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RESUMO 

 
Na borda sudoeste do Oceano Atlântico tropical, caracterizada como oligotrófica, há áreas 

consideradas oásis, representadas pelas ilhas, atóis e montes submarinos. Os gradientes 

horizontes e verticais de velocidade induzidas a margem dessas feições geológicas promovem 

o aumento da turbulência e da biomassa do fitoplâncton próximas a elas, podendo alterar o 

sistema carbonato. O objetivo deste estudo é descrever a variabilidade vertical e interanual do 

sistema carbonato em torno do Arquipélago de Fernando de Noronha (AFN) e verificar como 

o processo de Efeito Ilha (EI) pode influenciar na sua distribuição. Dois transectos em lados 

opostos foram estabelecidos em torno do AFN de acordo com a direção do ramo central da 

Corrente Sul Equatorial. Amostras de água foram coletadas em julho de 2010, setembro de 

2012 e julho de 2014, da superfície até os primeiros 500 m. Os resultados mostraram uma forte 

estratificação de densidade, com uma pequena elevação da estrutura termohalina a jusante da 

ilha durante 2010 e 2014. Os parâmetros do sistema carbonato foram fortemente 

correlacionados com a temperatura, a salinidade e oxigênio dissolvido ao longo da coluna de 

água e não alteraram significativamente entre os lados da ilha nos períodos estudados. 

Concluímos que o EI representado pelo aumento da biomassa do fitoplâncton a oeste da ilha 

não influenciou significativamente a variabilidade do sistema carbonato, que se mostrou mais 

correlacionada com o gradiente termohalino. 

 

Palavras-chave: Efeito ilha. Carbono inorgânico. Processos turbulentos. Picnoclina. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

ABSTRACT 

 
In the tropical, oligotrophic tropical Southwest Atlantic Ocean there are areas considered an 

oasis, represented by the islands, atolls and seamounts. The horizontal and vertical velocity 

gradients induced by the margin of these geological features promote the increase of the 

turbulence and the biomass of the phytoplankton around them, which can alter the carbonate 

system. The aim of this study is to describe the vertical and interannual variability of carbon 

chemistry around Fernando de Noronha Archipelago (FNA) and to verify how the Island Mass 

Effect (IME) process can influence on its distribution. Two transects on opposite sides were 

stablished in FNA according to the central branch of South Equatorial Current. Samples were 

collected in July 2010, September 2012 and July 2014, from the surface until the first 500m. 

The results showed a strong density stratification, with a small uplift of the thermohaline 

structure downstream the island during 2010 and 2014. The carbon chemistry parameters were 

strongly correlated with temperature, salinity and dissolved oxygen along the water column and 

did not change significantly between sides of the island in the studied periods. We concluded 

that the IME represented by the increase in phytoplankton biomass downstream the island did 

not influence on the carbon chemistry variability, which was more correlated with thermohaline 

gradient. 

 

Keywords: Island mass effect. Inorganic carbon. Turbulent process. Pycnocline. 
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1 INTRODUÇÃO  

1.1 APRESENTAÇÃO 

Este documento de Dissertação está organizado em formato de artigo científico, 

considerando discussões sobre a variação das propriedades do sistema carbonato ou da química 

do carbono em torno de uma região insular, baseados em observações e coletas realizadas in 

situ. Pelo o que foi pesquisado até o presente momento, este é o primeiro estudo em regiões 

insulares que aborda essa temática. 

Esta Dissertação apresenta-se em 3 capítulos: Este primeiro capítulo aborda um aspecto 

geral sobre a importância das regiões insulares, assim como sobre a caracterização do sistema 

carbonato e do Efeito Ilha, com ênfase no Oceano Atlântico Tropical, e os objetivos da presente 

pesquisa. O segundo capítulo apresenta o artigo intitulado Carbon chemistry variability around 

a tropical archipelago e submetido para a Marine and Freshwater Research, onde está descrito 

e discutido todos os resultados obtidos na presente pesquisa. Por fim, o terceiro capítulo aborda 

as considerações finais a respeito do tema trabalhado nesta dissertação.  

O autor deste trabalho foi bolsista da Coordenação de Aperfeiçoamento de Pessoal de 

Nível Superior (CAPES), através do projeto Estudos sobre o ciclo do Carbono Inorgânico 

Dissolvido em áreas costeiras do Nordeste e Norte do Brasil e sua relação com os processos de 

acidificação oceânica (DICAM) financiado através do edital Ciências do Mar II/CAPES. As 

amostragens foram realizadas durante o projeto “Camadas Finas ao largo do Nordeste do 

Brasil”, com apoio da Diretoria de Hidrografia e Navegação e Ministério de Ciência, 

Tecnologia e Inovação - MCTI; e financiadas pelo projeto DICAM, com recursos 

CAPES/CMII. 

 

1.2 ASPECTOS GERAIS 

Os ambientes insulares são considerados hotspots de biodiversidade de organismos 

terrestres e marinhos, onde apresentam um elevado percentual de espécies endêmicas em 

consequência de seus espaços isolados e restritos à influência continental (SERAFINI et al., 

2010; PINHEIRO et al., 2017). São formados a partir do extravasamento magmático da crosta 

oceânica, chegando a atingir a superfície, e representam cerca de 3% da cobertura terrestre 

global.  

As ilhas oceânicas são consideradas verdadeiros “oásis” em meio a um deserto azul 

(oceano oligotrófico), com maiores concentrações de organismos planctônicos, que por sua vez 

influencia toda a teia trófica (LIMA et al., 2016). Isso se deve principalmente a um processo de 
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mesoescala denominado de Efeito Ilha (EI) (HASEGAWA et al., 2004; GOVE, 2005; 

TCHAMABI et al., 2017), que influencia as propriedades físicas, químicas e biológicas da água 

entorno dessas feições geológicas (SOUZA et al., 2013; GOVE et al., 2016). 

O EI é representado pelo encontro de correntes marinhas e ventos com a topografia e 

orografia da ilha respectivamente (CALDEIRA et al., 2002; 2005). As correntes marinhas ao 

se “chocarem” com a topografia da ilha desencadeia um processo turbulento e de mistura na 

coluna d’água, que resulta na ascendência de águas mais profundas e promovem o aumento da 

concentração de nutrientes e da biomassa planctônica na camada superficial (DOTY & OGURI, 

1956; CALDEIRA et al., 2002; HARLAN et al., 2002), conforme ilustrado na Figura 1. Esse 

processo varia de acordo com a velocidade da corrente, diâmetro da ilha, viscosidade e 

estratificação da água/vórtices formados, dentre outros fatores (HEYWOOD et al., 1990; 1996; 

CHANG et al., 2013; GOVE et al., 2016). 

Figura 1. Ilustração do Efeito Ilha, com os principais processos e fontes que resultam no enriquecimento 

das águas entorno das ilhas. Fonte: Gove et al. (2016). 

 

Já em relação aos ventos, a orografia da ilha pode bloquear seu fluxo, resultando também 

em uma mistura da coluna d’água (XIE et al., 2001), transporte vertical e horizontal de massas 

d’águas, e principalmente em alterações positivas na temperatura superficial da água no lado 

abrigado da ilha (BASTERRETXEA et al., 2002; CALDEIRA et al., 2002). A intensidade desse 

processo é influenciada pela altura da área emersa da ilha, transporte de Ekman e pela 

velocidade dos ventos atuantes (BARTON, 2001; CALDEIRA et al., 2005; CHANG et al., 

2013), sendo nesse caso também conhecido como Efeito Lee (BASTERRETXEA et al., 2002).  
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Fotossíntese 

 
Respiração 

 

Estudos sobre o EI estão crescendo na comunidade científica, sendo a maioria até então 

concentrado no Oceano Pacífico (CALDEIRA et al., 2002; HASEGAWA et al., 2004; 

CALDEIRA et al., 2005; GOVE, 2005; TEAGUE et al., 2005; CHANG et al., 2013; 

ANDRADE et al., 2014; GOVE et al., 2016). O Oceano Pacífico apresenta cadeias de ilhas que 

são responsáveis pela fertilização da camada superficial em escala regional (GOVE et al., 

2016), onde o EI pode ser influenciado diretamente por eventos climáticos como El Niño e La 

Niña, a partir de mudanças na intensidade de ventos e correntes (GOVE et al., 2006).  

No Oceano Atlântico, a maioria dos estudos sobre EI estão compreendidos na região 

tropical (SOUZA et al., 2013; CORDEIRO et al., 2013; JALES et al., 2015; QUEIROZ et al., 

2015; SILVA, 2016; TCHAMABI et al., 2017). Essa região, em geral, é caracterizada por águas 

superficiais com elevados valores de temperatura e salinidade, sendo uma das principais fontes 

de CO2 para a atmosfera (TAKAHASHI et al., 2009; LEFÈVRE et al., 2010). Verticalmente 

apresenta uma forte estratificação de densidade, que resulta na diminuição da dispersão dos 

nutrientes dissolvidos na coluna d’água e consequentemente na atividade biológica (FLORES-

MONTES, 2003).  

Pesquisadores descrevem o EI como uma ressurgência de pequena escala (MACEDO et 

al., 1999). Diante disso, além de influenciar na teia trófica (LIRA et al., 2014; LIMA et al., 

2016) e na concentração de nutrientes, esse processo pode desencadear alterações no sistema 

carbonato marinho a partir da ascendência de águas mais frias, ricas em CO2 e pelo aumento da 

biomassa fitoplanctônica (LEFÈVRE et al., 2008).  

O sistema carbonato marinho é representado pela dinâmica das espécies químicas 

inorgânicas do carbono a partir da dissolução do CO2 atmosférico pelo processo de difusão. 

Uma vez em sua forma aquosa, o CO2 se torna disponível para ser absorvido pela bomba 

biológica (Equação 1.1) e para reagir com a molécula da água (Equação 1.2): 

 

6CO2 + 6H2O                     C6H12 + O2                                                                                                         (1.1)                

 

 

CO2(g) ↔ CO2(aq) + H2O ↔ H2CO3 ↔ H+ + HCO3
- ↔ 2H+ + CO3

2-                              (1.2) 

A bomba biológica representa o consumo/liberação de CO2 e nutrientes pelos 

organismos da comunidade primária, principalmente os fitoplanctons, para a realização dos 

processos metabólicos de fotossíntese e respiração (MILLERO, 2013). Em regiões oceânicas 

onde ocorre um aumento da produtividade e biomassa primária, como em áreas de ressurgência, 



17 
 

a intensificação do consumo de CO2 pode influenciar significativamente no fluxo desse gás 

entre a interface oceano-atmosfera (TAKAHASHI et al., 2009). 

Ao longo da coluna d’água, o processo fotossintético ocorre com maior intensidade no 

início da termoclina, onde as concentrações de nutrientes são mais elevadas em comparação à 

superfície, e geralmente próximo à zona de 1% de luminosidade (FLORES-MONTES, 2003). 

Um dos produtos da fotossíntese é o carbono orgânico, que conforme atinge maiores 

profundidades, torna o CO2 e os nutrientes disponíveis novamente através do processo de 

remineralização da matéria orgânica. 

Uma vez em sua forma aquosa, o CO2 reage com a molécula da água formando ácido 

carbônico (H2CO3), que se dissocia resultando na liberação de prótons (H+), bicarbonato 

(HCO3
-) e carbonato (CO3

2-) (Eq. 2.2). Mais de 90% do carbono oceânico se encontra na forma 

inorgânica, onde menos de 1% desse total é representado pelo CO2, cerca de 5% pelo CO3
2- e 

94% pelo HCO3
- (MILLERO, 2013). 

Em um perfil vertical a concentração dessas espécies químicas é regulada 

principalmente pelo pH. De acordo com a profundidade o pH tende a diminuir devido a maior 

disponibilidade de CO2 e H+, oriundos do processo da remineralização da matéria orgânica 

(MILLERO, 2013). Conforme o pH é reduzido, o CO3
2- tende a reagir com os prótons livres 

para manter o equilíbrio químico do sistema, diminuindo assim sua concentração (Eq. 2.2). A 

Figura 2 ilustra o aumento/diminuição da fração desses compostos em relação ao pH. 

Figura 2: Frações das espécies químicas inorgânicas do carbono em função do pH. Fonte: Millero 

(2013). 
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A dinâmica do sistema carbonato pode ser medida através de uma série de parâmetros 

como alcalinidade total (AT) e carbono inorgânico dissolvido total (CT). A AT representa o 

equilíbrio ácido/base ou a capacidade de tamponamento da água, sendo influenciada pelas 

concentrações de sais básicos, principalmente o HCO3
- e CO3

-2 (DONEY et al., 2007; 

EGLESTON et al., 2010), conforme a equação: 

AT = [HCO3
-] + 2[CO3

-2] + [B(OH)4
-] + [OH-] - [H+] + componentes menores      (1.3) 

Já o CT representa o somatório de todas as espécies químicas inorgânicas do carbono: 

CT = [HCO3
-] + [CO3

-2] + [CO2]                                                                               (1.4) 

No Oceano Atlântico tropical, esses parâmetros são controlados principalmente por 

fatores físicos como temperatura, salinidade e correntes marinhas (BONOU et al., 2016; 

LEFÈVRE et al., 2016), podendo apresentar sazonalidade de acordo com a posição da Zona de 

Convergência Intertropical (ZCIT) (LEFÈVRE et al., 2010; 2013). Em relação às correntes, a 

Corrente Sul Equatorial (CSE) e Subcorrente Sul Equatorial (SCSE) são duas das que mais 

influenciam as águas superficiais e de subsuperfície da área respectivamente (STRAMMA & 

SCHOTT, 1999; STRAMMA et al., 2005). 

A CSE é formada a partir da Corrente da Guiné (CG) no Oceano Atlântico tropical e 

apresenta três principais ramos, separados pela SCSE e pela Contracorrente Sul Equatorial 

(CCSE) (MOLINARI, 1982), onde seu ramo central se bifurca na Corrente Norte do Brasil 

(CNB) e na Corrente do Brasil (CB) (LUMPKIN & GARZOLI, 2005). Flui no sentido leste - 

oeste, transportando águas ricas em CO2 oriundas da divergência Equatorial (STRAMMA & 

SCHOTT, 1999; LEFÈVRE et al., 2008), com elevados valores de AT e CT (BONOU, 2016). 

Já a SCSE é uma corrente considerada de subsuperfície na borda sudoeste do Oceano Atlântico 

tropical, que flui no sentido oposto ao da CSE. Influencia entre as latitudes de 3ºS a 5 ºS e 

transporta águas ricas em oxigênio oriundas da Subcorrente Norte do Brasil (SCNB) 

(STRAMMA & SCHOTT, 1999). 

A borda sudoeste do Oceano Atlântico tropical vem sendo recentemente bastante 

estudada por apresentar particularidades que podem influenciar o sistema carbonato ou ciclo do 

carbono em nível regional (LEFÈVRE et al., 2010; 2017). A pluma do Rio Amazonas, como 

por exemplo, pode desencadear regiões de subsaturação de CO2, e resultar em uma significativa 

redução da AT e CT devido à intensa atividade biológica e ao aporte de água doce (BONOU et 

al., 2016; IBÁNHEZ et al., 2016; LEFÈVRE et al., 2017). Nessa região também encontra-se a 
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Cadeia de Fernando de Noronha (CFN) e o Arquipélago de São Pedro e São Paulo (ASPSP), 

áreas consideradas verdadeiros oásis em meio a um oceano oligotrófico (SOUZA et al., 2013). 

O EI oriundo da CFN e ASPSP apresenta uma significativa influência na produtividade 

primária do Oceano Atlântico Sul tropical (CORDEIRO et al., 2013; QUEIROZ et al., 2015), 

contribuindo principalmente para o aumento da atividade pesqueira da região (HAZIN et al., 

1998; LIMA et al., 2016). O presente trabalho buscou verificar a ocorrência do EI na ilha de 

maior destaque da CFN, o Arquipélago de Fernando de Noronha (AFN), e como esse processo 

influencia na distribuição dos parâmetros do sistema carbonato.  

 

1.3 OBJETIVOS 

1.3.1 Geral 

Caracterizar a distribuição vertical dos parâmetros do sistema carbonato e relacioná-la 

com variáveis físicas e biológicas na área em torno do Arquipélago de Fernando de Noronha 

(AFN). 

 

1.3.2 Específicos 

Descrever a estrutura termohalina, a distribuição vertical clorofila-a e dos nutrientes 

inorgânicos dissolvidos da área de estudo. 

Verificar a ocorrência do Efeito Ilha em torno do AFN a partir da descrição das 

propriedades físicas, químicas e biológicas analisadas e analisar sua influência sobre os 

parâmetros do sistema carbonato; 

Elaborar equações para a determinação dos parâmetros do sistema carbonato em um 

perfil vertical. 
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2 CARBON CHEMISTRY VARIABILITY AROUND A TROPICAL 

            ARCHIPELAGO 

2.1 INTRODUCTION 

The tropical Southwest Atlantic Ocean presents a significant role in the carbon dioxide 

(CO2) global dynamics as a strong source, due to the high values of temperature and salinity, 

and oligotrophic waters (TAKAHASHI et al., 2009; LEFÈVRE et al., 2010; BONOU et al., 

2016). These waters proprieties vary horizontally and vertically according to several factors, 

such as the currents, waters masses and atmospheric conditions, creating a gradient of the 

carbon chemistry along the Atlantic Ocean (MILLERO et al., 1998; FEELY et al., 2004; LEE 

et al., 2006; KITIDIS et al., 2016). 

In a horizontal gradient, the surface area is influenced specially by the South Equatorial 

Current (SEC) (LEFÈVRE et al., 2013; TCHAMABI et al., 2017). The SEC flows from the 

Southeast to the Tropical Southwest Atlantic Ocean (STRAMMA & SCHOTT, 1999; 

RODRIGUES et al., 2007), transporting saturated CO2 waters (LEFÈVRE et al., 2010; 

LEFÈVRE et al., 2013).  

The SEC and the South Equatorial Under Current (SEUC) influence the water column 

from the surface to around the first 500m (STRAMMA & ENGLAND, 1999), transporting two 

water masses, the Tropical Surface Water (TSW) and the South Atlantic Central Water (SACW) 

in subsurface waters (STRAMMA & ENGLAND, 1999; SILVA et al., 2005; ASSUNÇÃO et 

al., 2016). In a vertical distribution, the TSW is represented by the maximum 

temperature/salinity values, creating a strong thermohaline stratification. This stratification 

blocks the vertical transport of dissolved nutrients, limiting the primary productivity in the 

region (JALES et al., 2015; QUEIROZ et al., 2015). Due to this oligotrophy, carbon chemistry 

is controlled mainly by physical processes (GONZÁLES-DÁVILA et al., 2010; LEFÈVRE et 

al., 2017). 

Nevertheless, studies have been registering physical, chemical and biological 

alterations, specially at the primary community, in areas where there is a disruption or uplift of 

the thermohaline structure (SOUZA et al., 2013; ANDRADE et al., 2014; GOVE et al., 2016). 

This is promoted by the presence of islands and seamounts. The island acts as a barrier to wind 

and marine current flow, which can create wakes usually at its lee side (CHANG et al., 2013). 

Winds wakes are related specially with the sea surface temperature (SST) changes, due to the 

sheltering from island’s orography (CALDEIRA et al., 2002; 2005), while marine currents 
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wakes are caused by the disturbance of water with the island’s topography (COUTIS & 

MIDDLETON, 2002; TCHAMBI et al., 2017).  

Areas surround islands are considered “oasis” in an oligotrophic environment, 

presenting an increase at biological productivity and fishing activities (JALES et al., 2015; 

CORDEIRO et al., 2013; SOUZA et al., 2013). This is due the “island mass effect” (IME) 

process, first described by Doty & Oguri (1956), associated to the currents wakes (CHANG et 

al., 2013).  

The currents wakes create eddies vortices at the leeward side of the island, which 

increase the mixing rate, and take deep nutrients and CO2-rich waters to surface (small-scale 

upwelling), promoting the biological increase (GOVE et al., 2016). The capacity of the eddies 

vortices is controlled by several factors such as the currents intensity, island diameter, the 

surrounding depth and the creation of internal waves (CALDEIRA & MARCHESIELLO, 

2002; ZHENG & ZHENG, 2004; GOVE et al., 2006; HASEGAWA et al., 2014).  

Biological activity is mainly represented by the plankton community in ocean areas, 

playing an essential role on carbon dynamics along the water column (PIONTKOVSKI et al., 

2003). During periods of upwelling in the Tropical Atlantic the carbonate system is controlled 

specially by these organisms (LEFÈVRE et al., 2008), and the occurrence of the IME is 

considered an important mechanism that contributes with the average biological productivity 

of the region (HARLAN et al., 2002; SOUZA et al., 2013; JALES et al., 2015; GOVE et al., 

2016).  

At western of the tropical South Altantic Ocean there is the Fernando de Noronha Ridge 

(FNR), a chain represented by an atoll, islands and seamounts (ALMEIDA, 2006). Studies 

performed across this area have been showing that the central branch of SEC (cSEC) is 

disrupted by the islands topographies, and results in the increase of phytoplankton and 

zooplankton community (CORDEIRO et al., 2013; SOUZA et al., 2013; LIRA et al., 2014; 

QUEIROZ et al., 2015; LIMA et al., 2016; TCHAMABI et al., 2017). Fernando de Noronha 

Archipelago (FNA) is the largest island from the ridge and the only one populated, which is 

also a factor that influence in the IME and the carbon chemistry, by adding nearshore nutrients 

and organic matter (GOVE et al., 2016). 
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This study aims to verify the occurrence of the IME around FNA by describing the 

density structure, chlorophyll-a and nutrients distribution, and as researched by far, is the first 

to investigate how the IME can influence on the carbon chemistry and to describe the 

interannual vertical distribution of theses parameters in a tropical region.  

 

2.2 METHODS AND DATA 

2.2.1 Study Area 

The FNA is located at the tropical Southwest Atlantic Ocean (3º51' S, 32º25' W), at 

approximately 360km offshore Brazil Northeast (Fig. 3). It presents an area of 20km² 

represented by one main island that occupies 91% of the total area of the archipelago, and 20 

islets and rocks (Fig. 3). FNA is considered a marine national park and an Environmental 

Protection Area (EPA) due to its importance in the biodiversity maintenance, being local of 

some endemic species (SAMPAIO et al., 2004; LIRA et al., 2014). 

Figure 3: Location of FNA (solid circle), the arrows indicate the directions of the currents, cSEC (solid 

arrow) and SEUC (dashed arrow). Sampling strategy around the island, 2010 cruise transect (red), 2012 

(black) and 2014 (blue). 
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The island is part of a seamounts chain originated by volcanic activity, with its base in 

a depth of 4.000m (ALMEIDA, 2006). During its formation, the rocks of FNA were covered 

by alkaline basaltic lava (MARQUES et al., 2007) and the sediments are predominantly sandy 

moderately sorted and bioclastic, with high carbonate fraction (>90%) at the coastal areas 

(BARCELLOS et al., 2017).  

The climate is typically tropical, with a defined rainy (between March and July) and dry 

(August to February) season. The water column around the FNA is represented by four main 

water masses: TSW, characterized by the mixed layer of Atlantic, with temperatures of about 

27ºC and maximum salinities; South Atlantic Central Water (SACW), represented by linear 

relationships between temperature and salinity; Antarctic Intermediate Water (AAIW), 

identified by the minimum values of salinity; North Atlantic Deep Water (NADW), the deeper 

water mass, between 1200m and 4000m, represented by the minimum temperatures 

(STRAMMA & SCHOTT, 1999; STRAMMA & ENGLAND, 1999; SILVA et al., 2005).  

Surface water is influenced specially by the southeastern trade winds and the central 

branch of the South Equatorial Current (cSEC), while subsurface water is impacted by the South 

Equatorial Under Current (SEUC) (REVERDIN et al., 1991). The cSEC is fed by the 

recirculation of the North Equatorial Countercurrent (NECC), the equatorial upwelling and by 

the Guinea Current (LUMPKIN & GARZOLI, 2005). At the western basin of Atlantic Ocean, 

the cSEC presents strongest periods during the austral winter, reaching 0.35 m s-1 of velocity 

(TCHAMABI et al., 2017).  

The SEUC is considered a subthermocline current, fed by the equatorial and south 

branch of SEC flow, transporting an oxygen-rich water westward (STRAMMA & SCHOTT, 

1999). This current also presents strongest periods during the austral winter (REVERDIN et al., 

1991), with an average velocity of 0.2 m s-1 and a vertical extension from 200m to 500m 

(SCHOTT et al., 2003).  

 

2.2.2 Sampling Strategy 

At board of the research vessel NHOc38 Cruzeiro do Sul, three cruises were performed 

around the FNA, one in 2010 (July – rainy season), 2012 (September – dry season) and 2014 

(July – rainy season), where in each year two transects were established (northeast (NE) and 

southwest (SW) side of the island) according to the direction and intensity of the cSEC (Fig. 

3). 
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A rossete with 5L Niskin bottles was used to collect discrete water samples, and a 

Conductivity-Temperature-Density (CTD) Seabird 911plus® was used to provide real-data 

collection along the water column until 500m, with auxiliary sensors (dissolved oxygen (DO), 

pH and fluorescence). The water samples were collected at the surface, deep chlorophyll 

maximum (DCM), upper, middle and the base of thermocline and oxygen minimum zone 

(OMZ), and were measured DO, dissolved inorganic nutrients and the carbonate parameters. 

 

2.2.3 Chemical Analyses 

2.2.3.1 Dissolved Oxygen and Dissolved Inorganic Nutrients 

Dissolved oxygen (DO) was measured on board by the modified method of Winkler 

(STRICKLAND & PARSONS, 1972). Its saturation (DO%) was calculated according to the 

International Oceanographic Tables (UNESCO, 1973).  

The dissolved inorganic nutrients were measured through colorimetric methods using a 

spectrophotometer Cary 100. Ammonium (NH3+NH4
+) was measured following Grasshoff et 

al. (1983), consisted in the blue indophenol formed by the reaction of phenol (C6H6O) and 

sodium hypochlorite (NaClO) with NH3+NH4
+. Nitrate (NO3

-) and nitrite (NO2
-) were 

measured by the sulfanilamide (C6H8N2O2S) method (STRICKLAND & PARSONS, 1972). 

Dissolved inorganic nitrogen (DIN) was represented by the sum of NO3
-, NO2

- and NH3+NH4
+ 

concentrations. Silicate (Si(OH4)) and the dissolved inorganic phosphorus (DIP) were 

determined based on the reactions of orthosilicic acid and ions phosphate (PO4
-3) respectively 

with acidified molybdate, reduced to a blue compound (GRASSHOFF et al., 1983). 

 

2.2.3.2 Total Alkalinity and Total Dissolved Inorganic Carbon 

Carbonate parameters samples were poisoned with mercury chloride (HgCl2) to prevent 

biological alteration. TA (n = 6) and CT (n = 6) from 2012 cruise were measured by 

potentiometric titration in a closed cell (EDMOND, 1970) with the equivalent points calculated 

following the method described by Dickson and Goyet (1994). While TA samples from 2014 

cruise (n = 15) were used the Dickson et al. (2007) methodology. 
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Certified Reference Materials (CRM) provided by Andrew Dickson (Scripps 

Institutions of Oceanography, San Diego, USA) were utilized for calibration and validation of 

the values, with an accuracy of 99.88% and an uncertainty of 2.53 and 1 µmol kg-1 for TA and 

CT respectively.  

 

2.2.3.3 Aragonite Saturation 

Aragonite (Ωar) saturation values were calculated by the CO2SYS software®. It was 

used the calculated TA and CT, salinity, temperature, and the carbonic acid dissociation 

constants of Mehrbach et al. (1973), refitted by Dickson and Millero (1987), in the calculations. 

It was calculated by Ω = [Ca+2] [CO3
-2 ]/ K’sp, where the [Ca+2] is the calcium concentration 

and K’sp is the apparent solubility of the mineral. Values > 1 represents saturate conditions 

(FEELY et al., 2009).  

 

2.2.4 Data Analyses 

It was used the Analysis of Variance (ANOVA) to test the effect of interannual variation 

and transects or sides of the island on the density, chlorophyll-a, TA and CT values, with an α 

of 0.05. Principal Components Analysis was used to explain the correlations between all the 

measured variables.  

 

2.2.5 GLODAPv2  

Since the sampling for CT happened only in 2012 cruise, with the aim to do a better 

temporal evaluation, the Global Ocean Data Analysis Project Version 2 (GLODAPv2) data 

base from stations next to FNA (Table 1) were added to the results.  

The GLODAPv2 represents a combined of open data from oceanographic campaign 

preformed all over the world, such as the CARINA (Carbon in the Atlantic), PACIFICA 

(Pacific Interior Ocean Carbon), GEOSECS (Geochemical Section Study) and others, with a 

total of 724 cruises over 40 years. Its main aim is to generate a unified data set to describe how 

anthropogenic and natural inorganic carbon have changed and is currently influencing the world 

ocean. 
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Along the years it was observed an improvement of the results specially for the carbon 

chemistry, where the precision of the CT measurement is around 4 µmol kg-1 and for TA is 

around 3 µmol kg-1 (OLSEN et al., 2016). GLODAPv2 is an unique and quality-controlled data 

product, and this is proved by the consistency of the parameters (SABINE et al., 2005; OLSEN 

et al., 216).    

Table 1: Global Ocean Data Analysis Project Version 2 (GLODAPv2) data base used for 

Equation 2. 

Cruise Station (coordinates) Year 

 

334 (n = 16) 

 

59 (3.002ºS, 35.008ºW) 

60 (3.499ºS, 34.909ºW) 

61 (3.963ºS, 35.004ºW) 

 

1996 

 

389 (n = 36) 

17 (3.999ºS, 35ºW) 

18 (3.491ºS, 34.889ºW) 

19 (3ºS, 35.001ºW) 

 

1999 

61 (n = 30) 5 (4.003ºS, 34.884ºW) 

7 (3.005ºS, 34.885ºW) 

2006 

235 (n = 42) 

 

69 (4.198ºS, 30.068ºW) 

70 (3.105ºS, 29.982ºW) 

2013 

 

2.3 RESULTS 

2.3.1 Density (thermohaline structure) 

The vertical distribution of density was represented by a stratification, with less dense 

waters at the surface, increasing the values along the depth. The density varied from 1.0234 kg 

L-1 to 1.0269 kg L-1, with the lowest surface value in 2014 (Fig. 4). It was observed a deep 

pycnocline from 70m to ~140m. Also, it was registered a subsurface water rising downstream 

FNA, with the isoline of 1.02388 kg L-1 in 70m upstream and in 85m downstream during 2010 

cruise (Fig. 4a), and the isoline of 1.02357 kg L-1 in 70m at lee side and in~80m eastern the 

island during 2014 cruise (Fig. 4c). 
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Figure 4: Mean pycnocline in 2010 (a), 2012 (b) and 2014 (c) upstream (right-hand side) and 

downstream (left-hand side) FNA. Depth of 70m (red line), 85m (black line), and density isoline of 

1.02388 kg L-1 (blue line), 1.02383 kg L-1 (green line) and 1.02357 kg L-1 (yellow line). 

 

Temperature presented positive strong correlations (r² > 0.9) with salinity and DO, and 

strong negative correlations (r² < -0.9) with DIN and DIP. Salinity presented positive strong 
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correlation (r² > 0.9) with the DO, also negative relationships (r² < -0.9) with DIN and DIP (Fig. 

9). There were no significant differences in the density between the years and sides of the island 

(p > 0.1).  

The TSW was present from the surface until upper pycnocline (~90m), while the SACW 

was from the thermocline until 500m (Figure 5). 

Figure 5: Temperature vs Salinity. Water masses, TSW (red dots) and SACW (black dots). 

 

2.3.2 Chlorophyll-a and Nutrients 

Concentration of chlorophyll-a ([Chl-a]) varied from 1.21 mg m-3 to 0.01 mg m-3, with 

the highest values registered in 2010 (Fig. 6). The Deep Chlorophyll Maxima (DCM) was at 

the base of photic layer (~90m), decreasing the concentration along the depth. The values varied 

significantly between years, and sides of the island during 2010 and 2014 cruises (p < 0.1), 

where it was observed an increase at the west side of FNA (Fig. 6a, c). [Chl-a] presented a 

positive correlation (r² > 0.6) with the temperature and salinity, and a negative one (r² < -0.5) 

with the DIN and DIP in 2010 and 2014. During 2012 cruise there was no significant 

correlations with [Chl-a].  

The vertically distribution of nutrients was represented by low values at the photic layer, 

increasing along the depth (Table 2). During 2010 and 2014 cruises, the surface concentrations 

of DIN and DIP were higher than at DCM western the island. DIN and DIP presented strong 

negative correlations (r² < -0.85) with TA and DO, and strong positive (r² > 0.9) with CT (Fig. 

9). These values were not significantly different (p > 0.1) between the sides of FNA and the 

years. 
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Figure 6: Vertical distribution of chlorophyll-a in 2010 (a), 2012 (b) and 2014 (c) around FNA (in grey) 

on the SW transect (left-hand side of the island) and NE transect (right-hand side of the island). 

 

Table 2: Average of nutrients according to depth and years around FNA. Western FNA (bold and italic), 

eastern FNA (italic). 

 

Parameters Years Depth 

 2010 2012 2014 2010 2012 2014  

 Western FNA Eastern FNA  

 

DIN 

(µmol L-1) 

 

2.39 1.25 0.73 0.80 1.38 0.35 Surface (2m) 

1.57 5.08 0.46 2.81 2.64 1.82 DCM (~100m) 

6.83 9.40 1.75 5.82 10.77 3.91 Middle of Pycnocline (~120m) 

19.06 15.22 8.27 14.98 15.06 10.03 Pycnocline base (~150m) 

 

DIP 

(µmol L-1) 

0.17 0.06 0.18 0.14 0.05 0.03 Surface (2m) 

0.14 0.26 0.16 0.31 0.15 0.20 DCM (~100m) 

0.50 0.38 0.24 0.54 0.75 0.49 Middle of Pycnocline (~120m) 

1.01 0.69 0.75 1.15 1.14 1.09 Pycnocline base (~150m) 
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2.3.3 Total Alkalinity 

The measured TA samples from all the cruises (n = 21) presented strong positive 

correlations (r² > 0.9) with temperature (ºC), salinity, DO and its saturation (DO%), and 

negative (r² < -0.9) with CT (Fig. 9). The values were not significantly different between the 

years and sides of the island (p > 0.1), and this allowed the determination of a linear regression 

(Equation 2.1) for a better interannual evaluation along the water column:  

TA = -28.78 + (-1.70*Temperature) + (67.13*Salinity) + (0.23*DO%)  r²= 0.95                     

Eq. (2.1) 

TA calculated using Eq. (2.1) presented an error of ± 1.35 µmol kg-1, while by using 

regressions for surface TA calculation proposed by Lefèvre et al. (2010) and Lee et al. (2006) 

differed ± 9.81 µmol kg-1 and ± 5.42 µmol kg-1 respectively.  Figure 7 shows the comparison of 

these linear regressions as a function of depth. 

Figure 7: Comparison of TA linear regressions as a function of depth. Fits using the measured samples 

(red line), Equation 1 (black line), and using the relationship determined by Lee et al. (2006) (green line) 

and by Lefèvre et al. (2010) (blue line).   

 

TA calculated followed the salinity stratification (Fig. S1), concentrated at the 

subsurface and decreasing along the depth (Fig. 8). These values varied from 2398.22 µmol kg-

1 at the surface to 2282.72 µmol kg-1 in ~500m, with the highest surface value registered in 

2010 (Fig. 8a). 

 

 



31 
 

Figure 8: Vertical distribution of calculated TA in 2010 (a), 2012 (b) and 2014 (c) around FNA (in 

grey) on the SW transect (left-hand side of the island) and NE transect (right-hand side of the island). 

 

2.3.4 Total Dissolved Inorganic Carbon 

CT samples measured experimentally (n = 6) presented strong negative relationships (r² 

< -0.9) with salinity, temperature (ºC) and DO (µmol kg-1), and positive (r² > 0.9) with nutrients, 

as it is possible to visualize in the figure 9. Figure 9 shows clearly the correlations between the 

measured parameters, with the component 1 explaining 80% of the variation along de depth, 

while component 2 explain 10.2% represented by the variation between years. Temperature, 

salinity and DO were strongly correlated with TA and CT during all cruises. 

It was added the CT values from GLODAPv2 (n = 124), which also presented significant 

correlations with salinity, temperature (ºC) and DO (µmol kg-1), and allowed the creation of an 

empirical regression (Equation 2.2): 
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CT = 771.44 + (0.73*Year) + (2.83*Salinity) + (-6.65*Temperature) +   (-0.54*DO)     

r²= 0.88                                                                                                                            Eq. (2.2) 

Figure 9: Principal Component Analysis (PCA) of temperature (ºC), salinity, [Chl-a], DO (µmol kg-1), 

DO%, DIP (µmol kg-1), DIN (µmol kg-1), Si(OH)4 (µmol kg-1), and measured TA (µmol kg-1) and CT 

(µmol kg-1). 

 

CT calculated using Eq. (2.2) presented an error of ± 4.07 µmol kg-1, while by using the 

regression for surface CT calculation proposed by Bonou et al. (2016), which was adapted from 

Lefèvre et al. (2010) and considered just salinity, the values presented an error of ± 213.45 

µmol kg-1. Figure 10 shows the comparison of these linear regressions as a function of depth. 

Figure 10: Comparison of CT linear regressions as a function of depth. Fits using the measured + 

GLODAPv2 samples (red line), Equation 1 (black line), and using the relationship determined by Bonou 

et al. (2016) (blue dash line).   
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Using Eq. (2.2) CT varied from 2229 µmol kg-1 to 2045 µmol kg-1 (Fig. 11), and 

presented a negative correlation with chlorophyll-a (r² < -0.6) in 2010 and 2014. The photic 

layer was represented by the minimum values, with the lowest surface value registered in 2010, 

increasing along the depth (Fig.11a).  

Figure 11: Vertical distribution of calculated CT in 2010 (a), 2012 (b) and 2014 (c) around FNA (in 

grey) on the SW transect (left-hand side of the island) and NE transect (right-hand side of the island). 

 

 

2.3.5 Aragonite Saturation 

The saturation rate of and aragonite (Ωar) followed the interannual variation of the TA 

and CT. Ωar (Fig. 12) were higher than 3 until the top of thermocline, with the highest surface 

values registered during 2010 cruise (Fig. 12a), and decreased gradually along the depth, 

varying from 3.92 to 1.02. 
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Figure 12: Vertical distribution of Ωar in 2010 (a), 2012 (b) and 2014 (c) around FNA on the SW transect 

(left-hand side of the island) and NE transect (right-hand side of the island). 

 

2.4 DISCUSSION 

The density or thermohaline gradient around FNA showed great stratification, a 

consequence of annual high insolation and lack of strong upwellings. This thermohaline 

structure followed the typical vertical distribution for tropical Southwest Atlantic Ocean, 

represented by a mixed water mass until the base of photic layer (the TSW) and by a deep 
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pycnocline with high values amplitude in subsurface waters (the SACW) (MEDEIROS et al., 

1999; SILVA et al., 2005; STRAMMA et al., 2005).  

During the rainy season, the tropical Southwest Atlantic Ocean presents warmer and 

less salty surface waters in comparison with the dry season (ASSUNÇÃO et al., 2016).  This 

can explain the low surface density registered specially in 2014. Nevertheless, during 2010 

cruise it was observed the highest SSS, which increased the density and can be associated with 

the northernmost ITCZ position ever reached in 30 years for the tropical Atlantic (LEFÈVRE 

et al., 2013).  

This change in the ITCZ position can be related with the El Niño Southern Oscillation 

(ENSO) happened in the 2009, which diminished the influence of trade winds and the 

precipitation rate over the tropical Atlantic Ocean (SUTTON et al., 2000; GIANNINI et al., 

2001; LEFÈVRE et al., 2013; IBÁNHEZ et al., 2017). In the surround of FNA, the high SSS 

registered in 2010 resulted in higher surface TA values, in consequence of their strong positive 

correlations (LEFÈVRE et al., 2010; BONOU et al., 2016). As salinity changed according to 

the water mass or depth (MILLERO et al., 1998), TA followed its distribution (RIVARO et al., 

2010). 

The high surface TA values also mean a high buffer capacity to the CO2 excess from 

the atmosphere or deep waters (EGLESTON et al., 2010), which is expected for a tropical 

region (MILLERO et al., 1998; SABINE et al., 2004). Biological activities can influence on 

buffer capacity, specially at areas where the phytoplankton community present a seasonal 

significant role in the carbon uptake (LEFÈVRE et al., 2008; MANZELLO et al., 2008). 

Nevertheless, the linear correlation between TA and salinity suggests that physical processes 

are the main factors controlling its distribution around FNA (CHOU et al., 2007; GONZÁLES-

DÁVILA et al., 2010).  

Salinity variation is the main factor considered in most of the TA and CT intrinsic 

relationships in regional or global scale (LEE et at., 2006; LEFÈVRE et al., 2010; RIVARO et 

al., 2010; BONOU et al., 2016; CARTER et al., 2016; WILLIAMS et al., 2016). Nevertheless, 

for a vertical distribution it was observed in this study that the use of parameters such as 

temperature and DO can improve the relationships, specially for CT calculation (Fig. 9). 

Lefèvre et al. (2010) proposed a regression for TA surface calculation in the western 

tropical Atlantic, and Lee et al. (2006) proposed for the calculation in a global scale. As TA is 

a semi-conservative parameter (MILLERO et al., 1998; EGLESTON et al., 2010; MILLERO, 
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2013), this can explain the not significant differences of the values calculated by using only 

salinity (LEFÈVRE et al. (2010) and LEE et al. (2006)) and by Eq. (2.1). However, for CT 

calculation the addition of temperature and DO improved significantly the relationships in 

comparison with the regression proposed by Bonou et al. (2016), due to their indirect 

correlations with the organic matter remineralization (OMR), carbonate dissolution and 

biological activity (WHANNINKHOF et al., 1999; JURANEK et al., 2011; WILLIAMS et al., 

2016; SAUZEDE et al., 2017).  

The OMR process is more evident from the base of photic layer until deep waters due 

to the lack in primary productivity. Along the depth this process consumes DO and releases 

nutrients and hydrogen protons (H+) (MELTZER et al., 1997), which reacts with the CO3
-2 

decreasing the TA values. CO2(aq) and HCO3
- are also formed by the OMR, explaining the 

increase in the CT values as density increase (CHOU et al., 2007; GONZÁLES-DÁVILA et al., 

2010). 

At the beginning of pycnocline where there was still light penetration (~1%) and the 

nutrients concentrations were higher than at the surface due to the OMR process, the [Chl-a] 

reached the DCM (CORDEIRO et al., 2013; SOUZA et al., 2013). During photosynthesis, the 

phytoplankton uptakes nutrients and CT, and releases them during respiration process, which 

can explain the negative correlations between [Chl-a] and DIN/DIP (JIANG & CHAI, 2005).  

Due to the deep pycnocline, the distribution of nutrients at the surface was generally 

scarce and the [Chl-a] was around 0.20 mg m-3, being considered an oligotrophic region 

(MELTZER et al., 1997; MEDEIROS et al., 1999; CORDEIRO et al., 2013). Nevertheless, it 

was observed an increase of surface [Chl-a] and nutrients, and a subsurface water rising 

westward FNA during 2010 and 2014 cruises, which classified the occurrence of the IME 

process (SOUZA et al., 2013; TCHAMABI et al., 2017).  

The IME is related mainly to the currents intensity/direction and island topography 

(ZHENG & ZHENG, 2004; HASEGAWA et al., 2014; CALDEIRA et al., 2015; GOVE et al., 

2015). Strongest periods of the cSEC are between March to July (LUMPKIN & GARZOLI, 

2005; TCHAMABI et al., 2017), which included the sampling periods of 2010 and 2014 cruises, 

and could explain the occurrence of IME. The creation of eddies vortices westward the FNA 

resulted in a subsurface water rising, which changed the density isoline position and took deeper 

nutrients-rich waters to the surface, increasing the phytoplankton biomass (CORDEIRO et al., 

2013) and the CT consume, specially in 2010.   
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This subsurface water rising and its consequences was similar to what Souza et al. 

(2013), Andrade et al. (2014); Jales et al. (2015) and Queiroz et al. (2015) found around the 

seamount and islands, which the [Chl-a] increased in a magnitude of ~1 mg m-3. Nevertheless, 

the intensity of the IME around FNA was not strong enough to change significantly the carbon 

chemistry, by biological carbon uptake or by the influence of deep CO2-rich waters. 

Aragonite is used by the calcifying organisms to produce or secrete their shells and 

skeletons (DONEY et al., 2009; XUE et al., 2017), and their saturations states are utilized as 

reference to the ability of calcium carbonate (CaCO3) deposit (SILVERMAN et al., 2007; 

FEELY et al., 2009). All the water column studied was saturated with these minerals (Ω ≥ 1), 

which is a condition that is more favorable to the calcification process than the dissolution 

(FEELY et al., 2009).  

The saturation state of aragonite, is controlled specially by the salinity due its direct 

ability to regulate [CaCO3] along the water column (XUE et al., 2017), explaining the highest 

values in 2010 cruise. Since the calcium-to-salinity ratio does not vary more than 1.5% in the 

ocean, the saturation state is represented essentially by the [CO3
-2] (FEELY et al., 2004; XUE 

et al., 2017). Nevertheless, high values of Ωar does not necessarily means a rising in the 

calcification rate by the calcifying organisms (GATTUSO et al., 1998). The increase in 

temperature can improve the salinity, consequently [CO3
-2], but also cause the bleaching 

process, represented by the death of corals zooxanthellae, and consequently influencing 

negatively on corals’ recruitment and calcification rate (AMARAL et al., 2007; FERREIRA et 

al., 2012). 

 

2.5 CONCLUSIONS 

The present study concluded that the occurrence of IME westward FNA can change 

interannually and is a mechanism that can increase [Chl-a] in more than six times. Nevertheless, 

it was not enough to cause significant changes in the carbon chemistry according to our data, 

which was more correlated to the thermohaline gradient. This implies that the area around FNA, 

as located in a tropical region, still have a high buffer capacity to the deep CO2-rich waters. The 

use of temperature and dissolved oxygen can improve regressions for the calculation in a 

vertical profile of the carbonate system parameters, specially for CT. 
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3 CONSIDERAÇÕES FINAIS 

O presente trabalho conseguiu cumprir com o seu principal objetivo de caracterizar os 

parâmetros do sistema carbonato na área em torno do Arquipélago de Fernando de Noronha. 

Esses parâmetros seguiram a distribuição termohalina, o esperado para uma região tropical. A 

estrutura termohalina ou de densidade mostrou uma forte estratificação vertical, típica de uma 

região tropical, responsável por limitar maiores concentrações de nutrientes dissolvidos na 

superfície. No entanto, durante as campanhas realizadas no mês de julho (2010, 2014) foi 

registrado uma pequena ascendência da picnoclina a jusante da ilha, o que possibilitou o 

aumento da concentração superficial de clorofila-a e dos nutrientes inorgânicos dissolvidos 

avaliados. 

O aumento de clorofila-a (em mais de 6 vezes) e dos nutrientes inorgânicos dissolvidos 

superficiais no lado oeste da ilha confirma a ocorrência do Efeito Ilha, e os períodos estudados 

mostram que há uma variação interanual, que de acordo com nossas análises foi significativa 

para clorofila-a. Isso se deve, segundo a bibliografia estudada, à variabilidade espaço-temporal 

do ramo central da Corrente Sul Equatorial. Para corroborar com os dados obtidos no presente 

estudo se faz necessária uma maior periodicidade de campanhas oceanográficas na área em 

torno de Fernando de Noronha, para avaliar com mais detalhes a variabilidade espaço temporal 

desses parâmetros.   

Em um perfil vertical, a inclusão de parâmetros como temperatura e oxigênio dissolvido 

se mostrou mais eficiente para o cálculo dos parâmetros do sistema carbonato, principalmente 

do carbono inorgânico dissolvido total, garantindo indiretamente a influência de processos 

como a remineralização da matéria orgânica e dissolução de carbonatos. Variações na 

distribuição dos parâmetros do sistema carbonato entre os períodos estudados e entre os lados 

da ilha não foram observadas, o que leva a concluir que o sistema carbonato não foi 

significativamente influenciado pelo Efeito Ilha.  
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APÊNDICE 

Figure S1: Mean halocline in 2010 (a), 2012 (b) and 2014 (c) upstream (right-hand side) and downstream 

(left-hand side) FNA. 

 

 


