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RESUMO

O Atlantico Tropical é o segundo oceano mais importante em termos de fonte de CO-
para a atmosfera, depois do Pacifico tropical. Poucos estudos em relagcdo ao fluxo ar-mar do
CO, foram realizados préximo a costa da regido Nordeste do Brasil. O presente trabalho teve
como objetivo principal: determinar os fluxos de CO2 na regido Nordeste do Brasil para
compreender os fatores que influenciam sobre as variagdes temporais e espaciais da pCO> na
borda oeste do Atlantico tropical. Foram analisadas as tendéncias de 2008 a 2020 da fugacidade
de CO2 em aguas superficiais do mar (fCO2sw) e do fluxo maritimo de CO; entre as latitudes 3°
e 14° S. Os dados de pCO> foram coletados por navios mercante voluntarios equipados com
sistema autdbnomo de navegacgéo. Foi utilizado de base de dados de parametros de carbono,
temperatura, salinidade, ventos, correntes maritimas e clorofila a para identificar quais fatores
fisicos, quimicos e bioldgicos influenciam na variabilidade pCO». Foi possivel determinar a
variabilidade do fluxo do CO> entre o oceano e a atmosfera, como fonte ou sumidouro, através
da diferenca entre as fugacidades do CO> desses compartimentos. Os resultados mostraram que
ha contraste aparente entre as areas 3°S — 8°S e 8°S — 14°S com maior fCO2sw e fluxo de CO>
observado acima de 8°S do que abaixo de 8°S. As concentracdes de clorofila a sdo muito baixas
em cada regido e ndo podem explicar a diferenca norte-sul de fCO2sw. Essa diferenca é causada
principalmente por pardmetros fisicos, como Temperatura da Superficie do Mar, Salinidade da
Superficie do Mar, Vento, Precipitacdo e correntes superficiais, que sdo distintos em cada
regido. No geral, toda regido é fonte de CO. para a atmosfera. A area sul é geralmente uma
fonte durante todo o ano, exceto de julho a setembro, quando atua como um fraco sumidouro
de CO2, com valores negativos do fluxo. Foi possivel perceber que ha anos de anomalias na
distribuicdo de CO> devido aos eventos do fendmeno EIl Nifio que influenciam a posi¢cdo da
Zona de Convergéncia Intertropical (ITCZ). Essa mudanca na ITCZ, altera a temperatura e a
salinidade da regido do Atlantico Tropical, principalmente na area norte deste estudo. A falta
de dados em alguns meses ndo coletados levanta davidas sobre a distribuicdo do CO2, mas estas
informacdes trazem importantes elucidacgdes da variabilidade sazonal e espacial da pCO> para
a regido da borda oeste do Atlantico Tropical Sul adjacente a regido Nordeste brasileira. Porém,
mostra também, a importancia da continuacdo para aprimoramento dos estudos do ciclo do
carbono e a monitoramento continuo do CO», ndo sO nesta area, mas nas zonas costeiras, para

ajudar a documentar e investigar a variabilidade do fluxo de CO..

Palavras-chave: CSE. Fugacidade do CO». TSM. Nordeste do Brasil. SSM.



ABSTRACT

The Tropical Atlantic is the second most important ocean in terms of source of CO; to
the atmosphere, after the tropical Pacific. Few studies regarding the air-sea flux of CO> have
been carried out near the coast of the Northeast region of Brazil. The main objective of this
work was to determine CO> fluxes in the Northeast region of Brazil to understand the factors
that influence the temporal and spatial variations of pCO> on the western border of the tropical
Atlantic. Trends from 2008 to 2020 in CO> fugacity in sea surface waters (fCO2sw) and maritime
CO2 flux between latitudes 3° and 14° S were analyzed. pCO data were collected by volunteer
merchant ships equipped with an autonomous system navigation. A database of carbon
parameters, temperature, salinity, winds, maritime currents and chlorophyll a were used to
identify which physical, chemical and biological factors influence pCO. variability. It was
possible to determine the variability of the CO> flux between the ocean and the atmosphere, as
a source or sink, through the difference between the CO> fugacity of these compartments. The
results showed that there is an apparent contrast between the areas 3°S — 8°S and 8°S — 14°S
with greater fCO2sw and CO- flux observed north of 8°S than south of 8°S. Chlorophyll a
concentrations are very low in each region and cannot explain the north-south difference in
fCO2sw. This difference is mainly caused by physical parameters, such as Sea Surface
Temperature, Sea Surface Salinity, Wind, Precipitation and surface marine currents, which are
different in each region. In general, every region is a source of CO; to the atmosphere. The
southern area is generally a year-round source, except from July to September, when it acts as
a weak COz sink, with negative flux values. It was possible to notice that there have been years
of anomalies in the distribution of CO> due to the El Nifio phenomenon events that influence
the position of the Intertropical Convergence Zone (ITCZ). This change in the ITCZ alters the
temperature and salinity of the Tropical Atlantic region, mainly in the northern area of this
study. The lack of data in some uncollected months raises doubts about the distribution of CO3,
but this information brings important elucidations of the seasonal and spatial variability of pCO>
for the region on the western border of the South Tropical Atlantic adjacent to the Brazilian
Northeast region. However, it also shows the importance of continuing to improve studies of
the carbon cycle and continuous monitoring of CO2, not only in this area, but in coastal areas,
to help document and investigate the variability of CO- flux.

Keywords: SST. Northeastern of Brazil. SSS. CO; Fugacity. SEC
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1 INTRODUCAO

Este documento de Tese de Doutorado esta organizado em formato de revisdo
bibliografica e artigos cientificos, abordando discussdes sobre o fluxo do CO2 e sua
variabilidade na interface oceano-atmosfera no oceano Atlantico tropical Sudoeste adjacente a

regido Nordeste brasileira, entre as coordenadas 3°S e 30°0, 14°S e 37°0.

Até o presente momento, este é o primeiro trabalho utilizando dados coletados da pressao
parcial do CO2 (pCO.) nessa regido do oceano Atlantico Tropical Sudoeste, adjacente ao
Nordestes brasileiro, trazendo uma analise da variabilidade em 12 anos de coleta de dados, de
2008 a 2020. Podendo assim, trazer dados observacionais de como a fugacidade do CO> na
agua do mar (fCO.) esta variando ao longo dos anos.

Esta Tese apresenta-se em 3 capitulos:

e Ocapitulo 1 é arevisao bibliografica sobre o dioxido de carbono (CO3) na 4&gua do mar,
seu comportamento e a variabilidade da pCO- e da fCO, na agua do mar, além da analise
da fugacidade do CO2 marinho.

e O capitulo 2 é representado pelo artigo intitulado “Regional Differences Of The Air-Sea
Co2 Flux Between 3° And 14° In The Southwestern Tropical Atlantic”, publicado na
Marine and Freshwater Research, que determina a variabilidade espacial da fugacidade
do CO> da &gua do mar entre as latitudes 3° S e 14° S coletados por navios voluntarios.

e O capitulo 3 é representado pelo artigo previamente intitulado “Air-sea CO2 Flux
Throughout 2008 and 2020 in the Southwest Tropical Atlantic Ocean Adjacent to the
Northeast of Brazil (3% to /4%)”, que aborda a variabilidade interanual do CO; na
mesma regido, observando algumas anomalias encontradas nos valores do fCOazsw com

as anomalias da temperatura da superficie do mar.

O presente trabalho foi realizado com o apoio do Conselho Nacional de Desenvolvimento
Cientifico e Tecnologico (CNPq - 140555/2019-6), do Laboratério de Oceanografia Quimica
da Universidade Federal de Pernambuco (LOQuim/UFPE) com o Laboratoire
d’Oceanographie et du Climat: Expérimentations et Approches Numériques — LOCEAN/IPSL
— Institut de Recherche pour le Dévelopment (IRD), na Franca.
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1.1. OBJETIVOS
1.1.1. Objetivo Geral

Estimar a pressao parcial do dioxido de carbono (pCO2) na interface ar-mar do oceano
adjacente a regido Nordeste do Brasil para compreender os fatores que influenciam sobre as

suas variagdes temporais e espaciais na borda oeste do Atléantico tropical.
1.1.2. Objetivos Especificos

e Correlacionar eventos atmosféricos e climatologicos com os dados medidos da pCO-
entre as latitudes 3°S e 14°S no periodo de 2008 a 2020;

e Analisar a base de dados dos parametros do carbono, temperatura, salinidade, ventos,
correntes maritimas e clorofila a para o periodo do estudo, para identificar as
correlagdes entre os fatores fisicos e bioldgicos, e influéncia na variabilidade da fCO-

nessa regiao.

e Determinar a taxa de variagdo ao logo do tempo do fluxo de CO> entre 0 oceano e a
atmosfera (fonte/sumidouro) através da diferenca entre as fugacidades do CO> (fCO,)

desses compartimentos.
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2. REVISAO BIBLIOGRAFICA

2.1. DINAMICA DO DIOXIDO DE CARBONO (CO>)

O efeito estufa constitui-se como um fendmeno natural que resulta no aumento da
temperatura da superficie do planeta Terra. Este processo é causado pela absorcéo de energia
solar por determinados compostos presentes na atmosfera terrestre, 0s quais sdo conhecidos
como gases estufa. Dentre 0s principais gases responsaveis por esse efeito, destacam-se o vapor
d’agua (H20), didxido de carbono (CO>), 6xido nitroso (N20), 0zbnio (O3) e metano (CHa)
(IPCC, 2014; HOUGHTON, 2015).

Estudos cientificos mostram o impacto que as a¢des antrdpicas exercem na modificagcdo
deste fendmeno natural (FRIEDLINGSTEIN et al., 2020, 2022; LE QUERE et al., 2014;
QUERE et al., 2018). Friedlingstein et al. (2022) revelaram que as emissdes cumulativas de
CO- provenientes de fontes fosseis, no periodo de 1850 a 2021, atingiram aproximadamente
465 + 25 GtC. Durante a década de 2012 a 2021, o crescimento de CO, atmosférico foi de
5,2 GtC ano! (FRIEDLINGSTEIN et al., 2022). A Fig. 1 mostra as tendéncias nas emissoes
globais de CO> provenientes de combustéo de energia e processos industriais de 1900 até 2022.
Pode ser notado que no ano de 2020, houve uma diminuicdo de mais de 5% das emissdes devido
a pandemia de COVID-19. Porém, em 2021, as emissdes recuperaram 0s niveis anteriores a
pandemia, crescendo mais de 6% (IEA, 2022).

Figura 1 - Emissdes globais de diéxido de carbono (COy) provenientes da combustdo de energias e de processos
industriais entre 1900 e 2022
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Fonte: IEA, 2022.

O estudo de Friedlingstein et al. (2022) ainda detalha a contribui¢do de cada combustivel

fossil para esse panorama, com o carvao, o petroleo e o gas natural respondendo por cerca de
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46%, 35% e 15% das emissdes, respectivamente. Além disso, 3% das emissdes sdo atribuidas
a oxidacdo de processos energéticos e industriais, abrangendo atividades como a producao de
cimento e carbonatacdo. Outro fator revelado por essa pesquisa € a contribuicdo do
desmatamento através de queimadas, responsavel por 1% das emissfes totais de CO:
(FRIEDLINGSTEIN et al., 2022). Incéndios florestais, sdo agentes agravantes desse cenério,
pois promovem a degradacdo ambiental, devido a supresséo vegetagdo (BONAN, 2008).

A dindmica do CO> desempenha um papel critico na regulagéo do equilibrio climatico e
ambiental da Terra. O aumento das concentracfes deste gas estufa na atmosfera esta associado
ao aquecimento global e as mudangas climaticas. Essas mudancas térmicas repercutem
substancialmente nos padrdes climaticos, nos regimes de chuvas, nas ocorréncias de eventos
extremos, no derretimento das calotas polares e na consequente elevacdo do nivel do mar, nas
alteragBes dos padrdes de circulacdo atmosférica e oceénica, além da acidificacdo dos oceanos,
impactando ecossistemas marinhos sensiveis, como os recifes de coral e em diversas outras
variaveis climaticas (FINDLAY; TURLEY, 2021; SENEVIRATNE et al., 2012).

Dentro do contexto do ciclo do carbono, 0 CO2 € um composto essencial, desempenhando
um papel critico nas interagdes entre os principais compartimentos: atmosfera e oceano
(SABINE et al., 2004). O oceano assume um papel de destaque como um reservatério no ciclo
de carbono, atuando como um mitigador dos impactos climaticos decorrentes do aumento de
CO- atmosférico. O sistema oceanico atua na absor¢do de uma parcela substancial das emissfes
anuais de CO». Estimativas apontam que aproximadamente 25% das emissdes anuais de CO>
sdo absorvidas através da superficie oceanica, tornando o oceano como um potencial sumidouro
de CO; atmosférico (FRIEDLINGSTEIN et al., 2022; QUERE et al., 2018; SABINE et al.,
2004). Esta capacidade de absor¢do de CO- atmosférico devera diminuir ao longo dos proximos
anos, em consequéncia do aumento das emissdes antropicas de CO. — principalmente pela
gueima dos combustiveis fdsseis supracitados, o desmatamento, os incéndios florestais
(ANDRES etal., 2012; QUERE et al., 2018) — e da saturacdo das 4guas oceanicas (IPCC, 2014).
Essa absorcdo oceénica de CO. atmosférico revela uma complexidade marcante em sua

distribuicéo global.

A pressdo parcial do gas de CO» sobre a superficie oceénica varia espacial e
temporalmente. De acordo com as diferencas entre as pressdes parciais do CO2 da atmosfera e
da superficie oceanica, uma massa d’agua supersaturada funciona como fonte de CO> para a
atmosfera, e uma insaturada funciona como sumidouro de CO; atmosférico. Enquanto os

oceanos de altas latitudes, como o oceano Atlantico Norte, desempenham o papel de
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sumidouros significativos de CO atmosférico (BRONSELAER et al., 2016), 0os oceanos
tropicais — i.e. oceano Pacifico Tropical — sdo considerados fontes liquidas de CO- para a
atmosfera (TAKAHASHI et al., 2009).

A complexidade desse cenario de distribui¢do global do CO> é ainda mais acentuada em
regides equatoriais e tropicais, onde hd uma grande variabilidade de fatores climéticos e
biogeoquimicos nos oceanos convergindo na caracterizacdo destas regides como 0s principais
contribuintes da variabilidade interanual das trocas oceano-atmosfera de CO, em escala global
(WANG et al.,, 2015; WANNINKHOF et al., 2013). O oceano Atlantico tropical, mais
especificamente, é reconhecido ndo apenas pela sua importancia na absorcéo e liberagdo de
CO2, mas também é considerado a segunda maior fonte oceanica de CO; para a atmosfera,
depois do Oceano Pacifico tropical (LEFEVRE; DIVERRES; GALLOIS, 2010; TAKAHASHI
et al., 2009).

Destaca-se entdo a importancia dos estudos, avaliagdes e monitoramento da dindmica das
trocas na interface oceano-atmosfera do CO», enfatizando uma compreensdo mais aprofundada

dos processos que ocorrem com esse composto no ciclo do carbono.

2.2. COMPORTAMENTO DO CO; NA AGUA DO MAR

O CO se encontra na dgua do mar, tanto na forma de gas dissolvido como na forma de
carbonatos e bicarbonatos, apresentando uma importancia no controle do mecanismo acido-
base do meio, visto que as trés formas estdo ligadas por uma estreita relacdo de equilibrio
(MILLERO, 2007).

Mais de 90% do carbono oceanico é inorganico. A concentracdo do carbono inorganico
total dissolvido € dada pela soma das concentracbes de trés espécies deste composto
coexistentes, onde: menos de 1% esté sob a forma de CO., cerca de 90% estdo sob a forma de
fons bicarbonato (HCO3) e abaixo de 10% sob a forma de ions carbonato (COs%). Estas
diferentes espécies de carbono inorganico sdo ligadas entre si pelas suas equacdes de equilibrio
(DICKSON, 2010; MILLERO, 2007). O CO dissolvido se dissocia formando ions bicarbonato

e carbonato com liberagdo de ions H*, conforme as reagdes abaixo:

CO2 (ag) + H2O — H2CO3 (&cido carbbnico) D
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O H2COs3 e 0 CO> séo especies eletronicamente neutras. Como o0 H2COz ocorre apenas
em pequenas quantidades, suas espécies ndo sdo dissociaveis e 0 CO2 € expresso como
[CO2] = [H2CO3] + [CO2aq]. As duas equagdes de equilibrio quimico para o HCO3 e CO3* sio

expressas abaixo:

CO; + H,0O > HCO3 + H* com um Ky = % @)
2
HCOs <> COs* + H comum Kz = % 3)
3

As constantes de dissociagdo K1 e Ko dependem da temperatura e salinidade da agua do

mar, além da presséo.

O carbono inorganico dissolvido (DIC) pode ser definido como a soma das formas

inorganicas do carbono e pode ser expresso em pmol kg™

DIC = [HCO37] + [CO3s?] + [CO2] 4)

A capacidade do sistema carbonato oceénico para neutralizar tais mudangas na
concentracdo de CO atmosférico é foco de varios estudos. Esta capacidade depende dos aportes
de céations do lixiviamento das rochas e da dissolucdo dos carbonatos de origem quimica e

biogénica, segundo a reacédo a seguir (MILLERO, 2007):

CO; + CaCO;3 + H,0 «» 2HCO3 + Ca?* (5)

Essa capacidade de neutralizar a entrada de protons na agua do mar € a alcalinidade.

Uma definicdo mais completa de alcalinidade total (TA) pode ser descrita como: o
namero de moles de fons H* equivalentes ao excesso de receptores de prétons (bases formadas
a partir dos acidos fracos com uma constante de dissociagdo K < 10 -4.5 a 25° C) sobre os
doadores (acidos cuja constante de dissociacdo K > 10 -4.5) em uma parcela de 1kg de agua do
mar (MILLERO, 2007).

TA =[HCO37] + 2[C032'] + [B(OH)4] + [OH] + [HPO42'] + 2[PO43'] + [H3SiO47] + [NH3] +
[HST]-[H'] - [HSO47] - [HF] - [H3PO4] (6)

As variagdes nas concentrages de CO2 (pCO2) na dgua do mar estdo intrinsecamente
relacionadas a diferentes processos complexos de trocas gasosas com a atmosfera. Dentre esses
processos, destacam-se a solubilidade dos gases na agua, a bomba biologica, a reatividade com

a agua do mar e a circulagdio de massas d’agua. A bomba biologica exerce um papel
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determinante na transferéncia do carbono inorganico da atmosfera para as regides profundas
dos oceanos. Esse mecanismo se da através da sintese de matéria organica pelos produtores
primarios (fitoplancton). Este processo consiste na absorcdo do CO, atmosférico pelo
fitoplancton, resultando na diminuicéo da pressédo parcial do CO2 na agua. Por sua vez, cria-se
um gradiente favoravel a absorcdo de CO- atmosférico pela dgua do mar, impulsionando a troca
gasosa por diferenca de pressao (LIBES, 2009).

Outro mecanismo importante nas trocas oceano-atmosfera € a chamada bomba de
solubilidade, cuja dindmica esta relacionada ao efeito da temperatura da 4gua do mar sobre a
solubilidade do CO>. De acordo com a relagdo termodindmica expressa pela derivada parcial

afCo,

P /fCO, estabelecida por Takahashi et al. (1993), a pCO> na agua varia aproximadamente

4,23% °C™* em resposta a mudancas de temperatura. Desta maneira, tal aumento da solubilidade
do CO2 na &gua do mar ocorre principalmente em altas latitudes, mais especificamente nas
zonas de formacdo de aguas profundas. Nestas areas, as aguas frias e densas apresentam uma
maior capacidade de absorver o CO. atmosférico por conta da elevada solubilidade. Esse
processo resulta na transferéncia do CO> para as regides mais profundas dos oceanos. Uma vez
incorporado as aguas profundas e inserido na circulacdo oceanica termohalina, o CO percorre
uma trajetoria que culmina no seu retorno a atmosfera em regides de ressurgéncia, como a
ressurgéncia equatorial (MARINOV; SARMIENTO, 2004; TAKAHASHI et al., 1993).

As interacbes gasosas do CO. na interface oceano-atmosfera sdo comumente
quantificadas pela diferenca na pressdo desse gas na &gua do mar e o ar acima dela. Entretanto,
é crucial observar que o CO2 ndo segue um comportamento tipico de um gas ideal (WEISS,
1974). Considerando essa ndo-idealidade do CO, mesmo em pressdes mais baixas, utiliza-se
da fugacidade como propriedade termodinamica para expressar a pressao de um gas corrigida
para a ndo idealidade do comportamento de um gas real. Em uma faixa de temperatura de 0° a
30°C, a diferenca entre a pressdo parcial do CO; e a sua fugacidade esta entre 1 e 1.5 patm
(MURPHY et al., 1994).

2.3. SISTEMA DE MEDICAO AUTOMATIZADA DA pCO;

Ao longo das ultimas decadas, as medigdes da pressdo parcial do CO2 marinho tém
desempenhado um papel crucial na determinacdo dos fluxos globais e regionais desse gas na
interface oceano-atmosfera. Em 2007, a comunidade internacional de pesquisa de carbono

marinho criou o Surface Oceano CO- Atlas (SOCAT), um marco na pesquisa biogeoquimica e
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climatica e na informagdo politica no que se diz respeito as analises de dados de carbono
marinho. Esta iniciativa colaborativa representa uma atividade de sintese e consolidacdo para
observagdes relacionadas a pressdo parcial do CO2 na superficie do oceano, envolvendo a
colaboracdo de mais de 100 fornecedores de dados, controladores de qualidade, gestores de

dados e programadores que contribuem para o0 SOCAT.

Os dados do SOCAT estao disponiveis publicamente, podendo ser analisados e citados,
permitindo a quantificacdo do sumidouro e fonte de carbono, além da acidificacdo dos oceanos,
avaliando os modelos biogeoquimicos oceénicos. Estes dados do SOCAT sdo lancados em
versdes. A Ultima versdo lancada em 2023 tem cerca de 35,6 milhdes de observagdes de 1957

a 2022 para 0 oceano aberto e mares costeiros (Fig. 2; BAKKER et al., 2023).

Figura 2 — Medigdes da pressdo parcial do CO; registrado pela versao 2023 do SOCAT
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Fonte: Bakker et al., 2023.

Com o intuito de viabilizar uma coleta de dados homogénea e de alta qualidade de dados
da pCO2, a comunidade cientifica desenvolveu um instrumento analitico dedicado a essa
pressdo. Assim, houve um maior controle e aprimoramento da qualidade dos dados, podendo
ser facilmente acessados (PIERROT; STEINHOFF, 2019).

O sistema de medicéo automatizada da pCO- foi projetado para alcangar uma preciséo de
0,1 patm para medicoes atmosféricas da pCO- e 2 patm da pCOz para a 4gua do mar (PIERROT
et al., 2009; PIERROT; STEINHOFF, 2019). Este sistema é amplamente utilizado pela
comunidade cientifica e estd diminuindo significativamente as incertezas nas estimativas do

fluxo do CO2 do oceano global (Fig. 3). O sistema de medicao automatizada da pCO> é descrito
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por Pierrot et al. (2009) e detalhado por Pierrot & Steinhoff (2019). O equipamento mede a
pCO:> da &4gua do mar e da atmosfera usando um analisador de detec¢do infravermelha néo-
dispersiva com fluxo continuo a uma taxa de 1,5 — 2,1 litros por minuto. O analisador é
calibrado usando gases padrdo de CO. diferentes de zero em intervalores regulares. As
medicBes atmosféricas sdo feitas periodicamente através do analisador. O sistema tem uma
rotina automatica de retrolavagem que reduz o crescimento de organismos e incrustacoes. Ele
pode funcionar sem supervisdo por meses, com apenas manutencgéo peridédica minima e também
pode transmitir seus dados diariamente via comunicacao por satélite, permitindo assim, analises

de dados quase em tempo real e solucéo de problemas remotos.

Figura 3 - A - Sistema underway para CO- instalado no Navio Mercante Cap. San Lorenzo; B — Compartimento
seco, com computador e o detector infravermelho de CO; da Licor 7000; e o C — compartimento molhado, com
os equilibradores, que tém a funcéo de equilibrar a pCO; da agua que flui pelo sistema

Fonte: Autor, 2019.

O arranjo sistematico € composto por trés compartimentos distintos com suas diferentes
fungdes (Fig. 4). O compartimento “molhado” é por onde a agua circula, tendo como elementos
essenciais os balanceadores, o condensador, 0 medidor de vazdo de &gua e as valvulas que
controlam a circulacéo hidrica. O compartimento “seco”, por sua vez, contém componentes
para as medig¢Ges, como o analisador, a valvula selecionadora de gas, o computador e as fontes

de alimentacdo. Além disso, ha o compartimento “deck” incluindo 0 modem de satélite Iridium,
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0 receptor GPS e um transdutor de pressdo externo, que contribuem para a funcionalidade
remota e rastreamento preciso do sistema (PIERROT et al., 2009).

Este sistema de analise automatizada de CO2 marinho se tornou o padréo a ser utilizado
para medi¢des underway deste gas devido a sua versatilidade para ser utilizado em qualquer
plataforma e requerendo uma manutencdo minima, 6tima precisdo e qualidade no conjunto de
dados.

Figura 4 — Esquema do sistema underway para CO-
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2.4. FUGACIDADE DO CO, MARINHO NA REGIAO TROPICAL

A pressdo parcial ou fugacidade do CO; (fCO2) na regido tropical é influenciado por
fatores fisico-quimicos como temperatura e salinidade, fatores biologicos (clorofila, nutrientes
e fotossintese) e fatores climaticos , como o El Nifio e a Zona de Convergéncia Intertropical
(SABINE et al., 2004; TAKAHASHI et al., 1993, 2002, 2009). Todos estes atuando de forma

conjunta e simultanea trazendo uma complexidade na distribuicdo do CO- na regido.



24

A temperatura da &gua do mar influencia diretamente na solubilidade do COz. As
oscilacBes térmicas desempenham um papel determinante na capacidade de dissolugdo desse
gas, apresentando uma relacdo inversa a sua solubilidade. Temperaturas mais baixas favorecem
a dissolucédo de COg, possibilitando que aguas mais frias retirem maior quantidade desse gas da
atmosfera (CARROLL; SLUPSKY; MATHER, 1991).

Takahashi et al. (1993) estimaram que a pCO2 da superficie marinha tem uma
dependéncia de temperatura de 4,23% + 0,02 °C™ para uma salinidade na faixa de 34 e 36 e
uma temperatura de 20 a 28° C. Esta estimativa é baseada em um estudo de laboratdrio
utilizando uma aliquota de &gua superficial do Atlantico Norte (TAKAHASHI et al., 1993). Ja
Wanninkhof et al. (2022) realizaram uma abordagem mais abrangente da dependéncia da
temperatura em relacdo a pCO- ao longo de 3 décadas de estudo nas principais bacias oceénicas.
Os resultados obtidos por Wanninkhof et al. (2022) corroboraram com a estimativa empirica
por Takahashi et al. (1993). A pesquisa obteve uma dependéncia de temperatura de 4,13 + 0,01
°C! (WANNINKHOF et al., 2022).

A salinidade, por sua vez, associada a quantidade de sais dissolvidos na agua, também
exercera influéncia nas propriedades de dissolucdo do CO. (CARROLL; SLUPSKY;
MATHER, 1991). Estudos sobre a pCO2 da superficie marinha evidenciaram uma forte
correlacdo entre esse parametro e a salinidade da superficie do mar (BONOU et al., 2016;
IBANHEZ; ARAUJO; LEFEVRE, 2016; LEFEVRE; DIVERRES; GALLOIS, 2010), cujo o
baixo valor da pCO- da superficie marinha esta associado a baixa salinidade local.

No contexto dos fatores bioldgicos, a presenca de clorofila, a disponibilidade de
nutrientes e 0s processos fotossintéticos desempenham um papel determinante nessa absor¢do
do CO: dissolvido na &4gua do mar. A atividade fotossintética, por exemplo, pode atuar na
remocao desse composto na agua do mar, enquanto a presenca de nutrientes pode influenciar

diretamente na produtividade bioldgica, impactando as trocas de carbono (LIBES, 2009).

Como fator climatico, a Zona de Convergéncia Intertropical (ITCZ — Intertropical
Convergence Zone) € um dos principais eventos da variagdo da fugacidade do CO- da superficie
da agua do marinha na regi&o tropical (LEFEVRE et al., 2020). A ITCZ associa-se as altas
Temperaturas da Superficie do Mar (TSM) na regido tropical do oceano Atlantico, contribuindo
para a baixa salinidade, devido as fortes chuvas, e as baixas concentracdes de fCO, (LEFEVRE
etal., 2014; LEFEVRE; DIVERRES; GALLOIS, 2010).
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A ITCZ se deve a encontro de ventos alisios do nordeste do hemisfério norte com os
ventos alisios do sudeste do hemisfério sul em baixos niveis da atmosfera. Essa convergéncia
de ventos na regido equatorial do globo é controlada pelo aquecimento da superficie, que por
sua vez desenvolvem uma célula vertical na atmosfera intensificando a convergéncia de calor
e umidade para um ramo ascendente formando bandas de nuvens convectivas. Esse sistema
formaa ITCZ, que se caracteriza por ser uma zona de forte precipitacdo (XIE; CARTON, 2004).
A alta precipitacdo devido a ITCZ afeta a salinidade, que influencia no balanco Evaporacéo-
Precipitacdo da regido do Atlantico Tropical. As altas TSM e suas variagdes sazonais € um dos

fatores determinantes no posicionamento e na intensidade da ITCZ.

A ITCZ tem uma migracao meridional sazonal. Durante o verao e outono austral, entre
0s meses de dezembro e marco, a TSM estd mais quente, 0s ventos alisios de nordestes se
intensificam, os ventos alisios de sudeste enfraquecem (Fig. 5). Portanto, a ITCZ se localiza
mais ao sul, podendo chegar a 5° S de latitude do hemisfério sul. Durante esse periodo, ha
chuvas intensas proximas do equador, no norte da regido Nordeste do Brasil e no leste da
Amazonia. Ap0Gs esse periodo, entre 0s meses de junho e setembro, a TSM fica mais fria no
Atlantico Sul, hd& um aumento das forcas dos ventos alisios de sudeste, juntamente com o
enfraquecimento dos ventos alisios de nordeste, e assim, muda a ITCZ para uma posi¢cao mais
ao norte da linha do Equador podendo alcancar 10° — 15° N (ESSIEN et al., 2022; XIE;
CARTON, 2004).

Figura 5 — Posicdo média sazonal da Zona de Convergéncia Intertropical
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A posicdo da ITCZ pode ser alterada por alguns fendmenos climéaticos que modificam a
circulagdo meridional atmosfera. Um grande exemplo é o chamado de ENSO — EIl Nifio-
Southern Oscillaton (LEDUC et al., 2009; MUNNICH; NEELIN, 2005; SCHNEIDER;
BISCHOFF; HAUG, 2014). A ENSO ¢é um fenémeno climatico de oscilacdo acima (El Nifio)
ou abaixo (La Nifia) da média da temperatura da superficie do mar na regido do oceano Pacifico
tropical, juntamente com a mudanca no regime de chuvas e ventos, que influencia amplamente
no ciclo global do carbono, afetando a absorc¢éo do carbono nos oceanos tropicais (RAYNER,;
LAW; DARGAVILLE, 1999). A ENSO modula a variabilidade interanual do fluxo do CO2 nas
regides equatoriais e tropicais dos principais oceanos. No Pacifico tropical, durante os anos de
El Nifio, menos carbono € liberado pelo oceano, enquanto o oposto ocorre nos anos de La Nifia.
No oceano Pacifico equatorial, durante os eventos de El Nifio, a TSM mais quente reduz a
solubilidade do CO2, aumentando a pCO> da 4gua do mar. Paralelo a isso, ha uma reducéo das
taxas de ressurgéncia das aguas enriquecidas de carbono inorganico dissolvido e ricas de
nutrientes no oeste do Pacifico ao longo do equador, reduzindo pCO. da 4gua do mar da
superficie. Estas mudancas influenciam diretamente nas anomalias do fluxo do CO> do Pacifico
tropical, diminuindo a concentracdo de carbono inorganico dissolvido na superficie oceanica.
Durante os eventos de La Nifia acontecem o oposto (AYAR et al., 2022). O Atlantico tropical
é 0 segundo maior oceano que sofre influéncia do ENSO (HASTENRATH, 2012).

Dessa forma, se pode perceber que ha muitos fatores bastante importantes para serem
estudados para se fazer a andlise da variagdo da pCO; e nos processos dindmicos das
propriedades da dgua que influenciam a tendéncia da pCO.. E perceber que existem anomalias

interanuais que irdo alterar na distribuicdo do CO..

Dessa forma, a abordagem mais apropriada para expressar a termodinadmica do fluxo do
CO- é por meio do conceito de fugacidade, que fornece uma representacdo mais precisa dessas
condi¢cdes ndo ideais (WANNINKHOF; THONING, 1993; WEISS, 1974). A fCO; é um
parametro chave na determinacdo da direcdo e magnitude dos fluxos de CO: entre 0 oceano e
atmosfera. Portanto, € ela é utilizada em célculos relacionados as trocas gasosas. O fluxo ar-

mar do CO2, expresso em mmol m= d?, é calculado através da formula:

FCO2 = kS (fCO2sw— fCO2atm) (7
Onde k ¢ a velocidade de transferéncia do gas, que tem sido relatado por Sweeney et al.
(2007), calculado com base no campo de vento do Centro Europeu de Previs6es Meteorologicas

de Médio Prazo (ECMWEF), S é a solubilidade, medida em fungdo da temperatura e salinidade
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(WEISS, 1974) e (fCO2w - fCOoair) é referido como a AfCO,, como sendo a forca

termodinamica do fluxo do gas.

Em 2021, a concentragdo media global do CO. atmosférico atingiu cerca de
414,7 + 0,1 ppm. Com os dados preliminares de 2022, Friedlingstein et al. (2022) estimaram
que a concentragdo de CO na atmosfera alcangou a marca de 417,2 ppm, um valor discrepante
de mais de 50% acima em relacdo aos niveis pré-industriais (antes de 1750), que foi estimado
em torno de 278 ppm (FRIEDLINGSTEIN et al., 2022). De acordo com o0 monitoramento
global da pressdo do dioxido de carbono (pCOz) realizado pela National Oceanic and
Atmospheric Administration (NOAA), Observatdrio de Mauna Loa — Hawai, em abril de 2024,
media global mensal do CO; atingiu 423,5 ppm (Fig. 6).

Figura 6 - Concentracdo media global do CO;, atmosférico em partes por milhdo (ppm). Desde 1980, o
NOAA/GML produzem dados mensais baseados em uma média das medicOes diretas de maltiplas estagdes.

Global Monthly Mean CO;

420+

B
(=]
o

3801

360

CO; mole fraction (ppm)

340} @

1980 1990 2000 2010 2020
Year

Fonte: NOAA, 2024.

2.5. fCO2 NO OCEANO ATLANTICO ADJACENTE AO NORDESTE DO BRASIL

O Oceano Atlantico Sul é controlado pela Corrente Sul Equatorial que transporta aguas
oligotréficas e quentes (MEDEIROS et al., 1999), devido a uma baixa concentragdo de
nutrientes na camada superficial e presenca de uma termoclina permanente. As massas d’agua
superficiais (Agua Tropical Superficial e Agua Central do Atlantico Sul) fluem através do Giro
Subtropical passando pela Bacia do Brasil e chegando ao contorno oeste (STRAMMA,;
SCHOTT, 1999). Na regido nordeste do Brasil existe uma escassez de nutrientes nas camadas
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superficiais devido ao empilhamento das aguas superficiais menos densas e a presenca de uma

forte estratificacdo devido a uma termoclina permanente (MEDEIROS et al., 1999).

Para identificar os fatores que controlam a distribuicdo do CO2 na superficie oceanica do
Atlantico Sul, é importante identificar o efeito das correntes, das variacdes da temperatura da
agua, dos processos bioldgicos e da reatividade quimica sobre o fluxo de CO2. Os poucos
estudos da variabilidade espacial e temporal dos fluxos de CO2 nas regides (ARAUJO et al.,
2019; CARVALHO et al., 2017; DE JESUS AFFE et al., 2023; IBANHEZ; FLORES;
LEFEVRE, 2017; IBANHEZ; FLORES MONTES; LEFEVRE, 2022; LEFEVRE et al., 2013;
MONTEIRO et al., 2022; VALSALA; MAKSYUTOV, 2010) e as incertezas de caracterizacdo
dos fluxos de CO; entre a atmosfera e o0s reservatdrios oceédnicos e terrestres
(FRIEDLINGSTEIN et al., 2020) séo fatores que levam a questionar os balancos e estimativas

atuais de troca de COz na regido do Atlantico tropical.

Outro fator negligenciado na grande maioria dos estudos envolvendo o CO2 marinho e o
ciclo do carbono nos oceanos globais é a complexidade das zonas costeiras. Ha lacunas de
dados e pesquisas nessas areas nos oceanos do hemisfério sul do planeta (OLIVEIRA et al.,
2023). Esta lacuna é estendida ainda mais quando se trata do Oceano Atlantico Tropical Oeste
que banha a regido costeira do Nordeste brasileiro. A costa nordestina, entre 3°S e 14°S, consiste
em aproximadamente 24% do territorio costeiro do Brasil (KNOPPERS; EKAU;
FIGUEIREDO, 1999). Neste contexto, apesar de suas grandes proporc¢des, ainda apresenta
inconsisténcias na tematica de concentracdo e fluxo do CO2 e no comportamento desse gas

como fonte ou sumidouro para a atmosfera local e regional.

Um levantamento bibliografico realizado por Oliveira et al. (2023) trouxe uma revisdo dos
estudos do sistema carbonato marinho e do fluxo do CO2 na interface oceano-atmosfera na costa
do Brasil. Dos mais de 100 artigos publicados de 2000 a 2022 que foram revisados por este
estudo, cerca de 30 artigos foram voltados aos estudos na regido Norte-Nordeste do Brasil.
Desses, somente 15 artigos teve uma abordagem voltada a plataforma continental do Nordeste
brasileiro (OLIVEIRA et al., 2023).

A pesquisa conduzida por Araujo et al. (2019) avaliou a variabilidade espaco-temporal
do CO2 marinho da regido norte e nordeste do Brasil utilizando um conjunto de dados do
Programa REVIZEE, abrangendo o periodo de marco de 1995 a setembro de 2001. Os
resultados revelaram que a regido Nordeste brasileira (entre as latitudes 4° S e 12°S) era uma

fonte de CO, para a atmosfera, com uma taxa de 0,3 + 1,7 mmol m? d*. Os processos
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termodinamicos foram 0s principais contribuintes para variabilidade tanto espacial quanto
temporal. A auséncia significativa de uma descarga fluvial substancial ao longo da costa oeste
brasileira € um fator preponderante que pode influenciar na distribui¢cdo do CO2 no nordeste do
Brasil (PASSAIA et al., 2020). Por sua vez, a distribuicdo do CO2 na regido norte brasileira é
influenciada diretamente pela pluma do Rio Amazonas. A pesquisa de Aradjo et al. (2019)
mostrou que nesta regido os fluxos do CO2 marinho apresentaram variagdes espago-temporais
com valores negativos, indicando a regido como sumidouro deste composto, e a atividade
biolégica como sendo o principal processo influenciador desta oscilacdo do fluxo do CO,. Neste
estudo, os valores da pCO- observados na regido nordeste tiveram uma média de 379 + 16 patm,
enquanto que na regido norte, a média foi de 355 + 52 patm. O fluxo do CO; para este estudo

variou de -0,30 a 4,10 mmol m? d*.

Por meio de cruzeiros oceanograficos, Carvalho et al., 2017 estudaram a pCO; da agua
do mar e da atmosfera da regido oceénica adjacente a regido Nordeste do Brasil, entre 3° S e 5°
S (outubro de 2012) e 1° S e 4°S (setembro de 2014). No primeiro cruzeiro, a média da
fugacidade do CO- para agua do mar (fCO2sw) atingiu 400,9 + 7,3 patm, enquanto a fugacidade
do COz atmosférico (fCO2atm) registrou 375,8 + 2,0 patm. J& no segundo cruzeiro, a fCOzsw fOi
de 391,1 £ 6,3 patm e a fCOzatm foi de 368,9 + 2,2 patm. Os dados analisados por esse estudo
forneceram indicios de uma supersaturacdo da dgua do mar em relagéo a atmosfera, sinalizando
a regido estudada como fonte de CO, para a atmosfera. Além disso, a pesquisa avaliou a
concentracdo de clorofila a para a regido, corroborando novamente a presenca de baixas

concentracgdes, sendo a area classificada como oligotréfica (CARVALHO et al., 2017).

Muitos dos estudos da distribuicdo do CO- na regido do oceano Atlantico tropical oeste
foram voltados pra a area adjacente a pluma do rio Amazonas (COOLEY et al., 2007;
IBANHEZ et al., 2015; KORTZINGER, 2003; LEFEVRE et al., 2014, 2017, 2020;
MONTEIRO et al., 2022; MU et al., 2021; PADIN et al., 2009). Esta area do Atlantico é afetada
pela descarga deste rio e pela migracdo sazonal da ITCZ, sendo ambas fontes de aguas doces
para o oceano. Além disso, a regido da pluma amazénica tem um complexo sistema de correntes
e contracorrentes (SCHOTT; FISCHER; STRAMMA, 1998; STRAMMA, 2008).

Se comparado com os trabalhos desenvolvidos na regido amazdnica, existem poucos
estudos da distribuicdo do CO. voltados ao oceano Atléantico tropical oeste adjacente a regido
Nordeste brasileira. A maioria dos estudos encontrados sdo abordados de forma generalizada
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(TAKAHASHI et al., 2002, 2009; WANNINKHOF et al., 2013) e com diferentes metodologias
utilizadas para analise deste CO..

Na tabela 1 abaixo, existe uma comparacgdo de alguns estudos que foram realizados na
regido do Atlantico tropical sudoeste adjacente ao Nordeste brasileiro. Eles mostram intervalos
proximos em relacdo aos valores de temperatura da superficie do mar, pressdo parcial do CO>
e fluxo do CO.. Estes estudos utilizaram de metodologias distintas para anélise da distribuicdo
do CO..

Tabela 1 -Estudos de Temperatura da Superficie do Mar (SST), pressao parcial do CO2 (pCO3) e fluxo de CO; na
regido do oceano Atlantico tropical

Latitude (SSCT) (ﬁgtorrf) (m?ncglz e d )

Andrié et al., 1986 5°N_5°S  265-288 33504157  0.04—4.04
Oudot et al., 1995 5°N_5°S  26.8-288 36254305  0.27-8.80
Lefevre et al., 1998 20°N-20°S  19.7-288  350.7 3603 :
Lefévre et al., 2010 PS_10°S  266-286 3711-3907  -033-298
Lefevre et al., 2014 20°N-10°S  195-302 1803-437.4 120362
Carvalho et al. 2017 1°S_5S  265-280 37194287  089-14.62
Aradjo et al., 2019 3S_5°S  255-295 3500-4230  -0.30—4.10
Cotovicz Jretal 2020  3°32° - 3°42’S  28.2-284  458.0- 4750 5.0- 8.4
Guimardes etal, 2024  3S_14°5  264-290 360.0-450.0  -0.55— 3.4

* Artigo cientifico da tese.

Os dados apresentados por Andrié et al (1986) basearam-se um antigo programa franceés,

no qual foram analisados dados coletados do cruzeiro FOCAL 6, realizado durante janeiro-
fevereiro de 1984, ao longo do meridiano de 35° oeste, entre as latitudes 5° N e 5°S. Além
disso, Oudot et al. (1995) também utilizaram destes mesmos dados, complementados pelos
dados coletados durante o cruzeiro CITHER 1, ocorrido de janeiro a mar¢o de 1993. Ambos os
estudos revelaram similaridade na distribuicdo do CO- e em seu fluxo, apontando um padréo

consistente entre os dois estudos.

Ja os resultados apresentados por Araujo et al. (2019) foram obtidos de forma indireta,
sendo estimados a partir da coleta de outros parametros, que permitiram inferir os dados

relativos ao COx.
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Em relacdo aos demais estudos mencionados na Tabela 1, todos eles empregaram
sistemas de medicdo continua de CO: in situ, que foram instalados em embarcacGes para a
obtencdo dos dados. Estudos como os de Lefévre et al. (1998, 2010, 2014), Carvalho et al.
(2017), Cotovicz Jr et al. (2020) e Guimardes et al., (2024) utilizaram do sistema underway,
previamente descrito na sessdo 2.3. Portanto, as diferengas observadas nos resultados
relacionados & SST, pCO; e fluxo do CO, podem ser atribuidas aos diferentes pontos de

coletados dados. Porém, apesar dessas variacdes, hd uma proximidade de dados nesses estudos.
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3.  MATERIAIS E METODOS

Para o seguinte estudo, os dados da pCO- foram coletados a partir da infraestrutura de
pesquisa francesa ICOS (Integrated Carbon Observation System). Como parte do projeto
europeu CARBOCHANGE, o grupo francés instalou um sistema de bordo que mede o pCO>
em um navio de observacdo voluntario que navegava da Franca para o Brasil, passando pelo
oceano Atlantico adjacente ao Nordeste brasileiro. Este sistema mede fCO2 na 4gua do mar e
na atmosfera por deteccéo infravermelha nédo dispersiva usando um analisador Licor 7000 com
fluxo continuo a uma taxa de 1,5-2,1 L min™. O sistema pCO; foi descrito por Pierrot et al.
(2009).

As medigdes comecaram em 2008 e foram realizadas tanto nas viagens de ida (Franca-
Brasil), como nas viagens de volta (Brasil-Franca) do navio. Quando o navio mudou de rota, 0
sistema de medicdo pCO> foi instalado em um navio diferente para manter a mesma rota de
2008 até 2020. Quatro navios contribuiram para o conjunto de dados de CO>. O navio também
foi equipado com um termossalindgrafo Seabird (SBE 21) para medir temperaturas e
salinidades durante a navegacdo. No total, foram realizados 79 cruzeiros ao longo de 12 anos
(2008-2020), fornecendo 64.028 medicGes.

Os dados de pCO: estdo disponiveis no Surface Ocean CO; Atlas (SOCAT). Os dados de
salinidade da superficie do mar foram validados, arquivados e disponibilizados gratuitamente
pelo French Sea Surface Salinity Observation Service. Os dados de Ocean Color foram
coletados através do Sea-viewing Wide Field-of-view Sensor (SeaWiFS) desenvolvido e
mantido pelo Goddard Space Flight Center, Ocean Ecology, Laboratory, Oceano Biology
Processing Group for Chlorophyll data. E os dados de correntes de superficie foram coletados
pelo Ocean Surface Current Analysis (OSCAR) mantidos por JPL Physical Oceanography
DAAC e desenvolvido por ESR (Earth and Space Research). Os dados de velocidade do vento
foram obtidos através dos dados do Windsat produzidos pelo Remote Sensing Systems and
sponsored pela NASA Earth Science MEaSUREs DISCOVER Project and the NASA Earth
Science Physical Oceanography Program. Foram obtidos dados de Temperatura da Superficie
do Mar por imagem de satélite através do MODIS/Aqua Water Reservoir Monthly L3 Global
V061. Para analisar a precipitagdo, foram usados os conjuntos de dados mensais do Global
Precipitation Climatology Project (GPCP) de 2008 até 2020..

Para anélise dos dados obtidos, foi utilizada linguagem de programacdo MatLab Versédo
9.5 (R2018b).
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4. RESULTADOS

41. ARTIGO 1 - REGIONAL DIFFERENCES OF THE AIR-SEA CO:; FLUX
BETWEEN 3 AND 14°S IN THE SOUTH-WESTERN TROPICAL ATLANTIC

4.1.1. Introduction

The carbon dioxide (CO2) distribution in the ocean shows a large spatial and temporal
variability. Ocean—atmosphere exchanges are very dynamic and controlled by physical,

chemical and biological processes (TAKAHASHI et al., 2002, 2009).

Efforts have been made to determine the temporal evolution of surface seawater CO; and
sea—air CO; fluxes. Recently, more studies have been conducted on the CO> distribution in the
western tropical Atlantic (ARAUJO et al., 2019; BONOU et al., 2016; CARVALHO et al.,
2017; IBANHEZ et al.,, 2015; LEFEVRE et al., 2014, 2020; LEFEVRE; DIVERRES;
GALLOIS, 2010; MONTEIRO et al., 2022; MOUSSA et al., 2016). Nevertheless, few studies
exist on the seasonal and spatial variability of CO> fluxes south of the equator next to Brazilian
coast (CARVALHO et al., 2017; COTOVICZ; CHIELLE; MARINS, 2020; LEFEVRE et al.,
2014; LEFEVRE; DIVERRES; GALLOIS, 2010).

The south-western tropical Atlantic (SWTA) region is oligotrophic (LEFEVRE;
DIVERRES; GALLOIS, 2010; SILVA et al., 2019; TAKAHASHI et al., 2009) and
characterized by warm surface waters. The coastal ecosystems of north-eastern Brazil have a
limited spatial extend to significantly alter the carbon chemistry of the SWTA (CHEN et al.,
2013; DE QUEIROZ et al., 2015; NORIEGA et al., 2015; SILVA et al., 2019).

The intertropical convergence zone (ITCZ) is a physical process that influences the
balance of evaporation—precipitation in this region (ASSUNCAO et al., 2020; PAILLER;
BOURLES; GOURIOU, 1999; STRAMMA; SCHOTT, 1999). The ITCZ explains the low
salinities in the North Equatorial Counter Current (NECC) and affects the fluxes of CO2
between the ocean and the atmosphere (IBANHEZ; FLORES MONTES; LEFEVRE, 2022).

Previous coastal-budget studies have shown that there are almost no data on the tropical
South Atlantic (LARUELLE et al., 2014). There is uncertainty over the CO> distribution in
these regions, which is attributed to the existence of large areas that remain undersampled
(ROOBAERT et al., 2019). This is worse when we approach the Brazilian coast. Most of the

studies realized near the Brazilian coast have been located in the northern area (IBANHEZ;
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ARAUJO; LEFEVRE, 2016; IBANHEZ; FLORES; LEFEVRE, 2017; LEFEVRE et al., 2017,
2020; MONTEIRO et al., 2022), focused on the interaction of the CO> distribution with the
Amazon River plume and the close ocean currents. In this region, there is a complex system of
ocean currents, where it is dominated by North Equatorial Current (NEC) and North Equatorial
Counter Current (NECC), which is fed by the North Brazil Current (NBC) (RODRIGUES;
ROTHSTEIN; WIMBUSH, 2007; STRAMMA; SCHOTT, 1999) and is heavily influenced by

freshwater from the Amazon River, with a mean discharge of 209,000 m3 s to the tropical
Atlantic ocean, being the largest river by volume of water in the world (DAI; TRENBERTH,
2002; GIFFARD et al., 2019; MOLINIER et al., 1996).

The other studies near to Brazilian coast have been on the south-western part of South
Atlantic Ocean (ALBUQUERQUE et al., 2022; KERR et al., 2016; LIUTTI et al., 2021;
OLIVEIRA et al., 2019; ORSELLI et al., 2019). There is no considerable important river
discharge on the western coast of Brazil (ANA, 2024; PASSAIA et al., 2020) which could have
a much greater influence on the CO; distribution in regions close to the continental shelves of
Brazil (ITO; GARCIA; TAVANO, 2016; ITO; SCHNEIDER; THOMAS, 2005; LARUELLE
et al., 2010), such as the Amazon River in the northern region. The southern branch of South
Equatorial Current (sSEC) is the main current that flows to the south of Brazilian coast to
become the Brazil Current (BC), and is the western current band of the subtropical gyre

(STRAMMA; IKEDA; PETERSON, 1990).

Using the REVIZEE Program dataset (from March 1995 to September 2001), in the
northern and north-eastern exclusive economic zones of Brazil, Araujo et al. (2019) found that

north-eastern Brazil from 4 to 12°S was a source of CO; to the atmosphere of
0.3 £ 1.7 mmol m’ dayfl. They also observed a positive trend in the partial pressure of CO»

(pCO2) of +1.10 + 0.2 patm year_] during the period of 1987-2010. Thermodynamic processes
explained most of the spatial and temporal variability (ARAUJO et al., 2019).

Carvalho ef al. (2017) studied seawater and atmosphere pCO; through oceanographic
cruises, in October 2012 (3—5°S) and in September 2014 (1—4°S), off the northeastern coast of
Brazil. The results showed the fugacity of seawater CO: (fCO2sw) ranging between 400.9 + 7.3
patm in October 2012 and 391.1 £ 6.3 patm in September 2014. In the atmosphere, the fugacity
of CO2 (fCO2atm) was 375.8 + 2.0 patm in October 2012 and 368.9 + 2.2 patm in September
2014.
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Liutti et al. (2021) studied the seasonal sea-surface CO> fugacity in the south-western
South Atlantic Ocean between 20 and 35°S, close to Brazilian coast. Considering the whole
study region, there was an increase in fCOasw between August and February, with the highest
values in January and February, followed by a decrease until August. The results of this study
showed that the spatial pattern of the sea-surface fCO- distribution followed the seasonal vari-

ability of sea-surface temperature (LIUTTI et al., 2021).

Here, we use CO: observations collected by volunteer ships to analyze the CO, flux
between 3 and 14°S, to determine the spatial variability of the fCOasw and of the sea—air CO;
fluxes in the area between 3 and 14°S. These results will contribute to increase the knowledge

about the carbon cycle in the southwestern tropical Atlantic, close to the Brazilian coast.
4.1.2. Materials and Methods
4.1.2.1. Study Area

The study focused on the region covered by the volunteer observing ships from 3°S to

14°S (Fig. 1).

In the region close to the Brazilian north-east, the dynamic of SWTA marine current is
mainly led by the South Equatorial Current (SEC) (DOSSA et al., 2021; STRAMMA;
SCHOTT, 1999). As can be seen in Fig. 2a, the SEC has tree branches, the sSSEC, the central
branch (cSEC) and the northern branch (nSEC). The sSEC and ¢SEC are the major surface
currents found between 3 and 14°S (Fig. 2b). They are affected by the seasonal variability of

the winds.

The sSEC flows to the west and is fed by the Benguela Current (Fig. 2a). It transports
salty and warm waters. Previous studies have suggested that the sSSEC bifurcates between 10
and 20°S (RODRIGUES; ROTHSTEIN; WIMBUSH, 2007; STRAMMA; IKEDA;
PETERSON, 1990; STRAMMA; SCHOTT, 1999), and shows a variable transport around the
year (RODRIGUES; ROTHSTEIN; WIMBUSH, 2007). When reaching the Brazilian coast
(Fig. 2b), the sSEC is divided into two branches. The branch flowing north is the North
Brazilian Undercurrent (NBUC) (LUMPKIN; GARZOLI, 2005) that joins the cSEC near
3—5°S to form the North Brazilian Current (NBC) (DOSSA et al., 2021).

South of 8°S, the surface water is subject to intense evaporation and is characterized by a

salinity maximum water (SMW), exceeding 36.6, and located between 8 and 25°S (WIENDER;
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ARHAN; MERCIER, 2000). These surface waters are transported by the sSEC, and have
average salinities between 36.6 and 37.0 (ARAUJO et al., 2011; WIENDER; ARHAN;
MERCIER, 2000).

The main surface-water mass between 3 and 14°S is the tropical surface water (TSW),
which is warm, with temperatures of ~27°C, and salty with salinity of ~36 (STRAMMA;
ENGLAND, 1999; STRAMMA; SCHOTT, 1999). Between 3 and 14°S, the means of sea-
surface temperature (SST) and sea-surface salinity (SSS) are 27.65 + 0.9°C and 36.5 + 0.4.

Fig. 1 — Map of the Southwestern Tropical Atlantic with all cruises tracks with underway CO. measurements.
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4.1.2.2. Data

As part of the European project CARBOCHANGE, the French group equipped a
volunteer observing ship sailing from France to Brazil (Fig. 1) with an onboard, underway pCO-
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system 8050 from General Oceanics, in which the seawater enters the equilibrator through a

spiral nozzle.

This line is part of the Integrated Carbon Observation System (ICOS) European research
infrastructure. The pCO> system has been described by Pierrot et al. (2009). It measures fCO-
in seawater and in the atmosphere by non-dispersive infrared detection by using a Licor 7000

analyzer with a continuous flux at a rate of 1.5-2.1 L min - (PIERROT et al., 2009). The
analyzer is calibrated using three non-zero CO> standard gases manufactured by Air Liquide in
France and calibrated at the calibration laboratory of ICOS. The processing of the data has been
described in detail by Pierrot et al. (2009). The data are publicly available in Surface Ocean
CO. Atlas (SOCAT). The accuracy of fCO2 system is within *2 patm. Atmospheric

measurements are made every 4 h.

The measurements started in 2008. When the ship changed route, the pCO> measuring
system was installed on a different ship to maintain the same track from 2008 up to now. Four
ships contributed to the CO- dataset (Fig. 3).

The ship was also equipped with a Seabird thermosalinometer (SBE 21) to measure
temperatures and salinities while underway (ALORY et al., 2015). The precision was 0.05 for
salinity. The temperature sensors gave an accuracy of 0.01°C. In total, 79 cruises were realized
over 12 years (2008-2020), providing 64,028 fCO2sw measurements (Fig. 3, Table 1).

For the analysis of biological processes, the monthly average of chlorophyll-a (Chl-a)
was obtained by satellite images produced from Moderate Resolution Imaging
Spectroradiometer (MODIS) (see https://modis.gsfc.nasa. gov/data/dataprod/chlor_a.php) for
the same sampling period as for fCO> (2008-2020).

To examine the ocean circulation, the ocean surface-current analyses—real time (OSCAR)
current data from 2008 to 2020 were used. Monthly zonal (u) and meridional (v) components
of the surface currents were produced at 1/3° resolution (EARTH SPACE RESEARCH 2009).
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Fig. 2 —a) Schematic representation of surface (solid line) and subsurface (dashed line) currents along the Tropical
Atlantic between 30°N — 30°S and 60°W — 15°E, with the box showing for the study area (adapted from Stramma;
Schott, 1999); b) Schematic representation of mean currents and edgy generation between 3° S — 14° S and 40° W
—30°W (Northeast Brazilian coast). Surface currents in solid line and subsurface currents in dashed line (Adapted

from Dossa et al., 2021)
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Fig. 3 - Data collected from 2008 to 2020 by 4 merchant ships: Monte Olivia, Rio Blanco, Santa Cruz and Cap
San Lorenzo along the France-Brazil line
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4.1.2.3. Calculations

The air-sea flux of CO2 (mmol m - dayfl) was calculated as follows:

fCO2 = kS (FCO2sw— fCO2atm) (1)

w
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where Kk is the gas-transfer velocity by Sweeney et al. (2007) calculated from the European
Centre for Medium-Range Weather Forecasts (ECMWF) wind field, S is the solubility of CO>
in seawater, calculated using the formula of Weiss (1974). A positive flux of CO, means a

source of CO; to the atmosphere and a negative flux means a sink of CO; to the atmosphere.

The Shapiro-Wilk test was applied to examine the normality of the dataset. The parametric
t-test was used for normal distributions, otherwise the non-parametric Mann-Whitney test was

used.

Table 1 - Summary of Data Collected on Cruises in the Southwestern Tropical Atlantic. The merchant ship is
identified for each voyage: MO — Monte Olivia Ship; RB — Rio Blanco Ship; SC — Santa Cruz Ship; and SL — Cap
San Lorenzo.

Number Data points Months

Year of cruises collected

(N=79) (N=64,028) Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
2008 6 3,517 MO MO MO MO MO
2009 6 4,052 I\C/)I MO MO MO RB
2010 14 9,590 RB RB RB RB RB RB RB RB RB RB RB
2011 6 5,190 RB  RB RB RB RB
2012 4 3,202 SC SC SC
2013 2 1,457 SC
2014 3 2,494 SC SL SL
2015 9 7,825 SL SL SL SL SL SL SL SL SL
2016 6 4,666 SL SL SL SL SL
2017 8 6,194 SL SL SL SL SL SL SL SL SL
2018 5 4,152 SL SL SL SL SL
2019 9 7770 SL SL SsL SL SL SL SL SL SL
2020 1 802 SL

4.1.3. Results and Discussion
4.1.3.1. Environmental Setting of the Region Between 3 and 14°S

From 3 to 14°S, the volunteer ships cross two branches of the SEC. The quarterly
climatology of the current data from 2008 to 2020 in SWTA (Fig. 4) shows a strong current,
observed between 3 and 8°S in the north-western Atlantic region and flowing westward to the
north-eastern Brazilian coast throughout the year. This flow is the cSEC that comes from the
African coast (DOSSA et al., 2021; STRAMMA; SCHOTT, 1999). The cSEC intensifies
during winter and spring (Fig. 4c, d).
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South of 8°S, there is a complex system of eddies and currents that change direction
frequently (Fig. 4). This contrasts with the region north of 8°S, where the surface current has a
stronger zonal component. South of 8°S, the region is affected by the sSEC. This system
includes the bifurcation of the sSSEC, with part of the current flowing southward (AMORIM et
al., 2013; DOSSA et al.,, 2021; STRAMMA; IKEDA; PETERSON, 1990; STRAMMA;
SCHOTT, 1999). This southward flow forms the Brazil Current that flows along the Brazilian
coast (Fig. 1) near 14°S(LUKO et al., 2021).

The surface salinity is affected by the ITCZ, which influences the evaporation—
precipitation balance of the tropical Atlantic. The ITCZ migrates seasonally according to the
strength of the trade winds. From January to May (austral summer and autumn), the ITCZ
moves southward, reaching the southern hemisphere near 5°S (BERRY; REEDER, 2014;
HOUNSOU-GBO et al., 2015; NOBRE; SRUKLA, 1996; RODRIGUES; ROTHSTEIN;
WIMBUSH, 2007). During austral summer, there is more rainfall near the equator and over the
northern part of north-eastern Brazil, owing to the most southward position of the ITCZ. In the
second semester of the year, its position is north of the equator because of the greater strength
of the south-eastern trade winds(HOUNSOU-GBO et al., 2015; NOBRE; SRUKLA, 1996).
Consequently, the ITCZ affects principally the region between 3 and 8°S during the first

semester of the year.

There is no major river discharge that could supply nutrients and lead to biological
activity; thus, the coastal region between 3 and 14°S is considered oligotrophic (CIOTTI;
GARCIA; JORGE, 2010). The primary productivity is restricted to the narrow and shallow
Brazilian continental shelf, in coastal river plume waters, and around the islands, for example,
the Saint Peter and Saint Paul Archipelago and the Fernando de Noronha Archipelago (DE
QUEIROZ et al., 2015; GASPAR et al., 2018; NORIEGA et al., 2015; SILVA et al., 2019).

The Chl-a concentrations are generally very low in the surface layers of the tropical
Atlantic, especially on the western border of the Atlantic Ocean (CLARK; REES; JOINT, 2008;
MAFALDA JR et al., 2009). The low nutrient concentration causes a limitation in the
productivity over much of the surface of the low-latitude ocean (MOORE et al., 2013).

Fig. 4- Climatological (2008-2020) maps of surface marine currents data for a) austral Summer (December-

January-February), b) Autumn (March-April-May), ¢) Winter (June-July-August), and d) Spring (September-
October-November), near to Brazilian coast between la latitudes 3° S and 14° S
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The relationship between the biological activities and fCO. is commonly analyzed
through of Chl-a (CARVALHO et al., 2017; FORD et al.,, 2022; ITO; SCHNEIDER,;
THOMAS, 2005; KITIDIS et al.,, 2017; LIUTTI et al., 2021; OLSEN et al., 2008;
RODENBECK et al., 2015). The high concentrations of nutrients stimulate blooms of
phytoplankton that reduce the fCO, because of the sequestration of inorganic carbon from
seawater, changing the CO2 flux at the air—sea interface (SIMPSON; ZIRINO, 1980; TORRES;
AMPUERO, 2009).

Previous studies by Padin ef al. (2010) and Kitidis et al. (2017) measured the Chl-a

concentrations in the South Equatorial Current region. The Chl-a concentration in both studies
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was low and always <0.2 mg m° (KITIDIS et al., 2017; PADIN et al., 2010). This also

confirms that biological activity is not a dominant process in this region.

The quarterly climatology of Chl-a from 2008 to 2020 made through satellite images has

confirmed the low concentrations in the region (Fig. 5). The Chl-a concentration averages 0.11

-3
+0.07mgm .
Fig. 5 — Quarterly climatology of Chlorophyll-a from 2008 to 2020
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Fig. 6 — Monthly distribution of fCO, from 3°S to 14°S in the Southwestern Tropical Atlantic, from 2008 to 2020
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Although the Chl-a concentrations are slightly higher in the northern part of the region
(Fig. 5), the concentrations remain very low. Despite these low concentrations, a certain
seasonal pattern in the distribution of Chl-a was observed, where the Chl-a concentrations were
relatively higher in the months from June to August than in months from December to February,
winter and summer respectively. The Chl-a distribution follows the seasonal pattern of the
distribution of fCO> (Fig. 6), and it may be another influence of the CO. concentration in the

study region, but the physical conditions have a strong influence on CO; (KITIDIS et al., 2017).

4.1.3.2. Variability of fCO, between 3°S and 14°S

The Fig. 6 shows the monthly distribution of surface fCO. collected by volunteer ships
between 3 and 14°S from 2008 to 2020. For each month, fCO> is higher north of 8°S than south
of it. Seasonal variations are superimposed on this north—south gradient of fCO., with higher
fCO2 values being observed in February—May and lower values in June—October.

The values of onboard and underway fCO»sw measurements show a significant latitudinal
gradient associated with seasonality of ITCZ, mainly in the region between 3 and 8°S, and
dynamics of SWTA marine currents (LEFEVRE et al., 2014; LEFEVRE; DIVERRES;
GALLOIS, 2010).

Similar cruises were undertaken from 2000 to 2008 by Padin et al. (2010) within the
Spanish FICARAM project that took advantage of ship tracks between Spain and the Antarctic
in boreal spring (March—April) and boreal autumn (October—November). During these cruises,
the difference in fCO; between the ocean and the atmosphere was 30 + 11 patm in March—April
and 24 £+ 11 patm in October—November, for the 2000-2008 period, in the South Equatorial
Current region defined between 1°N and 15°S (PADIN et al., 2010). Similar values were
observed from 3 to 14°S for the 2008—2020 period with a difference in fCO; of 37 £ 15 patm
in March— April and 19 £ 15 patm in October—November. Temperature and salinity were also
in agreement with the values reported by Padin ef al. (2010) in March—April and October—
November, being within the range of variability measured along the ship track. A source of CO>

occurs at these two seasons.

Cruises from the UK Atlantic Meridional Transect (AMT) program over the period of
1995-2013 also showed CO; over-saturation in boreal spring and autumn in the region 2°N—

15°S (KITIDIS et al., 2017).
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With many cruises every month, the France—Brazil line has highlighted the lower fCO>

values observed south of 8°S than north of 8°S (Fig. 6).

4.1.3.3. North-South Gradient

Because of the difference in data in the area around 8°S, in this section, we divided the
region into a northern subregion of 3—8°S (NS) and a southern subregion of 8—14°S (SS). In
both of them, the SST exhibited the same seasonal cycle and similar values, with higher
temperatures during austral summer and autumn, January to April, and lower temperatures
during austral winter and spring, June to November (Fig. 7a). In the NS, the mean annual SST
ranged from 26.7 to 29.0°C, with an average of 27.8 + 0.8°C. In the SS, it ranged from 26.4 to
28.9°C, with an average of 27.5 + 0.9°C. Despite the SST values in SS being slightly lower
than in the NS, there was no significant difference in SST (Mann—Whitney test, P > 0.05).

Fig. 7 — Monthly Variability of a) SST, b) Sea Surface Salinity, ¢) Fugacity of CO; in seawater and d) CO; Flux
in the northern region (blue line) and the southern region (red line), averaged over 2008 — 2020
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The SSS shows a clear difference between the northern and southern regions (Fig. 7b),

with a mean of 36.2 + 0.1 in the north and a mean of 36.8 =+ 0.1 in the south.
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In the NS, fCO2sw is maximum in March (426 patm) and minimum in July (399 patm). In
March, the ITCZ is south of equator and SSS decreases. As fCO, decreases with SST, the SSS

decrease contributes further to lower fCOa.

From 2008 to 2020, fCOasw varies from 378 to 450 patm in the northern subregion and
from 360 to 433 patm in the southern region. Despite this variability, the differences among the
monthly fCOzsw values in the NS and SS were statistically significant (Student’s t-test; P <
0.05). The latitudinal distribution of the CO> flux from 3 to 8°S showed CO. outgassing (Fig.

7d), with monthly values ranging from 2.37 mmol m day _ in April to 3.78 mmol m day " in

November. It is a strong source CO- to the atmosphere throughout the year with a mean of
3.14+0.52 mmol m day_l. The CO> flux in the southern region was much lower, averaging

0.93 + 0.90 mmol m day_l, with even a sink of CO occurring from July and August. It is

explained by the lowest fCO2sw measured at this time of the year in this region.

As high salinity and high SST lead to high fCOasw, the SST and SSS cannot explain the
differences between the northern and southern regions. In addition, the Chl-a concentrations
were too low to play a significant role. This suggests that the CO> content of the water mass
was the main factor responsible for the difference in fCO2sw between the two subregions. The
SSS gradient is explained by the two main surface currents, the cSEC and the sSEC. From 7°30’
to 25°S, the sSEC transports high salinity waters that can reach a salinty of 37-37.20
(WIENDER; ARHAN; MERCIER, 2000). Near the surface (0—100 m), the sSEC is a broad
current between 8 and 20°S near the coast of Brazil (RODRIGUES; ROTHSTEIN;
WIMBUSH, 2007).

The cSEC has low salinities, ~36 in this area (WIENDER; ARHAN; MERCIER, 2000).
In addition to the low salinity of the cSEC, the salinity decreases further by the proximity to the
ITCZ during the first semester, when the ITCZ is at its southern-most position. A salinity
minimum is observed in May in the northern region, consistent with the southern-most position
of the ITCZ (Fig. 7b). In the south, the monthly variability of SSS shows high values during
austral summer and autumn, followed by a decrease until August (austral winter). Although
rainfall causes chemical dilution and decreases fCO, (ASHTON et al., 2016; TURK et al.,
2010), this impact on the fCO> distribution is not strong enough to obtain similar values as in

the southern region.
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The north—south gradient observed on the fCOas distribution can be explained by the
origin of the water masses. The cSEC transports water from the eastern tropical Atlantic near
the Angola gyre, whereas the sSEC transports water from further south near the Benguela
current (Fig. 2a). Observations of fCOyw at a mooring location of 6°S, 10°W show values
higher than 400 patm from 2006 to 2013, except in June—August (LEFEVRE et al., 2016) and
a similar fCO; seasonal cycle as the one observed in the northern region. As the surface water
warms up during the transport towards the South American coast, the fCOasw increases with
SST (ANDRIE et al., 1986). This is consistent with the fCOasw measured in the northern region

at 3—8°S close to the Brazilian coast.

Using these cruises and other data from the SOCAT database, Monteiro et al. (2022)
studied the region between 5°S and 15°N. They defined the region under the NBC domain
(NBC-NECC) as a weak source of CO: to the atmosphere. However, their domain includes the
Amazon mouth, which explains the large variability of the mean salinity in this region, with a
value of 35.87 £ 1.26 (MONTEIRO et al., 2022). Our region at 3—8°S does not include the
Amazon influence; thus, surface salinity is higher and less variable with a mean of 36.2 + 0.1.

This explains why we find a stronger source of CO2 throughout the year.

The gridded pCO: data and the climatological mean pCO> product of Landschutzer et al.
(2020) highlighted the lower pCO2 values observed further south than in the cSEC where high
values have been observed from the Angola gyre and Gulf of Guinea to the Brazilian coast
(LANDSCHUTZER et al., 2020). There is further evidence of lower fCO2 in the SSEC from a
cruise between Cape Town (South Africa) to Arraial do Cabo (Brazil) in July 2015. Along this
transect, Orselli et al. (2019) reported CO> under-saturation with respect to the atmosphere. It
is consistent with the sink we observed in July—August between 8 and 14°S. Surface waters
transported by the sSEC have a lower CO> concentration than those of the cSEC, which explains
the north—south gradient observed here. The division between these two water masses occurs

near 8°S when the surface currents reach the Brazilian coast.

4.1.4. Conclusion

Using the onboard and underway fCOosw dataset collected by volunteer observing ships
in the SWTA from 3 to 14°S, we identified a north—south difference of fCO2sw, SSS and the
air—sea flux of CO; at about 8°S. In the northern region, at 3—8°S, the COz2 flux is higher than
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in the latitudes of 8—14°S. Both regions have low Chl-a concentrations and biological activity
does not play a significant role in explaining the CO> variations. The contrast between NS and
SS is explained by the origin of the water masses. In the northern region, there is a
predominance of the central branch of the South Equatorial Current (cSEC), that is fed by the
recirculation from the NECC/Guinea Current and the equatorial upwelling in the Gulf of
Guinea, transporting CO.-rich surface waters, warm with low salinities. Between 3 and 8°S, a

source of CO, was observed throughout the year, with values ranging from

2.37 mmol m day in April to 3.78 mmol m _day  in November. The southern region, at
8—14°S, includes surface waters transported by the southern branch of the South Equatorial

Current (SSEC). This current transports salty and warm waters of the Benguela Current.

The SS is a weaker source of CO> for the atmosphere, except in July and August, when it

is a small sink of CO2 of ~—0.55 mmol m dayfl. The north—south gradient occurs every month,
from January to December, with monthly values of SSS, fCO. and COz flux significantly lower
between 8 and 14°S than from 3 to 8°S. In both regions, the SST follows a seasonal cycle with
minimum temperatures in austral winter/spring and higher temperatures in austral autumn,
Continued monitoring of fCO> using autonomous measurements on ships of opportunity would

allow determining the trend of the CO- fluxes.
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4.2. ARTIGO 2 — AIR-SEA CO2 FLUX THROUGHOUT 2008 AND 2020 IN THE
SOUTHWEST TROPICAL ATLANTIC OCEAN ADJACENT TO THE
NORTHEAST OF BRAZIL (3°S TO 14°S)

4.2.1. Introduction

It has been estimated that about ~25% of total anthropogenic CO2 emissions are absorbed
through the ocean surface (FRIEDLINGSTEIN et al., 2022). However, the Tropical Atlantic
Ocean is considered the second oceanic source of CO to the atmosphere, after the Tropical
Pacific (TAKAHASHI et al., 2009). This characteristic can be explained by the CO2-rich waters
from equatorial upwelling in the Gulf of Guinea that are transported by recirculation from the
NECC/Guinea Current, with warm waters and low salinities, through the South Equatorial
Current (SEC) (GUIMARAES; MONTES; LEFEVRE, 2024; STRAMMA; SCHOTT, 1999;
TAKAHASHI et al., 2009). The ocean dynamics of the surface current system, coupled with
precipitation, also can add complexity into the CO> distribution in the Southwestern Tropical
Atlantic Ocean (SWTA) (IBANHEZ et al., 2015; JOHNS et al., 2021).

Furthermore, the sea surface CO> fugacity (fCOasw), its temporal variability, and spatial
distribution have not yet been comprehensively investigated in SWTA. Both the local
continental shelf, river discharge, biological activity, and the region's open ocean dominance

must be analyzed.

4.2.1.1. Trophic State of the Southwestern Tropical Atlantic Ocean Adjacent to

Northeastern Brazil

The coastal region of Northeastern Brazil (NEB, 3°S to 14°S), which encompasses the
SWTA, constitutes approximately 24% of its coastal territory. Geographically, it is
characterized as a passive continental shelf, as it receives relatively little continental runoff and
meets directly with the main current of this region, the Surface Equatorial Current (SEC,
KNOPPERS; EKAU; FIGUEIREDO, 1999). Between 3°S and 14°S, the major surface currents
are two branches of the SEC, the central branch (cSEC) and the southern branch (sSEC). South
of 14°S near the surface, the SSEC reaches the Brazilian continental margin and bifurcates. This
bifurcation has seasonal variability, reaching a southernmost position in July (~ 17°S) and
northernmost position in November, around 13°S (RODRIGUES; ROTHSTEIN; WIMBUSH,
2007). Northward, the sSEC contributes to the formation of the superficial portion of the
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complex North Brazilian Undercurrent/ North Brazilian Current (NBUC/NBC) system
(DOSSA et al., 2021; LUMPKIN; GARZOLLI, 2005; VELEDA et al., 2011). Southward, the
SSEC forms the Brazil Current (BC) (STRAMMA,; IKEDA; PETERSON, 1990).

The cumulative annual runoff of freshwater for the NEB is around
3345 m3 s, being the main annual discharge by S0 Francisco river with 2729 m® s?
(CARVALHO OLIVEIRA et al., 2018). However, despite the substantial volume of freshwater,
the inflow of freshwater along the coast is insufficient to maintain a detectable fraction of
freshwater along the coast due to tropical surface waters (TSW) and this discharge does not
advance beyond the Brazilian continental shelf. Consequently, most materials and essential
nutrients into adjacent marine primary productivity from river inputs exhibit a tendency to be
restricted to the narrow and shallow Brazilian continental shelf, in coastal rivers plume waters,
and around the islands, for example, St. Peter and St. Paul Archipelago and the Fernando de
Noronha Archipelago (DE QUEIROZ et al., 2015; GASPAR et al., 2018; NORIEGA et al.,
2015; SILVA et al., 2019).

These characteristics of riverine supply to lead the biological activity in the NEB
corroborate the classification of the SWTA region as oligotrophic (CIOTTI; GARCIA; JORGE,
2010). The low nutrient concentration causes a limitation in productivity over much of the low-
latitude surface ocean (MOORE et al., 2013). The surface layers on the western border of the
SWTA have had low Chlorophyll-a (Chla) concentrations (CLARK; REES; JOINT, 2008;
GUIMARAES; MONTES; LEFEVRE, 2024:; KITIDIS et al., 2017; MAFALDA JR et al.,
2009; PADIN et al., 2010).

Therefore, the processes that affect the fCOasw in the NEB are mainly physical-chemical
processes, such as variations in temperature, salinity, winds, and rainfall over the years
(GUIMARAES; MONTES; LEFEVRE, 2024).

Certain studies next to the NEB coast has been classified the area as a source of CO> for
the atmosphere, with seasonal variations (ARAUJO et al., 2019; CARVALHO et al., 2017;
GUIMARAES; MONTES; LEFEVRE, 2024; LEFEVRE et al, 1998, 2014). This
characterization arises from multiple factors, including the fact that it has waters of Tropical
Atlantic adjacent of NEB are oligotrophic (CIOTTI; GARCIA; JORGE, 2010; CLARK; REES;
JOINT, 2008; GUIMARAES; MONTES:; LEFEVRE, 2024; KITIDIS et al., 2017; MAFALDA
JR et al., 2009; PADIN et al., 2010).
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Additionally, the coastal region is influenced mainly the physical-chemical conditions
prevailing established and different atmospheric forcing (MUNNICH; NEELIN, 2005). In the
northern NEB, above approximately 5°S, the rainy season can be observed from February to
May, associated with the Intertropical Convergence Zone (ITCZ), which reaches its
southernmost position during March-April (DONOHOE et al., 2013; HASTENRATH, 2012;
HOUNSOU-GBO et al., 2015). In the eastern NEB, the rainfall regime occurs between the
months of April and July, and is strongly modulated by Easterly Waves Disturbances (EWD)
(GOMES et al., 2015; HOUNSOU-GBO et al., 2015). These EWDs are atmospheric
disturbances that propagate westward across tropical Atlantic, carrying significant amounts of
moisture to dry areas as they move. (GOMES et al., 2015).

Previous studies have also defined that in the westernmost region of the tropical South
Atlantic there is a South Atlantic Warm Pool (SAWP), which is characterized by a source of
heat and moisture, with well-defined seasonal patterns in terms of time and space, creating
atmospheric instability of weather systems for the NEB and adjacent ocean (SILVA et al.,
2021). These oceanic warm pools are regions with temperatures above 28.5°C. This is an area
of low annual thermal variability, but presents interannual anomalies. There is also an
intensification of atmospheric systems that cause rainfall on the east coast of the NEB (SILVA
etal., 2018).

The Pacific El Nifio teleconnection and the Atlantic Nifio are two phenomena that exert
a substantial influence over sea surface temperatures (SST) and sea surface salinity (SSS), are
the external cause of the rainfall variability in NEB until to a recorded maximum of 5°S latitude
(HASTENRATH, 2012; KOSEKI et al., 2023). During Atlantic Nifio are observed strong CO>
anomalies in Western Atlantic, there the CO2 outgassing is suppressed, induced by higher
precipitation during this phenomenon (KOSEKI et al., 2023).

All these physical-chemical conditions exhibit seasonal fluctuations that shape the carbon
dynamics of the NEB region. In addition, the great intensity of the winds (BONOU et al., 2016;
IBANHEZ; ARAUJO; LEFEVRE, 2016; KOSEKI et al., 2023; LEFEVRE et al., 2014, 2020)..

In this work, we used the regular underway CO, measurements made along the shipping
line from France to Brazil to document the CO- distribution from 2008 to 2020. The area studied
is between 3°S and 30°W, 14°S and 37°W, the ocean adjacent to the Northeast of Brazil.
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4.2.2. Methods and Data

An automated pCO- system, using infrared detection, described by Pierrot et al. (2009),
has been installed on the volunteer ships sailing from France to Brazil. Here, we focus on the
fCO> data recorded between 3°S and 14°S, illustrated by dashed lines in Fig. 1. seawater and
atmospheric fCO> measurements started from July 2008 to November 2020 (Table 1.

The volunteer ships have been equipped with a Seabird thermosalinograph SBE 21
recording SST and SSS.

The air-sea flux of CO2 (mmol m2 d?) is calculated using:

FCO2 = kS (fCO2sw— FCO2atm)

where Kk is the gas transfer velocity by Sweeney et al. (2007) calculated with the European
Centre for Medium-Range Weather Forecasts (ECMWF) wind field, S is the solubility of CO>
in seawater calculated using the formula by Weiss (1974). A positive flux of CO2 means a

source of COz to the atmosphere, and a negative flux means a sink of CO- to the atmosphere.

To analyze Sea Surface Temperature (SST) and compare it with data collected by the
thermosalinograph, the monthly average of SST was obtained by satellite images produced
from MODIS/Aqua Water Reservoir Monthly L3 Global VV061. All data were downloaded for
the same sampling period as fCO> (2008-2020). SST anomalies and monthly precipitation were

computed for this period and for the two sub-regions divided by Guimaraes et al. 2024.

The daily wind speed was obtained by Windsat data produced by Remote Sensing Systems
and sponsored by the NASA Earth Science MEaSUREs DISCOVER Project and the NASA
Earth Science Physical Oceanography Program. RSS WindSat data are available at

WWW.remss.com.

To analyze the precipitation, the Global Precipitation Climatology Project (GPCP) monthly
data sets were used. The GPCP data were available from 2008 to 2020.

Figure 1 - Map of the Southwestern Tropical Atlantic with all cruise tracks with underway CO, measurements and
schematic representation of mean currents and edgy generation between 3° S—14° S and 40° W — 30° W (Northeast
Brazilian coast). Surface currents in in solid line and subsurface currents in dashed line (Adapted from Guimardes
et al., 2024).
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Table 1 - Summary of Data Collected on Cruises in the Southwestern Tropical Atlantic. The merchant ship is
identified for each voyage: MO — Monte Olivia Ship; RB — Rio Blanco Ship; SC — Santa Cruz Ship; and SL —

Cap San Lorenzo.

Number Data points Months
Year m;;:;';;'s (&ﬂéi?gez?;) Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
2008 6 3,517 MO MO MO MO MO
2009 6 4,052 I\(;I MO MO MO RB
2010 14 9,590 RB RB RB RB RB RB RB RB RB RB RB
2011 6 5,190 RB RB RB RB RB
2012 4 3,202 SC SC SC
2013 2 1,457 SC
2014 3 2,494 SC SL SL
2015 9 7,825 SL SL SL SL SL SL SL SL SL
2016 6 4,666 SL SL SL SL SL
2017 8 6,194 SL SL SL SL SL SL SL SL SL
2018 5 4,152 SL SL SL SL SL
2019 9 7770 SL SL SL SL SL SL SL SL SL
2020 1 802 SL

Normality of the data was assessed using the Lilliefors test, an adaptation of the

Kolmogorov-Smirnov test. The results indicated that none of the datasets followed a normal

distribution, as the p-values for all tests were less than 0.0001 (p(normal) = 0.0001). After that,

the Kruskal-Wallis test was applied, in order to perform the variance analysis between periods

with CO; flux for the both subregions. The annual trend analysis of data was performed using
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linear regressions. Mann-Kendall test was used to verify the temporal variations significance
(o = 0,05). The Spearman correlation was performed to assess the relationship between the
collected CO; flux with SST and SSS.

4.2.3. Results and Discussion
4.2.3.1. Time Evolution of fCO2 in Complex System of Currents

The time evolution of seawater fCO> and atmosphere fCO, at 3°S-14°S exhibits an increase
from 2008 to 2020 (Figure 2). The volunteer ships cross complex systems of currents along its
track from 3°S to 14°S (Figure 1). Close to the NEB, the main current is the South Equatorial
Current (SEC). The sSEC and the cSEC are the major surface currents found in this area
(AMORIM et al., 2013; PEREIRA et al., 2014; STRAMMA; ENGLAND, 1999). They are
affected by the seasonal variability of the winds.

According to Guimarées et al. (2024), there is a difference in pCO. data in the area around
8°S, and they divide the SWTA adjacent NEB into a northern subregion 3°S-8°S (NS) and a
southern subregion 8°S-14°S (SS). The Kruskal-Wallis test showed significant differences for
all measured parameters (p < 0.001) among subregions. This division was observed due to the
main system of current to the region, the SEC and its branches sSEC and cSEC by Guimaraes
et al. (2024). Therefore, the monthly evolution of fCOasw has been represented by both

subregions.

From 2008 to 2020, fCO2sw varied from 355.0 to 458.0 (411.0 £ 15.6) patm in the NS,
presenting a significant time trend (Kendall’s tau = 0.352; p < 0.001). The temporal trend was
also significant (Kendall’s tau = 0.351; p < 0.001) in SS, ranging and from 360 to 433 (391.0 +
16.3) patm. For fCOazatm, a significant trend also was showed (Kendall’s tau = 0.820; p < 0.001)
in the NS, ranging from 364 to 397 (379.0 = 9.0) patm. To the SS, there was also a significant
trend (Kendall’s tau = 0.812; p < 0.001), with the fCO2am varying between 366 and 396 (380.0
+9.2) patm.
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Figure 2 - The time evolution of seawater fCO; (a) and atmosphere fCO, (b) measured by merchant ships at 3°S-

14°S from 2008 to 2020.
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In both regions, the seasonal fCOasw Vvariability (Figure 3) is mainly explained by the

temperature variations and its seasonal cycle (Figure 4), with minimum values in austral winter

(July — August) and maximum values in austral summer-autumn (March — April).

In the NS (Figure 3a), there is a seasonal variability. Considering seasonal variability, it
was observed a significant difference (p <0.001) in fCOasw Vvalues in both subregions.
Specifically, an anomaly in fCO2sw Was observed in March 2010, where the fCOasw distribution
exhibited higher values in 2010 compared to 2009, 2011, 2015, and 2017 (Figure 3). During
the same period, the highest SST values were recorded relative to other years (Figure 4a), which

can help to understand this rise in COo.
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Figure 3 - Monthly Distribution of fCOas, for each year, from 2008 to 2020, divided into northern sub-region (3°S
— 8°S) and southern sub-region (8°S — 14°S). The monthly average was calculated for each day collected in the
month of the year and each dotted line color represents a collected year. Red line represents the monthly variability
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In SS sub-region, seasonal variability is also present. However, the fCO2sw anomaly
observed in March 2010 in the NS is not present here. Instead, it is possible to observe elevated
fCO2sw values between February and June in 2019 when compared to other years (Figure 3b,
SM1, Supplementary Material). The average temperature of the months of 2010 for NS is higher
than the average temperature of the same months of other years, disregarding the months of
February and April 2019. The highest SST values were recorded for the same period (Feb-Jun)
in 2019 in relation to the other years (Figure 4b). The SSS values during the same period in
2019 were similar to those of other years, suggesting that SSS could not explain this anomaly
in the fCOasw values for that year. Therefore, the high SST values provide a better explanation

for the increase in fCOxgw.

South of 8°S, the water is influenced by sSEC. The variability of fCOasw in the SS sub-
region shows a minimum value in August of around 360 patm and a maximum value in April

of around 430 patm (Figure 3b), which corresponds to the seasonal variations of the SST.
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Figure 4 - Monthly Mean of Sea Surface Temperature (SST) measured by volunteer ships from 2008 to 2020
divided in northern sub-region (3°S — 8°S) and southern sub-region (8°S — 14°S). The monthly average was
calculated for each day collected in the month of the year and each dotted line color represents a collected year

w
(=]

3°8 - 8°8

"]
[{<]

N

o

B
¥

N
~

N
(o]

Sea Surface Temperature (T °C)

]
[&)]

pS =t

Feb

[
]
3

May Jun Jul

w
o

[ [
[ec] «©
3 o

8°S - 14°8

N
~

Sea Surface Temperature (T °C)

1= © =2008 — © — 2009 - -2010 5

- ©-2011 - ©-2012 2013 ] ——
- @-2014 - 8 —2015 2016 G - -

261 2017 2018 2019 ©--= T
- @ = 2020 Climatology

25 | L L 1 | | 1 1 L 1

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Source: The author (2024).

4.2.3.2. Latitudinal Distributions of fCO2sw

The fCOasw Varies between

375 and 442 patm from December to February, between 374

and 458 patm from March to May, between 355 and 435 from June to August, and between

361 and 453 patm from September to November. Higher fCO> values are measured from 3 to

8°S, whereas lower fCO» values

are measured from 8 to 14°S (SM1, Supplementary Material).

The sSEC flow varies seasonally, but at approximately 8°S, where the sSSEC bifurcates its

waters contribute to form Brazil

Current (BC) to the south and the North Brazil Current (NBC)

to the north (PEREIRA et al., 2014). Analyzing the fCO> data above 8°S, it was possible to

notice that all values are above 380 patm. This high CO2 observed above 8°S can be explained

by equatorial upwelling in the Gulf of Guinea, which transports CO.-rich surface waters, warm
with low salinities (GUIMARAES; MONTES; LEFEVRE, 2024; TAKAHASHI et al., 2009).
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Using CO> observations of the merchant ships Monte Olivia and Rio Blanco (from 2008 to
2011) along the France-Brazil line, Lefevre et al. (2013) discussed the anomalous warming of
2010 and its impact on the CO; flux. They observed high fCO2sw values in early 2010, between
approximately 8°S and 8°N, during the boreal spring (March) and concluded that a northward
shift of the ITCZ position and a reduction of precipitation in 2010 were associated with the
higher fCO> observed in this year, where the 2009 El Nifio contributed to this pattern.
Lefevre et al. (2013) identified an anomalous position of the ITCZ after the 2009 El Nifio in the
Pacific Ocean, that remained further north in March 2010, reducing rainfall in the Tropical
Atlantic, which is mainly responsible for the increase in sea surface salinity (AWO et al., 2018;
IBANHEZ; FLORES; LEFEVRE, 2017; LEFEVRE et al., 2013).

Extending the observations by Lefevre et al. (2013) with the data used in this study, from
2008 to 2020, we compare the year-to-year variability between 3°S and 8°S for the same period
to complement the data described by Lefévre et. al (2013). The fCOasw distribution shows higher
values in March 2010 into NS than in other years for the same month, with values reaching 460
patm (Figure 5). It can be noticed that there is a strong fCO2sw anomaly, particularly pronounced
between 3°S and approximately 8°S, followed by an abrupt drop in its values around 8°S,
obtaining values close to 400 patm. In May 2010, the elevated levels of fCOasw persisted with
values close to 450 patm. However, in May 2011, it was less than 390 patm, and in the same
month in 2012, 2015, and 2019, the fCO2sw showed values below 420 patm. From June 2010,
there is a normalization of fCO2sw values, closely with in other years. The previously notable
CO2 anomaly dissipates and is no longer visible.
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Figure 5 - Distribution of the fCOus as a function of latitude along the March of each year with data. 2009, 2010,
2011, 2015 and 2017

460 T T T T T
450 f | ——— fCO, , 2009 .
fco,,,, 2010
SW
440 + fCOZSW 2011 -
fco,_ 2015
_ 2sw
E 0! fco,, 2017
X
3
v
e 420
|73
(o]
o
& 410
400
390
380 1 1 1 1 1
-14 -12 -10 -8 -6 -4

Latitude

Source: The author (2024).

In the southern region (8°S to 14°S), the fCOzsw in 2010 was similar to the fCOasw recorded
in other years (Figure 1). However, it was observed that for the month of April 2019, there were
higher values than in other years starting from 8° S. While in the years in which the month of
April was analyzed (2009, 2010, 2011, 2013, 2015), the fCOzsw values were between 380 and
410 patm, for April 2019, it was close to 440 patm, as can be seen in Figure 3.

4.2.3.3. Latitudinal Distributions of SST, SSS and Wind Speed

Our data showed that the highest SSTs occur over the years in the first months of the year
(Figure 4). There is no significant difference in SST from one year to another and from
subregions, with the exception of SST satellite data for the year 2011 (Figure 6), where its
highest SST did not reach 28° C for both sub-regions.

According Boening et al. (2012), in 2010/2011, after EI Nifio condition 2009/2010, there
was a La Nifia that was the strongest ENSO cold event in the past 80 years. The studies by Silva
et al. (2018) also showed that in June 2010 the SWTA region was influenced by heavy rainfall

and the SAWP, in turn, recorded anomalous values of + 1°C, significantly influencing the
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instability of meteorological systems. It was also observed in this study that warmer
atmospheric conditions cause the oceanic environment to remain warmer, maintaining unstable
conditions over the SAWP. Thus, SST anomalies and their interactions can be explain the
difference of the pattern of satellite images of SST in Figure 6, which also affected precipitation
patterns on the world (BOENING et al., 2012; SILVA et al., 2018)

Using a combination of SST data measured in situ by ships from 2008 to 2020, and satellite
images of SST, for the same time interval (Figure 6), it was possible to characterize the annual
patterns of SST for the study area. There was a similarity in the data, further corroborating the
robustness of the data collected. The difference of SST data in situ and satellite SST is directly
related to the wind speed and net air-sea heat flux (EMERY, 2015). However, is notably that

the seasonal variability is stronger than the interannual variability.

Utilizing the dataset, the amplitude of the seasonal cycle of SST was calculated and was
approximately 2.32° C to the NS subregion and 2.45° C to the SS subregion. According to
Guimardes et al. (2024), in the NS sub-region, the mean annual SST ranges vary from 26.7 to
29.0° C, and in the SS sub-region, it ranges from 26.4 to 28.9° C. There is no significant
difference in SST from 3°S to 14°S (SM2, Supplementary Material).

For the data series collected in situ and satellite images; changes can be observed in the
SST satellite image data from 2011, where the SST was below 28° C, a lower annual
temperature peak than in other years. The 2019 SST was the annual temperature peak for the
data series collected in situ and satellite images, and it was close to 30° C, a record for the data

series.

An SST anomaly was observed from 2010 to 2011 in both subregions (Figure 7). A strong
La Nifia condition in 2010/2011, after a strong El Nifio condition (2009/2010), and the
instability of meteorological systems influenced by SAWP temperature, may explain this SST
anomaly for that year, as it affected weather patterns worldwide (BOENING et al., 2012;
SILVA et al., 2018, 2021). This analysis of SST satellite images follows the dataset collected

by volunteer ships for both subregions.



67

Figure 6 - Combination of SST data measured in situ by ships (blue points) and satellite images of SST (red line),
from 2008 to 2020 divided in northern sub-region (3°S — 8°S) and southern sub-region (8°S — 14°S)
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Figure 7 - SST anomaly by satellite image data from 2008 to 2020
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About the distribution of SSS, Guimaraes et al. (2024) showed that there was a clear
difference between the NS and SS sub-regions with a mean of 36.2 + 0.1 in the north and a
mean of 36.8 + 0.1 in the south (GUIMARAES; MONTES; LEFEVRE, 2024).

The distribution of SSS exhibits important differences between sub-regions (SM3,
Supplementary Material). As can be seen in Figure 9 and SM3, most of each year's monthly
average of data collected for NS sub-region is below 36.5. As for SS sub-region, the monthly
average collected for each year is above 36.5. Between 3° and 8° S, from January to May, the
salinity decreased all the years except 2010; in this same period, there were no low salinity
values (Figure 9). This decrease in salinity, followed the highest SST, can be explained by
precipitation under the presence of the ITCZ until 5°S (AWO et al., 2018; LEFEVRE et al.,
2013), which is generally located further south of the equator at this time of year (MOURA,;
VITORINO, 2012), the presence of Atlantic Nifio that causes an increase of precipitation in
western basin of Tropical Atlantic (KOSEKI et al., 2023), and the NEB precipitations well
correlated with the positive SST anomalies (MOURA et al., 2009).

About the daily wind speed at 10 m presents a regularity pattern, but with a visible seasonal
pattern (Figure 8). It means in the NS of 7.55 + 1.24 m s and SS 7.34 + 1.28 m s over 2008-
2019. Itis observed that lowest wind speeds are in the first semester of each year and the highest

wind speed in the second semester.

Figure 8 - The daily wind speed at 10 m by WindSAT from 2008 to 2020 at North subregion (3°S — 8°S) and South
subregion (8°S — 14°S).
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4.2.3.4. Impact on the Air-Sea Flux of CO>

Guimaraes et al. (2024) showed that the latitudinal distribution of the CO> flux in the NS
as a strong source CO- to the atmosphere through-out the year with a mean 3.14 + 0.52 mmol
m2 day. In the SS, the CO; flux averaging 0.93 + 0.90 mmol m2 day* with even a weak sink
of CO. occurring July (-0.47 mmol m? day?) and August (-0.51 mmol m? day?)
(GUIMARAES; MONTES; LEFEVRE, 2024).

Table 2 provides the mean values of the air-sea CO> flux in the region from 3°S to 8°S
(NS) and from 8°S to 14°S (SS). The data encompass a temporal range from 2008 to 2020, with
some lack of data. In NS, the Spearman correlation between the CO. flux with SST and SSS
was -0.232 and 0.317, respectively. Both with a p < 0.001, indicating a statistically significant
negative association to SST and positive to SSS. It was observed that the average CO; flux
values in the NS were higher to February (4.42 mmol m 2 d 1), March (4.31 mmol m 2d 1),
April (3.65 mmol m 2 d 1) and May (3.79 mmol m?2d 1) in 2010, if compared to other years
within the same period. There is a strong contrast when compared to the flux values measured
in the following year, 2011. In this year, the mean CO; flux from February to May were

substantially lower, with values 1.50, 2.10, 1.51 and 1.87 mmol 2 d 2, respectively.

These values showed a positive CO2 anomalies in 2010 and 2011 caused for climatic
events. Previously, in 2009 and 2010, there was EI Nifio event in Pacific Ocean that displaced
to north of normal position the Atlantic ITCZ (BOENING et al., 2012; LEFEVRE et al., 2013).
This anormal position of ITCZ contributes to a lower rainfall in northward of NEB and
increasing the drought of this region with high SST. Another climatic event is the warm pool
in June 2010 with the warming of SST with anomalies temperatures above 1°C and extreme
rainfall events (SILVA et al., 2018, 2021).

The 2009/2010 EI Nino event was followed by a La Nifia event in 2010/2011 (BOENING
et al., 2012). This transition between these climatic events had an impact on the position of the
ITCZ, SST, SSS, wind speed and in the rainfall regime.

According the Oceanic Nifio Index (ONI), a measure of El Nifio-Southern Oscillation, the
years 2015-2016 were period marked by an El Nifio event. Unfortunately, there iso a lack of
data of pCO; that were not collected for this period. Therefore, there is no way to discuss

anomalies for these years.
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. In SS, the Spearman correlation between the CO> flux with SST and SSS was 0.697 and
0.041, respectively. Both with a p < 0.001, indicating a statistically a strong significant positive
association to SST and weak positive to SSS. It was observed that SS values are below NS,
with average values below of 2.75 mmol 2 d ** (May 2017), becoming negative for part of the

year, between July and September, with negative maximum of -1.57 mmol 2 d 2, in July 2008.

Table 2 - Mean CO; Flux (mmol m? d*) between Northern Subregion (3°S — 8°S) and Southern Subregion (8°S
— 14°S) from 2008 to 2020.

3°-8°S

Year Months

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
2008 1.08 218 296 3.30 3.03
2009 3.03 340 259 1.62 3.42
2010 3.60 4.42 431 365 379 344 295 427 321 292 335
2011 150 210 151 187 1.88
2012 3.03 315 403 3.04
2013 2.60
2014 4.03 3.42 3.73
2015 287 250 332 248 340 259 327 3.06 3.63
2016 3.48 375 4.04 445 4.48
2017 3.86 3.37 3.19 219 230 228 3.73 382 424
2018 395 216 258 465 4.69
2019 2.92 184 213 246 267 224 265 238 3.73
2020 451

8°-14°S

Year Months

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
2008 -1.57  -1.17 0.01 1.72
2009 1.81 153 144 142 1.16
2010 138 117 193 127 128 082 -033 -1.05 -033 041 1.07
2011 110 218 154 0.70 -0.85
2012 0.25 -0.04 0.25 -0.06
2013 1.92
2014 1.40 1.27 1.68
2015 132 104 140 -029 -023 063 019 038 0.88 1.11
2016 0.83 -0.29 0.08 086 1.11 251
2017 2.03 2.00 2.09 275 050 -0.54 032 -0.06 1.17
2018 -0.05 -0.27 058 141
2019 2.24 211 174 183 027 -106 -0.76 -0.27

2020 1.88




71

2.1.1.1.Impact of SST and SSS on the Interannual Distribution of Fugacity of CO;

In the Tropical Atlantic, the variability of fCO, is affected by temperature and salinity
changes (LEFEVRE et al., 2014). A strong CO; undersaturation in Western Tropical Atlantic
has been observed in the regions influenced by large freshwater input from the Amazon River,
where there is also a high dynamic of precipitation associated with the southernmost presence
of the ITCZ in the austral summer-autumn (IBANHEZ et al., 2015; LEFEVRE et al., 2013,
2017; LEFEVRE; DIVERRES; GALLOIS, 2010; MONTEIRO et al., 2022; MU et al., 2021).

However, the western region of the tropical Atlantic analyzed in this study does not cover
the Amazon region, and it is influenced by the ITCZ in the NS sub-region until 5° S. South of
5°S the eastern of NEB is influenced by the SAWP, which comes from Africa, providing
rainfall in the opposite period to the ITCZ, between March and August being considered a
strong CO> oversaturation that is fed by the recirculation of the NECC/Guinea Current and the
equatorial upwelling in the Gulf of Guinea, carrying warm, CO»-rich surface waters with low
salinities. The SS is a weaker source of CO3, except during within July and August, being a
small sink of CO». This subregion is fed by salty and warm waters of the Benguela Current
transported by the SSEC (GUIMARAES; MONTES; LEFEVRE, 2024; LANDSCHUTZER et
al., 2020).

As shown in Figure 9, the distribution of SSS between February and May of 2010 stands
out with important differences compared with other years, and the distribution of SSS between
February and May of 2010 stands out with important differences compared with other years in
the NS sub-region. The distribution of CO2 Flux shows higher values from February to May in
this same year than other years for the same season, influenced by strong fCOzsw anomaly in
this region. In addition, the monthly variability of SST for each year doesn’t show an increase
in temperature in surface water that can identify its influence on the 2010 anomaly. Thus, the
increase in SSS, due to the anomalous position of the ITCZ, which increases in the January-
May period, may explain the high values of fCO2sw observed for March 2010. So, the SSS is

the main factor associated with the CO. anomalies until May 2010.
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Figure 9 - Monthly Mean of Sea Surface Salinity (SSS) measured by volunteer ships from 2008 to 2020 divided
into northern sub-region (3°S — 8°S) and southern sub-region (8°S — 14°S)
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2.1.1.2. Precipitation in the Study Area

Precipitation in the Atlantic Ocean adjacent in the NEB is influenced by a combination
of global and regional climate factors, which can vary throughout the year and influence rainfall
distribution. In our study we have already mentioned the main factors that influence this
regional precipitation and how they can influence the variation in the CO2 flux.(AMORIM,;
CHAVES; SILVA, 2014; BOENING et al., 2012; KOSEKI et al., 2023; SILVA et al., 2018;
SOUZA; CAVALCANTI, 2009).

With the GPCP precipitation data, it was possible to analyze the seasonal variation of
rainfall for the entire study area, also separating it into NS and SS from 2008 to 2020
(Figure 10).

For NS, there is an increase in this amount of rainfall in the first months of each year.
Except for the year 2010, when there is an anomaly that can be explained by the EI Nifio
condition of the following year (GUIMARAES; MONTES; LEFEVRE, 2024; LEFEVRE et
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al., 2013). And in 2011, there was a peak in rainfall due to the 2011 La Nifia condition, which
was followed by the El Nifio of the previous year (BOENING et al., 2012).

Figure 10 - The precipitation anomaly and daily precipitation by GPCP from 2008 to 2020 at North subregion (3°S
— 8°S) and South subregion (8°S — 14°S).
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The precipitation patterns observed in the SS are closely linked to the SAWP. This
connection is essential to understanding the occurrence of extreme precipitation events,
particularly in the eastern portion of the NEB. In this area, heat and humidity serve as the
primary mechanisms responsible for generating the necessary water vapor that fuels extreme

rainfall events (SILVA et al., 2018).
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In June 2010, the eastern NEB was influenced by intense rainfall and increased SST
during this period, with positive anomalies exceeding 1°C (SILVA et al., 2021). In contrast, the
situation changed drastically in early 2012. During this time, a severe drought affected the
whole NEB, reducing notably the rainfall. Silva et al. (2021) highlight that this period coincided
with negative SST anomalies in the SAWP, reaching values as low as -0.5°C.

The contrasting SST anomalies in 2010 and 2012 underscore the significant influence that
the SAWP has on the regional climate, particularly below the latitude of 5°S. As seen in Figure
10, the area south 8°S is particularly sensitive to the variations and instabilities with the SAWP
and associated meteorological systems.

2.1.2. Conclusion

The CO> data collected by merchant ships shows us the distribution of this CO2 during
12 years (2008-2020) of data collection, within of 3°S and 14°S adjacent NEB. This is yet
another study that shows the influence of the Pacific EI Nifio/La Nifia teleconnection on the

Tropical Atlantic Ocean.

It was possible to notice an anomaly in the distribution of CO. in some years due to the
El Nifio and La Nifia phenomena that influence the position of the ITCZ in certain periods of
the year and it influence the rainfall regime and the variability of SST and SSS. In 2010, a
northward shift of the ITCZ position was associated with a reduction of precipitation.
Therefore, there was an increase of air-sea CO: flux observed in austral summer and autumn
between 3°S and 8°S.

The lack of data in some uncollected months raises doubts about the distribution of CO»,
but continuous monitoring of CO2 not only in this area but in coastal areas can help in

documenting and investigating the variability of CO. flux.
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2.1.3. Supplementary Material

SM 1 - Distribution of the fCOasy as a function of latitude along the different months of the years 2008, 2009 (red), 2010 (blue), 2011, 2012, 2013, 2014, 2015 (cyan), 2016
(magenta), 2017 (green), 2018 (yellow), 2019 (black) and 2020 for months from January to December
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SM1 (continuation) — Distribution of the fCO; as a function of latitude along the different months of the years 2008, 2009 (red), 2010 (blue), 2011, 2012,

2013, 2014, 2015 (cyan), 2016 (magenta), 2017 (green), 2018 (yellow), 2019 (black) and 2020 for months from January to December
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SM 2 - Distribution of the Sea Surface Temperature as a function of latitude along the different months of the years 2008, 2009 (red), 2010 (blue), 2011, 2012, 2013, 2014,
2015 (cyan), 2016 (magenta), 2017 (green), 2018 (yellow), 2019 (black) and 2020 for months from January to December
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SM2 (continuation) - Distribution of the Sea Surface Temperature as a function of latitude along the different months of the years 2008, 2009 (red), 2010 (blue), 2011, 2012,
2013, 2014, 2015 (cyan), 2016 (magenta), 2017 (green), 2018 (yellow), 2019 (black) and 2020 for months from January to December.
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SM 3 - Distribution of the Sea Surface Salinity as a function of latitude along the different months of the years 2008, 2009 (red), 2010 (blue), 2011, 2012, 2013, 2014, 2015
(cyan), 2016 (magenta), 2017 (green), 2018 (yellow), 2019 (black) and 2020 for months from January to December.
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SM3 (continuation) - Distribution of the Sea Surface Salinity as a function of latitude along the different months of the years 2008, 2009 (red), 2010 (blue), 2011, 2012, 2013,
2014, 2015 (cyan), 2016 (magenta), 2017 (green), 2018 (yellow), 2019 (black) and 2020 for months from January to December
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5.  CONSIDERACOES FINAIS

Este estudo apresentou a distribuicdo da fugacidade do CO> da &gua do mar (fCOasw), da
fugacidade do CO; atmosférico (fCO2am) € do fluxo de CO> proximo a costa do Nordeste do
Brasil, entre 3°S e 14°S. Foram utilizadas observacbes coletadas por navios mercantes
equipados com um sistema autbnomo de pCO.. Esta anélise preenche uma lacuna importante
nos estudos e melhora as séries temporais de observagGes de CO, em todo o mundo,

especificamente no Atlantico Tropical Sudoeste (SWTA) adjacente ao Brasil.

No primeiro artigo, foi possivel observar uma significativa diferenca na regido,
mostrando um contraste entre uma parte norte (NS), 3°S—8° S, onde o fluxo de CO2 e a fCO2sw
sdo maiores do que na parte sul (SS), 8°S — 14°S. Foi observado que este contraste entre NS e
SS deveu-se, principalmente, as diferencas nas correntes superficiais em cada area. A Sub-
regido Norte ¢ influenciada pelo braco central da Corrente Sul Equatorial (cSEC). Esta corrente
é alimentada pela recirculacdo da NECC/Corrente da Guiné e pela ressurgéncia equatorial no
Golfo da Guiné, explicando os valores mais elevados de fCO2sw comparados a Sub-regido Sul.
Esta ultima é influenciada pelo braco sul da Corrente Sul Equatorial (SSEC), que contém a
Salinidade Maxima da Agua (SMW), superior a 36,6, sugerindo que a fCOasw € 0 fluxo de CO;
sdo efeito da Salinidade da Superficie do Mar.

A diferenca de regifes também foi destacada através da atuacdo do Atlantico Tropical
Sudoeste, onde a NS apresentou ser uma forte fonte de CO, para a atmosfera, corroborando
para as hipoteses iniciais. Destacou-se também a parte SS sendo considerada uma fonte mais
fraca de CO2 e com periodo de Julho a Agosto como uma regido de fraco sumidouro de COg,

com valores negativos do seu fluxo.

No segundo artigo, foi possivel observar a evolugdo temporal dos parametros de CO2 em
um sistema complexo de correntes maritimas superficiais juntamente as variacdes anuais da
Temperatura da Superficie do Mar (TSM) e da Salinidade da Superficie do Mar (SSM). Foram
destacadas as anomalias do CO; a partir das mudangas de posi¢do da Zona de Convergéncia
Intertropical, influenciadas pelos fendmenos de El Nifio, La Nifia e Atlantic Nifio na regido mais
ao norte do Nordeste brasileiro (até 5°S), e o fendmeno de South Atlantic Warm Pool (SAWP),
como influenciador do oceano Atlantico adjacente ao leste da regido Nordeste. Esse artigo

também observou o impacto da TSM e SSM na distribuicdo interanual da fCOazsw.

Através desse estudo, pode-se destacar que ha uma tendéncia ascendente no CO;

atmosférico e no fluxo de CO> de 2008 a 2020, que esta ligada ao aumento do CO> na agua do
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mar. Existem variabilidades sub-regionais e sazonais significativas nas distribui¢des de fCOasw,
fluxo de COz e fCO2am das &guas superficiais no SWTA. Os padrdes forneceram a base para

identificar processos ligados a latitudes mensuraveis.

Estas informag0es sdo importantes para a compreensao da variabilidade tempo-espaco da
pCO- na regido do oceano Atlantico Tropical Sudoeste, adjacente a regido Nordeste do Brasil
e para o planejamento de futuras investigacdes de campo proximas as regides costeiras. Para
tanto, sdo necessarios mais cruzeiros pela costa brasileira para identificar lacunas de dados e
incertezas sobre fCO- e coletar amostras de agua para analisar Carbono Inorganico Dissolvido
(DIC) e Alcalinidade Total (TA), a fim de aprimorar os estudos do ciclo do carbono.
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measures pCO,; while the vessels were underway. Key results. Higher values occurred north of 8°S
than in the region south of 8S. The north is astrong source of CO,; for the atmasphere, with an
annual mean value of 31 + 052 mmol m™* day™! The south is a weaker source of CO 4, with an
annual average of 093 + 0.90 mmol m™ day™" In the months of July and August, a wesk sink of
CO; was observed, with a mean of —055 mmol m™ day™". Conclusions and implications. The
differences between these two regions are explained by the origin of the suface-water mases
encountered along the hip track The central branch of the South Equatorial Curent (SEC)
transports surface water, with a higher CO, concentration and lower salinity, north of 8°S
whereas the surface waters between 8 and 14°S come from the southemn branch of the SEC. The
intertropical convergence zone is another physical process influencing the region north of 85
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Introduction

The carbon dioxide (CO2) distribution in the ocean shows a large spatial and temporal
variability. Ocean-atmosphere exchanges are very dynamic and controlled by physical,
chemical and biclogical processes (Takahashi e al. 2002, 2009).

Effortshave been made to determine the temporal evolution of surface seawater CO2z and
sea—air 002 fluxes. Recently, more studies have been conducted on the CO; distribution in
the westem tropical Atlantic (Lefévre et al. 2010, 2014, 2020; Ibénhez et al. 2015; Bonou
et al 2016; Moussa et al 2016; Carvalho et al. 2017; Araujo et al. 2019; Monteiro et al
2022). Nevertheless, few studies exist on the seasonal and spatial variability of CO2
fluxes south of the equator next to Brazilian coast (Lefdvre et al 2010, 2014; Carvalho
et al. 2017; Cotovicz et al. 2020).

The south-western tropical Atlantic (SWTA) region is oligotrophic (Takahashi et al
2009; Lefévre ef al. 2010; Silva et al. 2019) and characterised by wamm surface waters
The coastal ecosystems of north-eastern Brazil have a limited spatial extend to
significantly alter the carbon chemistry of the SWTA (Chen eral 2013; De Queiroz et al

Regonal diferences in thear<ea CO, .  2015; Norlega et al. 2015; Silva et al. 2019).

Batween 3 and IS in he soutrwesiem
rogal Alnte. Mafne and Fedwater

The intertropical convergence zone (ITCZ) is a physical process that influences the
balance of evaporation—precipitation in this region (Pailler et al 1999; Stramma and

Resach TS, MPRTE. dMITVMAITE oot 1999; Assungio et al 2020). The ITCZ explains the low salinities in the North

Equatorial Counter Cumrent (NECC) and affects the fluxes of CO2 between the ocean and
the atmosphere (Ibdnhez er al. 2022).

Previous coastal-budget studies have shown that there are almost no dataon the tropical
South Atlantic (Larvelle et al. 2014). There isuncertainty over the Q02 distribution in these
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