
24
21

11

Rmax
(km)

142.98

138.64

131.65
180.11

132.82

128.96
140.58
130.65

95.32

93.39
186.36
138.12

131.80
96.89
161.02

157.22
137.13
130.71
144.12
139.09
106.16
98.96

130.88
150.15
117.60

175.57

Vmax
(m/s)

0.36

0.17

0.30
0.29

0.27

0.24
0.25
0.20

0.24

0.25
0.31
0.41

0.20
0.32
0.37

0.39
0.24
0.24
0.28
0.23
0.22
0.34
0.41
0.29
0.28

0.26

Ro

0.13

0.05

0.10
0.09

0.09

0.08
0.07
0.07

0.12

0.12
0.06
0.10

0.07
0.17
0.10

0.13

0.06

0.08

0.08

0.06

0.09

0.11

0.21

0.07

0.08

0.08

SSHa
(cm)

4.4

3.8

9.8
1.1

5.9

6.4
5.1
2.8

2.0

6.5
11.2
14.3

5.0

7.4
12.8
5.6
6.3
6.2
7.5
9.0
5.9
14.6
7.0
14.3
7.3

5.1

KE
(cm2/s2)

451.1

88.0

259.5
275.9

244.7

217.0
192.4
139.7

161.1

182.4
295.4
570.3

128.6
259.8
487.3

549.4
150.1
202.0
274.4
184.5
155.2
427.9
421.6
299.3
263.8

240.7

Merged

with
No
No

Eddy
No
No
No

No
No

No
No

No
No

No
No
No
No
No
Eddy
No
Yes, R21
Yes, R20
Eddy
No
No

Eddy

No



R27

R28
R29

R30

R31

R32
R33

R34

R35
R36

R37

R38
R39

R40

R41
R42

R43

R44

R45

R46

R47

R48

R49

RS0

R51

R52

RS53

R54

27 May
1998
1 Jul 1998
18 Nov
1998
20 Jan
1999
3 Mar
1999
7 Jul 1999
4 Aug
1999
22 Dec
1999
2 Feb 2000
12 Apr
2000
10 May
2000
5 Jul 2000
13 Sep
2000
20 Dec
2000
7 Feb 2001
7 Mar
2001
20 Jun
2001
21 Nov
2001
30 Jan
2002
20 Feb
2002
10 Apr
2002
15 May
2002
26 Jun
2002
7 Aug
2002
22 Jan
2003
12 Feb
2003
19 Mar
2003
2 Jul 2003

19
16

13

20

19
18

13

13
18

13

22
26

11

16
17

19

14

12

17

14

13

24

24

11

15

21

29

95.80
137.35
112.63

138.66

136.36
124.44
131.34

87.25
118.73
126.02

202.76
133.95
120.29

119.82
143.12
112.21

99.45

141.01

141.56

145.50

130.81

156.67

155.83

151.99

204.79

153.55

199.26
134.64

0.19
0.16
0.30

0.32

0.23
0.21
0.22

0.25
0.28
0.23

0.33
0.14
0.20

0.42
0.20
0.19

0.32

0.33

0.36

0.22

0.28

0.31

0.38

0.40

0.24

0.26

0.33
0.17

0.09
0.05
0.12

0.10

0.06
0.06
0.07

0.12
0.08
0.09

0.10
0.04
0.06

0.19
0.06
0.07

0.15

0.09

0.11

0.05

0.08

0.13

0.13

0.15

0.04

0.07

0.10
0.05

9.2
5.1
6.0

8.8

7.8
6.9
6.0

10.0
8.5
6.0

3.8
3.8
10.1

15.2
4.2
4.3

114

115

14.6

10.3

10.6

4.2

6.8

10.4

11.3

8.0

3.0
5.9

110.5
89.5
218.2

357.9

165.9
143.2
169.4

176.4
278.6
179.1

375.1
68.4
130.7

515.5
125.6
106.3

276.9

339.2

435.9

179.0

248.7

341.4

493.5

446.1

176.1

244.7

369.5
99.9

72

No

No
No

No
No

No
No

No

No
No

No

No
Yes, R40

Yes, R39

No
No

No
No
No
Eddy
No
No
No
No
Eddy
No
No

No



R55

R56

R57
R58

R59

R60

R61

R62

R63

R64

R65

R66

R67

R68

R69

R70

R71

R72

R73

R74

R75

R76

R77
R78

R79

R80

12 Nov
2003
21 Apr
2004
2 Jun 2004
14 Jul
2004
29 Dec
2004
23 Feb
2005
23 Mar
2005
27 Apr
2005
25 May
2005
29 Jun
2005
21 Sep
2005
26 Oct
2005
28 Dec
2005
8 Mar
2006
21 Jun
2006
30 Aug
2006
31 Jan
2007
14 Feb
2007
28 Mar
2007
9 May
2007
27 Jun
2007
25 Jul
2007
2 Jan 2008
13 Feb
2008
7 May
2008
9 Jul 2008

22

14

16
31

16

12

14

12

16

12

15

17

15

19

20

22

12

17

13

16

17

25

163.91

132.25
128.19
152.97

193.84

168.65

104.05

113.55

125.15

142.41

157.45

102.38

157.26

180.76

142.12

148.79

169.40

124.92

179.35

109.80

130.60

148.20
66.92
120.73

175.59
148.70

0.27

0.24
0.28
0.30

0.18

0.28

0.17

0.14

0.27

0.25

0.28

0.27

0.36

0.19

0.31

0.21

0.30

0.16

0.27

0.17

0.18

0.30
0.11
0.22

0.22
0.48

0.06

0.08
0.10
0.09

0.04

0.06

0.07

0.06

0.09

0.07

0.07

0.14

0.09

0.04

0.09

0.06

0.08

0.06

0.09

0.07

0.06

0.08
0.06
0.07

0.04
0.20

9.2

5.9
9.6
9.1

5.8

10.5

7.5

12.3

12.6

114

10.8

4.3

13.2

114

12.6

7.9

114

2.5

6.6

3.5

7.4

9.8
7.4
6.3

8.3
9.4

246.2

200.0
272.4
334.2

105.5

235.5

91.2

57.9

238.1

218.8

275.9

213.4

427.0

119.4

344.8

149.0

321.9

81.6

236.6

82.9

122.7

316.6
351
157.9

161.9
645.8

73

No
No

No
No

No
No
No
Eddy
No
No
No
No
No
Eddy
Eddy
No
No
No
No
No
No
No

Yes, R78
Yes, R77

Eddy

No



R81

R82
R83

R84

R85

R86
R87

R88
R89
R90
R91
R92
R93

R94
R95

R96

R97

R98

R99
R100

R101

R102
R103

R104
R105
R106
R107
R108
R109

R110

31 Dec
2008
4 Feb 2009
4 Mar
2009
12 Aug
2009
28 Oct
2009
6 Jan 2010
17 Feb
2010
31 Mar
2010
2 Jun 2010
7 Jul 2010
1 Sep 2010
18 May
2011
29 Jun
2011
7 Sep 2011
23 Nov
2011
14 Dec
2011
15 Feb
2012
7 Mar
2012
4 Apr 2012
16 May
2012
20 Jun
2012
9 Jan 2013
13 Feb
2013
26 Jun
2013
14 Aug
2013
23 Oct
2013
8 Jan 2014
5 Feb 2014
16 Apr
2014
4 Jun 2014

16

16
12

12

12

13
14

29

16
15

15
21
16
16
14
13

21

161.35
171.78
160.59

117.44

152.10
152.40
131.54

123.66

113.75
158.85
142.37

133.36

123.07
121.64
139.45

143.99

172.01

162.09
106.71
122.57

149.21
128.26
142.22

124.21

127.76

149.17

165.00
143.70

127.01
143.36

0.48
0.34
0.46

0.16

0.41
0.16
0.21

0.16

0.18
0.31
0.36

0.17

0.27
0.12
0.29

0.24

0.22

0.21
0.17
0.22

0.25
0.31
0.34

0.15

0.43

0.25

0.40
0.30

0.23
0.21

0.14
0.07
0.15

0.06

0.11
0.04
0.06

0.05

0.06
0.10
0.13

0.07

0.10
0.04
0.09

0.07

0.05

0.05
0.06
0.09

0.08
0.09
0.11

0.05

0.17

0.06

0.10
0.10

0.10
0.06

9.2
15.9
16.9

6.7

24.0
11.6
10.7

7.5

14.0
9.4
11.8
14.4
17.0
6.9
12.4

10.1
14.8

10.5
14.0
5.4

9.8
16.1
14.8

10.0
16.5

13.0

15.7
14.3

10.8
10.2

789.9
388.7
719.8

83.0

586.5
74.2
143.7

83.0

109.8
334.2
459.7

94.8

260.2
49.5
307.0

197.9

155.2

134.0
82.8
173.6

208.1
347.8
409.1

78.9

558.0

215.7

567.3
306.6

155.0
149.3

74

No

Yes, R83
Yes, R82

No
No

No
No

No
No
No
No
No
No

No
No

No
Eddy
No

No
No

No

No
No

No
No
No
No
No
No

No



R111
R112
R113
R114
R115
R116
R117
R118
R119
R120

R121

15 Oct
2014
5 Nov
2014
21 Jan
2015
11 Mar
2015
22 Apr
2015
1 Jul 2015
9 Sep 2015
24 Feb
2016
30 Mar
2016
5 Oct 2016

19 Oct
2016

15
18
13
10
11

29
24

12, at
least
10, at
least

113.80

123.75

164.99

112.17

128.80

144.89
158.16

135.59

150.61

129.34

142.57

0.19

0.22

0.19

0.23

0.15

0.40
0.39

0.30

0.24

0.14

0.33

0.06

0.07

0.05

0.07

0.05

0.13
0.10

0.08

0.06

0.05

0.13

Source: the authors (2019).

13.7

10.3

8.4

12.9

10.6

15.3
18.2

13.0

11.8

6.2

11.7

124.6

166.0

104.5

179.5

68.3

536.8
522.7

312.6

196.2

61.1

369.8

75

No
No
No
No
No
No
No
Eddy
No

No

No

Table S2 —Ageostrophic corrections in Vmax of rings with Ro => 0.15. Obs and Corr indicates modules of Vmax

and Ro geostrophic (observed) and cyclogeostrophic (corrected), respectively.

Ring ID

R14
R23
R39
R40
R50
R80
R83
R105

Ro_obs

0.17
0.21
0.16
0.19
0.15
0.20
0.15
0.17

Vmax_obs

0.32
0.41
0.29
0.42
0.40
0.48
0.46
0.46

Ro_corr

0.22
0.30
0.21
0.25
0.18
0.28
0.18
0.20

Source: the authors (2020).

Vmax_corr

0.41
0.58
0.37
0.56
0.49
0.67
0.57
0.55

% Vm

ax

increase

28.2
42.9
26.9
354
21.9
39.0
24.8
21.2



ID

R1

R2

R3

R4

R5

R6

R7

R8

R9

R10

R11

R12

R13

R14

R15

R16

R17

R18

R19

R20

R21

R22

76

Table S3 —Location of 121 NBC rings identified by AMEDA in initial, maximum and final weeks.

Week of formation

Date

20 Jan
1993
24 Feb
1993
7 Apr
1993
9 Jun
1993
4 Apr
1993
3 Nov
1993
2 Feb
1994
22 Jun
1994
20 Jul
1994
23 Nov
1994
4 Jan
1995
8 Mar
1995
5 Apr
1995
5 Jul
1995
6 Dec
1995
28 Feb
1996
27 Mar
1996
24 Jul
1996
6 Nov
1996
18 Dec
1996
22 Jan
1997
26 Feb
1997

Lat
(°N)

5.875
5.125
5.375
4.875
5.375
5.125
6.375
6.125
5.375
5.625
5.875
7.125
5.875
6.875
6.875
6.625
5.625
7.375
5.125
6.125
5.875

6.875

Lon
(W)

48.-125
46.;525
47.-125
46.%525
47.2%75
47.2%75
49.;375
48.;375
47.-125
48.-125
49.-125
50.-125
46.;325
50.2375
49.-875
49.-125
46.:3;75
50.2375
47.-125
49.-625
49.-125

49.625

Week of Max SSHa

Dt (o) W
1595? 7875 50675
i
ooy 8625 g
Igjgel, 6625 49375
Ziglggv 9375 54 575
815%3; 9375 55 g5
2lggir 10125 g6 a75
2‘119/329 9125 g 575
Eig(?ﬁf 8125 51 625
ziggzc 8625 5, 65
259';?? 10375 5o 475
1(1)9|\élgy 11625 57 g75
1(1)9'\5/;21y 9125 5,575
329A9;g 7625 5675
Toss 9375 5315
lfgl\s;lgr 7625 5675
t006 11625 g5
s O0B g
ngggc 9625 g 75
1395(? 11375 57195
nggib 9625 5 55c
zigl\s/al?y 12125 55475

Date

21 Apr
1993
26 May
1993
16 Jun
1993
6 Oct
1993
29 Dec
1993
16 Feb
1994
30 Mar
1994
7 .Sep
1994
21 Dec
1994
8 Mar
1995
12 Apr
1995
31 May
1995
28 Jun
1995
29 Nov
1995
6 Mar
1996
1 May
1996
19 Jun
1996
4 Sep
1996
22 Jan
1997
26 Feb
1997
26 Feb
1997
4 Jul
1997

End week

Lat
(°N)

11.125
13.625
11.125
10.375
9.875

12.375
11.875
9.875

11.375
11.875
11.625
13.625
8.625

11.875
13.625
10.625
13.125
9.125

10.125
11.125
9.625

12.625

Lon
(W)

-59.125
-59.375
-57.875
-58.375
-57.875
-58.625
-58.875
-56.875
-58.875
-58.375
-58.875
-59.625
-56.875
-58.875
-59.375
-58.125
-60.375
-56.125
-58.125
-57.125
-54.325

-59.125



R23

R24

R25

R26

R27

R28

R29

R30

R31

R32

R33

R34

R35

R36

R37

R38

R39

R40

R41

R42

R43

R44

R45

R46

R47

23 Jul
1997
29 Oct
1997
25 Feb
1998
22 Apr
1998
27 May
1998
1 Jul
1998
18 Nov
1998
20 Jan
1999
3 Mar
1999
7 Jul
1999
4 Aug
1999
22 Dec
1999
2 Feb
2000
12 Apr
2000
10 May
2000
5 Jul
2000
13 Sep
2000
20 Dec
2000
7 Feb
2001
7 Mar
2001
20 Jun
2001
21 Nov
2001
30 Jan
2002
20 Feb
2002
10 Apr
2002

5.625

5.625

6.625

5.375

5.375

5.375

5.875

5.375

6.875

6.625

5.125

5.875

5.875

5.875

5.375

5.375

5.625

6.625

5.875

5.125

5.625

6.375

7.125

5.375

5.375

47.;325
48.-125
49.;375
46.;375
47.;325
47.;375
48.;525
47.;525
49.2%75
50.2%75
46.;525
49.-125
48.-375
48.2%75
46.-625
48.-125
47.;375
49.-125
48.;375
47.-125
47.-875
49.;375
50.-125
46.;‘)25

47.625

30 Jul
1997
4 Mar
1998
22 Apr
1998
13 May
1998
15 Jul
1998
28 Oct
1998
20 Jan
1999
24 Feb
1999
19 May
1999
3 Nov
1999
24 Nov
1999
9 Feb
2000
19 Apr
2000
3 May
2000
31 May
2000
1 Nov
2000
17 Jan
2001
3 Jan
2001
11 Apr
2001
6 Jun
2001
29 Aug
2001
6 Feb
2002
20 Feb
2002
8 May
2002
19 Jun
2002

5.875

11.125

12.125

7.625

8.625

9.375

9.125

9.625

11.625

10.625

8.875

9.125

12.125

8.125

6.625

10.375

11.125

7.375

10.125

9.875

8.625

10.375

8.875

12.375

10.875

48.2%75
57.EL25
58.-875
49.-875
53.EL25
57.2%75
53.-625
52.;375
58.2[25
58.-625
53.;375
53.;375
58.;375
50.-625
49.-625
58.-125
55.-825
50.-125
55.-625
55.;325
52.2%75
57.-125
52.2%75
56.;325

56.375

31 Dec
1997
11 Mar
1998
6 May
1998
17 Jun
1998
16 Sep
1998
4 Nov
1998
3 Mar
1999
14 Apr
1999
14 Jul
1999
10 Nov
1999
1 Dec
1999
15 Mar
2000
26 Apr
2000
9 Aug
2000
2 Aug
2000
29 Nov
2000
28 Feb
2001
1 Mar
2001
23 May
2001
27 Jun
2001
24 Oct
2001
20 Feb
2002
17 Apr
2002
12 Jun
2002
10 Jul
2002

13.375

13.375

13.625

10.375

13.625

13.625

10.875

13.375

12.875

10.375

10.875

11.875

12.625

13.625

10.125

11.375

12.875

12.375

13.625

11.625

8.875

11.125

11.875

13.625

12.625

77

-59.125

-59.625

-60.375

-55.375

-59.375

-57.625

-58.625

-59.375

-58.375

-59.125

-58.875

-58.875

-59.375

-58.875

-56.625

-58.875

-58.825

-58.875

-59.625

-58.625

-56.625

-58.875

-59.125

-58.375

-59.625



R48

R49

R50

R51

R52

R53

R54

R55

R56

R57

R58

R59

R60

R61

R62

R63

R64

R65

R66

R67

R68

R69

R70

R71

R72

15 May
2002
26 Jun
2002
7 Aug
2002
22 Jan
2003
12 Feb
2003
19 Mar
2003
2 Jul
2003
12 Nov
2003
21 Apr
2004
2 Jun
2004
14 Jul
2004
29 Dec
2004
23 Feb
2005
23 Mar
2005
27 Apr
2005
25 May
2005
29 Jun
2005
21 Sep
2005
26 Oct
2005
28 Dec
2005
8 Mar
2006
21 Jun
2006
30 Aug
2006
31 Jan
2007
14 Feb
2007

5.625

5.375

5.125

7.125

5.375

6.125

5.375

5.125

5.625

5.125

5.375

6.125

6.375

5.375

5.875

5.625

5.125

5.125

5.625

7.375

5.125

5.375

6.625

6.875

5.875

47.;325
47.;375
47.;325
50.;375
46.;375
46.;375
47.2525
47.;525
46.2%75
46.;375
47.2%75
49.2%75
48.;375
46.;375
48.;325
47.-375
46.-875
47.-125
48.2%75
50.-125
46.;375
47.;525
49.;375
50.-125

46.375

22 May
2002
17 Jul
2002
6 Nov
2002

19 Mar
2003
9 Apr
2003

28 May
2003

31 Dec
2003

10 Mar
2004
9 Jun
2004

18 Aug
2004
8 Dec
2004
16 Feb
2005
20 Apr
2005
1 Jun
2005

18 May
2005

10 Aug
2005

17 Aug
2005

23 Nov
2005

14 Dec
2005

15 Mar
2006
7 Jun
2006

23 Aug
2006

20 Dec
2006

14 Mar
2007
4 Apr
2007

5.875

7.125

7.125

11.125

9.125

6.375

9.875

10.375

8.625

9.125

9.125

9.375

10.375

9.625

8.625

9.375

9.625

9.625

7.375

9.875

10.375

9.375

9.625

9.375

8.375

49.EI.25
50.EI.25
50.El.25
57.-625
55.EI.25
48.-875
57.2].25
57.:3:75
52.2].25
55.2].25
55.;375
53.2].25
56.%375
56.-625
50.-625
55.-125
56.-125
55.-625
51.-125
56.2%75
55.-125
54.2%75
55.2%75
55.%325

52.625

7 Aug
2002
4 Dec
2002
15 Jan
2003
2 Apr
2003
21 May
2003
6 Aug
2003
14 Jan
2004
7 Apr
2004
21 Jul
2004
15 Sep
2004
9 Feb
2005
13 Apr
2005
11 May
2005
22 Jun
2005
13 Jul
2005
7 Sep
2005
14 Sep
2005
28 Dec
2005
15 Feb
2006
5 Apr
2006
12 Jul
2006
1 Nov
2006
24 Jan
2007
18 Apr
2007
6 Jun
2007

11.375

10.625

9.625

11.875

13.125

9.625

10.875

10.625

11.375

10.625

13.625

13.375

12.125

10.875

13.375

11.125

12.125

13.625

10.625

11.375

13.125

13.625

12.875

13.625

13.375

78

-58.625

-58.875

-56.125

-59.125

-59.625

-56.625

-58.625

-58.625

-58.375

-58.125

-59.375

-59.875

-58.625

-58.875

-59.375

-58.875

-58.875

-60.375

-56.875

-58.625

-59.375

-59.625

-59.875

-59.625

-60.125



R73

R74

R75

R76

R77

R78

R79

R80

R81

R82

R83

R84

R85

R86

R87

R88

R89

R90

R91

R92

R93

R94

R95

R96

R97

28 Mar
2007
9 May
2007
27 Jun
2007
25 Jul
2007
2 Jan
2008
13 Feb
2008
7 May
2008
9 Jul
2008
31 Dec
2008
4 Feb
2009
4 Mar
2009
12 Aug
2009
28 Oct
2009
6 Jan
2010
17 Feb
2010
31 Mar
2010
2 Jun
2010
7 Jul
2010
1 Sep
2010
18 May
2011
29 Jun
2011
7 Sep
2011
23 Nov
2011
14 Dec
2011
15 Feb
2012

6.125

7.375

5.625

5.375

6.875

7.625

6.125

5.375

5.875

5.625

5.875

7.625

6.875

6.875

6.875

5.875

5.625

7.125

5.875

6.125

6.625

5.625

8.125

5.375

7.125

47.-125
46.;375
48.-125
47.-125
50.;375
51.-125
49.-125
47.-125
48.;375
47.2%75
46.2%75
51.2%75
49.-375
49.-875
49.-625
47.;325
48.2%75
50.-875
48.-125
49.;375
49.;375
48.-125
51.;375
47.;375

50.375

18 Apr
2007
20 Jun
2007
5 Sep
2007
19 Dec
2007
12 Mar
2008
5 Mar
2008
4 Jun
2008
10 Sep
2008
21 Jan
2009
1 Apr
2009
25 Mar
2009
23 Sep
2009
6 Jan
2010
17 Feb
2010
17 Mar
2010
21 Apr
2010
14 Jul
2010
21 Jul
2010
20 Oct
2010
1 Jun
2011
31 Aug
2011
14 Dec
2011
14 Dec
2011
15 Feb
2012
29 Feb
2012

6.875

8.375

9.125

9.625

11.375

9.875

11.375

6.375

8.125

10.625

7.625

9.125

9.875

10.375

9.875

10.375

9.875

7.875

7.625

7.625

8.875

10.375

8.875

9.875

10.375

48.-625
52.EI.25
55.-625
55.-875
58.EI.25
54.2%25
57.2].25
49.:375
51.2].25
55.:375
50.2].25
55.;375
56.-125
55.-625
55.-625
55.-125
55.-625
51.-625
51.-125
49.-875
53.%325
58.-125
53.-125
55.-125

53.125

20 Jun
2007
22 Aug
2007
17 Oct
2007
9 Jan
2008
12 Mar
2008
12 Mar
2008
2 Jul
2008
7 Jan
2009
11 Mar
2009
1 Apr
2009
1 Apr
2009
21 Oct
2009
24 Feb
2010
3 Mar
2010
21 Apr
2010
19 May
2010
28 Jul
2010
20 Oct
2010
5Jan
2011
3 Aug
2011
12 Oct
2011
21 Dec
2011
8 Feb
2012
29 Feb
2012
21 Mar
2012

9.875

11.625

10.375

10.375

11.375

10.125

13.625

10.125

10.125

10.625

7.875

9.875

13.625

11.375

11.875

11.625

10.125

12.375

13.125

9.875

10.875

11.125

13.625

10.625

10.875

79

-56.875

-58.875

-59.375

-58.375

-58.125

-55.625

-58.625

-55.125

-57.875

-55.375

-51.125

-57.375

-59.375

-57.875

-58.875

-58.875

-57.625

-59.875

-59.375

-57.125

-58.875

-58.625

-59.875

-56.625

-58.125



R98

R99

R100

R101

R102

R103

R104

R105

R106

R107

R108

R109

R110

R111

R112

R113

R114

R115

R116

R117

R118

R119

R120

R121

7 Mar
2012
4 Apr
2012
16 May
2012
20 Jun
2012
9 Jan
2013
13 Feb
2013
26 Jun
2013
14 Aug
2013
23 Oct
2013
8 Jan
2014
5 Feb
2014
16 Apr
2014
4 Jun
2014
15 Oct
2014
5 Nov
2014
21 Jan
2015
11 Mar
2015
22 Apr
2015
1 Jul
2015
9 Sep
2015
24 Feb
2016
30 Mar
2016
5 Oct
2016
19 Oct
2016

6.125

5.375

5.125

5.375

6.875

5.875

7.375

7.125

5.125

6.875

5.875

5.375

5.625

5.125

5.875

7.125

7.375

7.625

5.375

5.125

6.125

5.875

4.625

5.125

46.;375
47.-125
47.;325
47.-125
49.;375
48.-125
50.;525
49.;375
46.;375
49.;375
48.-125
47.2%75
48.;375
47.-375
48.-875
50.-125
50.;325
51.-375
47.2%75
47.-125
48.;375
46.;375
47.;375

47.625

18 Apr
2012
6 Jun
2012

20 Jun
2012

31 Oct
2012

10 Apr
2013
3 Apr
2013

11 Sep
2013
2 Oct
2013

29 Jan
2014
5 Feb
2014

12 Mar
2014

21 May
2014

27 Aug
2014

31 Dec
2014

11 Feb
2015

18 Mar
2015

6 May
2015

17 Jun
2015

26 Aug
2015
13 Jan
2016

16 Mar
2016

20 Apr
2016
7 Dec
2016

14 Dec
2016

10.125

10.625

8.125

8.375

11.125

8.375

10.125

7.875

10.875

9.375

8.625

7.375

9.875

11.125

10.375

7.875

11.625

10.125

8.125

9.625

10.875

10.125

8.625

6.875

53.-875
54.-875
51.EI.25
53.EI.25
57.2%75
51.EI.25
57.-625
50.;375
57.;375
53.:3:75
52.2’:75
50.:3:75
56.:375
56.-625
58.-125
51.-375
58.-375
54.-125
51.-625
55.;325
57.-125
56.%325
57.-125

49.875

Source: the authors (2020).

23 May
2012
27 Jun
2012
15 Aug
2012
2 Jan
2013
24 Apr
2013
22 May
2013
2 Oct
2013
1Jan
2014
5 Feb
2014
23 Apr
2014
7 May
2014
9 Jul
2014
22 Oct
2014
21 Jan
2015
4 Mar
2015
15 Apr
2015
13 May
2015
1 Jul
2015
13 Jan
2016
17 Feb
2016
30 Mar
2016
27 Apr
2016

NaN

NaN

11.125

10.875

13.125

10.875

13.625

12.875

11.125

11.625

11.375

10.625

13.625

13.125

11.625

11.375

11.875

13.125

12.125

10.875

9.125

10.625

11.125

10.375

NaN

NaN

80

-58.625

-58.375

-57.875

-59.125

-59.375

-56.875

-58.625

-58.875

-58.375

-58.125

-59.875

-59.375

-59.125

-58.625

-59.125

-59.875

-59.125

-56.125

-59.375

-58.625

-58.375

-57.625

NaN

NaN
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Table S4 — Observed values of the analyzed parameters for each week of eigth isolated rings (Rs) which merged
into four merged (Ms) rings. NaN values are indicated in weeks that AMEDA did not identify the ring. Vmax
and Ro values are for purely geostrophic velocities. Merged rings cells are highlighted in blue

ID Week

R20 18 Dec
1996
25 Dec
1996
1 Jan
1997
8 Jan
1997
15 Jan
1997
22 Jan
1997
29 Jan
1997
5 Feb
1997
12 Feb
1997
19 Feb
1997
26 Feb
1997

R21 22 Jan
1997
29 Jan
1997
5 Feb
1997
12 Feb
1997
19 Feb
1997
26 Feb
1997

M1 5 Mar
1997
12 Mar
1997
19 Mar
1997
26 Mar
1997

Rmax(km)

51.50

74.12

NaN

NaN

NaN

118.49

123.79

152.43

138.84

139.09

92.66

73.65

118.87

196.98

152.78

139.14

106.16

182.24

168.87

124.09

109.48

Vmax

(m/s)
0.14

0.22
NaN
NaN
NaN
0.15
0.17
0.17
0.19
0.23

0.18

0.24
0.29
0.29
0.30
0.30

0.22

0.28
0.26
0.28

0.38

Ro

0.18

0.18

NaN

NaN

NaN

0.06

0.06

0.04

0.05

0.06

0.07

0.22

0.14

0.09

0.09

0.10

0.09

0.05

0.06

0.08

0.10

SSHa(cm)

-0.6

-0.1

NaN

NaN

NaN

0.1

1.9

4.2

6.2

9.0

7.4

1.0

2.2

2.0

5.2

5.6

5.9

8.0

8.8

7.3

6.4

KE
(cm2/s2)

53.6
124.9
NaN
NaN
NaN
81.8
104.2
91.5
102.0
184.5

97.7

140.3
250.8
268.3
307.9
309.8

155.2

212.8
205.5
242.7

497.1

Lat (°)

6.125
6.375
NaN
NaN
NaN
9.125
9.625
10.125
10.875
11.375

11.125

5.875
7.125
7.875
8.625
8.875

9.625

11.125
10.875
10.875

13.375

Lon(°)

49.625

49.875
NaN

NaN

NaN

53.-875
54.-825
55.-825
56.-825
57.-125

57.125

49.-125
49.-875
50.-875
52.-125
52.-875

54.325

57.375
57.875
58.825

59.125
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2 Apr
1997
9 Apr
1997

16 Apr
1997

13 Sep
2000
20 Sep
2000
27 Sep
2000
4 Oct
2000
11 Oct
2000
18 Oct
2000
25 Oct
2000
1 Nov
2000
8 Nov
2000
15 Nov
2000
22 Nov
2000
29 Nov
2000
6 Dec
2000
13 Dec
2000
20 Dec
2000
27 Dec
2000
3 Jan
2001
10 Jan
2001
17 Jan
2001
24 Jan
2001
31 Jan
2001

97.78

109.11

107.66

74.38

89.96

55.93

NaN

NaN

NaN

NaN

NaN

82.11

83.02

NaN

48.98

93.55

140.66

137.84

128.40

118.85

119.31

120.29

119.21

102.09

0.36

0.23

0.23

0.21

0.26

0.16

NaN

NaN

NaN

NaN

NaN

0.21

0.18

NaN

0.09

0.16

0.23

0.21

0.19

0.19

0.18

0.20

0.22

0.20

0.11

0.06

0.06

0.20

0.20

0.17

NaN

NaN

NaN

NaN

NaN

0.13

0.11

NaN

0.09

0.08

0.07

0.06

0.06

0.06

0.06

0.06

0.07

0.07

4.8

-1.5

6.1

3.7

5.0

NaN

NaN

NaN

NaN

NaN

2.8

2.0

NaN

-1.3

0.7

4.4

5.2

4.6

7.0

8.9

10.1

9.2

9.2

399.8

189.0

167.3

123.6

163.9

57.4

NaN

NaN

NaN

NaN

NaN

127.2

88.9

NaN

26.6

76.1

186.3

154.6

112.6

109.7

106.8

130.7

164.6

125.0

13.375

13.375

13.375

5.625

5.875

6.625

NaN

NaN

NaN

NaN

NaN

7.875

7.875

NaN

8.125

8.875

9.375

9.875

10.125

10.625

10.875

11.125

11.125

11.125

82

59.325
59.325

59.325

47.875
48.625

49.325
NaN

NaN
NaN
NaN

NaN

51.-625
51.-875
NaN
52.2%25
53.2%25
53.-875
54.-125
54.2%25
55.-125
55.;325
55.-825
56.2%25

56.325
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M2

R77

7 Feb
2001
14 Feb
2001
21 Feb
2001
28 Feb
2001

20 Dec
2000
27 Dec
2000
3 Jan
2001
10 Jan
2001
17 Jan
2001
24 Jan
2001
31 Jan
2001
7 Feb
2001
14 Feb
2001
21 Feb
2001
28 Feb
2001
7 Mar
2001

14 Feb
2001
21 Feb
2001

2 Jan
2008
9 Jan
2008
16 Jan
2008
23 Jan
2008
30 Jan
2008

44.14

NaN

NaN

47.51

45.39

103.29

119.82

120.89

90.19

109.57

117.19

90.26

NaN

NaN

48.97

75.33

197.54

176.50

63.70

90.45

87.72

NaN

113.73

0.12

NaN

NaN

0.11

0.11

0.29

0.42

0.42

0.25

0.25

0.29

0.20

NaN

NaN

0.09

0.19

0.27

0.24

0.19

0.28

0.25

NaN

0.11

0.10

NaN

NaN

0.07

0.14

0.16

0.19

0.19

0.14

0.10

0.10

0.09

NaN

NaN

0.07

0.08

0.06

0.05

0.17

0.18

0.17

NaN

0.04

9.0

NaN

NaN

548

5.1

7.9

15.2

14.7

9.2

11.6

11.0

9.6

NaN

NaN

6.2

6.0

9.6

8.8

4.4

5.3

3.4

NaN

45.1

NaN

NaN

38.7

31.6

231.5

515.5

519.9

174.1

191.1

266.7

113.4

NaN

NaN

25.6

110.9

226.1

165.6

104.6

207.3

147.8

NaN

41.1

11.375

NaN

NaN

12.875

6.625

6.875

7.375

7.375

7.625

9.125

9.375

9.625

NaN

NaN

10.875

12.375

9.875

10.625

6.875

6.875

6.625

NaN

9.125

83

56.825
NaN

NaN

58.825

49.-125
49.;325
50.-125
50.2%75
50.;375
52.2%75
53.:375
54.2325

NaN

NaN
58.%525

58.875

55.875

57.625

50.375
50.625
50.625

NaN

53.875
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M3

R82

6 Feb
2008
13 Feb
2008
20 Feb
2008
27 Feb
2008
5 Mar
2008
12 Mar
2008

13 Feb
2008
20 Feb
2008
27 Feb
2008
5 Mar
2008
12 Mar
2008

19 Mar
2008
26 Mar
2008
2 Apr
2008
9 Apr
2008
16 Apr
2008
23 Apr
2008
30 Apr
2008
7 May
2008

4 Feb
2009
11 Feb
2009
18 Feb
2009
25 Feb
2009

130.97

82.52

116.63

104.09

116.67

66.92

139.20

141.13

143.02

120.73

60.32

168.30

81.08

122.49

117.67

99.53

113.16

109.23

<leels

75.33

152.98

106.78

131.10

0.12

0.09

0.12

0.12

0.16

0.11

0.30

0.25

0.22

0.22

0.12

0.23

0.13

0.34

0.37

0.28

0.26

0.25

0.11

0.22

0.37

0.32

0.32

0.04

0.04

0.04

0.04

0.05

0.06

0.11

0.08

0.07

0.07

0.08

0.05

0.06

0.08

0.09

0.08

0.07

0.07

0.08

0.21

0.15

0.17

0.12

1.7

3.3

4.3

5.0

6.8

7.4

2.2

3.2

5.5

6.2

5.0

6.9

8.1

10.1

6.2

2.1

24

0.8

6.5

9.4

9.2

9.4

48.4

22.2

34.5

37.9

75.2

35.1

305.2

197.7

162.7

157.9

38.1

145.9

40.8

354.3

440.0

252.6

228.3

199.7

41.2

149.2

368.4

276.2

306.6

9.875

10.125

10.375

10.875

11.125

11.375

7.625

8.375

9.375

9.875

10.125

11.125

10.625

13.375

13.375

13.625

13.375

13.375

13.625

5.625

6.375

7.125

8.125

84

55.-125
56.-125
56.2375
57.2%25
57.2325

58.125

51.2].25
52.2%25
53.2%25
54.2%25

55.625

58.:375
58.-625
59.-125
59.;325
59.-625
59.-625
59.-625

59.325

47.375
48.625
49.875

51.375



R83

M4

4 Mar
2009
11 Mar
2009
18 Mar
2009
25 Mar
2009
1 Apr
2009

4 Mar
2009
11 Mar
2009
18 Mar
2009
25 Mar
2009
1 Apr
2009

8 Apr
2009
15 Apr
2009
22 Apr
2009
29 Apr
2009
6 May
2009
13 May
2009

162.04

153.40

167.03

169.85

171.78

74.97

171.37

181.96

160.59

136.24

263.33

171.45

158.86

164.58

152.43

79.22

0.33

0.32

0.35

0.35

0.34

0.08

0.27

0.37

0.46

0.34

0.37

0.36

0.39

0.40

0.34

0.16

0.09

0.09

0.09

0.08

0.07

0.08

0.10

0.12

0.15

0.12

0.05

0.08

0.09

0.09

0.08

0.07

114

115

13.3

145

15.9

7.4

10.1

14.0

16.9

12.0

16.4

171

16.3

14.7

10.2

3.4

Source: the authors (2020).

397.4

365.6

420.3

441.4

388.7

19.8

207.0

443.7

719.8

347.9

440.3

457.8

523.3

546.6

394.0

71.9

8.875

9.125

9.625

10.125

10.625

5.875

6.125

6.875

7.625

7.875

10.875

11.125

11.125

10.875

10.875

10.375

85

52.2%75
53.2%75
54.-125
54.575

55.375

46.2%25
47.:325
49.2].25
50.2].25

51.125

56.2].25
56.2325
57.2].25
57.-875
58.;375

58.875
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Table S5 — Pearson correlation index between ring parameters computed from the merging rings evolution.
Correlations > 60 % are depicted in bold

Rmax Vmax Ro KE SSHa
Rmax 1
Vmax 0.6303 1
Ro 0.0976 0.3152 1
KE 0.6135 0.9643 0.2220 1
SSHa 0.5397 0.6207 0.2746 0.6637 1

Source: the authors (2020).
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4 ARTIGO 2 - CO2 FLUX RESPONSE TO THE NORTH BRAZIL CURRENT
RINGS

Este artigo representa o segundo produto desta dissertacao e sera submetido a revista
Frontiers in Marine Biogeochemistry nos proximos meses. Este trata de uma investigacgéo,
baseada em analises estatisticas e dados fisicos e biogeoquimicos de um modelo de reanélise
oceanica, para analisar o papel dos Vértices da Corrente Norte do Brasil na biogeoquimica, e
especialmente nos fluxos de CO. entre oceano e atmosfera no Atlantico Norte Tropical
Ocidental. Um algoritmo hibrido para identificacdo e rastreio destes vortices é aplicado as
anomalias das variaveis em uma escala diéria. A partir desse trabalho pode-se observar que a
variancia destas estruturas corresponde aos consequentes aumentos de fCO2 sw nos centros dos
vortices, com modos de covariancia similares somando 29%. Observou-se que isto ocorre
devido a concentracdo de DIC e sal nos nucleos dos anéis. Por fim, vortices da CNB geraram
em média anomalias positivas de FCO2 de 0.38 mmol m day* em relagéo as aguas exteriores
a estrutura entre 50°W — 56°W, atuando como nucleos de fonte de CO, para a atmosfera. O

presente trabalho tem como autores: Léo C. Arouchal?3, Doéris Veleda?2, e N. Lefévre®.

!Laboratory of Physical, Coastal and Estuarine Oceanography — LOFEC, Federal University
of Pernambuco — UFPE, Recife, Brazil. leo_aroucha@hotmail.com

2Renewable Energy Center — CER, Federal University of Pernambuco — UFPE, Recife, Brazil,
3Department of Oceanography - UFPE, Cidade Universitaria, Recife, Brazil,
*LOCEAN, IRD, Sorbonne Université Paris, Paris, France,

SCenter for Risk Analysis and Environmental Modeling — CEERMA, Federal University of
Pernambuco — UFPE, Recife, Brazil

41 INTRODUCTION

North Brazil Current (NBC) rings are large anticyclonic warm-core rings, associated
with positive anomalies of sea surface height (SSH) and downwelling in their centers. Aroucha
et al. (2020) pointed that downwelling associated with NBC anticyclonic rings deepens
thermocline and modifies the vertical salinity profile. These structures are shed from the NBC
retroflection (6°-8°N, 48°- 45°W) in a 3-7 rings/year, and travel northwestward for 3 to 4
months, with a translation velocity from 7-20 km/day, until colliding with the Lesser Antilles
(DIDDEN & SCHOTT, 1993; FRATANTONI & RICHARDSON, 2006; JOCHUMSEN et
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al., 2010; JOHNS et al., 2003; AROUCHA et al., 2020). They present typically a diameter from
300-400km, SSH anomalies reaching 30cm, surface azimuthal velocities of 1m/s, and extend
deeper than 1000m (JOHNS et al., 1990; DIDDEN; SCHOTT, 1993; FRATANTONI et al.,
1995; FRATANTONI; GLICKSON, 2002; GONI; JOHNS, 2003, FRATANTONI;
RICHARDSON, 2006; AROUCHA et al., 2020). Furthermore, they contribute to the dispersion
of fresh nutrient-rich waters from the Amazon and Orinoco Rivers toward the Caribbean
(JOHNS et al., 1990) until the Gulf of Mexico (HUANG et al., 2021), also affecting local
circulation, that influences planktonic fish larvae recruitment and growth (COWEN et
al., 2003). In fact, Ffield (2005) observed that depth-intensified rings were able to capture
riverine freshwater at the surface, while surface-intensified rings carry tropical Atlantic waters
in their centers, with Amazon plume waters placed at the ring periphery.

The Amazon River discharge counts up to 20% of riverine input into the oceans, and
nearly half of the fresh-water entry in the tropical North Atlantic (CARTON, 1991). The higher
discharges are related to seasonal rainy periods in the South Atlantic continent and interannual
variability under the influence of ENSO years (TYAQUICA et al., 2017). Amazon River plume
have been constantly linked to areas of very low carbon concentration in the Tropical Atlantic
(KORTZINGER, 2003; COOLEY et al., 2007; LEFEVRE et al. 2010; LEFEVRE et al. 2017).
These previous works pointed to salinity as the main driver for CO> variations. On the one hand,
the mixing of Amazon waters with oceanic waters decreases fCO: as a result of the carbon
system properties. On the other hand, reduced estuarine turbidity and increased nutrient
availability increase primary production, which causes CO2 uptake. Ternon et al. (2000)
estimated that primary productivity at the Amazon River plume is responsible for 30% of CO-
consumption in the tropical Atlantic. Net primary productivity reduces over a hundred times
the CO2 concentration in this plume (COOLEY et al., 2007), and chlorophyll high-peaks are
connected to a decrease in ocean CO; fugacity(fCO.) (i.e., CO; partial pressures corrected for
the behavior of a non-ideal gas) (LEFEVRE et al., 2020). Additionally, Cooley et al. (2007)
indicated that ocean-atmosphere conditions, such as temperature, wind, and precipitation,
control river dynamics, CO2 solubility, and gas exchange, affect the Amazon plume's extent
sink of CO2. On the other hand, in general, the Tropical Atlantic is a region of CO> source to
the atmosphere. (LEFEVRE et al., 1998). This fact is mainly related to the equatorial upwelling,
which brings surface CO2-rich waters from depth, increasing surface CO> saturation in this
region (LEFEVRE et al., 1998).

It is believed that the presence of NBC rings trajectories over river plumes might change

the ocean carbon export due to eddies dynamics. Some studies investigated relations between
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carbon balance and ocean rings, and their importance in CO> exchange across the ocean-
atmosphere interface (MOURINO et al., 2003; SONG et al., 2016; ORSELLI et al., 2019).
Mesoscale eddies were presented as a fundamental part of these processes at Drake Passage,
where in the summer, anticyclonic (cyclonic) eddies were able to capture more (less) CO> than
adjacent waters, while in winter, the opposite occurs (SONG et al., 2016). Orselli et al. (2019),
in its turn, showed that anticyclonic eddies from the Agulhas Leakage represents punctual
regions of CO; sink in the Atlantic, also being able to contribute to South Atlantic Central Water
acidification. On the contrary, Mourifio et al. (2003), identified that subtropical rings
contributed to less than 1% of the total net production in the Northeastern Atlantic, suggesting
a negligible influence of these rings.

Therefore, the processes affecting CO> fluxes in the ring cores vary from one region to
another and depend on eddy dynamics. Given the complex environment of the WTNA (e.g.,
the presence of Amazon plume), the role of the NBC rings in changing the biogeochemical
processes, and consequently, the air-sea CO; flux is still unclear. Thus, this study aims to
comprehend how NBC rings dynamics might influence physical and especially biogeochemical

processes in the WTNA, and if they can impact the air-sea CO; flux.

42 DATA AND METHODS

4.2.1. Study Area

The domain of this study is restricted to the WTNA region (5°S-15°N, 65°W-45°W),
since it is the area of the NBC retroflection (6°-8°N, 48°- 45°W) leading to ring generation. In
addition, we highlight the presence of both Amazon and Orinoco River plumes, which have
demonstrated to be related to NBC rings (FFIELD, 2005) and to be important for the area as
they affect physical and biogeochemical processes (SMITH; DEMASTER, 1996;
FROIDEFOND et al., 2002; KORTZINGER, 2003; LEFEVRE et al., 2010).

4.2.2. Mercator Model
In this study, we used: daily physical data from the GLORYS12v1 model, from 1993 to

2017, with a spatial and vertical resolution of 1/12° and 28 levels until 260m, respectively; and

daily biogeochemical data from BIORY S2V4, with a spatial and vertical resolution of 1/4° and
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35 levels until 300m, respectively. Both models are available from the Mercator Ocean project
(www.mercator-ocean.fr). Mercator simulations are based on NEMO (Nucleus for European
Modeling of the Ocean) modeling platform, with global coverage from 1993-2019. The
biogeochemical component PISCES (AUMONT et al., 2015) is coupled offline to the
hydrodynamic component NEMO on a daily frequency. Both components are forced by
atmospheric fields from ERA-Interim. BIORYS2V4 (product
GLOBAL_REANALYSIS BIO_001 029) is available at Copernicus Marine Service catalogs.
Details for these simulations are described in Quality Information Document
(http://marine.copernicus.eu/documents/QUID/CMEMS-GLO-QUID-001-029.pdf). The
hydrodynamic model is available under requirement at the Mercator Ocean service desk. In
addition, the biogeomichal parameters variability from the Mercator Model, which are
fundamental part of this analysis, was evaluated in Lefévre et al. (2020), when applying the

Mercator model to analyse the Amazon River propagation in the WTNA.

4.2.3. Analysis

From the model’s daily data, we initially performed anomalies of monthly means, and
posteriorly, Empirical Orthogonal Functions (EOFs) were applied to understand the principal
components of variability governing the analyzed variables. The EOF method is a statistical
approach capable of extracting temporal and spatial varying inherent characteristics of large
datasets (WILKS, 1995). The technique decomposes the covariance matrix into modes,
representing the variability in time and space (WILKS, 1995). The principal components are
associated with spatial patterns for each mode, describing the evolution over time.

In order to represent the NBC rings in the EOF analysis, the Okubo-Weiss (OW)
parameter was calculated through ocean current data as described by Isern-Fontanet et al.
(2004). This parameter quantifies the relative importance of rotation in relation to strain and
deformation and is defined asOW = s2 + s2 — w?, where s, Ss and ® are the normal, and the
shear components of strain, and the relative vorticity of the flow, respectively (ISERN-
FONTANET etal., 2004; CHELTON et al., 2007; CHAIGNEAU et al., 2008). A negative OW
indicates that vorticity dominates, while deformation is stronger when positive OW values are
observed.

Further, for the analysis of CO. exchange between ocean and atmosphere, it is necessary
to estimate seawater fCO2 (fCO2 sw) and atmospheric fCO, (fCO2 atm). To calculate fCO2 sw,
we applied daily and monthly means surface data of temperature, salinity, dissolved inorganic
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carbon (DIC), total alkalinity (TA), silica, and phosphate to the CO2SYS Matlab tool (LEWIS;
WALLACE, 1998; PIERROT et al.,, 2006). Also, in this tool, we used the constant of
dissociation from Merhbach et al. (1973), updated by Dickson & Millero (1987). The fCO2 atm
calculation method used in this work was extensively described by Ibanhez et al. (2017) and
Lefévre et al. (2017). Monthly and event data of atmospheric CO2 molar fraction (xCO2) were
obtained from NOAA GMD Carbon Cycle Cooperative Global Air Sampling Network
(DLUGOKENCKY et al., 2020), available at NOAA/ESRL Global Monitoring Division
(http://www.esrl.noaa.gov/gmd/dv/data), for Barbados Station (13.17°N, 59.43°W) (product
ID: CO2_RPB_surface-flask_NOAA _ccgg). Through salinity and SST from GLORYS12V1
model, pH2O (i.e., water vapor pressure at 100% humidity) was measured. The fugacity
coefficient (C) was calculated from Weiss (1974).

The air-sea CO; flux (mmol m d?) is estimated using a bulk parameterization:
F =kS(fC02g, — fCO24m), where k (cmh™®) is the gas transfer velocity, and S
(molLatm™) is the gas solubility (WEISS, 1974). The k is parameterised as a function of wind
speed (SWEENEY et al., 2007) and Sc, the dimensionless Schmidt number (WANNINKHOF,
2014).
k =0,27 x U? x 600/S, X 0,5

To estimate the gas transfer velocity (k), we used daily and monthly reanalysis data of
10m wind speed (Uio) from ECMWEF ERAS (European Centre for Medium-Range Weather
Forecasts), available at Copernicus Climate Change Service (C39)
(http://cds.climate.copernicus.eu/). A positive flux indicates that the ocean is a CO2 source to
the atmosphere, while negative fluxes indicate the ocean as a CO> sink, removing carbon from
the atmosphere. The CO; fluxes and fugacities were both calculated at daily and monthly
resolution.

In addition, we present a study case analysis in 2009 in order to understand how the
NBC rings might influence the variables within those structures, at the surface and depth, and
consequently the ocean-atmosphere CO- flux. Through the application of daily GLORYS12v1
zonal and meridional components of ocean current to the Angular Momentum Eddy Detection
and Tracking algorithm (AMEDA), described by Le Vu et al. (2018), the NBC rings were
identified at the surface, and the evolution of their vertical structure was evaluated. AMEDA is
an algorithm based not only on dynamical parameters, but also on geometrical properties of the
velocity field, and having as well the capacity to track rings and identify merging and splitting
events (LE VU et al.,, 2018). AMEDA has been used in some works in the last years
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(IOANNOU et al., 2017; GARREAU et al., 2018). In fact, Aroucha et al. (2020) also applied
the AMEDA at the same region for the study of NBC rings intra and interannual variability.

4.3. RESULTS AND DISCUSSION

4.3.1 EOFs analysis

Several EOFs analysis of monthly SSH, OW, DIC, SSS and SST anomalies were
performed to identify the dominant modes and principal components of variability governing
these variables. The first mode explains 94.5% of total covariance for SSH (Figure S1, see
Supporting Information). Positive signs from 50°W to 55°W followed by negative ones from
55°W to 60°W could be related to NBC retroflection and rings propagation. In fact, sea level
anomalies have been applied to EOFs at the region in order to identify eddies trajectory
(MELICE, J-L.; ARNAULT, S., 2017). Further, the PC1 evidence a positive trend in the SSH
anomalies, which might be associated with global sea level rise, as was also previously noticed
by Aroucha et al. (2020). Regarding OW, the first two EOFs modes together explains 77.7%
of total covariance for the studied area (Figure 1 A, B). The first two modes separately retain
similar values for covariance (40.3% in the first mode and 37.4% in the second mode), and this
spatial pattern is likely associated with NBC rings translation dynamics. Indeed, two successive
EOFs explaining equivalent amounts of variance are an indication of structures propagation
(MELICE, J-L.; ARNAULT, S., 2017). At the same time, this spatial pattern is restricted to the
east of 55°W in both modes, in the area where NBC rings are mostly generated (Figure 1 A, B).

Individual EOFs were also applied to the variables used for the calculation of fCO3 sw:
SST, SSS, DIC and TA. In the second EOF mode for DIC (Figure 2 B) and TA (not shown), a
‘ring-shaped’ spatial pattern is observed, similar to the one observed in Figure S1 for SSH. The
EOFs for TA are not shown due to the similarities with DIC EOF, which is explained by a
correlation coefficient between DIC and TA higher than 0.99 (LEFEVRE et al., 2020). The
spatial pattern of positive covariance is restricted to the east of 55°W, as observed for SSH
(Figure 2 A) and OW (Figures 4.1 A, B), and is an indication of DIC and TA increase in the

area of ring generation.
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Figure 1 — First EOF (A) and PC1 evolution (C) of OW; Second EOF (B) and PC2 evolution (D) of OW
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Figure 2 — First EOF (A) and PC1 evolution (C) of DIC; Second EOF (B) and PC2 evolution (D) of DIC;
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The first mode of EOF for DIC (Figure 2 A) indicates a spatial covariance related to the

increased DIC concentration in the Tropical Atlantic region (LEFEVRE et al. 1998), and the

reduced DIC near the Amazon River mouth, associated with this freshwater discharge
(KORTZINGER, 2003; COOLEY et al., 2007; LEFEVRE et al. 2010; LEFEVRE et al. 2017).

However, it does not mean that NBC rings do not influence on the dynamics of these variables,

but that, in the monthly temporal scale, other mechanisms dominate the spatial covariance of

these parameters in the region. The second mode of total covariance, although only representing
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5.95% and 2.84% of the time for DIC (Figure 2 B) and TA (not shown) respectively, presented
spatial patterns related to NBC dynamics. Further, the observed spatial structure reveals that
the retroflection of the NBC and the consequent ring shedding transport high concentrations of

DIC towards the eastern Atlantic and to the Carribean, respectively (Figure 2 B).

Figure 3 —Second coupled EOF (A) of DIC (left) and OW (B), and PC2 evolution (C)
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Furthermore, a coupled EOF between DIC and OW was performed in order to identify
the corresponding modes of variance, showing the periods in which eddy dynamics, indicated
by OW, and DIC concentration varies in the same way. The first mode (not shown)
corresponded to 37.9% of total variance, but did not present any spatial pattern that might
indicate NBC rings presence. The second EOF mode explains 7.73% of total covariance (Figure
3). The region of ring generation and trajectory showed by the OW EOF corresponds to an area
of ring-shaped DIC concentration increase, with the higher values observed at the center of this
structure (Figure 3 A). Also, DIC concentration is slightly reduced at ring frontal edge. An
analogous but less intense pattern is also observed from 55°W to 58°W, with negative DIC
values at the frontal edge of a ‘ring-shaped’ pattern characterized by positive values at the center

of this structure (~56°W). The presence of both patterns (i.e. more intense at 52°W, and less
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intense at 56°W) following NBC rings trajectory area might be an indication of ring influence

on DIC concentration during their translation (Figure 3 A).

Figure 4 —Second coupled EOF of fCO2 sw (A) and OW (B), and PC2 evolution (C)
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As previously cited, DIC concentration is not the only parameter used for fCO2 sw values
calculation. Therefore, it seems reasonable to also evaluate if fCO2 sw present modes varying
similarly as the patterns for OW. For the coupled fCO2 sw - OW EOF, the second and the third
modes of covariance explain together 29.1% of the total variance (Figures 4.4 and 4.5,
respectively). Since, as cited for Figure 1, two successive EOFs explaining equivalent spatial
patterns of variance indicates propagation of structures at the ocean, both modes showed in
Figures 4.4 and 4.5 might be pointing to ring propagation at these different modes. Still, in
Figure 4, where the second mode explains the most part of covariance (20.42%) is observed a
similar but stronger spatial pattern in the area of NBC rings trajectory, when comparing to
Figure 3, with a ring-shaped increase in fCO2 sw saturation and higher concentration at the
center of this structure, followed by a decrease at the frontal part of the ringlike pattern at 53°W,
and returning to increase this ring-shaped concentration in 54-55°W (Figure 3). Similarly, for

the third mode (Figure 5), this pattern of positive followed by negative anomalies is also in
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agreement with the ring shedding pattern, although responsible for only 8.7% of the observed
variability. Further, the first mode for fCO2 sw vs OW coupled EOF (not shown) did not present
any spatial pattern that could represent NBC rings incidence and corresponded to 45.76% of
total variance. In addition, both the PCs associated to the second and the third mode of both
former parameters (i.e., fCO2 swvs OW) displays a coupled time evolution (Figure 4 and Figure

5, under), which confirms an interannual dependence of the OW on the fCO2 sw variance in the

WTNA.

Figure 5 —Third coupled EOF of fCO2 sw (A) and OW (B), and PC3 evolution (C)
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The coupled EOF fCO2 sw vs OW (Figure 4) presented not only more modes of
covariance related to NBC rings translation, but also increased percentage in these modes in
relation to the DIC vs OW coupled EOF (Figure 3). This behaviour might be explained by the
further influence of other variables in fCO. sw rather than DIC, such as Sea Surface Salinity
(SSS) and Sea Surface Temperature (SST). In fact, CO2 budget in the tropics is likely to be
affected by SSS and SST modifications (LEFEVRE et al 2020). Further, previous works
pointed to SSS as the main driver for CO, variations at the WTNA (KORTZINGER, 2003;
COOLEY et al., 2007; LEFEVRE et al. 2010; LEFEVRE et al. 2017). At the same time, SST
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within anticyclonic eddies has been pointed as the responsible for shifting CO; sinks to CO>
sources (PEZZI et al., 2021). Therefore, we performed coupled EOF between SSS vs OW and
SST vs OW, in order to identify which of the both parameters present the highest similar

covariance with OW, and consequently, with NBC rings.

Figure 6 —First mode of coupled EOF of SSS (A) and OW (B), and PC1 evolution (C)
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The successive EOFs, which explains equivalent amounts of variance and indicates
structures propagation, were observed for the modes 1, 2 and 3 for the SSS vs OW coupled
EOF, and represented together 77,3% of total covariance (Figures 4.6, 4.7, 4.8). These three
modes together indicated the propagation of cores of SSS positive anomalies towards the west,
in agreement with the OW and NBC rings translation. The presence of negative SSS anomalies
is an indication of Amazon River Plume dispersion. In the first mode, the SSS positive anomaly
core is being generated west of the Plume (31.1%) (Figure 6), while at the second mode the
core is better delineated (26.1%) (Figure 7). In mode 3 this positive anomaly core is still present
further west, although it is weakened (20.1%). These coupled EOFs gives a light to the
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importance of NBC ring dynamics in trapping and transporting SSS positive anomalies cores.
At the same time, positive anomalies cores of SST associated to mesoscale structures
propagation were observed only for the second (8,5%) and third modes (6,8%) of variance of
the SST vs OW coupled EOF (Figures 4.S2 and 4.S3, see Supporting Information). Together,
these modes represented 15,3% of the total SST vs OW coupled covariance, much less of what
was observed from SSS vs OW coupled EOFs (i.e., 77,3%), indicating that SSS covariance is
likely to be more influenced to NBC dynamics than SST variance.

Overall, in this 25 years’ analysis at monthly timescale, the NBC rings seem to be
characterized by high fCO2 sw concentrations in their centers and lower values at rings edges,
as shown by the main modes of covariance for fCO2 swvs OW coupled EOF. It is believed that
the mechanisms responsible for such influence are mainly the trapping, at eddies centers, of
waters with positive anomalies of DIC concentration and SSS. Further, NBC rings dynamics
are associated with SST increase in ring cores (i.e. anticyclonic rings). Therefore, since fCO>
sw covariance is also amplified with SST intensification, SST might also contribute to the
occurrence of fCOz positive anomalies at ring cores. Still, it seems that SSS plays here the most
important role in strengthening fCO- covariance within NBC rings. This mechanism was further
investigated through a NBC ring Study Case at daily time scale, and is untangled in the next

session.
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Figure 7 —Second mode of coupled EOF of SSS (A) and OW (B), and PC2 evolution (C)
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Figure 8 —Third mode of coupled EOF of SSS (A) and OW (B), and PC3 evolution (C)
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In order to confirm that the second and the third coupled EOFs of fCO2 sw and OW are
linked to NBC rings timescale variability, we performed a Wavelet Coherence (GRINSTED et
al., 2004) analysis between the PCs of the second and the third modes (Figure 9). The wavelet
analysis identifies the periodicity associated to the signal (VELEDA et al., 2012), while the
Wavelet Coherence is a method for detecting significant coherence and phase between two
time-series in the time-frequency domain (GRINSTED et al, 2004).

The PC2 Wavelet analysis highlighted the main coherences in periods of 4-6 months in
specific years, with pronounced interannual variability, such as 2009 and 2016 years (Figure 9
A). At the same time, the PC3 Wavelet analysis indicated increased correlation in periods from
3 to 4 months, which were present in almost all analyzed years (Figure 9 B). These Wavelet
Coherences pointed which period and years the coupling between OW and fCO,sw are
significantly correlated and in phase. Hence, these local correlation periods for both EOF PCs
illustrated in Figure 9 are an indication of NBC rings influence, since these structures average
lifetime is 4 months (RICHARDSON et al., 1994; GONI; JOHNS, 2001, 2003) being able to
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last over 6 months in specific times (FRATANTONI; RICHARDSON, 2006; AROUCHA et
al., 2020). In most significant correlations (black line contours) there are predominant rightward
arrows, indicating zero lag, which means the two signals are in phase. In specific few cases,
arrows pointing slightly right-down in Figure 9 indicate that PCs of OW are leading the PCs of
fCO2 sw for both second and third modes. This is observed more strongly in PC3 at 4-month
periodicity throughout almost all analysed years, and in rare years, in 6-8-month band
periodicity periods (e.g. 2009).

Figure 9 —~Wavelet Coherence for Principal Components (PCs) 2 (A) and 3 (B) of fCO2swvs OW EOF.
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In fact, an anomalous SST warming in the Equatorial South Atlantic (5°S—0°N),
which produced a shift in wind direction, changed the ITCZ position and the rainfall rates over
the region were identified by Foltz et al. (2012) in 2009. In addition, in this year, NBC rings
presented maximum azimuthal velocity, rings merging event in the first half of the year, and
positives anomalies of Amazon discharge (TYAQUICA et al., 2017; AROUCHA et al., 2020).
This temperature increase in this year combined with higher river discharge are likely to have

contributed, respectively, to a decrease in flow density and to an enhance in vorticity at Amazon
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River Plume region, which could have helped, at the same time, to intensify the shedded rings
in this period (AROUCHA et al., 2020). In addition to this, the 2009 presented a pronounced
coherence also above 4-month periods between the OW and of fCO; sw in both PC2 and PC3
in Figure 9. Hence, it is believed that Amazon River waters effects on biogeochemistry of NBC
rings trapped waters could be strongly noticed in 2009. Aiming to understand these effects, we
selected study cases of NBC rings shedded in the 2009 year for a thorough analysis. We
evaluated anomalies in DIC, salinity and chlorophyll concentrations at the surface and at the
depth, in the WTNA during the passage of two NBC rings in this year, which is detailed in the

next session.

4.3.2 Study Case in 2009

The two analysed NBC rings will be referred as R1 and R2. While R1 was generated
in February 10™ 2009, R2 was shed by NBC retroflection in march 2" 2009. They translated
for 69 and 49 days, respectively, until merging on april 19" 2009. These two rings and the
merging event are in agreement with one of the four merging events of NBC rings depicted by
Aroucha et al. (2020). Before merging, R1 (R2) presented average speed-based radius (Rmax)
of 142.7 (132.3) km, with average maximum azimuthal velocity (Vmax) of 0.68 (0.52) m/s and
mean kinetic energy (KE) of 1510.93 (933.16) cm?/s?, leading to mean Rossby numbers (Ro)
of 0.20 for both rings. The definition of Ro in the present study is the vortex Ro, which is based
on Vmax and Rmax, and was applied by previous works at the region, reaching values that
varied from 0.13 to 0.33 (FRATANTONI et al., 1995; CASTELAO; JOHNS, 2011;
AROUCHA et al., 2020). Also, as only the module of Vmax was applied to Ro calculation,
positive values of Ro were observed, even though negative values are expected to occur for
anticyclonic eddies. Regarding Rmax, length scales from NBC rings were between 200-400
km, while the mean Vmax vary from 0.12 to 0.84 m/s, and could exceed 1.15 m/s (AROUCHA
et al., 2020; CASTELAO; JOHNS, 2011; FRATANTONI et al., 1995; FRATANTONI;
RICHARDSON, 2006; JOCHUMSEN et al., 2010; RICHARDSON et al., 1994). The KE
results might indicate overestimation of KE when comparing to what has been observed (i.e.
100-300 cm?/s?) (DIDDEN; SCHOTT, 1993; AROUCHA et al., 2020). However, these cited
works used purely geostrophic velocities for KE computation, and underestimation of
azimuthal velocity might occur when assuming geostrophic balance within an eddy, due to the
negligence of inertial components of momentum balance (DOUGLASS; RICHMAN, 2015).

Therefore, since the data used in the present work also considers the cyclogeostrophic terms,
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the increased KE was expected. The parameters values for each individual ring before merging
are showed in Table S4.1. After merging, the remaining NBC ring translated for further 25
days, demising in may 14" 2009 when encountering the Caribbean islands. The merged ring
presented average Rmax of 120.2km, mean Vmax of 0.69m/s, with average KE of 1585.06
cm?/s? and average Ro also of 0.20. The merging event also occurred at the merging NBC rings
region pointed by Aroucha et al. (2020). A t-student test was performed to identify parameters
changes from individual to merged rings. A significant increase in KE was detected only
between R2 and the merged ring (i.e. p=0.0013), in agreement to what was reported by Aroucha
et al (2020), that detected significant variation between isolated and merged rings in not only
in KE, but also in Vmax and Ro parameters. The parameters values for the ring after merging
are showed in Table S4.1.

R1 and R2 impacts on surface biogeochemistry are depicted in Figure 10 through the
analysis of two snapshots from daily anomalies of salinity, DIC and chlorophyll. At the same
time, the evolution of these three parameters within R1 and R2 are showed in Videos S4.1, S4.2
and S4.3, for salinity, DIC and chlorophyll, respectively. Both rings apparently evolve to an
egg-like shape throughout the northwesternward translation as, described by CHEN et al.
(2021), rather than a circle or ellipsoid geometry, even though R2 at march 25" 2009 is
seemingly similar to an ellipsoid east of 52°W. Regarding salinities, rings at their formation
seem to initially trap positive anomalies and carry towards northwest (Figure 10 B, R2), when
these anomalies are stirred and move away from rings centres in the direction of rings edges,
as observed in Figures 4.10 A, B for R1. In general, positive (negative) surface salinity
anomalies in this region are related to tropical (coastal) waters. The T-S diagram for R1 in
march 25th 2009 at two different locations (Figure 11) indeed confirms that the negative surface
anomalies indicate the presence of coastal waters (CW), with salinities <35.4 (i.e. Figure 11 A
- 11°N), while positive anomalies (i.e. Figure 11 B - 9°N) are associated mainly with tropical
waters (TW), with salinities >36.0, at the surface. At depth, TW and the South Atlantic Central
Water (SACW) were also detected. In-situ data has already been used to detect the same waters
masses distribution in the WTNA (NEUMANN-LEITAO et al., 2018).



104

Figure 10 — Anomalies for march 25™ 2009: A) salinity; C) DIC; E) chlorophyll; and anomalies for april 41"
2009: B) salinity; D) DIC; F) chlorophyll. Anticyclonic rings maximum velocity contours are indicated by solid
blue lines. Dashed (solid) grey lines indicate rings edges (trajectories), respectively. Black dots represent ring
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In relation to DIC, cores of intense positive anomalies, reaching 40 and 18 mmol m=
day* at maximum core and ring centre, respectively, are generated in the centre of both R1 and
R2, what indicates an accumulation of carbon at NBC ring cores. At the same time, DIC
negative anomalies — minimum of -102 mmol m= day™ — settle at these structures’ edges,
mainly at the frontal limits in an “comma-shape”, being pushed towards the northwest (Figure
10 C, D). As previously cited, DIC variability in the Tropical Atlantic are mainly associated
with salinities gradients due to the presence of Amazon River, where increased (decreased) DIC
corresponds to increased (decreased) salinity (LEFEVRE et al. 1998; KORTZINGER, 2003;
COOLEY etal., 2007; LEFEVRE et al. 2010; LEFEVRE et al. 2017). However, DIC anomalies
appears to be intensively concentrated at vortex centres as rings translate through time,
delineating ring cores more sharply than the salinity anomalies. It is believed that since salinities
might also vary with precipitation/evaporation rates, the salinites shapes within the rings could
be more prominently changed during ring lifetime.

On the other hand, the opposite is observed for chlorophyll concentration, which is
decreased from maximum positive anomaly of 0.05 mg m at ring boundaries to negative
anomalies at ring cores in the order of — 0.01 mg m™ (Figure 10 E, F). In fact, Huang et al.
(2021) argued that a similar pattern is observed within NBC rings, with low-chlorophyll ring
cores and high-chlorophyll ring edges, and showed that chlorophyll anomalies propagating
from the WTNA, are able to cross the Lesser Antilles and enter the Gulf of Mexico. This is in
agreement with high DIC in the cores (little/ no biological activity) and low DIC in the edge
(carbon consumption increasing the chlorophyll concentration). Hence, it is believed that the
surface edge of the ring is predominantly made of coastal or Amazon waters, as also depicted
by Figure 11B, where CW is present at the edge of R1 until ~100m depth.

Positive chlorophyll anomalies, generated by the presence of high nutrient Amazon and
Orinoco River plumes at the ocean, are carried at ring leading edges and pushed towards the
Caribbean (Figure 10 E, F). This process is referred as eddy stirring, and ends up generating an
asymmetric design in chlorophyll magnitudes between the leading and trailing ring boundaries,
due to the interaction of the trailing edge to an ambient that has recently been influenced by the
leading edge (MCGILLICUDDY, 2016). Negative chlorophyll anomalies at anticyclonic
eddies cores might be a consequence of the outward radial displacement of phytoplankton
biomass induced by radial momentum imbalance within those structures (ZHANG et al., 2015).
Increased chlorophyll concentrations in an area can generate carbon consumption, indicating a
correspondent decrease in DIC concentration. The eddy stirring process that concentrates

chlorophyll at vortex leading edges, and prevent this biological tracer to enter ring cores, might
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explain, in addition to what has been discussed, the reduced DIC at R1 and R2 frontal
boundaries and the increase in DIC anomalies at ring cores. Most part of the chlorophyll stirring
in an anticyclonic eddy occurs through horizontal advection of water with high concentrations
from adjacent areas (XU et al., 2019). In addition, the frontal upwelling of nutrient-rich waters
along the periphery of anticyclonic eddies due to shifts in isopycnals was observed in other
studies (e.g. STRASS et al., 2002; KAHRU et al., 2007), and might also contribute in the
present analysis of R1 and R2.

In order to evaluate rings characteristics at depth we performed latitudinal sections in
R1 at two different longitudes and days: 55.5°W at 25" march 2009; and 56.5°W at 4" april
2009 for anomalies of DIC, chlorophyll, salinity and zonal current component. Anomalies of
the zonal current component are depicted for both periods in Figure 12. Dashed lines indicate
rings edges, while solid lines represent ring cores. These opposite anomalies indicate the
clockwise rotation, inherent to anticyclonic rings in the Northern Hemisphere, and ring centre
position between both opposite anomalies. R1 influence from the surface reached deeper than
250m (Figure 12), with maximum anomalies from 120m to 250m in march 25", At April 4™,

the maximum of intensity was restricted from 50m to 150m depth.

Figure 11 — Temperature-Salinity diagrams for R1 at march 25" 2009 in two different point: 55.5°W, 11.0°N
(A); 55.5°W, 9.0°N (B). CW: Coastal Waters, SACW: South Atlantic Central Waters, TW: Tropical Waters
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Source: the author (2021).

Regarding the biogeochemical structure at depth (Figure 13), there are noticed strong
positive salinity and corresponding positive DIC anomalies at ring trailing edge, south of R1
centre at surface in march 25" (Figure 13 A, C.), enveloped by these parameters negative

anomalies right after their cores and nearby their boundaries, until ~25-30m depth. This depth
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corresponds to the maximum barrier layer depth and also mixed layer depths (i.e. 10m-50m)
found by Balaguru et al. (2012). Negative salinity anomalies settle at the surface in the leading
(higher latitude) edge of the ring, what can be observed both in 25" march and 09" april. At the
same time, a salinity decrease from 100-200m at both moments is observed especially at rings
leading edges, after ring core, reaching anomaly values higher than -1. Negative salinity
anomalies ranging from -0.5 to -1 has been reported also from 100-200m depth within NBC
rings cores (AROUCHA et al., 2020). This decrease is better noticed at 25" march which is
also the time when the salinity cores at surface are better delineated (Figure 13 A). At 9™ April
(Figure 13 B), these negative anomalies at depth are restricted from 100m-150m and the ring
salinity signature at the surface in eddy trailing edge is almost inexistent. It is believed that R1
maxima zonal anomalies at march 25", placed mainly from 150-250m, allowed negative
salinity anomalies to reach depths further than 200m, and a better delineation of an anomalous
positive core at surface. At the same time, at April 9", due to the increased R1 intensity from
closer to the surface until 150m depth, the salinity negative anomalies were shallower, and the

positive anomalies were almost vanished from the surface in this day.

Figure 12 — Zonal (U) component anomaly for a) 25™ march 2009 in latitudinal section at 55.5°W; and b) 4t
april 2009 in latitudinal section at 56.5°W. Dashed lines indicate rings edges, while solid lines represent ring
cores
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Further, DIC anomalies shifted from very strong positive anomalies until 30m to
maximum observed negative anomalies at depths from 100-150m at the south of the R1 core,
at ring subsurface trailing edge at both depicted days (Figure 13 C, D). It seems that R1
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dynamics were able to trap at surface TW highly saline, retaining the positive salinity and DIC
anomalies to the mixed layer depth. In its turn, it appeared that the CW low salinity and DIC
water is being pushed down by this ring dynamics, settling between 50m-150m depth (Figure
13 A, C, D). Indeed, advection of highly saline and warm waters at the surface followed by
coastal low temperature and salinity waters at further depth were found at the region within
these anticyclonic rings (L’HEGARET et al., 2021). A wide variety of submesoscale fronts,
barrier layers and vertical movements of water are expected to be generated in the region due
to the constant interaction from riverine Amazon waters, and NBC rings and retroflection.
Further studies on NBC rings layering and mixture processes are being developed
(L’HEGARET et al., 2021) and will enhance the understanding of such dynamical region.

At the same time, positive anomalies of chlorophyll concentrations coincide with the
fronts from high to low DIC concentration, especially from 80-110m, where the anomaly peaks
were observed (Figure 13 E, F). We highlight that chlorophyll increase is mostly observed also
at 100m, in R1 leading edges (12-13°N), as well as the indicated chlorophyll increase at surface
due to eddy stirring (Figure 10 E, F). At April 4™, this increase is still in the above cited ring
edge, although it situates closer to ring core (Figure 13 F). The high chlorohpyll anomaly at the
ring trailing edge at subsurface and depth (50m-100m), close to the coast and in 25™ of march,
is mainly related to coastal water discharge.

Overall, it seems that NBC rings impact biogeochemical parameters in the WTNA both
at the surface and at depth, although the mechanisms mostly at depth need further investigations
and are beyond the scope of this work. What has been observed is the NBC rings capacity in
concentrating DIC at their cores and trailing edges. Therefore, since an increase in DIC
concentration might contribute to an increase in fCO2 sw and consequently in FCO>, the cores

of NBC rings are likely to release more CO> than surrounding waters.
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Figure 13 — Anomalies for R1 in march 25™ 2009 in longitudinal section at 55.5°W: A) salinity; C) DIC; E)
chlorophyll; and anomalies for R1 in april 4™ 2009 in longitudinal section at 56.5°W.: B) salinity; D) DIC; F)
chlorophyll. Dashed lines indicate rings edges, while solid lines represent ring cores
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Snapshots of FCO> during the trajectory of R1 and R2 indicates a decrease in the FCO-
source to the atmosphere within NBC rings while trey translate (Figure 14). The evolution of
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FCOz2 anomaly within R1 and R2 cores location is showed in Video S4.4 and FCO; values for
each tracked day is depicted in Table S4.1. When considering only ring positions to west of
50°W (i.e. when rings are truly released from NBC rings): R1, R2 and the merged ring presented
average positive anomalies of CO fluxes from the ocean to the atmosphere of 0.06, 0.38, and
0.05 mmol m day, respectively. It is important to note that east this longitudinal section (50°W)
NBC rings are still being generated under strong influence of NBC, so considerations of ring
cores position at these locations might be misleading. Maximum positive anomaly at R2
centered core was observed at 11" April (i.e. 0.94 mmol m day, depicted in Figure 14 C) and
immediately before rings merging at 19" april (i.e. 1.32 mmol m day%, not shown, see Video
S4.4). It seems that after 56°W this positive flux is considerably reduced, indicated by both
R1 and the merged ring reaching maximum of 0.19 mmol m? day™* after this latitude. The
strong positive FCO; at the beginning of rings trajectory tends to be reduced, with the partial
pressures of CO- of both ocean and atmosphere naturally reaching an equilibrium. Indeed, this
fCO2 sw transported by NBC rings has been reported to be eroded over time (OLIVIER et al.,
2021). Also, biological carbon uptake during ring translation might contribute to flux reduction.
In fact, Orselli et al. (2019) pointed that Agulhas rings were primarily driven by physical
mechanisms, and as they translate, biological activity starts to control carbon uptake.

We highlight that: cores of positive anomalies of CO: fluxes, acting as a source of the
gas to the atmosphere, with maximum of 1.32 mmol m day?, settled within the centre of R2
NBC ring. In addition, this mesoscale structure generated a mean increase of approximately
38% on FCO in relation to the surrounding waters (i.e. anomalies around 0.0 mmol m2 day™),
since positive anomalies of ring cores waters averaged approximately 0.38 mmol m day™.
Absolute FCO, values were observed within anticyclonic eddies at the Brazil-Malvinas
confluence, where their contribution as a source was estimated as 0.3 mmol m~2 day* (PEZZI
et al., 2021). This cited study pointed for SST increase in the core of anticyclone structures as
the responsible for the shift from CO2 sinks to CO- sources. In addition, temperature seemed to
be important either in turning Agulhas eddies into CO; sinks of ~ -3.7 mmol m? day
(ORSELLI et al., 2019). The CO2 budget in the tropics is likely, in fact, to be affected by
surface salinity and temperature shifts (LEFEVRE et al 2020). At the present study, it is
believed that positive anomalies of salinity and consequently DIC at ring cores were responsible
for this increase in FCOy, although the increased SST inherent to anticyclonic rings might have

contributed to the higher fluxes.
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Figure 14 — FCO; for march 25" 2009 (A), april 9t 2009 (B) april 11" 2009 (C) april 16™ 2009 (D) at the
WTNA. Anticyclonic rings maximum velocity contours are indicated by solid blue lines. Dashed (solid) grey

lines indicate rings edges (trajectories), respectively. Black dots represent ring center
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Overall, the presence of OW variance in 77% of the time and modes of the coupled EOF
between OW and fCO> sw accounting for 29% of variance indicate that the influence of NBC
rings in fCO2 sw is considerable. In fact, NBC rings were associated in the present study with
an 38% positive anomaly in FCO: in relation to the surrounding waters, demonstrating that
these mesoscale features play an important role in increase the CO2 outgassing in the WTNA.
DIC and salinity positive anomalies centred at the ring cores and trailing edges are likely to
play the role in increase carbon flux at these points. Further studies on vertical movements and
small-scale disturbances in the region within those eddies might give light on what make these
salinity anomalies remain trapped at the surface. We also hypothetise that NBC eddies effect

on FCO», depending on the origin of the wrapped water, can diverge from the expected and
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steer filaments that can act as a COz sink, as initially also pointed by Olivier et al. (2021). In
this study, however, the analysed rings were restricted to act as a CO> source, what is also

observed to retain a considerable part of the variance.

4.4. CONCLUSION

We applied empirical orthogonal functions (EOFs) analysis for 25 years (1993-2017)
reanalysis model to evaluate the role of NBC rings in biogeochemistry of WTNA, especially
regarding FCO». This database was also applied to the AMEDA eddy tracking in order to
identify NBC rings impacts in a daily timescale, taking two rings in the 2009 year as a case
study.

In general, we could identify that NBC rings, embodied here by OW, presented variance
in agreement with fCO2 sw patchiness in 29% of the time when analysing the second and third
EOF’s modes. Also, the presence of OW covariance related to the translation of mesoscale
features in 77% of the time, indicates that this influence occurs in a considerable period of time.
In addition, OW and SSS varied similarly also in 77% of the time, showing NBC rings influence
on SSS variance at the region. This also pointed for salinity as the main responsible for positive
fCO2 sw anomalies related to ring cores, since SSS covariance is likely to be more influenced
to NBC dynamics than SST variance. Furthermore, it was indicated that a NBC ring could
increase, in average, 38% of the FCO; at their cores in relation to surrounding waters. At the
present study, it is believed that positive anomalies of salinity and consequently DIC at ring
surface cores and trailing edges were responsible for this increase in fCO2 sw covariance and in
the daily FCO2, although the increased SST inherent to anticyclonic rings might have
contributed to the higher fluxes. Further studies on vertical movements and small-scale
disturbances at the region within those eddies might give light on what make these salinity
anomalies remain trapped at the surface.

Finally, it seems reasonable to affirm that NBC rings impact biogeochemical parameters
at the WTNA both at the surface and at depth, although the mechanisms behind these impacts
mostly at depth need further investigations. In fact, studies on NBC rings layering and mixture
processes, and NBC rings biogeochemical impacts are being currently developed
(L’HEGARET et al., 2021; OLIVIER et al., 2021). The contribution of this work, settles not
only in observing NBC rings influence on carbon parameters variance in the WTNA, but also,
on their contribution to the increase in FCO: to the atmosphere. An extensive study with more

analysed rings would increase the sampling and could better reinforce this effect on FCO>
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anomalies. Furthermore, this work shows the capacity of these structures in concentrating DIC
and highly saline waters at theirs cores and trailing edges; and it gives a light on what

mechanism is responsible for maintaining the salinity anomaly at ring cores.
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4.6. SUPPORTING INFORMATION

Here we provide the first individual EOF mode and PC1 evolution for SSH (Figure S1),
and the second and third modes of variance for the coupled EOFs between SST vs OW (Figures
S2 e S3, respectively. Further, values of the parameters for each day of the two isolated rings
(R1 and R2) which merged into one (M1) rings, and for this merged ring (Table S1). In addition,
Videos 4.S1, 4.52, 4.S3, and 4.S4 depict the evolution of anomalies of salinity, DIC,
chlorophyll and FCO., respectively, through time during the days of the passage of R1, R2 an
then the merged ring M1. Videos 4.S1, 4.S2, 4.S3, and 4.54 are inserted in the PowerPoint in

attachment (‘Videos_Dissertagdo LeoAroucha.pptx’).
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Figure S1 —First EOF (A) and PC1 evolution (B) of SSH

Source: the author (2020).
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Figure S2 —Second coupled EOF of SST (A) and OW (B), and PC2 evolution (C)
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Figure S3 —Third coupled EOF of SST (A) and OW (B), and PC3 evolution (C)
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Table S1 — Observed values of the analyzed parameters for each day of two isolated rings (R1 and R2) which
merged into one merged (M1) rings. NaN values are indicated in weeks that AMEDA did not identify the ring.
Merged rings cells are highlighted in blue

FCO2

ID DAY  Rmax(km) \(’nT/Z‘; Ro (cn}fziz) (ﬁﬂﬂgiar'ﬁ-z |E§;t Lon®

day™)

R1 1§Oggb 124.08 035 017 33750 127 650 -49.25
1%02? 140.37 039 017 45310 098 650 -49.25
1220ng 173.20 045 015 63390 073 675 -49.50
f’ong 168.35 048 017 74440 048 675 -4950
1§Ong 122.74 0.44 020 49730 088  7.00 -49.50
%ng 144.79 050 019 74390 069 725 -49.75
1§ong 153.75 058 020 89340 042  7.50 -50.00
1270ng 163.73 062 020 120410 047  7.50 -50.00
1§ong 165.49 066 020 131710 016  7.75 -50.25
1§ong 176.43 072 020 161790 -001 800 -50.50
zgong 148.27 066 021 135500 000 825 -50.75
2210ng 146.20 070 022 152640 000 850 -51.00
2220ng 144.43 075 023 168570 002 875 -51.25
Zg’ong 135.09 074 025 168840 000 875 -51.25
2;10ng 150.42 083 025 212810 00l 875 -51.25
zg’ong 135.75 0.84 028 204980 000 875 -5L50
2260ng 140.76 084 026 202630 00l 925 -5150
Zgong 153.30 091 027 229330 000 875 -5L75
2280ng 142,53 085 025 185640 004 925 -5175
O;O'\(;'gr 149.92 088 025 215130 006 950 -5L75
02Mar 14889 0.86 024 200790 006 950 -52.00
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151.89
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128.98

129.38
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133.81

128.32

134.38

129.90
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158.96
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0.79
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0.77
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0.75
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0.25

0.23

0.23

0.24
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1973.90
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152.45
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139.55

139.39

151.11

138.55

141.25

126.22

114.24

117.55

113.81

120.11

140.61

139.75

154.25

154.71

172.09

156.70

133.61
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99.43

165.27

100.31

68.56

0.61

0.56
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0.64
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0.12
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974.80

942.30
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1428.60

1539.90

1270.40
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1334.30

1165.00

1361.40

944.98

586.95

1019.00

1049.10

932.80

875.41
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0.05

0.11

0.00
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0.13
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0.00
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0.05

0.03
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89.70
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115.22

100.28

143.43

165.65
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155.72

NaN

138.68

177.25

150.26

145.19
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122.26

148.40
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159.56
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-0.62

-0.77
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Source: the author (2021).
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Video 4.S1- Salinity anomalies for the evolution of R1, R2 and M1. The depicted evolution is
from the first day of R1 detection (10" February 2009) to last day of M1 detection (14" May
2009).

Video 4.52— DIC anomalies for the evolution of R1, R2 and M1. The depicted evolution is from
the first day of R1 detection (10" February 2009) to last day of M1 detection (14" May 2009).

Video 4.S3- Chlorophyll anomalies for the evolution of R1, R2 and M1. The depicted evolution
is from the first day of R1 detection (10" February 2009) to last day of M1 detection (14" May
2009).

Video 4.54—- FCO anomalies for the evolution of R1, R2 and M1. The depicted evolution is
from the first day of R1 detection (10" February 2009) to last day of M1 detection (14" May
2009).

Videos 4.S1, 4.52, 4.S3, and 4.S4 are inserted in the PowerPoint in attachment
(‘Videos_Dissertagdao LeoAroucha.pptx’).
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5. CONCLUSOES

No presente trabalho dados de reanalise semanais de altura geopotencial e de campos
de velocidade geostrofica de 24 anos (1993-2016) foram aplicados ao algoritmo AMEDA para
identificacdo da ocorréncia, trajetéria e pardmetros fisicos dos Vortices da CNB, se
posicionando como o primeiro estudo a aplicar um algoritmo de deteccdo de vortices para
identificacdo dos vortices da CNB num periodo decenal. A escolha pelo AMEDA se baseia em
sua robustez e facilidade para uso em andlises de séries temporais de propriedades de vortices,
haja vista que o mesmo considera ndo apenas as propriedades dindmicas, mas também as
propriedades geométricas do campo de velocidade. Além disso, analises estatisticas de Fungdes
Ortogonais Empiricas (EOFs) foram realizadas em 25 anos (1993 — 2017) de dados de reanalise
de um outro modelo, com o objetivo de avaliar o papel dos vortices da CNB na biogeoquimica
do ATNO, especialmente em relacdo a FCO». Esta Gltima base de dados também foi aplicada
ao AMEDA para identificacdo dos impactos destes vortices em uma escala diaria, utilizando
dois vortices no ano de 2009 como estudos de caso.

Neste estudo foi identificada uma taxa média de 5 vortices da CNB liberados por ano,
que apresentaram um tempo de vida médio de 15.3 (+£5.4) semanas, Rmax de 87.3 a 204.8 km,
com raio médio de 139.5 (x£23.6) km, e foram associados com anomalias de altura da superficie
do mar médias de 9.4 (£4.0) cm. A Vmax média observada foi 0.27 (£0.08) m/s, enquanto que
o valor de Ro médio foi 0.08 (+0.04) e a energia cinética média foi 255.3 (+154.8) cm2 /s2. E
apontado que os valores de velocidade azimutal e de Ro podem estar subestimados devido ao
uso de campos de velocidade puramente geostréficos. A ocorréncia dos vortices da NBC é mais
frequente na primeira metade do ano. De fato, uma diminuicdo na taxa de geracdo dos mesmos
de 47.37% foi detectada entre os trimestres de maxima (inverno boreal) e minima (outono
boreal) liberacdo. Além disso, vortices da NBC apresentaram dimensdes maiores, rotacdo mais
rapida e apresentaram menor tempo de vida nos meses de inverno boreal, também carregando
mais energia cinética neste periodo. Por outro lado, tais vértices liberados durante o verdo e no
inicio do outono boreal tem didametros menores, duram mais e carregam menos energia. 2009
foi um ano de condi¢des andmalas, haja vista que apresentou valores maximos de energia
cinética, Vmax e anomalia de altura da superficie do mar associadas aos vortices da CNB. Outro
padrdo identificado neste estudo foi a tendéncia positiva nas anomalias de altura da superficie
do mar de 2009 a 2016. Isso mostra que estas alturas dentro destes vortices estdo aumentando

nos ultimos anos, o que pode ser futuramente investigado.
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Ainda, foi identificado que subsidéncia de massas d’agua no centro dos vortices da CNB
geraram um aprofundamento da termoclina e anomalias no perfil vertical de salinidade,
indicando transporte vertical para o fundo de &guas tropicais e costeiras. A analise do diagrama
T-S permitiu a identificagdo de sazonalidade em relagdo as massas d’agua no interior dos
mesmos vortices. Agua do rio foi observada no centro destas estruturas apenas nos formados
entre Maio e Agosto, demonstrando que vortices gerados neste periodo de meses podem ter
impactos biogeoguimicos diferenciados na regido do ATNO, como mudancas na fugacidade e
fluxos de CO:> entre oceano e atmosfera. A mudanca vertical nos perfis de temperatura e
salinidade também pode influenciar esses efeitos fisicos e biogeoquimicos. Mais estudos sobre
isso poderiam fornecer essa resposta. Além disso, foi observado no ano de 2009 uma possivel
influéncia da descarga do rio Amazonas nos parametros dinamicos dos vortices da CNB, como
Vmax e KE, por meio de efeitos na densidade da 4gua, vorticidade e velocidade do fluxo, o que
também pode ter contribuido para um evento de fusdo dos mesmos naquele ano. Ainda assim,
eventos de fusdo como estes, embora ndo muito frequentes, podem aumentar significativamente
a velocidade e a energia dos vortices. No entanto, 0 mecanismo e o fornecimento de energia
gue permitem que isso ocorra com anéis da CNB permanecem obscuros. Além disso, esses
aumentos na energia cinética do vértice fundido podem ter um impacto na dindmica atual ao
redor do Caribe, influenciando, por exemplo, a distribuicdo do fitoplancton. Trabalhos
adicionais sobre isso forneceriam esta resposta.

Além disso, foi identificado que os vortices da CNB, representados aqui pelo OW,
apresentaram variancia de acordo com o padrdo de fCO2 sw em 29% do tempo, quando se
analisa o segundo e terceiro modo dos EOF’s. Ainda, a presenca da covariancia de OW
relacionada com a translacdo de estruturas de mesoescala em 77% do tempo, indica que essa
influéncia ocorre em um periodo significativo. OW e SSS variaram também similarmente em
77% do tempo, mostrando a influéncia de tais vortices na variancia da SSS na regido. Este
resultado também apontou para a salinidade como a principal responsavel pelas anomalias
positivas de fCO2 sw relacionadas aos nucleos dos vortices. Aléem do mais, foi indicado que um
vortice da CNB pdde aumentar, em média, 38% do FCO, em seus nucleos em relagéo as aguas
externas. No presente trabalho, acredita-se que anomalias positivas de salinidade e
consequentemente de DIC nas regifes superficiais dos centros e das partes anteriores dos anéis
foram responsaveis por esse aumento na covariancia de fCOzswe no FCO., diario, apesar que
0 aumento de TSM inerente aos vortices anticiclénicos podem ter contribuido para estes fluxos

elevados. Novos estudos sobre movimentos verticais e distdrbios de pequena escala na regido



131

dentro desses redemoinhos podem esclarecer sobre o que faz com que essas anomalias de
salinidade permanegam presas na superficie.

Finalmente, parece razoavel afirmar que os vortices da NBC impactam nos parametros
biogeoquimicos na regido do ATNO, tanto na superficie quanto em profundidade, embora os
mecanismos por tras desses impactos, especialmente em profundidade, precisam de maior
investigacdo. De fato, estudos sobre processos de estratificagdo e mistura, e impactos
biogeoquimicos destes vortices estdo sendo desenvolvidos atualmente (L’HEGARET et al.,
2021; OLIVIER et al., 2021). A contribuicdo do presente trabalho esta ndo sé na observacéo da
influéncia dos vértices da CNB na variancia dos parametros de carbono no ATNO, mas também
em demonstrar a contribuicdo dos mesmo para aumentar o FCO> para a atmosfera. Um estudo
extenso, com mais vortices analisados, aumentaria a amostragem e poderiam reforcar este efeito
nas anomalias dos fluxos de CO». Por fim, o estudo também mostra a capacidade dessas
estruturas em concentrar em seus centros e limites anteriores dguas com alta concentracéo de
DIC e sal, e d&d uma luz em qual mecanismo € responsavel por manter tais anomalias.

Neste trabalho, 0 uso de dados de reanalise associados a ferramenta AMEDA permitiu
a investigacdo da variabilidade intra e interanual da ocorréncia e dindmica dos vortices da CNB.
Além disso, o algoritmo demonstrou ser simples na identificacdo de interacdo entre 0s mesmos,
o que facilita a analise desses eventos. No geral, quantificar a variabilidade sazonal e interanual
dos parametros do vortice e identificar a interacdo entre eles é crucial para a compreensao da
dindmica destas estruturas e, consequentemente, seus impactos na fisica e biogeoquimica do
oceano. Da mesma forma, o presente estudo contribui na avaliacdo de impactos dos vortices da
CNB na biogeoquimica do ATNO, principalmente com a andlise estatistica, que residiu na
observacdo da capacidade dos mesmos em concentrar DIC e aguas altamente salinas em seus
nacleos. Além disso, da uma luz sobre qual mecanismo é responsavel por manter a anomalia

de salinidade nos nucleos dos anéis.
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Abstract In order to investigate intra- and inter-annual variability of North Brazil Current (NBC)
rings, angular momentum eddy detection and tracking algorithm (AMEDA) was used for identification
of their occurrence, trajectories, and parameters. Based on 24 years (1993-2016) of geopotential height
and geostrophic current fields reanalysis data from ARMOR 3D (¥4°), we identified an average rate of
five NBC rings shed by year. The rings present an average lifetime of 15.3 (£5.4) weeks, average speed-
based radius (Ryay) of 139.8 (+23.6) km, and mean sea surface height anomaly (SSHa) of 9.4 (+4.0) cm.
The mean observed maximum azimuthal velocity (Viy.,) was 0.27 (£0.08) m/s, while the averaged Rossby
number (Ro) value was 0.08 (+0.04) and averaged kinetic energy (KE) was of 255.3 (+154.8) cm*/s>. NBC
rings have larger dimensions, rotate faster, live less, and transfer more energy in boreal winter months. In
contrast, those shed during boreal summer and early fall last longer, have smaller diameters and carry less
energy. Besides, the analysis of ring merging pointed that the interaction between NBC rings generated a
significantly increase in ring energy (52%), and velocity (22%). Finally, we observed the vertical anomalies
temperature and salinity profiles, which indicated a thermocline deepening and sinking of coastal and
tropical waters due to NBC rings downwelling. This study emphasizes the robustness and efficiency of
AMEDA for studying rings in the ocean and further theorizes possible impacts of NBC ring on ocean
physical and biogeochemical features in the Western Tropical North Atlantic.

Plain Language Summary Oceanic rings are dynamical structures formed by strong current
circulation, that are present in the sea like hurricanes are in the atmosphere. They can change seawater
characteristics by changing the direction and velocity of ocean currents, and by carrying a parcel of water
and its features (such as temperature, heat content, salinity, and nutrients) from one region to another

in the ocean. Using 24 years of data, this study analyses the occurrence and characteristics of rings that
originated from the North Brazil Current (NBC), in the Tropical Atlantic region. We examine how ring
characteristics changed from year to year and from season to season. We use a computational algorithm
that identifies and provides information about a ring based on the current direction and other physical
parameters. We find that rings are larger, rotate faster, live less, and carry more energy in boreal winter
months, while during boreal summer and early fall, they last longer, have smaller diameters, and carry
less energy. Plus, the water flux downward associated with NBC eddies centers generates an increased in
mixed layer and deepens the thermocline. Finally, we show that the when rings merge, they increase their
energy and velocity.

1. Introduction

The North Brazil Current (NBC) is an intense western boundary current, which is the dominant feature of
the surface circulation in the Western Tropical North Atlantic (WTNA). It flows predominantly northwest-
ward along Brazilian northern coast and, around 6°N-8°N and 45°W, the current separates from the coast
and retroflects to the east, feeding the North Equatorial Countercurrent (NECC; Garzoli et al., 2003; Johns
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et al., 1990). This retroflection, which is related to the seasonal migration of the Intertropical Convergence
Zone (ITCZ) (Fonseca et al., 2004), can occasionally shed large anticyclonic rings, that are associated with
positive anomalies of sea surface height (SSH) in their centers, traveling northwestward until colliding with
the Lesser Antilles (Didden & Schott, 1993; Fratantoni & Richardson, 2006; Jochumsen et al., 2010; Johns
et al., 2003). The NBC retroflection is most developed between June and February and is nearly absent from
March to May (Johns et al., 1998). However, other mechanisms, rather than the meandering current, were
proposed to explain NBC rings generation. Ma (1996) and Jochum and Malanotte-Rizzoli (2003) showed
that equatorial Rossby waves that propagate westward and reflect at the Brazilian coast could generate
these eddies. Moreover, they intensify when traveling northwestward due to the conservation of the poten-
tial vorticity (Jochum & Malanotte-Rizzoli, 2003). The south American coastline inclination between 5°N
and 8°N was shown to be important for ring generation (Zharkov & Nof, 2010). NBC rings are crucial in
the interhemispheric transport of mass and heat in the Atlantic, being an essential part of the meridion-
al overturning circulation (MOC) (Fratantoni et al., 2000; Johns et al., 2003). Furthermore, they contrib-
ute to the dispersion of fresh nutrient-rich waters from the Amazon River toward the Caribbean (Johns
et al., 1990), also affecting local circulation, that influences planktonic fish larvae recruitment and growth
(Cowen et al., 2003). Given the importance of those rings, their study and record of their parameters are a
key to the comprehension of physical and biogeochemical processes in the WTNA.

The first study that described the presence of the NBC rings was done by Legeckis and Gordon (1982). They
used satellite sea surface temperature (SST) data to identify elliptical warm-core rings that move northwest-
ward with velocities from 4 to 35 km/day (Legeckis & Gordon, 1982). In the following years, a number of
studies contributed to the understanding of NBC rings dimensions and dynamics (Didden & Schott, 1993;
Fratantoni et al., 1995; Johns et al., 1990; Pauluhn & Chao, 1999; Richardson et al., 1994), especially after the
1998-2001 NBC Ring Experiment (Fratantoni & Glickson, 2002; Garraffo et al., 2003; Garzoli et al., 2003;
Goni & Johns, 2001, 2003; Johns et al., 2003). Those rings present typically a mean radius of 200 km, SSH
anomaly of 30 cm, surface and subsurface azimuthal velocity of 1 m/s and 15-20 cm/s, respectively, and
can reach over 1,000 m deep (Didden & Schott, 1993; Fratantoni et al., 1995; Fratantoni & Glickson, 2002;
Fratantoni & Richardson, 2006; Garraffo et al., 2003; Goni & Johns, 2003; Jochumsen et al., 2010; Johns
et al., 2003; Pauluhn & Chao, 1999). NBC rings travel with an average propagation speed of 8-15 km/day
toward the Caribbean, for 3-4 months, until interacting with the Antilles, where they start to coalesce (Did-
den & Schott, 1993; Fratantoni et al., 1995; Fratantoni & Glickson, 2002; Fratantoni & Richardson, 2006;
Garzoli et al., 2003; Johns et al., 1990; Richardson et al., 1994). It is estimated that on average 3-7 rings are
detached from NBC per year (Fratantoni et al., 1995; Fratantoni & Glickson, 2002; Fratantoni & Richard-
son, 2006; Garzoli et al., 2003; Jochumsen et al., 2010; Johns et al., 1990; Mélice & Arnault, 2017), yet some
works indicated a rate of 8-9 rings/year (Garraffo et al., 2003; Johns et al., 2003). Although a lot is known
about NBC rings dynamics, only few works performed a long-term study (Jochumsen et al., 2010; Mélice &
Arnault, 2017; Sharma et al., 2009). Moreover, it is crucial to establish and understand the change of ring
parameters and how they evolve through seasons and years to evaluate, for example, if there is a seasonal or
year-to-year variation that could indicate periods of higher intensity, energy, or SSH anomaly.

Several methodologies were used to efficiently identify eddies and determine their centers and parameters.
Initially, methodologies were based either on the geometric velocity fields of geostrophic currents or in al-
timetry maps of sea surface. Posteriorly, the methods started to be based on dynamical parameters. McWil-
liams (1990) was one of the firsts to use relative vorticity for eddy identification. This method was improved
over the use of wavelet analysis on the vorticity field (Doglioli et al., 2007). Other parameter widely used
was the Okubo-Weiss (OW), which quantifies the importance of rotation in relation to strain through geo-
strophic current data (Chaigneau et al., 2008). On the other hand, other works utilized only the geometry
of the geostrophic velocity field for eddy identification, assuming these structures as coherent vortex if
characterized by closed contour current lines (Nencioli et al., 2010; Sadarjoen & Post, 2000). More recently,
hybrid methodologies which consider both geometric and physical aspects (i.e., OW parameter) of eddies
began to stand out (Halo et al., 2014; Yi et al. 2014). Mkhinini et al. (2014) introduced the local normalized
angular momentum (LNAM), a new dynamical parameter for eddy detection, which represents the normal-
ized value of the angular momentum in a restricted area. This value will reach its extremum in the center
of a solid core rotation (LNAM = +1 for cyclonic eddies and LNAM = —1 for anticyclonic). Currently, hy-
brid algorithms have become even more effective with the possibility of identification of eddy interaction
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through merging and splitting events (Le Vu et al., 2018; Li et al., 2014). Therefore, the improvement on the
methodologies used for eddy identification and tracking allows the characterization of the main dynamical
parameters of these structures, such as: maximum azimuthal velocity (Viax), speed-based radius (Rp,x), and
Rossby number (Ro), apart from the events of eddy interaction.

The angular momentum eddy detection and tracking algorithm (AMEDA) (Le Vu et al., 2018), will be used
in this study for the identification of NBC rings occurrence, trajectories, and physical parameters. The main
goal of this work is to apply the AMEDA, using SSH and geostrophic currents field data, in order to investi-
gate the intra- and inter-annual variability of NBC rings occurrence and parameters. Also, an event of rings
merging will be detailed in terms of parameters change, and identified trajectories will be commented. The
significance of studying eddy merging and splitting events relies on the fact that these events are able to
change eddy characteristics. Indeed, ring interaction can alter significantly eddy size, energy, and SSH sig-
nal, and the main cause of their occurrence are current-eddy-topography interactions and current variation
(Cui et al., 2019). Furthermore, the study goes through the previously results observed in published articles
on NBC rings, for comparison with this AMEDA analysis. The study is organized as follows: in Section 2
the database and the study area are explored. The application of the data to AMEDA is described and the
parameters measured are defined. In Section 3 we highlight the inter- and intra-annual variability of NBC
rings, emphasizing how changes are observed in terms of their parameters. We also describe how vertical
temperature and salinity profile change within eddies, and analyze the 4 observed merging events between
two NBC rings with tracking identified by AMEDA. Finally, our results are compared with previous studies.
Conclusion is presented in Section 4.

2. Data and Methods
2.1. Database and Study Area

The data set used in this study consists of 24 years (January/1993-December/2016) of absolute SSH (i.e., ge-
opotential height) and the components of the geostrophic current fields taken from “Global Observed Ocean
Physics Temperature Salinity Heights and Currents Reprocessing”—ARMOR 3D, with V4° spatial resolution
(e.g., Guinehut et al., 2012; Mulet et al., 2012; Buongiorno Nardelli et al., 2016). This database results from the
combination of sea level anomaly (SLA), SST, and sea surface salinity (SSS) data and in situ T, S vertical profiles
measurements, presenting a global 3D weekly temperature, salinity, geostrophic velocities fields (Verbrugge
et al., 2017). ARMOR 3D is available at Copernicus Marine Environment Monitoring Service (CMEMS) web
portal (http://marine.copernicus.eu/services-portfolio/accessto-products/, product id: MULTIOBS_GLO_
PHY_REP_015_002) with the newest Version 4, updated in April 2018. The product used here was the Version
3 (product id: GLOBAL_REP_PHYS_001_021). The domain of this work is restricted to the region 15°N-5°S,
63°W-45°W, which includes NBC retroflection area (ring generation), Amazon and Orinoco Rivers mouths,
and the Lesser Antilles (ring demise). Indeed, NBC rings seems also to interact with Amazon and Orinoco
waters (Ffield, 2005; Rudzin et al., 2017). In addition, radiating Rossby waves from the east also reach this re-
gion, influencing ring dynamics (Fratantoni & Richardson, 2006; Jochum & Malanotte-Rizzoli, 2003). We used
data from 50 m deep, in order to reduce the surface signal of equatorial Rossby waves and also as an attempt
to identify subsurface rings with a negligible surface signal. Finally, sea surface height anomaly (SSHa) were
calculated based on the 24 years data. Taking the anomalies can filter the seasonal signal, that dominates the
tropical Atlantic Ocean (Arnault & Cheney, 1994), allowing a better analysis of intra-annual variability.

2.2. Detection Algorithm and Measured Parameters

The AMEDA (Le Vu et al., 2018) was used. It is a hybrid algorithm, based not only on dynamical parameters,
but also on geometrical properties of the velocity field. In AMEDA, while the extremum LNAM (dynamical)
indicates eddy centers, the closed streamlines (geometrical) indicates eddies boundaries, characterizing a
structure as an eddy only if the grid point corresponds for both constraints (Le Vu et al., 2018). For eddy
tracking, the algorithm uses the local nearest neighbor (LNN) method (Le Vu et al., 2018) and it also has the
capacity to identify merging and splitting events. AMEDA has been used in a few works in the last years. Io-
annou et al. (2017) applied this algorithm for the study of Ierapetra Eddies on the Mediterranean Sea, while
Garreau et al. (2018) used the tool for tracking an anticyclonic eddy in the Algerian Basin.
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The geostrophic velocities from ARMOR 3D were applied to AMEDA for ring identification, tracking, inter-
action with neighboring eddies, and for computation of their parameters. The first baroclinic Rossby radius
of deformation (R,4) was calculated for each grid point, based on Chelton et al. (1998). This radius is defined
as the length scale of geostrophic stretching, and at the equator Ry values are typically in scales of hundreds
kilometers (Chelton et al., 1998; Nurser & Bacon, 2014). Although a %4° data set grid was used, the combi-
nation with the calculated R, values is expected to be enough for normal functioning of AMEDA, since it is
a robust algorithm for different space-time resolutions, and with tuneable parameters (Le Vu et al., 2018).
Only the NBC rings that were clearly detached from the NBC retroflection and that crossed 55°W were tak-
en into account in this analysis. Moreover, we maintained the default AMEDA configuration of excluding
the eddies between the 5°N and 5°S equatorial band, since the NBC retroflection and rings trajectory are still
further north. For each week of a ring occurrence, several parameters were measured. These parameters
constantly varied from week to week and from ring to ring. Therefore, the week of maximum SSHa was cho-
sen to be the representative for the rings. The parameters analyzed were: lifetime (weeks), Rpax (km), Vinax
(m/s), Ro, KE (cm*/s?), and SSHa (in cm). Ring lifetime corresponds to the number of weeks that the ring
was identified by AMEDA. R, (in kilometers) indicates the radius of the closed streamlines corresponding
to the module of the maximum azimuthal velocity (V. in m/s). Ro is the dimensionless Rossby number
defined as: Ro = Viyax/(f Rimax), Where f'is the Coriolis parameter at ring latitude. Ring kinetic energy (KE) is
calculated from the geostrophic velocity field, is defined as KE = (u* + v°)/2, and represents the mean KE
for all the grid points within each ring. Finally, as previously cited, SSH anomalies were taken based on the
24 years data, providing the SSHa parameter.

3. Results and Discussion

3.1. Observed Variability of NBC Rings Shedding Rates

It is important to initially highlight that this is the first study to apply an eddy detection algorithm for
24 years period in the NBC region. Although other works have also analyzed decadal time-series in NBC
rings generation (Jochumsen et al, 2010; Mélice & Arnault, 2017), they did not used an eddy identification
tool based on dynamical and geometrical constraints, identifying the NBC rings only by statistical analysis
of sea level anomalies (Mélice & Arnault, 2017), or based on velocity fields of the modeled data (Jochumsen
et al., 2010). In the analyzed 24 years period, 121 NBC rings were observed to detach from the NBC retrof-
lection and cross the 55°W longitude line. It provides an average shedding rate of five rings per year. The
results for each year are presented in Figure la. Overall, previous studies estimate a rate from 2 to 9 rings
per year, which varies according to the period covered and the method used by the study (e.g., Didden &
Schott, 1993; Garzoli et al., 2003; Jochumsen et al., 2010; Johns et al., 1990, 2003; Mélice & Arnault, 2017;
Sharma et al., 2009). The comparison with other works, allow us to say that AMEDA results are reasonable.
In fact, the ring shedding rate here obtained varied from a maximum of eight rings/year in 2005 to a mini-
mum of three rings/year in 2006 (Figure 1a). However, the present study underestimated the average shed-
ding rate when comparing with few others which pointed for a 7-9 rings/year average (Johns et al., 2003;
Jochumsen et al., 2010). This fact is thought to be mainly due to the presence of subsurface NBC rings,
which present the maximum velocity signal at 200 m and no apparent surface signal (Garraffo et al., 2003).
Because the present work used only 50 m depth velocity fields data, possibly some subsurface NBC rings
were not identified by AMEDA. Furthermore, Goni and Johns (2001), using altimeter data, identified 34
anticyclonic eddies from October 1992 to December 1998. In this study, which started to count from 1993,
29 NBC rings were identified from 1993 to 1998. In addition, 18 NBC rings were observed using ocean color
imagery from September 1997 to September 2000 (Fratantoni & Glickson, 2002), while we identified 16
NBC rings in the same period. Using in situ data from moorings and ship cruises, the NBC Rings Experi-
ment (Garzoli et al., 2003; Goni & Johns, 2003; Johns et al., 2003) found one ring in November/December
1998, two rings from February/March 1999, and one ring in June/2000. In the present work, we identified
the presence of all of these rings in the periods cited. The generation dates and parameters of all the 121
identified rings in this study are summarized in Supporting Information (Table S1). More recently, some
works preceded in longer time series for NBC ring identification. Sharma et al. (2009) using drifting buoys,
ADCP and satellite data identified 44 NBC rings in 8 years, with maximum shedding rates in 2005 and 2007,
what is consistent with what was found in this study. Jochumsen et al. (2010) analyzed from the FLAME
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Figure 1. (a) Number of North Brazil Current (NBC) rings which crossed 55°W observed per year. (b) NBC rings
seasonal climatology generated for 24 years period. Both (a) and (b) compare our results with Mélice and Arnault
(2017) and Jochumsen et al. (2010).

model all the NBC ring types generation in 15 years, indicating a shedding rate ranging from 4 to 8 rings/
year. In addition, the recent study from Mélice and Arnault (2017), using satellite altimeter and empirical
mode decomposition, presented a mean rate of five rings generated by year, similar to the present study.
Finally, although previous studies demonstrate some differences in the inter-annual ring generation rates,
the similarities observed between them and the present work indicate AMEDA algorithm robustness and
efficiency for ring surveillance, since it identified the presence of NBC rings quite similarly to other studies
using different methods. It is thought that when applying current velocity data from greater depths rather
than only surface fields, the algorithm will also be able to recognize rings of larger subsurface signal.

Moreover, it is possible to notice a considerable year-to-year variability in NBC ring generation. This rate
remained between 4 and 6 rings/year, (Figure 1a), in exception from 2005 to 2006, where the maximum
and minimum ring frequency, respectively, was observed. Sharma et al. (2009) theorized a biannual pattern
in NBC ring generation rates, where alternate years present a gap in ring formation during late spring and
early summer. Therefore, it seems that the maximum number of NBC rings generated in 2005 was com-
pensated by the lower generation rate in the following year. The year 2005 has maximum shedding rates
and appears to be followed by a steady cycle of ring formation and migration (Sharma et al., 2009). It is
still not clear which mechanisms drive this inter-annual variability on NBC ring generation. However, few
works have pointed possible reasons for it, such as: penetration latitude (i.e., distance between the north-
ernmost point of the retroflection and the arbitrary location of 0°S, 42°W) of NBC retroflection (Garzoli
et al., 2003) and the influence of large-scale transport processes in Atlantic Basin (Goni & Johns, 2003).
Garzoli et al. (2003) indicated that almost every time NBC retroflection reaches its northernmost position,
a ring is detached, although no clear seasonality is observed in NBC latitude of penetration. In addition,
Goni and Johns (2003) speculated at least a weak relationship between ring generation and Northern Trop-
ical Atlantic Index, based on possible links between ocean temperature variation and NBC rings shedding
rate. Lastly, Sharma et al. (2009) indicated that ITCZ and forcing by trade winds are not the main factors
influencing ring formation and migration. It is believed that several mechanisms might impact NBC rings
generation, and further studies could highlight these relationships.
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The results obtained for the ring generation as a function of the season are described in Figure 1b. We show
that rings are formed in all months of the year, with a maximum ring generation in February, followed by
March, June, and July. The minimum generation rate, in its turn, was observed in September-October-No-
vember trimester (SON) (Figure 1b). Those results agree with what was found in the literature, using dif-
ferent methods. Fratantoni et al. (1995) compared the modeled rings with observations from Richardson
et al. (1994). They showed a maximum generation period from October to March, with the highest observa-
tion ring frequency in November and February, and the maximum modeled frequency in February, April,
and May. Goni and Johns (2001) presented December and January as the months of greatest ring liberation.
However, they have in 2003 pointed for different months as maximum (i.e., February and June) (Goni &
Johns, 2003), which the latter agrees most with the current paper. Those previously cited works (Frant-
antoni et al., 1995; Goni & Johns, 2001, 2003) presented minimum generation rate from July to October,
which is in agreement with the smaller generation in August and September observed in the present study.
October 2016 was the only month in the analyzed period, which was characterized by more than one ring
shed (Table S1).

The NBC ring maximum generation occurred from December to February (Figure 1b), while a minimum
was observed from September to November. The December-January-February (DJF) trimester was responsi-
ble for 31.40% of NBC rings genesis in the 24 years, while 25.62% and 26.45% of rings were shed for March-
April-May (MAM) and June-July-August (JJA) trimesters, respectively. It was verified a 47.37% reduction
in ring generation rate between maxima (winter) and minima (fall) trimesters. Goni and Johns (2001) pre-
sented similar results using TOPEX altimetry data, with a maximum generation in boreal winter (DJF) and
minimum in early boreal fall (SON), although from September to November the generation rate is quite the
same as the previous months (MAM and JJA). On the other hand, Fratantoni and Glickson (2002) showed
that the higher frequency of generation occurs from March to May, with equivalent frequency in the other
trimesters. Also, Jochumsen et al. (2010) and Mélice and Arnault (2017) presented similar results on the
number of rings generated per trimester, with the highest frequencies at spring (MAM) and minimum at
fall (SON). According to Fratantoni and Glickson (2002), no particular seasonality is detected in NBC ring
generation and that the observed variations in the results of those studies are most likely to be due to dif-
ferent methodologies. Seasonality appears to be evident but inconsistent between successive years (Sharma
et al., 2009). Therefore, from the present and previous studies, it is possible to clearly identify the trimester
of the minimum generation rates, which evolves the months of September, October, and November, and
that NBC rings appear to be more frequent in the first half of the year.

3.2. NBC Rings Parameters

Figure S1 indicates the frequency distribution of the parameters for each identified ring. Those parameters
were obtained at the time step corresponding to the week of maximum SSHa. The parameters of all the 121
identified rings in this study are summarized in Table S1. The NBC rings presented an average lifetime of
15.3 (£5.4) weeks, with the higher frequency of lifetimes between 10 and 18 weeks (Figure Sla). The last
identified rings in October 2016 (i.e., R120 and R121) were not considered as they were not entirely vanished
by the end of 2016, so their lifetime could not be determined. The maximum ring duration was 31 weeks,
and the minimum, 4 weeks. These results are in agreement with previous studies (Goni & Johns, 2001;
Richardson et al., 1994). Indeed, Goni and Johns (2003) verified through satellite altimetry that NBC rings
remain an average of 3.5 months in the region, with this time ranging from 2 to 5 months. Besides, Fratan-
toni and Richardson (2006), using floats and drifters, pointed for a lifetime ranging from 1 to 6 months, with
an average of 3.3 months. The importance of ring lifetime relies on how long the vortex dynamics is able
to trap the parcel of water within it. The length scale of the ring, Ry, ranged from a minimum of 87.3 km
to a maximum of 204.8 km, with an average radius of 139.5 (£23.6) km. NBC rings were more frequent
with Ry, ranging from 120 to 160 km (Figure S1b). In general, other works on NBC rings indicate a similar
length scale, with diameters varying from 150 to 400 km (Casteldo & Johns, 2011; Didden & Schott, 1993;
Fratantoni et al., 1995; Fratantoni & Glickson, 2002; Fratantoni & Richardson, 2006; Goni & Johns, 2003;
Jochumsen et al., 2010; Richardson et al., 1994). These length scales of hundreds of kilometers imply a con-
siderable water mass transport along the northern Brazilian coast. It is estimated that an annual transport of
9.3 Sv by NBC rings, which represents an essential part of the MOC return flow (Johns et al., 2003). A mean
SSHa of 9.4 (£4.0) cm was detected with a maximum value of 24.0 cm. The higher frequency observed was
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Figure 2. Monthly variation of the measured North Brazil Current rings parameter during the 24 years analysis: Ring lifetime (a), Rpax (b), Vinax (), Rossby
number (d), Kinetic Energy (e), SSH anomaly (f). The central red mark is the median, the edges of the box are the 25th and 75th percentiles, the whiskers
extend to the most extreme datapoints, and individual red crosses are outliers.

around 5-15 cm of SSHa (Figure S1f). Those results are consistent with those found in the literature. Did-
den and Schott (1993) found a 4 cm SSH variability associated with NBC rings, while Goni and Johns (2001)
presented an average SSH residue of 8 cm. More recently, maximum surface elevation related to NBC rings
was pointed to range around 20-30 cm (Casteldo & Johns, 2011; Cruz-Gémez & Salcedo-Castro, 2013).
Moreover, the lowest observed value for SSHa was 1.1 cm, which might indicate that this study could also
identify NBC rings with small surface signal, such as subsurface rings. However, to trustworthily classify
NBC rings it is necessary to have a vertical picture of its dynamics, including thermocline and maximum
velocity depths. Then, since the present work is based only on SSHa values and a 1-level velocity database,
NBC ring classification goes beyond the scope of this study.

The frequency of the maximum azimuthal velocity values (Vi) computed from the NBC rings indicate a
higher occurrence of rotational velocities from 20 to 30 cm/s (Figure 2c). The mean Vi, is 0.27 (£0.08) m/s,
while the maximum and minimum are 0.48 m/s and 0.12 m/s, respectively. Previous works indicate that
NBC rings swirl velocity vary from 12 to 84 cm/s (Fratantoni et al., 1995; Fratantoni & Richardson, 2006;
Richardson et al., 1994). However, more recent studies established that V;,,x could be even higher than
115 cm/s (Casteldo & Johns, 2011; Cruz-Gomez & Salcedo-Castro, 2013). The reduced V., found in this
study might be explained by several reasons. First, the week of maximum SSHa does not necessarily corre-
spond to the time step of maximum V., . Then, it is possible that the values of Vi, are not the maximum
rotational velocities that a ring reached during its lifetime. In addition to this, when using geostrophic
velocities fields and assuming geostrophic balance within an eddy, its azimuthal velocity might be underes-
timated due to the negligence of inertial components of momentum balance (Douglass & Richman, 2015).
Hence, Vi« values seemed to be underestimated in the present study. In addition to this, it is believed that
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the cyclogeostrophic force terms are important in disrupting eddy characterization from geostrophy in ed-
dies with Ro > 0.3 (Douglass & Richman, 2015). It seems from the literature that NBC rings Ros are on the
threshold of these values, in a way that only geostrophy might not characterize NBC rings perfectly. Moreo-
ver, Jouannou et al. (2019) indicated the need of ageostrophic corrections for mesoscale anticyclones which
exceeds Ro > 0.15. Hence, aiming to quantify the amplitude of the ageostrophic velocity component, we
performed velocity corrections for NBC rings with Ro equals or exceeding 0.15, based on the methodology
of Toannou et al. (2017). Results for velocity profiles corrections and percentual increase in Vi, for each of
the eight analyzed rings are indicated in Figure S2 and Table S2, respectively. We verified a 30.0% average
increase in cyclogeostrophic Vi, for those rings. Plus, the Pearson correlation index between Ro and Vi
increases for each ring (p = 0.929), showing the proportional increase in cyclogeostrophic Vj,.x in relation
to a larger Ro, as expected and indicated by Ioannou et al. (2019). Although in this study only a few rings
exceed Ro > 0.15, it is clear that ageostrophic corrections for rings with large Ro are indeed not negligible
for reliable V. estimation.

Ro compares the importance of relative to planetary vorticity, and their values are variable around the
globe. The high Ro values observed for the NBC rings region are due to the proximity of equator, an area of
minimal Coriolis parameter. In this study, NBC rings presented an average Ro of 0.08 (+0.04) (Figure S1d),
and maximum and minimum values of 0.21 and 0.04, respectively. Overall, it is expected that Ro values
for anticyclones are negative. Yet, as we used the module of V;,,x to measure Ro, only positive values were
found. AMEDA has already been used for Ro computation (de Marez et al., 2020; Garreau et al., 2018). The
definition of Ro in the present work is the vortex Ro, which is based on maximal azimuthal velocity, and
was also used by Fratantoni et al. (1995) and Casteldo and Johns (2011). However, we highlight that various
definitions of Ro exists and were applied for the NBC rings. Richardson et al (1994) and Cruz-Gomez and
Salcedo-Castro (2013) defined Ro based on the core angular velocity (Ro(2) = Qo/f, Qy = V (R)/R when
R [7]0). For a Gaussian vortex, V(r) = Vipax/Rmax 7 (1 — r*/[Rmax2]/2), We get Ro(2) = 1.64*Ro. From the
Ro definition, studies observed values between 0.13 and 0.26 (Fratantoni et al., 1995), and mean absolute
Ro of 0.33 for the NBC region (Castelao & Johns, 2011). From Ro(2) values shifted from 0.20 to 0.36 (Rich-
ardson et al., 1994; Cruz-Gémez & Salcedo-Castro, 2013). Even though the 1.64 factor from Ro(2) to Ro, the
values here obtained for Ro were still smaller than the ones cited in the literature using both definitions.
As occurred for Vi, the use of purely geostrophic fields generated this underestimation. Douglass and
Richman (2015) using the core vorticity Ro definition (Ro(3) = £0/f, for a Gaussian vortex Ro(3) = 3.3*Ro)
indicated that ageostrophic corrections in V},, are needed for vortex Ro > 0.09. Here, we performed these
corrections only for rings with Ro > 0.15, as previously cited (Figure S2 and Table S2), based on Ioannou
et al. (2019). Table S2 also indicated the corrected cyclogeostrophic Ro for the eight analyzed rings.

Finally, the NBC rings KE in the present study varied from a minimum of 49.53 cm®/s® to a maximum
of 789.93 cm?/s?, with the highest frequency of rings with KE around 100-300 cm?/s” (Figure S2e). The
average kinetic energy observed was 255.30 (+154.81) cm?/s”. These results are in agreement with Didden
and Schott (1993), who presented similar geostrophic NBC rings KE, changing from 100 to 300 cm*/s”. The
increased standard deviation represents significant changes in rings KE, indicating that rings shed by the
NBC present diverse dynamical characteristics from ring to ring.

In order to investigate the seasonal variation of NBC rings characteristics, the variability of their parameters
is plotted as a function of the month for the 24 years (Figure 2). All months were characterized, at least in
one year, by a NBC ring formation. NBC rings last less in boreal winter and have an increased lifetime in bo-
real summer, especially from July to August (Figure 2a). Although boreal summer months presented higher
variability from minimum to maximum values, the median lifetime for these months is still higher than the
others. On the other hand, R,,, median values are increased in boreal winter (Figure 2b), even though a
weak seasonal variability is observed. Sharma et al. (2009) also found low seasonal amplitude in NBC rings
dimensions, with increased rings from October to March. Also, Ro and SSHa values did not present any
clear seasonal variability (Figures 2d and 2f). In contrast, V. and KE show the highest median values in
boreal winter months (Figures 2c and 2e). Vi, slightly increases in boreal summer, reaching a maximum
in July. Similar behavior can be observed for KE. Didden and Schott (1993) associated KE changes in the
NBC rings region with ring activity and the seasonal retroflection circulation, which, respectively, generat-
ed KE peaks in winter and a secondary summer maximum. More KE is available within NBC retroflection
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Figure 3. Year to year variability of the measured North Brazil Current rings parameters from 1994 to 2016. In exception, panel (a) only until 2015. Ring
lifetime (@), Rpax (b), Vinax (), Rossby number (d), Kinetic Energy (e), SSH anomaly (f). The central red mark is the median, the edges of the box are the 25th
and 75th percentiles, the whiskers extend to the most extreme datapoints, and individual red crosses are outliers.

(Sharma et al., 2009). Therefore, V;,,x and KE follow NBC retroflection seasonality. The maximum strength
of NBC retroflection in boreal summer (Richardson & Walsh, 1986) is verified in Figure 2c, while the maxi-
ma KE values are likely to be related to the beginning of NBC retroflection weakening in January (Lumpkin
& Garzoli, 2005). The importance of studying such variability of parameters relies on the estimation of ring
volume and energy within a ring, for example. Rings with larger dimensions are capable of wrapping a larg-
er volume of water, while its lifetime indicates eddy capacity in maintaining that wrapped piece of water. At
the same time, estimation on KE variation might indicate a seasonal energy transport within NBC rings. In
general, NBC rings seem to have larger dimensions and rotate faster during boreal winter months, carrying
more KE within them. This energy, however, is likely to dissipate more quickly, since, in boreal winter, NBC
rings presented shorter lifetimes. On the other hand, NBC rings shed during summer, and early boreal fall
appears to last longer, to have smaller diameters, and carry less energy.

The characteristics of the rings are plotted as a function of year to identify inter-annual variability (Fig-
ure 3). Ring lifetime is reduced in the last decade (Figure 3a). Very high values of lifetime are detected as
outliers for some years (2007, 2008, 2012, and 2013). The highest ring dimension is in 2003, followed by
2006 and 2009 (Figure 3b). Sharma et al. (2009) pointed 2006 as the year with an average ring size larger
than other years. The highest median rotational velocity was observed in 2009 (Figure 3c), following the
year of maximum V,,,, variation (i.e., 2008). Year 2009 was also the year of maximum KE and mainly SSHa
(Figures 3e and 3f). We calculated an annual climatological anomaly for the 24 years and observed that
2009 presented the most significant anomaly of V., KE, and SSHa (Figure 4). Foltz et al. (2012) identified
an anomalous SST cooling in the Equatorial North Atlantic band (2°N-12°N) in 2009 and SST warming in
the Equatorial South Atlantic (5°S-0°N) which produced a shift in wind direction, changed the ITCZ posi-
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Figure 4. Averaged climatological anomaly of North Brazil Current ring parameters for each year during the 24 years analyzed: Ring lifetime (a), Rmax (b), Vinax
(c), Rossby number (d), Kinetic Energy (e), SSH anomaly (f).

tion and the rainfall rates over the region. Moreover, Tyaquici et al. (2017) indicated an increased Amazon
River discharge in 2009. These events might have altered current dynamics in this region, contributing
to change NBC ring parameters in this year. We verified from filtered monthly anomalies of salinity and
of zonal(u)-component of NBC in a longitudinal cut at 53°W, 3°N-7°N, from surface to 500 m deep, that
2009 year indeed presented an NBC intensity anomalous increase (Figure 5). This increase is indicated
by a higher negative anomaly in the zonal component of NBC, and accompanied by salinity anomalies
decease in the same year, showing a higher influence of Amazon plume in this year. Additionally, data
for the 24 years of monthly Amazon discharge values recorded at the Obidos Gauging Station, available
from the Environmental Research Observatory- Geodynamical, hydrological, and biogeochemical control
of erosion/alteration and material transport in the Amazon basin (ORE-HYBAM: http://www.ore-hybam.
org), were used to estimate Amazon discharge inter-annual anomalies (Figure 5). From Amazon discharge
is clear the positive anomaly during the entire 2009 year. An increased Amazon river runoff can contribute
to NBC and its rings intensity by diminishing density through the influence of freshwater, generating an
increase in current velocity. Moreover, Amazon river discharge could contribute to the increase in local vor-
ticity, favoring rings intensity. Overall, it is believed that the combination of both increased NBC intensity
and Amazon river runoff contributed for the 2009 intensity change in NBC rings dynamics. Another con-
siderable pattern observed from 2009 is the positive trend in SSHa anomalies (Figure 4f). This indicates that
SSHa within NBC rings is increasing in the last years. This could be related to changes in ocean circulation
during the last decades. NBC rings are very dynamic and variable, being subject to several oceanographic
and atmospheric forcings that affect their characteristics. Therefore, a strong inter-annual variability of
their parameters is expected. In addition, we attempted to correlate Atlantic climate indexes with NBC
parameter anomalies. The highest observed correlation was 0.34 between SSHa and Atlantic multidecadal
oscillation (AMO). Although it seems a weak correlation, the analyzed period covered only the positive
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Figure 5. Monthly anomalies of zonal(u)-component (a) and salinity (b) of North Brazil Current in a longitudinal cut
at 53°W, 3°N-7°N, from the surface to 500 m deep ARMOR 3D product. (c) Indicates monthly anomalies of Amazon
river discharge at the Obidos Gauging available from the ORE-HYBAM.

phase of the AMO cycle, characterized by changes in a climate signal of 60-80 years. Further studies could
analyze a long-term climatological ring data to compare with this climate index. NBC ring evolution in
terms of eddy characteristics is highlighted in Section 3.3.

3.3. Rings Trajectory and Evolution: Merged Rings Case Studies

Regarding the trajectory of the 121 analyzed NBC rings, Figure 6 and Table S3 displays the location of rings
formation, location of maximum SSHa, and location of final detection. In general, we can observe rings be-
ing generated in the NBC retroflection area, propagating northwestward along the coast until demise when
reaching the Lesser Antilles (Figure 6). The location of rings SSHa max is spread along the area, indicating
that SSHa max could be observed right after ring formation as well as close to ring demise. Generation area
is limited from 53°W to east, while ring final detection settles mainly from 58°W to west, although few rings
were last identified east of this longitude. NBCRs far eastern from 58°W identified in Figure 6 indicate rings
that merged (e.g., R83 - see Table S3). Rings centers demise were identified sitting northward or close to
Barbados, and many were last verified before reaching Barbados. One ring translated differently, demising
in the continental shelf near Orinoco River (Figure 6). Overall, rings decease occurred in regions influenced
by the bottom bathymetry of Antilles. In fact, the influence of topography in finishing rings in the region
has been well documented (Fratantoni & Richardson, 2006; Jochumsen et al., 2010). Additionally, their
demise is strictly connected to the presence of the Lesser Antilles, which constitutes a barrier to ring transla-
tion (Fratantoni & Richardson, 2006). Interaction with the island leads to the destruction or the splitting of
the incoming vortex into several smaller ones (Fratantoni & Richardson, 2006; Tanabe & Cenedese, 2008).
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Figure 6. North Brazil Current rings position observed in the study

area for three different moments during their lifetime: first week (blue);
week of maximum sea surface height anomaly (yellow); last week (red).

The background displays gridded bathymetry data from The General
Bathymetric Charts of the Ocean (GEBCO), available at: https://www.
gebco.net/.

Studies showed that ring might also be identified west of the island chain,
indicating few surviving rings after topography interaction (Fratantoni
& Richardson, 2006; Jochumsen et al., 2010; Mélice & Arnault, 2017;
Tanabe & Cenedese, 2008). However, in our study the splitting of NBC
rings encountering the Antilles was not detected by AMEDA, since the
algorithm did not identify any NBCR west of the Antilles. This fact is
mainly explained by the reduced study area, which imposes the tracking
of rings with boundaries limited to 63°W.

Using rings center position (Table S3) and exploring the potential of
ARMOR 3D data set for vertical profiles, we evaluated the water masses
carried by NBC rings and the vertical temperature and salinity anomaly
profiles on a seasonal scale. The vertical T-S diagrams were built from AR-
MOR 3D data set until 1,000 m, and the identified water masses were de-
picted (Figure 7). We recorded three water masses carried by NBC rings:
South Atlantic Central Water (SACW), those with temperatures < 18°C
and salinities < 36.0; coastal water (CW), with temperatures > 20°C and
salinities < 35.4 and tropical water (TW), with temperatures > 20°C and
salinities > 36.0. Neumann-Leitao et al. (2018) using in situ data observed
the same water masses distribution in this region. Figure 7 displays the
T-S diagrams for NBC rings locations at three different life stages, and
starting at the four different seasons. A clear seasonality is observed in
the water masses within NBC rings. From the end of boreal spring until
JJA, CW from the Amazon river discharge is much more present in those
eddies, while from September to February, the influence of TW is more
pronounced is those vortex, and the CW is nearly absent (Figure 7). In
fact, the seasonality of Amazon river runoff is known for decades, where
the maximum monthly river discharge is in May and June (Hellweger &
Gordon, 2002), demonstrating that the T-S diagram within an NBC eddy
is related with their generation season. Additionally, NBC rings center
presented similar T-S signatures during their translation, especially from

their maxima week until their demise. It seems that rings in the starting week might not have enough inten-
sity to trap water masses, reaching this stage of closed waters in vortex center during the following weeks.
From the week of maxima SSHa, water masses are trapped until ring demise.

Furthermore, we performed the temperature and salinity 3-month profiles anomalies for each ring center
identified, removing the climatology (based on the 24-years data from ARMOR 3D) from ring vertical pro-
files for each position. Three-month anomaly profiles were calculated in the central points of initial, max-
imum and final rings positions. The greatest anomalies observed in depth were located at ring SSHa max-
ima for both temperature and salinity (Figure 8). For initial and final positions, both the temperature and
salinity anomalies profiles are not well defined, although rings initial position seems to relate to a stronger
downward flux than final vortex locations (Figures S3a and S3b, respectively), since the latter is closer to
Antilles bathymetry, what causes mixing. This behavior is an indication of an increased water downwelling
in the eddy max position, while in initial and final positions the downward water flux at the ring center is
weakened. Overall, regarding temperature profiles, maximum positive anomalies of 5°C are observed from
150 to 200 m deep, with no clear seasonality (Figure 8a). The downwelling associated with anticyclonic
eddies increased the thermocline depth until 200 m in this region. Polo et al. (2015) indicated maxima MLD
of 80 m for the WTNA region, showing that NBC rings can generate deeper thermocline and consequently
greater mixed layer depths. For salinities, in general, negative anomalies (~-0.5) are observed at 100 m,
settling above positive anomalies of 1.0 at 200 m (Figure 8b). These vertical salinity anomalies are also an
indication of water sinking at NBC rings centers, that transport surface tropical saltier and coastal fresher
waters to deeper layers. From this, the denser and saltier TWs settle under the less dense and fresher CW
related to Amazon and Orinoco river plumes. Since Amazon discharge is more present in rings waters gen-
erated in JJA (Figure 7c), the most well-defined salinity anomalies profiles are referred to rings generated
in this season, reaching SSHa max position at SON months, generating a more well-defined stratification in
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Figure 7. T-S diagram for each ring generated in the four different seasons from ARMOR 3D data set: DJF (a), MAM (b), JJA (c), SON (d). DJF, December-
January-February trimester; JJA, June-July-August trimester; MAM, March-April-May trimester; SON, September-October-November trimester.

salinity anomalies profiles (Figure 8b). The increase in thermocline depth associated with sinking of river-
ine and TWs within NBC rings might spawn shifts on physical and biogeochemical features at WTNA, such
as surface heat content, and CO, saturation. Further studies on this could indicate those answers.

A striking innovation of AMEDA algorithm is the capacity to detect merging between two eddies, and this
capacity was explored in the present study. We detected only four merging rings events in the 24-year study
period for NBC eddies, indicating that NBC rings did not interact much within each other. However, Castelao
and Johns (2011) pointed that the presence of an inner core surrounded by an outer core of opposite vorticity
is able to “isolate” the NBC rings, allowing them to be very close to each other without merging (Castelao &
Johns, 2011). This structural configuration might explain why only 1 merging event was identified for each
6 years on average in the present study. In addition, few moments of NBC ring interaction with westward prop-
agating anticyclonic eddies could be observed during the analyses. Plus, cyclonic eddies were also identified
in certain weeks (Figure 9). Previous studies pointed for the formation of two different types of anticyclones
in the region, the intermediate ones, and the NBC rings, that could coalesce within each other and generate
deep-reaching rings (Garraffo et al., 2003; Jochum & Malanotte-Rizzoli, 2003). Cui et al. (2019) found that
eddy merging is not likely to happen between eddies with similar intensities. Instead, the most common to
happen is a strong eddy merging with a weaker one. Therefore, it is possible that NBC rings interact more of-
ten with weaker eddies (e.g., intermediate eddies, cleavaged eddies, eddies associated with NECC-NBC flow)
present in the region than with other true NBC rings. Preceding works also identified cyclonic eddies in the
region (Didden & Schott, 1993; Fratantoni & Richardson, 2006), which are associated with the NBC/NECC
system variability, as well as with the dynamics of the anticyclonic NBC rings.

In order to highlight the typical evolution of the dynamical parameters of NBC rings during their north-
westward propagation along the coast, and to analyze if there are significant changes in rings parameters
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Figure 8. Temperature (a) and salinity (b) profiles anomalies for each ring center identified for Max sea surface height
anomaly position, removing the climatology from ring vertical profiles for each position.
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Figure 9. Large scale circulation features in Western Tropical North
Atlantic over a sea surface height anomaly (SSHa) background from
ARMOR 3D data set at week of 24th March 2009. R82 and R83 are two
North Brazil Current (NBC) rings and two anticyclonic eddies identified by
angular momentum eddy detection and tracking algorithm. Dashed (filled)
lines represents outermost (Rpay) closed contour Ry, Blue contours
indicate anticyclonic eddies. Gray lines denotes large scale currents. SSHa
smaller than 5 cm were removed for better visualization of rings. NECC,
North Equatorial Countercurrent.

after merging, we computed the parameters for every week of occurrence
of the 8 isolated rings which turned to four merged rings events. Rings
parameters evolution is depicted in Figure S4 and Table S4. Weeks with
NaN values represent weeks that AMEDA could not identify eddy. Fig-
ure 10 shows the trajectories of rings in the four analyzed events. From
the four events, three rings remained merged until their demise (Fig-
ures 10a, 10c, 10d), while one of them merged and then splitted into two
rings after 2 weeks (Figure 10b). All observed merging rings were gener-
ated from 52°W to east, above 5°N, and traveled northwestward along the
northern coast of Brazil (Figure 10). Plus, the four merging events took
place from mid-February to start of April, where six isolated rings were
generated in DJF, one in September and one in March. Dated only in the
first half of the year, the time of merging events corresponds with the
time of increased ring formation (Figure 1). Other works also observed
merging events only in this period (Barnier et al., 2001; Fratantoni &
Richardson, 2006). It is believed that in the second half of the year the
ring generation rate is not sufficient to promote a ring encounter when
translating, before one of them demise in the Antilles. Still, regarding
the location of merging events, all 4 events settled in the area indicated
by the red rectangle in Figure 10. This area is located in a topographic
depression between the start of Caribbean topography and the extend-
ed continental shelf from 53°W to 55°W (Figure 10). It is hypothesized
that in this highlighted region NBC rings decelerate as reaching Antilles
topography, allowing upcoming NBC rings to reach the previous eddy

and merge. In fact, Barnier et al. (2001) indicated that a NBC eddy was slowed down as it encountered the
Trinidad-Tobago topographic rise, which contributed for ring merging. The authors still indicated that such
ring merging was also reported by Didden and Schott (1993). Further studies on the influence of this topog-
raphy for the fusion of NBC rings are required. Lastly, Figure 10 also displays that rings trajectory right after
merging are slightly deviated to west-southwest. De Marez et al. (2020) indicated that anticyclonic eddies
are more likely to be orientated southwest-northeast due to the f-effect. It seems that NBC rings are also

influenced by this effect.

In addition, the change on NBC ring vertical and translation structure is related not only to ring and cur-
rent field dynamics but also to the influence of topography in the region, especially regarding ring demise
(Fratantoni & Richardson, 2006; Jochumsen et al., 2010). Hence, since ring parameters evolve in time and
could be strongly affected by bottom bathymetry, especially when the vortexes reach Caribbean coastal
shelves, we attempted to evaluate the influence of topography in NBCRs parameters. To do that, we used
the merged events M1 and M4 (Table S4) as case studies for comparison of their parameters before and
after reaching 58°W (i.e., where influence of bottom topography seems to increase), computing their char-
acteristics only 1 week after they merged to remove merging effects, and performing t student tests. M3
merged after 58°W, where merging effects could superimpose topographic effects, so we did not consider
this event as a case study. On the other hand, M2 splits when reaches 58°W, what could indicate bathymetry
influence. For M1, we observed significant decrease in R.x (p = 0.002), while total ratio and V., did not
change (p = 0.9432 and p = 0.7154, respectively). In the case of M4, no shifts were observed at all (Rpax
p = 0.1740; total ratio, p = 0.7800; V., p = 0.1383). By potential vorticity conservation, it was expected that
when reaching shallow waters eddies would flatten and increase their size, while diminish their velocities.
However, only a significant reduction in Ry, was observed. This uncertainty might be due to effects of the
bathymetry in the algorithm identification using this data set spatial resolution (1/4°), where further studies
using an increased data resolution could better indicate current vectors around the island chain, improving
ring identification, and allowing a finer evaluation of the effects of Lesser Antilles bathymetry in NBC ring

parameters

Moreover, significant changes were observed for three parameters of NBC rings after rings merging. To ad-
dress that, we performed -student tests for the parameters computed for each of the eight isolated and the
four merged NBC rings, which results are indicated in Table 1. We removed the weeks immediately before
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Figure 10. Merging rings trajectory. M1 from R20 (yellow) and R21 (blue) (a); M2 from R39 (yellow) and R40 (blue) (b); M3 from R78 (yellow) and R77 (blue)
(c); M4 from R83 (yellow) and R82 (blue) (d). Red rectangle indicates area where all rings merged. Black lines represent rings trajectory. Circle size depicts Rpay.
Circle height is four times lower that the real circle height based on R,y. Circle shapes do not depict real ring shapes, are displayed only as ring representations.

Table 1
Test t-Student Between Isolated and Merged Rings

Significant
t-student Mean solo Mean merged  difference (%)
Rinax 0.4091 113.6 km 121.2 km NA
Viirese 0.0291 0.23 m/s 0.28 m/s +22.0
Ro 0.0194 0.11 0.08 =273
KE 0.0141 187.6 cm’/s>  285.1 cm’/s’ +52.0
SSHa 0.9775 6.4 cm 6.4 cm NA

Note. Significant differences were considered in a 95% confidence interval
(p < 0.05) and are indicated in bold. Significant difference (%) indicates
the percentage of change between mean solo and mean merged rings
parameters.

Abbreviations: KE, kinetic energy; Ro, Rossby number; SSHa, sea surface
height anomaly.

and right after ring merging from the test t, in order to remove effects of
definition of the eddy radius during the merging event, since for a perfect
merging between two symmetric eddies their radii should tend to zero
just before a single eddy contours emerge (Le Vu et al., 2018). Significant
changes were verified for V},.x, Ro and KE, while R,,,, and SSHa did not
present considerable difference between isolated and merged vortex (Ta-
ble 1). Shift in Ro occurred due to increased V. and the maintenance
of Ry, from isolated to merged eddies. A Vi, positive change of 22.0%
resulted in merged rings with 52% more KE that the isolated, in average.
This increase in ring KE might disrupt local circulation around Caribbe-
an islands in a greater scale, impacting also fish larvae recruitment, and
ocean-atmosphere energy exchanges. In addition, eddy merging events
could function as a “large-scale energy pump” in the inverse energy cas-
cades in two ways: from changes from small- to large-scale eddies and in-
creasing residence time (Klein et al., 2019; Wang et al. 2019). After merg-
ing, there is a significantly increase the total KE and strengthen of the
large geostrophic eddies by making them more coherent with a longer
life time (Klein et al., 2019). In this study, however, we did not identified

AROUCHA ET AL.

16 of 20



A
AUV
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Oceans 10.1029/2019JC015921

shifts in Ry« after merging (rings maintained their length scale), and due to interaction with Antilles right
after merging did not allowed a longer residence time (i.e., they are not isolated eddies). Then, we cannot
affirm that NBC rings play this role. Further studies on this might spark answers for this question. The in-
crease ring KE was also observed by Cui et al. (2019). The authors reported that splitting or merging events
can change eddy properties by a factor of 2 or more (Cui et al., 2019). The observed changes in this study did
not represent such a variation in eddy properties after merging. However, it showed that NBC ring merging
has a considerable impact in its rotational speed, KE and intensity variation, and that those events should be
taken into account when evaluating physical and biogeochemical impacts of NBC rings in the WTNA. On
the other hand, Wang et al. (2019) stated that, overall, eddies KE decreased while total mechanical energy
increased after merging, and that merging events require external energy input into rings. Therefore, we
theorized that only in specific years this necessary energy input coincided with times of NBC rings close
enough to merge with each other, making a NBC ring merging event such a rare event. More studies on
the relation of ring merging years and climate indexes that could provide the required amount of energy
for rings merging might elucidate this hypothesis. To evaluate how ring parameters are related with each
other, we performed a correlation analysis between the computed parameters for the eight isolated the four
merged rings, where Pearson correlation index are indicated in Table S5. We observed that V;,.x and KE are
well correlated with all analyzed parameters, in exception of Ro, while SSHa did not present high correla-
tion with Ry, . Therefore, the use of maximum KE as a proxy for rings maxima is more indicated than the
SSHa used in this study, since it includes a correlation not only with ring speed and energy, but also with
ring size.

4. Conclusions

We applied the AMEDA for the identification of NBC rings occurrence, trajectories, and physical param-
eters. This work uses a 24-year (1993-2016) reanalysis database of geopotential height and geostrophic
velocity fields, standing as the first study to apply an eddy detection algorithm for NBC ring identification in
a decadal period. The choice of AMEDA is based on its robustness and ease of use for eddy properties time
series analysis, since it considers not only dynamical but also geometrical properties of the velocity field.
Here, we identified an average rate of five NBC rings shed by year, which presented an average lifetime of
15.3 (5.4) weeks, Ry, from 87.3 to 204.8 km, with an average radius of 139.5 (£23.6) km, and were associ-
ated with mean SSHa within their centers of 9.4 (+4.0) cm. The mean observed V,,, was 0.27 (£0.08) m/s,
while the averaged Ro value was 0.08 (+0.04) and averaged KE was 255.3 (+154.8) cm?/s>. It is pointed that
the azimuthal velocity and Ro values might be underestimated due to the use of purely geostrophic velocity
fields.

NBC rings occur more frequently in the first half of the year. In fact, a decrease in ring generation rate of
47.37% was detected between maxima (boreal winter) and minima (boreal fall) trimesters. Moreover, NBC
rings have larger dimensions, rotate faster, and present shorter lifetimes in boreal winter months, also car-
rying more KE within them. On the other hand, NBC rings shed last longer, have smaller diameters, and
carry less energy during summer and early boreal fall. 2009 was a year of anomalous conditions, since it
presented maximum values of KE, V},..x, and SSHa associated with NBC rings. Another pattern identified in
this work was the positive trend in SSHa anomalies from 2009 to 2016. This shows that SSHa within NBC
rings is increasing in the last years, which could be further investigated.

Furthermore, we identified that downwelling within NBC rings center cause a thermocline deepening and
anomalies in the salinity profile, indicating downward transport of tropical and CWs. Also, the analysis
of T-S diagram allowed us to identify seasonality in relation to water masses in the interior of NBC rings.
River water was observed within eddies center only in the ones formed from May to August, implying that
NBC rings generated at those months might play different biogeochemical impacts in the WTNA region,
such as shifts CO, fugacity in the ocean and CO, flux between ocean-atmosphere. The vertical change in
temperature and salinity profiles can as well influence these physical and biogeochemical effects. More
studies on this could provide this response. In addition, we observed in the year of 2009 a possible influence
of Amazon river discharge on NBC ring dynamical parameters, such as Vp,,x and KE, through effects in
water density, flow vorticity and velocity, what might also have contributed for a ring merging event in that
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year. Still, NBC rings merging events, although not very frequent, can significantly increase ring velocity
and energy. However, the mechanism and energy supply that allow then to occur with NBC rings remains
unclear. Moreover, these increase in ring KE can have an impact in the current dynamics around Caribbean,
influencing, for example, phytoplankton distribution. Further works on this would provide this answer.

In this study, the use of reanalysis data associated with this AMEDA tool allowed the investigation of the
intra- to inter-annual variability of NBC rings occurrence and dynamics. Further, the algorithm demon-
strated to be straightforward in the identification of interaction among rings, which facilitate the analysis
of these events. Overall, quantifying ring parameters seasonal and inter-annual variability, and identifying
interaction between eddies, is crucial for understanding ring dynamics and consequently its impacts on the
physics and biogeochemistry of the ocean.

Data Availability Statement

ARMOR 3D data supplied by Copernicus Marine Environment Monitoring Service (CMEMS) at http://
marine.copernicus.eu/. The 24 years of monthly Amazon discharge values recorded at the Obidos Gaug-
ing Station, are available from the Environmental Research Observatory- Geodynamical, hydrological, and
biogeochemical control of erosion/alteration and material transport in the Amazon basin (ORE-HYBAM:
http://www.ore-hybam.org).
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