Universidade Federal do Rio Grande - FURG

Instituto de Oceanografia

Programa de POs-Graduacdo em Oceanologia

Variabilidade Espaco-Temporal da
fugacidade do CO2no sudoeste do oceano
Atlantico Sul

Ciro Cataneo Liutti

Dissertacdo  apresentada ao
Programa de Pé6s-Graduacdo em
Oceanologia, como parte dos
requisitos para a obtencdo do
Titulo de Mestre.

Orientador: Prof. Dr. Rodrigo Kerr Duarte Pereira

Rio Grande, RS, Brasil
Junho de 2019



Variabilidade Espaco-Temporal da
fugacidade do CO2no sudoeste do oceano
Atlantico Sul

Dissertacao apresentada ao Programa de P6s-Graduacdo em Oceanologia,
como parte dos requisitos para a obtencéo do Titulo de Mestre

por

Ciro Cataneo Liutti

Rio Grande, RS, Brasil
Junho de 2019

© A copia parcial e a citagdo de trechos desta tese sdo permitidas sobre a
condicao de que qualquer pessoa que a consulte reconheca os direitos autorais
do autor. Nenhuma informacéo derivada direta ou indiretamente desta obra
deve ser publicada sem o consentimento prévio e por escrito do autor.



Liutti, Ciro Cataneo
Variabilidade Espaco-Temporal da fugacidade do CO2 no sudoeste do
oceano Atlantico Sul / Ciro Cataneo Liutti. — Rio Grande: FURG, 2019.
NUmero de paginas p. 75
Dissertacdo (Mestrado) — Universidade Federal do Rio Grande. Mestrado
em Oceanologia. Area de Concentracéo: Fisica dos Oceanos e Clima.
1. Dioxido de carbono. 2. Pardmetros do sistema carbonato.
3. Algoritmos de fCO2. 4. Oceano Atlantico Sul. 5. Tendéncia
anual da fCO2. 6. Forcantes da fCO,. 1. Titulo. Variabilidade
Espaco-Temporal da fugacidade do CO2 no sudoeste do oceano
Atlantico Sul.




UNIVERSIDADE FEDERAL DO RIO GRANDE - FURG
10 - INSTITUTO DE OCEANOGRAFIA
PROGRAMA DE POS-GRADUAGCAO EM OCEANOLOGIA

E-mail: cepofqg@furg.br — home-page: www.ppgo.furg.br

| Programa de Péy Gradusglo ::d
% OCEANOLOGIA ?
%, o

%
Dy i
¥ Iepradth

ATA ESPECIAL DE DEFESA DE DISSERTAGAO DE MESTRADO - 07/2019

As nove horas do dia dezoito de junho do ano de dois mil e dezenove, na Sala de Reunides - 10 -
FURG/Carreiros, reuniu-se a Comissdo Examinadora da Dissertagdo de MESTRADO intitulada "
Variabilidade Espago-Temporal da Fugacidade do CO2 no Sudoeste do Oceano
Atlantico Sul”, do Acad. Ciro Cataneo Liutti. A Comissdo Examinadora foi composta pelos
seguintes membros: Prof. Dr. Rodrigo Kerr - Orientador / Presidente - (I0-FURG), Prof. Dr. Mauricio
Mata - (I0O-FURG) e Prof. Dr. Humberto Marotta — (UFF). Dando inicio & reuni&o, o Coordenador do
Programa de Pos-Graduagéo em Oceanologia, e presidente da sessdo, Prof. Dr. Rodrigo Kerr, agradeceu
a presenca de todos, e fez a apresentagdo da Comissdo Examinadora. Logo apos, esclareceu que o
Candidato teria de 45 a 60 min para explanag&o do tema, e cada membro da Comisséo Examinadora, um
tempo maximo de 30 min para perguntas. A seguir, passou & palavra ao Candidato, que apresentou o
tema e respondeu as perguntas formuladas. Apos ampla explanagéo, a Comisséo Examinadora reuniu-se
em reservado para discussao do conceito a ser atribuido ao Candidato. Foi estabelecido que as sugestoes
de todos os membros da Comissdo Examinadora, que seguem em pareceres em anexo, foram aceitas
pelo Orientador/Candidato para incorporagéo na versdo final da Dissertagdo. Finalmente, a Comisséo
Examinadora considerou o candidato APROVADO, por unanimidade. Nada mais havendo a tratar, foi
lavrada a presente ATA, que apos lida e aprovada, sera assinada pela Comiss@o Examinadora, pelo
Candidato e pelo Coordenador do Programa de Pos-Graduagéo em Oceanologia

Zodman [,
@ . Dr. Rodrige Kerr
Preside

Prof. Dr. Humberto Marotta

‘Acad. Ciro C. Liutti




“I am the master of my fate:
I am the captain of my soul.”

Invictus — William E. Henley



Agradecimentos

Tenho a obrigacao de agradecer a minha familia pelo apoio que me deram
nessa maratona, que foi minha carreira académica até esse momento.
Principalmente aos meus pais, que confiaram nas minhas escolhas e sempre me
ajudaram a perseguir meus objetivos. E a minha irm&, que por mais que

briguemos, consegue dizer que tem orgulho de mim.

Agradeco a Universidade Federal do Rio Grande — FURG por ser minha
casa nos ultimos 8 anos, ao Instituto de Oceanografia por ter me ensinado o
significado de ser um Oceandlogo e, principalmente, ao Laboratério de Estudos

dos Oceanos e Clima — LEOC por ter me dado 6timas experiéncias e amigos.

A Mariah, por ter me levantado quando eu caia e ter me acalmado nos

momentos de estresse.

A lole, que mesmo quando estava distante, ndo deixou de me mostrar o

caminho certo quando estava perdido.

Ao professor Rodrigo Kerr, pela orientacdo desde a graduacao e por ter
me aturado todo esse tempo.

Aos amigos que o Cassino me deu, pelos melhores momentos dos ultimos

anos.

E, por fim, ao Programa de POs-Graduacdo em Oceanologia e a
Coordenacéo de Aperfeicoamento de Pessoal de Nivel Superior — CAPES, pela

oportunidade e suporte para o desenvolvimento desse trabalho.

Vi



Indice

F o = To [T o] o 01T g1 (o 1 P Vi
Lista de Figuras da DIiSSertacan ...........cccvvveveiiviiiiiiiiii e eeeeeee e X
Listade FIgQuras do Artig0.....ccoceeeeiiiiiieeeeeeeee et Xi
Lista de Tabelas da DISSErtagao..........uuuuuruiiiiiiiiieeeeeeees e e e e e e e eeaeas Xiii
Listade Tabelas dO Artigo.......oooeeieiiiiiiiiiiii e e e e e e e eeeeeeeenns Xiv
Lista de Acronimos, Abreviacdes e SImbolos.........cccccccveeeiiiiii, XV
RESUIMO ... e eas XVii
ADSTIACT. ...t Xviii
Capitulo I INtrodUGAOD..........coeeieeeeeee et e e e e e e e e e e e eeanaans 1
N I 0] To [ o= o TP 1
LI @ ][] 1Y/ 1 PRSP 6
Capitulo II: Dados € MEtOUOS.........ccoiviiiieeiiieee e e e e e 7
.1 = Area de EStUAO.......c.ovivieieeieeeceece ettt 7

II.Il — Dados utilizados para desenvolvimento e teste dos algoritmos para
fCO2 NA AQUA O MAF ...eeeiiiiiiiieeeee et ee et e e e e e e e e e e e s s s s s eeeeeeeeeees 10

II.IIl — Banco de dados na reconstrucéo da distribuicdo da fCO2na agua

[1.IV — Algoritmos da fCO2z na &gua do mar...........cccuvvviiiiieiiiieeeeeeeeeeenns 14

II.V - Avaliagao da distribuicdo espacial e comportamento temporal da

(0@ 3 F= W= To [U = W (o N 4 - T oo R RO 15
Il.VI - As forgantes da variabilidade da fCO2 na agua do mar................. 16
Capitulo Il: Artigo CientifiCO........uuuiiieieiie e 19
L. INEFOAUCTION. ...ttt 20

Vi



2. Data and MethOAS. ... ..o 24

2.1, SHUAY @r€a. .. .t 24
2.2. Database used to develop and assess the seawater fCO>
algorthms. ... 26
2.3. Database used to reconstruct the distribution of seawater
(OO TP 29
2.4, Seawater fCOz2 algorithms.............oooiiiiiii, 29
2.5. Evaluation of the spatial distribution and temporal behavior of
SEAWALEr TCO2. ...t 30
2.6. Drivers of the variability of seawater fCOg2.............ccccevenn.n. 31
3. RESURS. .. 32
3.1. Assessment of the seawater fCO; algorithms.................... 32
3.2. Spatial distribution and temporal behavior of seawater fCO>..35
3.3. Spatial distribution of Alk and DIC..............cociiiiiiiiiinnn... 40
3.4. Drivers of the variability in seawater fCO2..............cocceneents 41
1D 1o £ T o 47
4.1. The performance of the seawater fCO> algorithms.............. 47
4.2. Spatiotemporal distribution of the seawater fCO: in the
southwestern South Atlantic Ocean..................oooeviiiis 49
4.3. What are the main drivers of seawater fCO: in the
biogeochemical provinces of the southwestern South Atlantic
OCRANT ... 52
5. Summary and CONCIUSIONS.........couiuiiiiiiiie e 54
ACKNOWIEAgEMENTS. ... 55
Supplementary Material. ..o 56

VIl



Capitulo IV: Sintese dos resultados € diSCUSSA0............cccceeeeieeiieeeeeeeeieeiieeinnns 63
V.l — Algoritmos da fCO2 ha agua dO Mar............eeeveeiiiiiiiieeeeiiiiieee e 63

IV.1l — Distribuicio espacial e comportamento temporal da fCO2 na agua

IV.III — Quais s&o as principais for¢gantes que controlam a variabilidade

da fCO2 na &gua do Mar NA rEGIA0O7......ccuiiurriiiee et e et 65
Capitulo V: Perspectivas FULUIaS...........ccoociiiiiiiiiiiiiii e 67
Referéncias BibliografiCas.......ccccuiiiiiiiiiiiii e 68



Lista de Figuras da Dissertacao

Figura 1. Provincias biogeoquimicas do sudoeste do oceano Atlantico Sul: regido de Abrolhos-
Campos (ACR), South Brazil Bight (SBB), Southern Brazilian Shelf (SBS) e regido offshore. A
regido em branco, que é delimitada pelas linhas pontilhadas, mostra a regido de ressurgéncia na
ACR, enquanto as setas brancas na SBS mostram os sentidos da intrusdo de dgua provenientes
da pluma do Rio da Plata e do sistema Patos-Mirim. A Corrente do Brasil (Brazil Current) tem
seu sentido e area de influéncia mostrada pela seta preta. O limite entre a plataforma continental
(o limite das areas ACR, SBB e SBS) e a regido offshore foi definido seguindo a linha batimétrica
Lo L2 0T I g1 o U pag.5

Figura 2. A distribuicdo espacial do banco de dados usado para desenvolver e testar os
algoritmos de fCO2. O dado usado para desenvolver o algoritmo para Outono-Inverno (Fall-
Winter; pontos vermelhos) e Primavera-Verdo (Spring-Summer; pontos verdes), enquanto a
secao do cruzeiro FORSA (pontos azuis) foi usada para validar o algoritmo. A divisdo das regifes
(ACR, SBB, SBS e Offshore) é representada pelos pontos pretos e a batimetria € mostrada em
TONS AE CINZA. ..ottt e e ettt e e sttt e e e e e sab b b e e e e s sabeeeeeesbnneeeeenaes pag. 11



Lista de Figuras do Artigo

Figure 2. Regional biogeochemical provinces of the southwestern South Atlantic Ocean:
Abrolhos-Campos Region (ACR), South Brazil Bight (SBB), Southern Brazilian Shelf (SBS), and
offshore regions. The white region within dotted lines highlights the upwelling zone of the ACR,
while the white arrows at the SBS depict the inflow of continental waters from the La Plata River
and the Patos-Mirim Lagoon plumes. The Brazil Current is depicted by black straight arrows. The
border between the continental shelf (defining the areas of ACR, SBB, and SBS) and offshore
regions is defined by the 200 misobaths............cocoiiiiii pag. 24

Figure 2. Spatial distribution of the dataset used to create and assess the fCO2 algorithms. The
data used to develop the Fall-Winter (red lines) and Spring-Summer algorithms (black lines), while
the FORSA cruise section (blue line) was used to validate the algorithm. The bathymetry is
eXpressed ON gray SNAUES. ... ... pag. 27

Figure 3. The seawater fCO2 (natm) reconstruction along the FORSA cruise section (Fig. 2 in
blue dots) using the Fall-Winter algorithm: modeled (black) and observed (gray) data. The values
shown are the coefficient of determination (r?), p-value and root-mean-square error (RMSE)
between the predicted and the modeled fCOz data...........couvuiiiiiiiiiiiiee e, pag. 34

Figure 4. Spatial distribution of the difference in seawater fCO:2 (patm) between both developed
algorithms (i.e., the results obtained with the Spring-Summer algorithm minus the results obtained
with the Fall-Winter algorithm) in the two last months of each seasonal period (i.e., February and
August). The map (a) shows the absolute seawater fCO- difference for February and (b) August,
the last months of the Spring-Summer and Fall-Winter periods,
TS 01T 1)/ PPN pag. 35

Figure 5. Spatial distribution of the seawater fCO2 (uatm) in the study region for each month of
the year. The panels show the averaged maps from 2011-2015. The exception is July, which was
compiled for the period 2012-2015. ... ...t pag. 37

Figure 6. Interannual variability in the seawater fCO2 (patm) during the analyzed period (August
2011 to June 2015) for the (a) entire studied region, (b) Abrolhos-Campos Region (ACR), (c)
South Brazil Bight (SBB), (d) Southern Brazilian Shelf (SBS), and (e) offshore region. The black
line depicts the monthly fCO2, and the gray dashed lines depict one standard deviation from the
Monthly averaged fCOz. . ... e pag. 39

Figure 7. Averaged spatial distribution of the hydrographic and marine carbonate system
parameters between 2011-2015: (a) seawater fCO2 (patm), (b) SST (°C), (c) SSS, (d) Alk (umol
kg™), and (€) DIC (UM KG™) .. o pag. 41

Figure 8. Spatial distribution of the seawater fCO2 anomalies and parameter drivers of the
seawater fCO:z in the southwestern South Atlantic Ocean (patm). The panels show the spatial
distribution of (a) the seawater fCO2 anomalies and the driver effect of (b) sea surface temperature
(SST), (c) sea surface salinity (SSS), (d) salinity-normalized total alkalinity (Alkn) and (e) salinity-
normalized total dissolved inorganic carbon (DICN)..........coiiiiiiiii e, pag. 43

Figure 9. Drivers’ influence on the seawater fCO2 variability in patm for each biogeochemical
province in the southwestern South Atlantic Ocean: (a) entire studied region, (b) Abrolhos-
Campos Region (ACR), (c) South Brazil Bight (SBB), (d) Southern Brazilian Shelf (SBS), and (e)
offshore region. The bars represent the influence of sea surface temperature (SST, blue), sea
surface salinity (SSS, orange), salinity-normalized total alkalinity (Alkn, gray), and salinity-
normalized total dissolved inorganic carbon (DICh; yellow) on the spatial distribution of the
seawater fCO2. The black bar represents the sum of the fCO2 anomalies (i.e., seawater fCO2 —
regional MEAN FCO2). .. ...t pag. 44

Figure 10. Seasonal cycle of the parameter drivers of the seawater fCO: in the (a) entire studied
region and each subregion analyzed in this study: (b) Abrolhos-Campos Region (ACR), (c) South

Xl



Brazil Bight (SBB), (d) Southern Brazilian Shelf (SBS), and (e) offshore region. Temporal anomaly
of the seawater fCO2 (patm; black) and the drivers of the seawater fCO2 (natm; in color). The
drivers evaluated are sea surface temperature (SST, blue), sea surface salinity (SSS, orange),
salinity-normalized total alkalinity (Alkn, gray), and salinity-normalized total dissolved inorganic
CarboN (DICN, YEIIOW) .. ...t e pag. 46

Figure S1. Spatial distribution of the SST (°C) of the study region. The panels show the averaged
maps for each month from 2011-2015. The exception is July, which was compiled for the period
2002-2005 .ttt a e pag. 57

Figure S2. Spatial distribution of the SSS of the study region. The panels show the averaged
maps for each month from 2011-2015. The exception is July, which was compiled for the period
2 pag. 58

Figure S3. Spatial distribution of the Chla (mg m3) of the study region. The panels show the
averaged maps for each month from 2011-2015. The exception is July, which was compiled for
the Period 2012-2015. ... .. pég. 59

Figure S4. Seasonal cycle of the regional seawater fCO2 (patm) during the analyzed period
(August 2011 to June 2015) for the (a) entire studied region in the southwestern South Atlantic
Ocean, (b) Abrolhos-Campos Region (ACR), (c) South Brazil Bight (SBB), (d) Southern Brazilian
Shelf (SBS) and (€) offshore region............oooiiiiii i pag. 60

Figure S5. The annual seawater fCO2 trend (patm) based on the difference between the fCOzin
each month and the respective monthly average (gray line) for the (a) entire studied region, (b)
Abrolhos-Campos Region (ACR), (c) South Brazil Bight (SBB), (d) Southern Brazilian Shelf
(SBS), and (e) offshore region. The annual trend for each biogeochemical province is shown in
each panel. The trend is represented by a black dotted line.................ccooiiiiiiiiiii i, pag. 61

Figure S6. Spatial distribution of the fCO2 anomalies and fCO: drivers in the Plata River Plume
region (puatm). Map a) is the spatial distribution of the fCO2 anomaly; map b) is the spatial
distribution of the effect of SST as a driver of fCO2; map c) is the spatial distribution of the effect
of SSS as a driver of fCOz2; map d) is the spatial distribution of the effect of Alk on fCO2; and map
e) is the spatial distribution of the effect of DIC as a driver of fCO2..........coceviiiiiinnann. pag. 62

Xl



Lista de Tabelas da Dissertacao

Tabela 1. As médias e desvios padrdes do banco de dados utilizados para desenvolvimento dos
algoritmos sazonais da fCO2 na agua do mar: Primavera-Verdo (setembro até fevereiro) e
Outono-Inverno (margo até agosto). A tabela mostra a fCO2 na agua do mar (uatm), temperatura
superficial da agua do mar (SST, °C), salinidade superficial da 4gua do mar (SSS) e concentragao
de clorofila-a (Chla, mg m) para toda a area de estudo, no sudoeste do oceano Atlantico Sul, e
para as divisdes regionais e sazonais. Regido de Abrolhos-Campos (ACR), South Brazil Bight
(SBB), Southern Brazilian Shelf (SBS) e regiao offshore
(11551 4101 (=) TS SPERRRR pag. 12

X1



Lista de Tabelas do Artigo

Table 2. Average and standard deviation values of the dataset used to develop the seasonal
algorithms for seawater carbon dioxide fugacity (fCOz2): Spring-Summer (September to February)
and Fall-Winter (March to August). The table shows seawater fCO2 (patm), sea surface
temperature (SST, °C), sea surface salinity (SSS), and chlorophyll-a concentration (Chla, mg m-
%) for the entire study area in the southwestern South Atlantic Ocean and each regional and
seasonal division. Abrolhos-Campos Region (ACR), South Brazil Bight (SBB), Southern Brazilian
Shelf (SBS), and offshore region (0ffShore).........cooooiiii pag. 28

Table 2. Correlation coefficients (r) between fCO2 and the other parameters (SST, SSS and Chla)
for Spring-Summer (September to February) and Fall-Winter (March to August). All p-values are

Table 3. Algorithms obtained for each seasonal division following Eq. 1: Spring-Summer
(September to February); Fall-Winter (March to August). Each B has a specific unit, where Bois
patm, Biis patm per °C, Bzis patm per salinity unit, and 3z patm per mg m=2 of chlorophyll a. Also
shown are the coefficient of determination (r?), root-mean-squared error (RMSE) and number of
stations (n) used to develop each algorithm................. i, pag. 33

Table 4. Regional averages and deviations of Alk (umol kg1) and DIC (umol kgt) for each region
and the region affected by the Plata River's plume. The Plata plume region was excluded from
TNE OtNET FEGIONS . .. pag. 42

Table 5. List of previous studies that used seawater CO: algorithms developed for the
southwestern South Atlantic Ocean and their respective performances, sampling periods,
evaluated parameters (i.e., pCO2, NpCO2, fCO2, NfCO.), correlation coefficient values (r?),
associated errors (i.e., *Root-mean-square error or **Standard Error; patm), and sample numbers
(n). NpCO2 and NfCO: are the forms of pCO: and fCO2 normalized by the mean sampled
temperature, reSPECHIVEIY ... ... e pag. 48

XV



Lista de Acronimos, Abreviacoes e

Simbolos

A

ACR - regido Abrolhos-Campos
(Abrolhos-Campos region)

Alk - alcalinidade total (total
alkalinity)
Alkn - Alk normalizada pela

salinidade (Alk normalized by the
salinity)

C

Chla - concentracdo de clorofila-a
(chlorophyll-a concentration)

CO2 - di6xido de carbono (carbon
dioxide)
D

DIC - carbono inorgéanico dissolvido
(total dissolved inorganic carbon)

DICh - DIC normalizado pela

salinidade (DIC normalized by the
salinity)

F

fCOz2 - fugacidade do CO:2 (carbono
dioxide’s fugacity)

FORSA - Following Ocean Rings in
the South Atlantic

G

GOAL - Grupo Brasileiro de
Oceanografia de Altas Latitudes

H

H2COs - acido carbdnico (carbonic
acid)

HCOzs" - bicarbonato (bicarbonate)

HSOs~ - sulfato de hidrogénio
(hydrogen sulfate)

K

K1 - constante de dissolucdo do
H2CO3 (H2CO3 dissociation constant)

K2 - constante de dissolugdo do
HCO3™ (HCO3s~dissociation constant)

km - quildmetros (kilometers)

LDEO v2017 - Global Surface pCO:2
Database v2017

M

m - metros (meters)

XV



mg/m3 - miligramas por metro cubico
(miligrams per cubic meter)

MLR - regressdo multilinear (multiple
linear regression)

MODIS Aqua - The Moderate

Resolution Imaging Spectro-
radiometer Aqua

(0,

°C - Graus Celsius (Celsius degrees)

ODV - Ocean Data View

P

pCO: - presséo parcial do CO2 (CO2
partial pressure)

R

r> - coeficiente de determinagédo
(coefficient of determination)

RMSE - erro médio quadratico (root-
mean-squared error)

S

SBB - South Brazil Bight
SBS - Southern Brazilian Shelf

SOCATv5 - Surface Ocean CO:2
Atlas v.5

SSS - salinidade superficial do mar
(sea surface salinity)

SST - temperatura superficial do mar
(sea surface temperature)

STSF - Frente Subtropical de
Plataforma (Subtropical Shelf Front)

Simbolos

B - coeficiente de multiplicacéo
(multiplier coefficient)

patm - microatmosfera

(microatmosphere)

pmol kg~!- micromol por quilograma
(micromol per kilogram)

XVI



Resumo

O oceano Atlantico tem uma funcao importante no ciclo global do diéxido
de carbono (CO2), contudo o Atlantico Sul € menos amostrado em compara¢ao
ao Atlantico Norte. Para entender o comportamento da fugacidade do CO2 (fCO2)
no sudoeste do oceano Atlantico Sul, foram desenvolvidos dois modelos
sazonais (representando periodos de Primavera-Verdo e Outono-Inverno no
hemisfério sul) para reproduzir a variabilidade espaco-temporal da fCO:2 entre
2011-2015. Os modelos de fCO2z foram produzidos usando modelos de
regresséo multilinear a partir de dados in situ provenientes dos bancos de dados
do SOCATV5, LDEO v2017, e GOAL. A avaliacdo espaco-temporal da fCO:2 foi
investigada nos regimes de oceano aberto e plataforma continental, sendo que
a Ultima foi dividida nas provincias biogeoquimicas de Abrolhos-Campos (ACR),
South Brazil Bight (SBB) e Southern Brazilian Shelf (SBS). Ambos os modelos
reproduziram bem a distribuicdo espacial da fCO2 na regido de estudo, com
melhor reproducao do regime da plataforma nas margens brasileiras. O modelo
para Primavera-Verao apresentou um coeficiente de determinacéo (r?) de 0.71 e
um erro médio quadratico (RMSE) de 13.81 patm, enquanto o modelo para
Outono-Inverno apresentou um r? de 0.64 e um RMSE de 10.05 patm. Os
modelos foram testados utilizando o banco de dados provenientes do cruzeiro
FORSA, que ocorreu durante o inverno de 2015. Este teste apresentou bons
resultados na comparagcdo entre as saidas do modelo de fCO2 e os dados
observados no FORSA (r’=0.95 e RMSE=16.22 patm). Em geral, a variabilidade
sazonal da fCO2 sobre a plataforma € controlada pelas dindmicas da Corrente
do Brasil e pela oscilacdo da posicdo da Frente Subtropical de Plataforma
(STSF). A ressurgéncia costeira na ACR também apresentou influéncia sobre
variacdes da fCOz na regido. As oscilacdes sazonais no sudoeste do Atlantico
Sul sdo controladas por variacbes entre as principais forcantes, com a
temperatura superficial do oceano controlando as variagdes entre dezembro e
maio, e a distribuicdo do carbono inorganico dissolvido total controlando as
alteracdes entre junho e novembro. As regides influenciadas pelas oscilacdes da
STSF (i.e., SBS e SBB) mostraram que a distribuicdo da alcalinidade apresenta
a maior influéncia da fCO2 durante o outono.

Palavras-chaves: Didoxido de carbono, Pardmetros do sistema carbonato,

Algoritmos de fCOz2, Oceano Atlantico Sul, Tendéncia anual da fCOz2, Forgantes
da fCO:a.
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Abstract

The Atlantic Ocean plays an important role on the global carbon dioxide
(CO2) cycle, however the South Atlantic is comparatively less sampled then the
North Atlantic. In order to understand the behaviour of the seawater CO2 fugacity
(fCOz2) in the southwestern South Atlantic Ocean, we developed two seasonal
algorithms (representing the periods of Spring-Summer and Fall-Winter in the
Southern Hemisphere) to reproduce the spatiotemporal variability of the seawater
fCO2 between 2011-2015. The fCO:2 algorithms were developed using multilinear
regression with in situ data from SOCATV5, LDEO v2017, and Brazilian GOAL
databases. Thus, allowing to include the continental shelf regime in the
algorithms. The spatiotemporal variability of the seawater fCO2 was investigated
on the open ocean and continental shelf regimes, with the latter subdivided into
the biogeochemical provinces of the Abrolhos-Campos region (ACR), the South
Brazil Bight (SBB), and the Southern Brazilian Shelf (SBS). Both seasonal
algorithms well reproduced the seawater fCO2 spatial distribution in the study
region, with an improved representation on the continental shelves of the south
and southeast Brazilian margins. The Spring-Summer algorithm had a coefficient
of determination (r?) of 0.71 and a root-mean-squared error (RMSE) of 13.81
patm, while the Fall-Winter algorithm had a r=0.64 and RMSE=10.05 patm. The
algorithms were assessed using the FORSA cruise dataset conducted during the
winter of 2015, achieving a good agreement between modelled fCO2 outputs and
observations (r>=0.95 and RMSE=16.22 patm). In general, the seawater fCO2
seasonal variability on the continental shelf regime was controlled by the
dynamics of the Brazilian Current and oscillations of the Subtropical Shelf Front
position. The coastal upwelling on the ACR also influences the seawater fCO:2
variations in the region. In general, the seawater fCO2 seasonal oscillation in the
southwestern South Atlantic Ocean is driven by swings between the main drivers,
with sea surface temperature controlling the changes between December-May
and total dissolved inorganic carbon between June-November. The regions
influenced by displacements of the Subtropical Shelf Front (i.e., SBS and SBB)
show that distribution of total alkalinity also have a major influence on seawater
fCOz2 control during Fall.

Key words: Carbon dioxide, Carbonate system parameters, fCOz2’s algorithm,
Brazilian Continental Shelf, Annual fCO2 trends, fCO2 drivers.
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Capitulo I: Introdugao

I.I - Introducéo

O diéxido de carbono (COz2) é conhecido como um dos principais gases
do efeito estufa (Millero, 2007) e a concentracdo deste gas na atmosfera vem
sofrendo um aumento constante desde a Revolucao Industrial (Le Quére et al.,
2018). O oceano € responsavel tanto pela captura do excedente do CO2 quanto
pelo aprisionamento deste por longos periodos temporais (e.g., Takahashi et al.,
2009; Le Quére et al., 2018). Por exemplo, na ultima década o oceano Atlantico
foi responsavel pela captura média de 0.49 £ 0.11 Pg de carbono ao ano (Shuster
et al., 2013). Porém, devido a grande variabilidade espacial e temporal dos
parametros fisicos, quimicos e bioldgicos que controlam essa dinamica de fluxos
entre 0 oceano e atmosfera, algumas regides do oceano podem apresentar
variabilidade nos padrdes de liberacdo e captura do COz2 (e.g. Mahadevan et al.,

2004; Takahashi et al., 2009).

Os processos responsaveis pela liberacdo ou captura do CO: da

atmosfera sdo chamados de bomba de solubilidade e bomba biolégica (Howes



et al., 2015). A primeira consiste na interagdo quimica do CO2 com a agua e a
formacdo de &cido carbdnico, que devida a sua instabilidade se dissocia
formando os ions bicarbonato e carbonato. Essa bomba é dependente da
solubilidade do CO2 na agua, que aumenta com a diminuicdo da temperatura
superficial da &gua do mar (SST) e a diminuicdo da salinidade superficial da &gua
do mar (SSS). Com o aumento da solubilidade ocorre reducéo da pressao parcial
do CO2 (pCO:2) ou fugacidade! (fCOz2) na &gua do mar, que se tratam da presséao
exercida pelo CO2 em um volume especifico de agua do mar (Sarmiento e
Grubber, 2006). A segunda bomba é diretamente relacionada com a atividade
fotossintética, onde os organismos absorvem o carbono inorgénico da superficie
pela fotossintese e transformam esse carbono em carbono orgénico para a
formacao das carapacas e outras estruturas (Mucci et al., 2000). Uma forma de
identificar e quantificar a atividade dessa bomba € observar a concentragédo de
clorofila-a (Chla) nas aguas superficiais. Quanto maior Chla, maior a captura do
COz2 pelos organismos e menor serao os valores de fCOz2 (e.g., Bianchi et al.,

2009).

Outros dois parametros que podem ser relacionados com a fCO2 séo a
alcalinidade total (Alk) e carbono inorganico dissolvido (DIC). Ambos os
parametros sao influenciados por processos fisico-quimicos e biolégicos. A Alk
€ definida por Broecker (1974) como sendo o balan¢o da contribuicdo de carga
dos principais cations e anions conservativos da agua do mar. Dessa forma,
mudancas sO ocorrem em escalas de tempo muito grandes, geoldgicas, sendo
a Alk considerada entdo uma propriedade conservativa. Esta apresenta uma

relacdo inversa com a fCO2 (Sarmiento e Grubber, 2006). Ja o DIC se trata da

! Press3o parcial do gds corrigida pelo comportamento de um gés ideal;



somatoéria de todas as espécies carbonaticas (Broecker, 1974) e tem uma
relagéo direta com a fCO2. Porém, quanto maior o DIC menor é a solubilidade
do CO:2 na agua do mar, ou seja, o DIC apresenta uma relacdo contraria a SST

(Sarmiento e Grubber, 2006).

E muito bem conhecido que o sudoeste do oceano Atlantico Sul (Fig. 1) é
uma regido que apresenta baixa amostragem dos parametros do sistema
carbonato marinho e ainda ndo tem sua dinamica da fCO2 completamente
entendida (Kerr et al., 2016). Ito et al. (2005) estudou a variabilidade sazonal da
fCO:2 e os fluxos do COz na plataforma continental, quebra de plataforma e regiao
de oceano aberto na parte sudoeste do oceano Atlantico subtropical durante trés
diferentes estacbes, entre 1997 e 1998. Os autores encontraram que a
plataforma continental e o talude se comportaram como fontes de CO:2 para a
atmosfera durante o inverno, fim do outono e verdo, enquanto o oceano aberto
oscilou entre fonte de CO:2 (1997) e sorvedouro (1998). Contudo, suas
investigagdes foram concentradas em resultados obtidos em uma ou duas
secOes perpendiculares a plataforma continental em uma é&rea confinada do
South Brazil Bight. Por outro lado, a partir do uso de dados de 14 cruzeiros entre
2000 e 2008, Padin et al. (2010) analisaram a distribuicdo da fCO2 na agua do
mar e os fluxos ar-4gua do CO2 no oceano aberto e areas da plataforma
continental do oceano Atlantico, incluindo o sudoeste do oceano Atlantico Sul.
Esse trabalho apontou que o oceano se comportou como fonte do CO2 na
primavera e sorvedouro do CO:2 durante o outono, com areas da plataforma
continental se comportando tanto como fonte e sorvedouro durante as duas
estacdes. Mais recentemente, Arruda et al. (2015) investigaram os fluxos do CO:2

e o0s controles da variabilidade sazonal do pCO2 na agua do mar por meio do uso



de um modelo biogeoquimico para o sudoeste do oceano Atlantico Sul. Esses
autores encontraram que a parte mais interna da plataforma continental se
comporta como uma fonte fraca de CO2 e com as regides media e externa da
plataforma continental se comportando como sorvedouro de CO:2 para a
atmosfera. Com um estudo mais compreensivo e usando a vantagem de
medicdes sindticas do CO2 no sudoeste do oceano Atlantico Sul, tanto na regiéo
de South Brazil Bight, quanto na Southern Brazilian Shelf, Ito et al. (2016)
documentaram que a plataforma continental se comportou como fonte do CO2
durante o fim do outono de 2010 e no inicio do verdo de 2011. Os autores
também encontram que regides influenciadas por ressurgéncia e por processos
fisicos de submesoescala, como frentes e vortices, apresentam grande
influéncia na distribuicdo espacial do pCO2 na 4gua do mar na regido. Lencina-
Avila et al. (2016) investigaram a distribuicdo da fCO2 na 4gua do mar na se¢éo
transatlantica entre a plataforma continental Sul Africana e Sul Americana e
percorrendo a linha latitudinal de 35°S durante a primavera e o inicio do verdo
de 2011. Esses autores encontraram que toda a regido se comportou como zona
de sorvedouro de CO:2 durante todo o cruzeiro. Um comportamento parecido
também foi reportado por Orselli et al. (2019) em seu estudo sobre o impacto dos
vortices das Agulhas nos fluxos de CO2 no oceano Atlantico Sul. Esses autores
encontraram que a regido ao longo do caminho percorrido pelos vortices das
Agulhas se comportou como sorvedouro de CO2z durante julho de 2015. Apesar
de muitos estudos terem investigado como o CO2 se comporta no sudoeste do
oceano Atlantico Sul, a maioria se baseou em cruzeiros especificos ou/e séo
limitados espacial ou temporalmente. Assim, dificultando uma imagem mais

ampla da distribuicdo da fCO2 (ou da pCO2) na agua do mar, bem como das



forcantes fisico-quimicas e biolégicas que sé@o responséaveis pela variabilidade

deste parametro.
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Figura 3. Provincias biogeoquimicas do sudoeste do oceano Atlantico Sul: regido de Abrolhos-
Campos (ACR), South Brazil Bight (SBB), Southern Brazilian Shelf (SBS) e regido offshore. A
regido em branco, que é delimitada pelas linhas pontilhadas, mostra a regiéo de ressurgéncia na
ACR, enquanto as setas brancas na SBS mostram os sentidos da intrusdo de agua provenientes
da pluma do Rio da Plata e do sistema Patos-Mirim. A Corrente do Brasil (Brazil Current) tem
seu sentido e area de influéncia mostrada pela seta preta. O limite entre a plataforma continental
(o limite das areas ACR, SBB e SBS) e a regido offshore foi definido seguindo a linha batimétrica
de 200 metros.

Nesse contexto, esse estudo investigou a distribuicdo espacial e a
sazonalidade e interanualidade da fCO2na dgua do mar no sudoeste do oceano
Atlantico Sul entre 0 meio de 2011 e o meio de 2015. Utilizando da relacdo
existente entre SST, SSS e Chla com a fCOz, essa investigagéo foi baseada no
desenvolvimento de dois algoritmos de fCOz2, considerando as divisdes sazonais
de Primavera-Verdo e Outono-Inverno, e o uso de dados derivados de satélite.

Também foram investigadas as for¢antes biogeoquimicas (i.e., SST, SSS, Alk e



DIC) que controlam as variagcbes regionais tanto na escala espacial quanto

temporal da fCO:x.

l.I — Objetivos

O objetivo geral deste estudo é reconstruir a distribuicdo espacial, sazonal
e interanual da fCO2 na agua do mar para a regido de plataforma continental e
oceano aberto do sudoeste do oceano Atlantico Sul. Como objetivos especificos,
este estudo pretende: (i) desenvolver algoritmos para a reconstrugdo da
distribuicdo da fCO2 na &gua do mar, determinados a partir de parametros fisicos
e bioldgicos medidos in situ, a serem utilizados na reconstrucédo da distribuicdo
da fCO2 na &gua do mar, e (ii); avaliar as principais forcantes biogeoquimicas
responsaveis pela variabilidade espaco-temporal na distribuicdo do fCO2 na

agua do mar na area de estudo.



Capitulo Il: Dados e Métodos
Il.I - Area de Estudo

A regido de estudo deste trabalho engloba parte da por¢cédo sudoeste do
oceano Atlantico Sul, definida pelos limites latitudinais de 20 até 35°S e
longitudinais de 35 até 55°W, ou seja, cobrindo grande parte da costa sul e
sudeste brasileira e parte da desembocadura do Rio da Prata. Esta area foi
dividida em quatro provincias biogeoquimicas distintas (Fig. 1) devido a grande
dindmica oceanica e a alta variabilidade da fCO2 na agua do mar existente na
regido (e.g., Castro e Miranda, 1998; Ito et al. 2016). O regime da plataforma
continental foi subdividido considerando a regido de Abrolhos-Campos (ACR), a
South Brazil Bight (SBB) e Southern Brazilian Shelf (SBS). O limite batimétrico
entre regimes de plataforma continental e oceano aberto (offshore region) foi
determinado pela batimetria média de 200 m, enquanto os limites latitudinais

foram definidos entre 20°S e 35°S.



A ACR, area situada entre 20°S e 23°S, apresenta como caracteristicas
uma plataforma continental estreita e uma zona de ressurgéncia onde ascende
a Agua Central do Atlantico Sul (Zembruscki 1979; Rodrigues and Lorenzzetti
2001). O sistema de ressurgéncia de Cabo Frio, que esta associado com a
intensificacdo dos ventos vindos de nordeste na regido, apresenta maior
intensidade e frequéncia durante a primavera e o verdo (Castelao e Barth 2006;
Calado et al. 2008). A SBB, localizada entre 23°S e 28.5°S, € um largo
embaiamento da plataforma continental, que sofre influéncia dos ventos locais
em sua porcao mais interna e da Corrente do Brasil em suas por¢cdes média e
externa (Palma e Matano 2009; Matano et al. 2010). Na por¢éo sul da plataforma
na regido de estudo ocorre intrusdo de agua com baixa salinidade proveniente
da desembocadura do Rio da Prata e do sistema da lagoa Patos-Mirim (Piola et
al. 2000). Na porcéo norte da regido ocorre intrusdo de 4gua relativamente mais
gelada proveniente do sistema de ressurgéncia da ACR. Durante o ver&o, devido
a influéncia do regime de ventos e presenca da Agua Central do Atlantico Sul, a
zona sudoeste da regido apresenta ressurgéncia de aguas relativamente mais
frias préximas a costa (Matano et al. 2010). A SBS se estende entre 28.5°S e
35°S e, sendo amplamente influenciada pelo desague do Rio da Prata e da lagoa
Patos-Mirim, sofre mudancas na hidrografia e nas propriedades do sistema
carbonato da agua de plataforma (Ciotti et al. 1995; Piola et al. 2000; Odebrecht
e Castello 2001; Braga et al. 2008; Carvalho-Borges et al. 2018). A adveccéo
das aguas costeiras provenientes do continente € fortemente influenciada pela
oscilacdo sazonal da posicédo da Frente Subtropical de Plataforma (STSF?), que

tem sua origem na transicdo entre a Agua Subantartica de Plataforma,

2 Do inglés Subtropical Shelf Front



proveniente da plataforma patagonica, e da Agua Subtropical de Plataforma, que
€ advectada de baixas latitudes. Durante o inverno, essas aguas costeiras de
baixa salinidade podem atingir posi¢coes superiores a 28°S, enquanto no verao

essas aguas sao presas ao sul de 32°S (Piola et al. 2000; Palma et al. 2008).

Na regido de oceano aberto, préximo a zona de quebra de plataforma, flui
a Corrente do Brasil, que é uma corrente de contorno oeste. Essa corrente
transporta aguas relativamente mais quentes e salinas, de baixas para altas
latitudes, com uma velocidade de fluxo baixa, em comparagdo com outras
correntes de contorno oeste (Castro e Miranda 1998). Essa corrente segue para
sul até encontrar a Corrente da Malvinas vindo em sentindo oposto, formando
uma area com alta energia cinética, conhecida como Confluéncia Brasil-Malvinas
(Gordon, 1989). A posigéo da confluéncia varia sazonalmente, com incursdes da
Corrente das Malvinas a posi¢cées mais ao norte de 33°S durante o inverno, e
avanco da Corrente do Brasil a posicbes proximas a 43°S durante o verao
(Legeckis e Gordon 1982; Olson et al. 1988; Provost et al. 1992; Piola et al.
2000). Devido as mudancas sazonais em seu fluxo e pela intrusdo da Agua
Central do Atlantico Sul na coluna d’agua da plataforma continental, a Corrente
do Brasil exerce grande influéncia sobre a hidrodinamica e as propriedades da
agua do mar sobre a plataforma continental de toda a regido de estudo (Stramma

e Peterson 1990; Matano et al. 2010).



Il.Il - Dados utilizados para desenvolvimento e teste dos algoritmos

para fCOz2na agua do mar

Neste estudo foram utilizados dois conjuntos de dados, uma colecao de
dados in situ e uma colecdo de dados derivados de satélites. O primeiro grupo
de dados tem como principal caracteristica serem dados de SST, SSS e fCOz2na
agua do mar provenientes de coletas discretas feitas a partir de embarcacoes de
pesquisas oceanogréaficas e embarcacdes de oportunidade. Esses dados foram
extraidos dos seguintes bancos de dados: (i) Surface Ocean CO: Atlas (SOCAT)
versao 5 (Bakker et al. 2016); (ii) Global Surface pCO2 (LDEQO) Database v2017
(Takahashi et al. 2017); e o (iii) banco de dados do Grupo Brasileiro de
Oceanografia de Altas Latitudes (GOAL,; Ito et al. 2016; Lencina-Avila et al. 2016;
Kerr et al. 2016; Carvalho-Borges et al. 2018; Orselli et al. 2019). Destes bancos
de dados foram obtidos dados de SST (°C), SSS e fCO2 ou pCO2 na agua do
mar (patm). Sendo que o Ultimo, quando usado, foi convertido para fCO:2
utilizando a ferramenta de céalculo fornecida pelo programa Ocean Data View
(ODV; https://odv.awi.de/; Schlitzer et al. 2018). Os bancos de dados do SOCAT,
LDEO e uma parte dos dados provenientes do banco do GOAL foram usados
apenas para o desenvolvimento dos algoritmos. A outra parte dos dados do
GOAL, a que néo foi utilizada para o desenvolvimento dos algoritmos, se refere
aos dados provenientes do projeto Following Ocean Rings in the South Atlantic
(FORSA,; Orselli at al. 2019; Carvalho et al. 2019), que foram utilizados apenas
para o teste de desempenho dos algoritmos. A distribuicdo espacial e temporal

destes dados esta representada na Figura 2.
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Figura 2. A distribuicdo espacial do banco de dados usado para desenvolver e testar os
algoritmos de fCO2. O dado usado para desenvolver o algoritmo para Outono-Inverno (Fall-
Winter; pontos vermelhos) e Primavera-Verao (Spring-Summer; pontos verdes), enquanto a
secao do cruzeiro FORSA (pontos azuis) foi usada para validar o algoritmo. A divisdo das regifes
(ACR, SBB, SBS e Offshore) é representada pelos pontos pretos e a batimetria € mostrada em
tons de cinza.

Os produtos derivados de satélites foram utilizados para melhorar o
desempenho dos algoritmos com a inclusdo da Chla (mg/m?3) e, com isso,
adicionar um proxy biologico para os céalculos de fCO2 na agua do mar. Com a
intencdo de obter essa variavel, foram usados dados mapeados e diérios de Chla
derivados a partir do algoritmo GSM-merged, que tem resolucéo espacial de 4
km. Esses dados sdo disponibilizados pelo GlobColour Project
(http://globcolour.info) e foram desenvolvidos, validados e distribuidos pela
ACRI-ST da Franga (Maritorena et al. 2010; Fanton d’Andon et al. 2009). Destes
mapas foram extraidos dados de Chla para o periodo e posi¢céo especificos das

observacgdes in situ (i.e., SOCATV5, LDEOv2007 e GOAL). Isso possibilitou que
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para cada dado de fCO: na agua do mar obtido pela coleta in situ, nos
obtivéssemos um valor especifico de Chla extraido dos produtos mapeados de
satélite. Nas situacdes em que os produtos de satélite se tornaram indisponiveis
por cobertura de nuvens no periodo ou ndo existiam na posicéo desejada, foram
utilizadas médias de mapas que variavam de + 1 dia até + 2 dias dependendo
da persisténcia das nuvens sobre a regido. As médias e os desvios padrdes de
cada parametro usado para desenvolver os algoritmos com suas divisdes

sazonais e regionais sdo mostrados na Tabela 1.

Tabela 3. As médias e desvios padrfes do banco de dados utilizados para desenvolvimento dos
algoritmos sazonais da fCO2 na dgua do mar: Primavera-Verdo (setembro até fevereiro) e
Outono-Inverno (marco até agosto). A tabela mostra a fCO2 ha agua do mar (uatm), temperatura
superficial da 4gua do mar (SST, °C), salinidade superficial da &gua do mar (SSS) e concentragédo
de clorofila-a (Chla, mg m=) para toda a area de estudo, no sudoeste do oceano Atlantico Sul, e
para as divisGes regionais e sazonais. Regido de Abrolhos-Campos (ACR), South Brazil Bight
(SBB), Southern Brazilian Shelf (SBS) e regido offshore (offshore).

Periodo médio ~ fCO, (natm) SST (°C) SSS Chla (mg m)
Toda a area 2011-2015 372.7+283 23.09+246 3575+1.50 11+11
deestudo  primaveira-Verso 37524319 2255+244 3554+170 1412

20°-35°S

35°-55°0 Outono-Inverno 3685+199 2421+2.08 36.16+0.81 06+04
2011-2015 3929+341 2429+0.83 35321222 16+0.8
ACR Primaveira-Verdo  401.0+116 23.94+0.50 36.37+0.32 1.5+£09
Outono-Inverno 3705577 2554+058 3128+1.71 1.7+04
2011-2015 397.3+25.1 2454+156 3553+0.87 1.1+0.8
SBB Primaveira-Verdo 395.8 £24.9 2449+ 154 3549+0.87 1.1+0.8
Outono-Inverno 4122 +220 2531+1.65 36.12+0.64 09+03
2011-2015 3842+343 2203+237 3311+£1.97 0.8+£0.8
SBS Primaveira-Verdo  385.2+36.6 21.79+230 32.89+1.89 0.9+0.8
Outono-Inverno 3782+120 2392+200 3481+171 05+04
2011-2015 365.9+239 2299+250 36.36+0.56 12+1.2
Offshore Primaveira-Verdo 367.1+179 23.76+231 36.26+0.47 0.7+£0.8
Outono-Inverno 352.7+7.6 2251+117 36.18+0.24 04 £0.3
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[I.IIl - Banco de dados na reconstrucdo da distribuicdo da fCO2 na
agua do mar

Foram utilizados trés diferentes produtos de média mensal provenientes
de satélites. Cada um fornecendo um dos trés parametros principais para os
algoritmos de fCOz na agua do mar (i.e., SST, SSS e Chla). O produto utilizado
para obter a SST possui a resolucao espacial de 4 km, sendo disponibilizado
pelo The Moderate Resolution Imaging Spectro-radiometer Aqua (MODIS Aqua),
enquanto o produto utilizado para obter os dados de SSS possui resolucéo
espacial de 1 grau (~111 km) e é disponibilizado pelo Aquarius. Ambos séo
produtos  disponibilizados pelo site da NASA Ocean  Color
(http://oceancolor.gsfc.nasa.gov/). Para obter os dados de média mensal de Chla
foram utilizados os produtos de resolugcdo de 4 km disponibilizados pelo
GlobColour Project, o mesmo utilizado para a elaboracao dos algoritmos, porém
com resolucéo temporal mensal. Devido ao fato dos mapas de SST, SSS e Chla
apresentarem diferentes resolucdes espaciais, 0os produtos de SSS tiveram o
tamanho de seus pixels ajustados para 0 mesmo tamanho de pixels dos produtos
de SST e Chla. Esse ajuste ocorreu pelo recorte dos pixels de ~111 km de SSS
em pixels de 4 km utilizando os pixels dos produtos de SST e Chla como base.
A modificagdo no tamanho dos pixels de SSS foi feito de forma que né&o

houvesse nenhuma alteragéo de dados ou uso de interpolagéo.
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Il.IV - Algoritmos da fCOz2na agua do mar

Para o desenvolvimento dos algoritmos da fCO2 na 4gua do mar foi
utilizada a técnica de regressédo multilinear (MLR3; e.g., Ito et al. 2016; Lencina-
Avila et al. 2016; Orselli et al. 2019). Foram obtidos dois algoritmos,
considerando os periodos sazonais de Primavera-Verdo (de setembro até
fevereiro) e Outono-Inverno (de marco até agosto) no hemisfério sul. Os
coeficientes 8 (Bo, B1, B2, B3) definem a relacdo existente entre a fCO2na agua do
mar (parametro de saida do algoritmo) e SST, SSS e Chla (parametros de
entrada do algoritmo). Os valores de Chla foram utilizados na forma logaritmica
(Log (Chla)) para obter melhores correlagdes com a fCO2 na agua do mar em
ambos os periodos sazonais. O método de minimos quadrados foi utilizado para
encontrar valores de B pela minimizacéo das diferencas entre as observacoes e
a linha de regresséao, o que em outras palavras significa, que houve a soma dos
quadrados dos residuos. Ambos os algoritmos podem ser expressos de forma

simplificada pela Equacéao 1,

fCOz(patm) = By + B1(SST) + B2 (SSS) + B3 (log(Chla)), 1)

onde fCO: é fugacidade do CO2 na 4gua do mar em patm, SST é a temperatura
da superficie do mar em graus Celsius, SSS ¢é a salinidade da superficie do mar
em unidade prética de salinidade, e Chla é a concentracao superficial de clorofila
a em mg m=3. Para avaliar a representatividade dos algoritmos, foram inseridos
dados in situ de SST, SSS e Chla (obtido pelos produtos de satélite) em cada
um dos algoritmos e os resultados foram comparados com os respectivos dados

in situ da fCO2 na agua do mar. A comparacao entre os resultados obtidos pelo

3 Do inglés multiple linear regression.

14



algoritmo e os dados in situ da fCO:2 foi realizada pela obtenc&o do coeficiente
de determinacéo (r?) e pelo erro médio quadratico (RMSE). Em adicdo a essa
comparacao, nds aplicamos o algoritmo desenvolvido para Outono-Inverno para
determinar a distribuicdo da fCO2 na 4gua do mar ao longo do cruzeiro FORSA,
usando os dados in situ de SST e SSS e os respectivos dados derivados de

satélite para Chla.

II.V - Avaliacéo da distribuicdo espacial e comportamento temporal
da fCOz2na dgua do mar

A distribuicdo espacial e as séries temporais da fCO2 na 4gua do mar no
sudoeste do oceano Atlantico Sul foram feitas pela aplicagdo dos algoritmos
desenvolvidos com o input de produtos de satélite de SST, SSS e Chla em cada
um dos periodos sazonais definidos. Com isso, foram produzidos 47 mapas com
a distribuicdo média mensal da fCO2 na agua do mar, sendo um mapa para cada
més do periodo entre agosto de 2011 até junho de 2015. Para cada més de um
ano médio foram obtidos mapas de cada um dos parametros utilizados de input
nos algoritmos (SST, SSS e Chla) e mapas da fCO2 na agua do mar. Isso
possibilitou um melhor entendimento de como cada paréametro input influencia
na distribuicdo espacial da fCO2 na dgua do mar na regido. Para construir as
séries temporais da fCO2 na dgua do mar entre 2011 e 2015, foram utilizados os
47 mapas médios para obter os valores médios da fCO:2 para cada umas das
regides investigadas. Esses valores meédios de cada regiao foram utilizados para
obter os padrdes sazonais de oscilacdo da fCO2 na agua do mar e tendéncias

anuais para a analise temporal.
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Il.VI - As forcantes da variabilidade da fCO2na agua do mar

A distribuicdo da fCO2 na 4gua do mar é altamente influenciada pela
distribuicdo espacial de SST, SSS, composi¢cédo e concentracao de produtores
primarios, e mudancas na distribuicdo de Alk e DIC. As distribuicbes dessas
forcantes séo especificas para cada regido do oceano e esta¢ao do ano. Porém,
antes de identificar como cada uma dessas forcantes influenciam na distribuicéo
espacial e modificam sazonalmente a fCO2 na dgua do mar, foram obtidos os
dados de Alk e DIC. A Alk (umol kg™") foi obtida pela utilizagdo de dois algoritmos
dependentes de SST e SSS que foram desenvolvidos e apresentados por Lee
et al. (2006), com cada um dos algoritmos utilizados seguindo as especificacdes
dos autores para a faixa latitudinal de aplicacdo de cada algoritmo e faixas de
SST e SSS. Um dos algoritmos foi desenvolvido para as regides Subtropicais e
outro para o oceano Austral (ver as equacOes para Zonas 1 e 5 na Tabela 1
disponibilizada no trabalho de Lee et al. 2006). A distribuicdo de DIC (umol kg™")
foi calculada utilizando o programa CO2Sys v.1.1 (van Heuven et al. 2011) com
a insercao de parametros de Alk, fCO2, SSS e SST como input no programa, a
selecao do “Mehrbach refit” para as constantes de dissolu¢do do H2CO3 e HCO3~
(K1 e Kz; Dickson and Millero 1987), a selecdo da constante de dissolu¢cado do
HSO4~ proposta por Dickson (1990) e da relacdo entre borato total e salinidade

proposta por Uppstrom (1974).

Para evitar a interferéncia de baixos valores de SSS, Alk e DIC
encontrados na regido sob influéncia da pluma do Rio da Prata nas médias
regionais de cada parametro, os dados dessa regido foram retirados da regiao
de estudo durante a analise das forcantes espaciais da fCO2 na agua do mar.

Essa separagéo foi feita encontrando os dados de SSS com valores inferiores a
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34 (Piola et al. 2005) e excluindo esses dados das sub-regides analisadas. Ja
que a pluma tem influéncia localizada a uma parte especifica da regido de
estudo, as andlises das forcantes espaciais nessa regido em particular é

mostrada na sesséo de Material Suplementar.

O método utilizado para a analise das forcantes que controlam a
distribuicdo espacial e oscilagfes temporais da fCO2 na &gua do mar seguiram o
proposto por Signorini et al. (2013), porém com a normalizacao dos dados de Alk
e DIC pelo valor médio da SSS, produzindo Alkn e DICn. Essa normalizacéo
remove o efeito da diluicdo sobre esses dois parametros. Uma vez que
obtivemos todos os parametros, a analise foi dividida em dois caminhos: a

distribuicdo espacial e a evolugéo temporal.

Para a primeira, n6s obtivemos um mapa médio de distribui¢cdo para cada
parametro em toda a regido, os valores de cada pixel nesse mapa foram
considerados nossas variaveis (e.g. SST’, SSS’, Alkn’, DICn’ e fCO2’). Deste

mapa, foram extraidos os valores espaciais médios de cada parametro, que

forma definidos como nossas constantes (e.g., SST, SSS, Alkn, DICn e fCO,). Ja
para a andalise temporal, foram obtidas as médias mensais de cada parametro
por regido (e.g., valores médios de SST para ACR em janeiro). Cada uma dessas
médias mensais foi considerada como uma variavel (e.g., SST’, SSS’, Alkn’,

DICn’ e fCO2’) e da média entre os valores dos parametros nesse ano médio,

foram obtidas nossas constantes (e.g., SST, SSS, Alkn, DICn e fCO,).

Para identificar a sensibilidade da fCO2 as mudancas em cada um dos
parametros (e.g., SST, SSS, Alkn e DICn), trés desses parametros sao

identificados como constantes (X) e o quarto é identificado como a variavel (X’).
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Esses valores foram inseridos no programa CO2Sys v.1.1, com as mesmas
especificacdes utilizadas para obter os valores de DIC, e foram obtidos valores
de fCO2 associados a mudangas espaciais ou temporais de apenas um desses
parametros. Por exemplo, para obter a influéncia de SST sobre fCO2, nés

operamos o CO2Sys v.1.1 como:

fCO3ST = £CO,(SST’, SSS, Alkn, DICn) (2)

onde fCO255T nos dara valores de fugacidade do CO: levando em conta apenas

as variaces da SST. SST’ sao as variaveis espaciais ou temporais de SST, e

SSS, Alkn e DICn sdo as constantes espaciais ou temporais de salinidade
superficial da dgua do mar, Alk normalizada pela salinidade, e DIC normalizado
pela salinidade, respectivamente. Essa operacao foi realizada 4 vezes para cada
uma das andlises de forcantes e desta forma foram obtidos valores de fCO25ST,
fCO25SS, fCO Ak e fCO2P'C. Para quantificar os desvios da fCO2 em relacdo ao

valor médio causado por cada variavel, foi feita a seguinte operacao:

5557 = fCO3T — 7Ty, ©

onde §°T

representa o desvio da fugacidade do CO2 causado pela variagédo
espacial ou temporal da temperatura superficial da agua do mar, fCO2SST
representa a fugacidade do CO2em relacéo a variagdes espaciais ou temporais
apenas na temperatura superficial da 4gua do mar, e fCO, representa a média

espacial ou temporal da fugacidade do CO2. Dessa forma foram obtidos valores

de 3SST, §SSS, Ak e dP'C para cada uma das andlises de forcantes.
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1. Introduction

Carbon dioxide (CO2) is known as an important gas contributing to the
greenhouse effect (e.g., Millero 2007), and oceans play a key role in the uptake
or release of gases from or to the atmosphere (e.g., Takahashi et al. 2009; Le
Quéré et al. 2018). Broecker and Peng (1982) proposed a formulation to estimate
the CO: fluxes between ocean and atmosphere considering sea—air differences
in CO2 partial pressure (pCOz2) or fugacity (fCOz; i.e., the partial pressure of the
gas corrected for the real gas behavior), the COz2 transfer coefficient (Kr) based
on measurements of wind, and the CO:2 solubility coefficient (Ks). The difference
in fCO2 between the two reservoirs (i.e., ocean and atmosphere) is highly
variable, mainly because of the great spatial and temporal variability of CO2in the
ocean (e.g., Mahadevan et al. 2004; Takahashi et al. 2009). In particular, each
region of the ocean has its own fCOz2 variability, dynamics and controls, which
depend on many factors, such as changes in seawater parameters and biological

activity (Cai et al. 2003).

The dynamics and drivers of COz2 in some regions of the oceans, such as
the South Atlantic Ocean, have not yet been comprehensively investigated,
mainly due to low sample resolution at both spatial and temporal scales
(Takahashi et al. 2009; Schuster et al. 2013). This lack of information and data is
usually associated with the necessity of vessels to obtain in situ oceanic pCO:2 or
fCOz2, which generally present a low resolution, and the inherent safety limitations
of vessels. To tackle this issue, existing data on hydrography and marine
carbonate properties from a specific region can be an alternative to in situ
sampling to develop seawater pCO:2 or fCO2 regional climatologies (Takahashi et

al. 2018) or algorithms (e.g., Ito et al. 2016; Lencina-Avila et al. 2016; Benallal et
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al. 2017; Orselli et al. 2019). These algorithms are developed by using the
relationship between available sets of parameters, such as sea surface
temperature (SST), sea surface salinity (SSS), chlorophyll-a concentration
(Chla), and related values of seawater pCO2 or fCO2. Regional algorithms can be
used in association with satellite-derived products to produce high spatial and
temporal resolution information on the seawater fCOzdistribution in a region (e.g.,
Stephens et al. 1995; McNeil et al. 2007; Zhu et al. 2009; Moussa et al. 2016;

Benallal et al. 2017).

One way to understand the drivers of the spatial or temporal variability of
seawater fCOz2 in a certain oceanic region is based on the investigation of the
variability of SST, SSS, total alkalinity (Alk), and total dissolved inorganic carbon
(DIC) (e.g., Signorini et al. 2013). Changes in seawater fCO2 by physical
processes are usually associated with changes in all four of the parameters cited
above, while changes in biological processes are identified by changes in Alk and

DIC (Takahashi et al. 1993; Lenton et al. 2012).

It is well known that the southwestern South Atlantic Ocean (Fig. 1) is an
under-sampled region of marine carbonate parameters, and the dynamics of CO:2
in this region are still not completely understood (Kerr et al. 2016). In this context,
Ito et al. (2005) studied the seasonal variability of the seawater fCO2 and sea—air
CO: fluxes on the continental shelf, shelf break, and open ocean areas of the
southwestern subtropical Atlantic during three different seasons between 1997
and 1998. They found that the continental shelf and shelf-break zones behaved
as a COz2 source to the atmosphere during winter, late spring, and summer, while
the open ocean oscillated between a CO2 source (1997) or sink (1998). However,

their investigation was concentrated on results obtained in one or two sections
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perpendicular to the continental shelf in a confined area of the South Brazil Bight
(SBB). On the other hand, through the use of data obtained from 14 cruises
between 2000 and 2008, Padin et al. (2010) analyzed the seawater fCO:2
distribution and sea-air CO:2 fluxes on the open ocean and continental shelf
regions of the Atlantic Ocean, including the southwestern South Atlantic Ocean.
Their work showed that the ocean behaved as a CO2 source (sink) in spring (fall),
whereas the continental shelf behaved as a source of CO2 in both seasons. More
recently, Arruda et al. (2015) investigated the CO2 fluxes and controls of the
seasonal variability of seawater pCO2 using a biogeochemical model in the
southwestern South Atlantic Ocean. The authors found that the inner continental
shelf acted as a weak CO2 source, in contrast to the mid- and outer shelf, which
acted as a COz2 sink. In a more comprehensive study taking advantage of the
synoptic measurements of the COz2 in the southwestern South Atlantic Ocean on
both the SBB and Southern Brazilian Shelf (SBS), Ito et al. (2016) documented
that the continental shelf behaved as a CO2 source during late spring 2010 and
early summer 2011. In addition, they found that both regional upwelling and
mesoscale physical processes, such as fronts and eddies, had a great influence
on the spatial distribution of the seawater pCO2 over the region. Furthermore,
Lencina-Avila et al. (2016) investigated the seawater fCO2 distribution in a trans-
Atlantic section at 35°S between the continental shelves of South Africa and
South America during spring and early summer of 2011. The authors found that
the entire region acted as a CO:2 sink zone during the entire cruise. Similar
behavior was found by Orselli et al. (2019) in their study of the impact of Agulhas
eddies on CO:z2 fluxes in the South Atlantic Ocean. The authors found that the

entire region along the Agulhas corridor in the South Atlantic Ocean acted as a
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CO:z2 sink during July 2015 (austral winter). Although several earlier studies have
investigated the behavior of COz2 in the southwestern South Atlantic Ocean, the
majority of these studies are based on single cruises (i.e., snapshots of moments)
and/or are too spatially or temporally limited to allow a broader picture of the
seawater CO:2 distribution and drivers. Additionally, few studies have investigated

how seawater fCO2 oscillates at seasonal scales.

In this context, this study investigated the spatial distribution and seasonal
variability of seawater fCOz2 in the southwestern South Atlantic Ocean between
mid-2011 and mid-2015. The investigation was based on the development of two
seawater fCO: algorithms, considering the Spring-Summer and Fall-Winter
seasons and the use of satellite-derived data. We also investigated the temporal
behavior of the seawater fCO2 and the seawater fCO2 drivers that control the CO2

variations in the region.
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Figure 4. Regional biogeochemical provinces of the southwestern South Atlantic Ocean:
Abrolhos-Campos Region (ACR), South Brazil Bight (SBB), Southern Brazilian Shelf (SBS), and
offshore regions. The white region within dotted lines highlights the upwelling zone of the ACR,
while the white arrows at the SBS depict the inflow of continental waters from the La Plata River
and the Patos-Mirim Lagoon plumes. The Brazil Current is depicted by black straight arrows. The
border between the continental shelf (defining the areas of ACR, SBB, and SBS) and offshore
regions is defined by the 200 m isobaths.

2. Data and Methods

2.1. Study area

We split the study area in the southwestern South Atlantic Ocean into
distinct biogeochemical provinces (Fig. 1). This approach was necessary
because of the high ocean dynamics and seawater fCO2 variability in the region
(e.g., Castro and Miranda, 1998; Ito et al. 2016). The continental shelf regime
was subdivided (Fig. 1) into the Abrolhos-Campos region (ACR), the SBB, and

the SBS. The bathymetric limit between the continental shelf and the open ocean
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was set by the 200 m isobaths; the latter is hereafter referred to as the offshore

region and encompasses the area between 20°S and 35°S (Fig. 1).

The ACR is situated between 20°S and 23°S and has a narrow continental
shelf where upwelling of South Atlantic Central Water (SACW) occurs near the
coast (Zembruscki 1979; Rodrigues and Lorenzzetti 2001). The Cabo Frio
upwelling system, which is associated with the intensification of northeasterly
winds in the region, has a higher frequency and intensity during spring and
summer (Castelao and Barth 2006; Calado et al. 2008). The SBB (23°S to 28.5°S)
is a wide continental shelf embayment influenced by local winds on the inner
continental shelf and the Brazil Current on the mid and outer regions of the shelf
(Palma and Matano 2009; Matano et al. 2010). The southern portion of this region
experiences the intrusion of low-salinity waters from the La Plata River and runoff
from the Patos-Mirim Lagoon, which are driven by shelf circulation (Piola et al.
2000), and the intrusion of colder oceanic water from the persistent upwelling at
the ACR occurs in the northern portion of this region. During the summer period,
due to local winds and the presence of the SACW, the northwest zone of the
region presents the coastal upwelling of colder water (Matano et al. 2010). The
SBS extends from 28.5°S to 35°S and is largely influenced by continental inflow
from the La Plata River and the Patos-Mirim Lagoon, which changes the shelf
water hydrography and carbonate properties (Ciotti et al. 1995; Piola et al. 2000;
Odebrecht and Castello 2001; Braga et al. 2008; Carvalho-Borges et al. 2018;
Orselli et al. 2018). The advection of coastal waters derived from the continent is
strongly affected by the seasonal oscillation of the Subtropical Shelf Front
(STSF), which is formed by the transition between the Subantarctic Shelf Water

flowing from the Patagonian Shelf and the Subtropical Shelf Water advected from
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low latitudes. During the winter, these low-salinity waters can reach up to 28°S,
while they are trapped south of 32°S during the summer (Piola et al. 2000; Palma

et al. 2008).

In the offshore region near the continental shelf break, the Brazil Current,
a westward boundary current that transports warm and relativity salty waters,
flows from low to high latitudes with a weak velocity (Castro and Miranda 1998).
This current goes south until meeting the Malvinas Current coming from the
opposite direction and forming a highly energetic zone known as the Brazil-
Malvinas Confluence (Gordon, 1989). The region of the confluence varies
seasonally, with incursions of the Malvinas Current up to 33°S during winter and
an advance of the Brazil Current down to 43°S during summer (e.g., Legeckis
and Gordon 1982; Olson et al. 1988; Provost et al. 1992; Piola et al. 2000). In the
entire study area, the Brazil Current has an important role in hydrodynamics and
seawater property changes over the continental shelf because of seasonal
changes in the flow of this current and the intrusion of the SACW (Stramma and

Peterson 1990; Matano et al. 2010).

2.2. Database used to develop and assess the seawater fCO2 algorithms

First, we characterize the in situ ocean data used, which were obtained by
oceanographic vessels and ships of opportunity and are composed of
measurements of SST, SSS and fCO2. These data were extracted from the
following databases: (i) Surface Ocean CO:2 Atlas (SOCAT) version 5 (Bakker et
al. 2016); (i) Global Surface pCO2 (LDEO) Database v2017 (Takahashi et al.
2018); and (iii) Brazilian High Latitude Oceanographic Group (GOAL) Database

(Ito et al. 2016; Lencina-Avila et al. 2016; Kerr et al. 2016; Carvalho-Borges et al.
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2018; Orselli et al. 2019). We obtained SST (°C), SSS, and seawater fCO2 or
pCO:2 (uatm) from these data. When used, pCO2 was converted to fCO2 using
Ocean Data View (ODV; https://odv.awi.de/; Schlitzer, 2018). The SOCAT and
LDEO datasets were used only to develop the fCO: algorithms. The same
analysis was performed on part of the GOAL dataset, but the in situ data from
Following Ocean Rings in the South Atlantic (FORSA,; Orselli 2019; Carvalho et
al. 2019) were used only to test and validate the algorithms. The spatial and

temporal distributions of these datasets are presented in Fig. 2.
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Figure 2. Spatial distribution of the dataset used to create and assess the fCO2 algorithms. The
data used to develop the Fall-Winter (red lines) and Spring-Summer algorithms (black lines), while
the FORSA cruise section (blue line) was used to validate the algorithm. The bathymetry is
expressed on gray shades.

Then, the satellite-derived product was used to develop algorithms
considering the inclusion of Chla (mg/m3). This variable was added to improve
the algorithm’s development through the inclusion of a biological component. In
order to obtain Chla, daily mapped GSM-merged Chla data with a 4 km resolution
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from the GlobColour project (http://globcolour.info) were used as the Chla data
for the periods of in situ observations (i.e., sampling periods of SOCATV5,
LDEOv2007 and GOAL). These products were developed, validated, and
distributed by ACRI-ST, France (Maritorena et al. 2010; Fanton d’Andon et al.
2009). Thus, for each measurement of seawater fCOz, a specific Chla value from
the corresponding measurement position and date was extracted from the
satellite-mapped product. In the presence of clouds, averages of + 1 day or + 2
days were used, depending on the cloudiness persistence. The average values
and standard deviations of each parameter used to develop the algorithms, with

seasonal and regional divisions, are shown in Table 1.

Table 4. Average and standard deviation values of the dataset used to develop the seasonal
algorithms for seawater carbon dioxide fugacity (fCOz2): Spring-Summer (September to February)
and Fall-Winter (March to August). The table shows seawater fCO2 (uatm), sea surface
temperature (SST, °C), sea surface salinity (SSS), and chlorophyll-a concentration (Chla, mg m-
3) for the entire study area in the southwestern South Atlantic Ocean and each regional and
seasonal division. Abrolhos-Campos Region (ACR), South Brazil Bight (SBB), Southern Brazilian
Shelf (SBS), and offshore region (offshore).

Averaged

period fCO, (natm) SST (°C) SSS Chla (mg m?)
Entireregion  2011-2015  3727%283 23094246 35752150 111l
2003505 Spring-Summer 37524319 2255+244 3554+170  14+12
35%-55°W Fall-Winter ~ 3685+19.9 2421+208 36.16+08L  0.6+04
20112015 392.9+341 2429+083 3532+222  16+08
ACR Spring-Summer 4010+ 116 23.94+050 3637+0.32 1509
Fall-Winter ~ 3705+57.7 2554+058 31.28+171  17+0.4
20112015  397.3+251 2454+156 3553+087  11+08
SBB Spring-Summer  395.8+249 2449+154 3549+0.87 1.1+0.38
Fall-Winter ~ 4122+220 2531+165 36.12+0.64  0.9+03
20112015  3842+343 2203+237 3311+197  08%08
SBS Spring-Summer ~ 3852366 21794230 32.89+189  0.908
Fall-Winter ~ 3782+120 2392+200 3481+171  05+04
20112015 365.9+239 22.99+250 3636+056  12+1.2
Offshore Spring-Summer  367.1+x179 2376231 36.26 £0.47 0.7+0.8
Fall-Winter ~ 3527+7.6 2251+117 36.18+024  04+03
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2.3. Database used to reconstruct the distribution of seawater fCO»

We used monthly mapped products from three different sources, each of
which provided one of the main parameters (i.e., SST, SSS or Chla). The 4 km
resolution Moderate Resolution Imaging Spectro-radiometer Aqua (MODIS
Aqua) products were used to obtain SST, whereas the 1 degree (~111 km)
resolution Aquarius products were used for SSS. Both products were obtained
from the NASA Ocean Color website (http://oceancolor.gsfc.nasa.gov/). The 4
km resolution merged products from the GlobColour project were used for Chla;
GlobColour was also used to develop the algorithms (Sec. 2.2) at a monthly
temporal resolution. Since the maps for SST, SSS and Chla had different spatial
resolutions, the pixel size of the SSS satellite products was adjusted to be the
same size as the SST and Chla data. This adjustment did not change any of the

SSS data or add any interpolated data.

2.4. Seawater fCO> algorithms

The multiple linear regression (MLR) technique with the least squares
method was used to develop the seawater fCO2 algorithms (e.g., Ito et al. 2016;
Lencina-Avila et al. 2016; Orselli et al. 2019). Two algorithms considering the
seasonal periods of Spring-Summer (September to February) and Fall-Winter
(March to August) in the South Hemisphere were obtained. The coefficients (Bo,
B1, B2, B3) were found to determine the relationship between seawater fCO:2
(output variable) and SST, SSS, and Chla (input variables). The logarithm form
of Chla values (Log (Chla)) were used, thus improving the correlation with
seasonal fCO2during both seasonal periods. The least squares method was used

to determine B values by minimizing the differences between observations and
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the regression line, i.e., by minimizing the summed square of the residuals. These

algorithms can be expressed as shown by Eq. 1:

fCOy(patm) = By + B1(SST) + ,(SSS) + B3(log(Chla)), 1)

where fCO: is the seawater CO: fugacity in patm, SST is the sea surface
temperature in degrees Celsius, SSS is the sea surface salinity in practical
salinity units, and Chla is the surface chlorophyll-a concentration in mg m=3. To
evaluate the representability of the algorithms, in situ data with SST, SSS, fCO2
and Chla (obtained by satellite products) were inserted in the algorithms. The
resulting seawater fCO2 was compared with the respective in situ seawater fCO2
from the dataset used in the algorithms. The comparison between the modeled
and predicted seawater fCO2 was performed by determining the coefficient of
determination (r?) and root-mean-squared error (RMSE). In addition, we applied
the Fall-Winter algorithm to determine the distribution of seawater fCO2 along the

FORSA cruise using in situ (SST and SSS) and satellite data for Chla.

2.5. Evaluation of the spatial distribution and temporal behavior of seawater fCO

The spatial distribution and the temporal time series of the seawater fCO2
in the South Atlantic Ocean were made by applying the developed algorithms
with the input of the satellite products of SST, SSS and Chla to each defined
seasonal period. Thus, we produced 47 monthly maps of the distribution of
fCOz2’s, i.e., one map for each month of the period from August 2011 to June
2015. We developed an average map of seawater fCO2 for each month to
evaluate the spatial distribution of fCO2. We also developed monthly averaged
maps for each parameter input into the algorithms to improve our understanding

of the distribution of fCO2. To construct the temporal time series of the seawater
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fCO2 between 2011 and 2015, we took the 47 monthly averaged maps and
obtained the averaged values for each regional area under investigation. The
averaged values of each region were used to obtain the seasonal patterns and

annual trends in the analyzed period.

2.6. Drivers of the variability of seawater fCO>

The distribution of seawater fCO2 is highly influenced by the spatial
patterns of SST and SSS, the composition and concentration of primary
producers and changes in Alk and DIC distributions. The main drivers changing
the seawater fCO2 distribution are dependent on specific ocean regions and
seasons. Thus, to identify the main drivers of oceanic fCOz2 in each region of the
study area, we first obtained the Alk and DIC surface distributions. Alk (umol kg~
") was determined by using two SST- and SSS-dependent algorithms provided
by Lee et al. (2006), whereas each algorithm used followed the authors’ latitude,
SST, and SSS range requirements. We used two algorithms: an algorithm
developed for the Subtropics and an algorithm developed for the Southern Ocean
(see, for instance, the equations for Zones 1 and 5 provided by Lee et al. 2006 in
their Table 1). The DIC (umol kg™") distribution was derived using the program
CO2Sys v.1.1 (van Heuven et al. 2011) by inserting the parameters of Alk, fCOz2,
SSS, and SST as input and selecting “Mehrbach refit” for the H2.CO3s and HCO3~
dissociation constants (Kiand Kz; Dickson and Millero 1987); Dickson (1990) was
selected for the HSO4 dissociation constant, and the total borate-salinity

relationship proposed by Uppstrom (1974) was used.

To prevent the proportionally low values of SSS, Alk, and DIC in the region

affected by the plume of the Plata River from influencing the averages of each
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parameter, we removed the plume-affected dataset from the spatial drivers’
analysis. This removal was performed by finding all salinity values lower than 34
(Piola et al. 2005) and excluding them from the subregion analyzed. Because the
plume effect has only a localized influence on part of the study region, the
analysis of the drivers of seawater fCOz2 in this particular region is shown in the

Supplementary Material (Text S6, Fig. S6).

The analysis of the drivers of seawater fCO2 followed the methodology
proposed by Signorini et al. (2013), but we normalized Alk and DIC by the
average SSS, producing Alkn and DICn. This normalization removed the effect
of dilution of Alk and DIC. The authors used CO2Sys v.1.1 to obtain the influence
of each hydrographic or carbonate system parameter (i.e., SST, SSS, Alkn, and
DICn) on the seawater fCO2 variability. To analyze the spatial drivers, we obtained
a map of fCO2 anomalies in the study region and maps representing the influence
of each parameter on these anomalies. To develop the temporal drivers, we
produced graphics of the temporal variability of each parameter and the fCO:2

anomaly in each region.

3. Results

3.1. Assessment of the seawater fCO; algorithms

The in situ parameter with the highest correlation with in situ seawater
fCO2 was SST, followed by SSS and Log (Chla), considering both seasonal
periods used in this study (Table 2). The r? and RMSE values between the in situ
fCO2 and other parameters were higher for the Spring-Summer (September to
February) algorithm than for the Fall-Winter (March to August) algorithm (Table

3).
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Table 2. Correlation coefficients (r) between fCO2 and the other parameters (SST, SSS and Chla)
for Spring-Summer (September to February) and Fall-Winter (March to August). All p-values are
<0.05.

Correlation (r) between fCO,  SST SSS Log (Chla)

Spring-Summer 0.75 -0.24 -0.17

Fall-Winter 0.78 0.26 0.10

Table 3. Algorithms obtained for each seasonal division following Eq. 1: Spring-Summer
(September to February); Fall-Winter (March to August). Each 3 has a specific unit, where Bois
patm, Bi1is patm per °C, Bzis patm per salinity unit, and 3z patm per mg m=2 of chlorophyll a. Also
shown are the coefficient of determination (r2), root-mean-squared error (RMSE) and number of
stations (n) used to develop each algorithm.

Algorithm Bo B1 B> B3 r RMSE n
Spring-Summer 397.00 8.88 -6.17 -1.40 0.71 13.81 28932
Fall-Winter 330.92 7.39 -3.99 -2.48 0.64 10.05 16731

We used the Fall-Winter algorithm to assess the seawater fCO: distribution
based on the observations of the FORSA cruise during winter. On average, the
seawater fCO:2 algorithm performed well in obtaining the derived fields (Fig. 3).
The offset between the seawater fCO2 observations and the predicted values was
18.9 + 1.0 patm, with an improvement (average offset of 10.1 + 1.6 patm) in the
representation of the continental shelf regime (Fig. 4). According to FORSA
cruise data, this area corresponds to the region where the ocean behavior
changes from a strong sink to an environment that is almost in equilibrium with
the atmosphere and is a small source of fCO2. Although the modeled seawater
fCOz2 in the FORSA cruise region (which included part of the ACR and offshore
regions) was slightly overestimated by an order of magnitude of ~20 patm, the
difference was small, and the seawater fCO: distribution pattern was maintained,

which is relevant given the complexity of the ocean dynamics in the region. We
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assumed that the Spring-Summer algorithm had similar errors associated with its
performance in reproducing the seawater fCO2 distribution in the study area
because the assessed period was expected to present increased mesoscale

variability.
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Figure 3. The seawater fCO2 (nuatm) reconstruction along the FORSA cruise section (Fig. 2 in
blue dots) using the Fall-Winter algorithm: modeled (black) and observed (gray) data. The values
shown are the coefficient of determination (r?), p-value and root-mean-square error (RMSE)
between the predicted and the modeled fCO:2 data.

A sensitive evaluation was performed on the use of the algorithms to verify
their influence on the representation of the fCO2 fields during the last month (i.e.,
February and August) of each seasonal period (Fig. 4). This evaluation was
needed because of the use of two algorithms and the oscillations in the fCOz2 field
in the months at the beginning and end of the seasonal periods (see, for instance,
Fig. 5). For this, we applied the Spring-Summer (Fall-Winter) algorithm to the
August (February) months, even though the algorithms were not originally
derived to be applied at that time scale. We found that the averaged difference in
seawater fCO2 between the algorithms for the whole area was 22.34 + 0.82 patm
for February (Fig. 4a). Higher differences in fCO2 (>25 patm) were observed over

the continental shelf (i.e., SBB and SSB). The averaged difference in fCO:2 of the
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algorithms for August (Fig. 4b) was lower than that of the algorithms for February
and was estimated to be 15.80 = 1.03 patm, with higher differences (>17 patm)
also in the continental shelf region than in the offshore region (Fig. 4b). These
values were within the expected order of magnitude (~20 patm) for the algorithms
developed in this study, thus supporting their use to represent the spatial and

temporal fields of seawater fCOz2 in the southwestern South Atlantic Ocean.
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Figure 4. Spatial distribution of the difference in seawater fCO2 (nuatm) between both developed
algorithms (i.e., the results obtained with the Spring-Summer algorithm minus the results obtained
with the Fall-Winter algorithm) in the two last months of each seasonal period (i.e., February and
August). The map (a) shows the absolute seawater fCO: difference for February and (b) August,
the last months of the Spring-Summer and Fall-Winter periods, respectively.

3.2. Spatial distribution and temporal behavior of seawater fCO>

The spatial distribution maps show the averaged distribution of the
seawater fCOz2 for each month between 2011 and 2015 (Fig. 5). The maps of the
spatial distribution of SST, SSS, and Chla in each month used to obtain these
fCO2 values are presented in the Supplementary Material (Figs. S1 to S3,
respectively). The highest values of fCO2 occurred during January and February,
with an intensification of up to 425 patm in the middle region of the SBB and near

the inflow of Plata River waters at the SBS (Fig. 5a-b). The change in the
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magnitude of the seawater fCO2 between February and March (Fig. 5¢) was
abrupt (an average decrease of 23.66 patm), with no visible intensification of the
seawater fCO2 near the coast. From March to August (Fig. 5c-h), the surface
fCO2 was continually decreasing (c.a. —8.6 patm), mainly in the south portion of
the region, reaching values below 325 patm at 35°S. During the winter period
(Fig. 5f-h), there was a marked region with seawater fCO2 lower than 300 patm
in the southern portion of the SBS. Between August and September (Fig. 5 h-i),
a significant increase in the seawater fCO2 (14.45 patm, on average) was
observed in the offshore and SBS regions. From September to December (Fig.
5i-1), the seawater fCO2in the entire region gradually increased, with values up to
425 patm south of the SBS and north of the SBB. Notably, the signal of coastal
upwelling (intensifying the development of primary producers and, consequently,
lowering seawater fCO2) that occurred at the ACR was marked during all months.
The Spring-Summer months presented higher variability than the Fall-Winter
months. The region with the lowest seawater fCO2 variability occurred at the ACR

during the entire period.

The seawater fCO:2 seasonal cycle had the same pattern in all the
subregions analyzed here (Fig. S4). In general, considering the entire study
region, there was an increase in the seawater fCO2 between August and
February, followed by a decrease until August (Fig. S4a). The main difference
between the biogeochemical provinces under investigation was related to the
magnitudes of seawater fCO2 (Fig. S4b-e). The ACR zone presented a lower
oscillation in fCO2 and higher seawater fCO: values than the other zones
throughout the entire period (Fig. S4b). The SBS region showed the highest

oscillation between warmer (i.e., December, January, and February) and colder
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(i.e., June, July, August) months, with variations up to 80 patm (Fig. S4d). The
rapid decrease in seawater fCO2 between February and March may be
associated with changes in the algorithms used for each month, which were not

noticeable between August and September.

s 55°W 50°W 45°W  40°W 35°W 55°W  50°W  45°W  40°W  35°W 55°W  50°W  45°W  40°W  35°W
2 o ——] = o ==
‘z-"i N ‘ ’

g il

25°S

30°S

35°S
20°S

25°S

30°S

35°S
20°S

25°S

30°S

35°S
20°S

25°S
30°S
35°S
Figure 5. Spatial distribution of the seawater fCO2z (nuatm) in the study region for each month of

the year. The panels show the averaged maps from 2011-2015. The exception is July, which was
compiled for the period 2012-2015.
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The interannual variability of the seawater fCO2, considering all the
biogeochemical provinces investigated, was relatively weak during the analyzed
period (Fig. 6). Higher values of seawater fCO2 were found during February
(405.66 £ 6.77 patm), and lower values were reported in August (337.24 + 18.2
patm). The difference between regions was found at the scale of annual
variability. The SBS region presented higher interannual variability
(approximately 98.78 patm between February and August) and lower values of
seawater fCO2 (311.34 patm on August) than the other regions (Fig. 6d). The
variabilities in fCO2zin both the entire region (Fig. 6a) and offshore region (Fig. 6e)
were similar in scale (65.80 £+ 0.88 patm between February and August) and had
similar values (404.14 = 0.44 patm in February and 338.33 = 0.44 patm in
August). The SBB region presented high values of seawater fCO:2 in the
Februaries of 2014 (414.77 patm) and 2015 (416.96 patm). The ACR region (Fig.
6b) presented the smallest oscillation of seawater fCO2 between the warmer and

colder months (~44.15 patm) over the entire analyzed period.

We quantified the seawater fCO: trends based on difference in the
averaged fCO2 for each month and the respective monthly averaged fCO: for
each biogeochemical province. All subregions analyzed showed an increasing
trend in seawater fCO2 between 2011 and 2015 (Fig. S5). An increase of +1.04
patm y~t in the seawater fCO2 was reported for in the entire study region in the
southwestern South Atlantic Ocean (Fig. S5a). A higher increasing seawater
fCO2 trend of +2.08 patm y~* was found in the SBS (Fig. S5d), whereas a lower
increasing seawater fCO2 trend of +0.77 patm y~* was observed in the ACR (Fig.

S5Db). The increases in seawater fCOz2 in the offshore region (Fig. S5e) and the
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SBB (Fig. S5c¢) had a similar magnitude as the increasing trend for the whole

area, with values of +0.98 patm y~* and +1.09 patm y, respectively.
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Figure 6. Interannual variability in the seawater fCO2 (patm) during the analyzed period (August
2011 to June 2015) for the (a) entire studied region, (b) Abrolhos-Campos Region (ACR), (c)
South Brazil Bight (SBB), (d) Southern Brazilian Shelf (SBS), and (e) offshore region. The black
line depicts the monthly fCO2, and the gray dashed lines depict one standard deviation from the
monthly averaged fCO:..
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3.3. Spatial distribution of Alk and DIC

The maps in Fig. 7 show the spatial distribution of seawater fCO2, SST,
SSS, Alk, and DIC used to develop the spatial drivers’ analysis. The maps for
seawater fCO2 (Fig. 7a), SST (Fig. 7b) and SSS (Fig. 7c) were obtained from
averages of the spatial maps of each parameter over the entire period. The maps
for Alk and DIC were obtained using the methodology presented in Section 2.6.
The distribution map for Alk showed high values (> 2450 pmol kg?) on the upper
north portion in both the ACR and offshore region. High Alk values were also
presented on the continental shelf break and gradually decreased southward. In
the interior of the SBB, there were values of approximately 2300 pmol kg~ and
there were even lower values (> 2150 umol kg=?) in the south portion of the SBS.
The distribution of DIC presented higher values in both the ACR and offshore
region (> 2075 umol kg?) but with less intensity, as shown with Alk. Along the
continental shelf break and continental shelf, there were lower values (> 2050
umol kgt), with the lowest values in the south portion of the continental shelf and

adjacent offshore region (> 1950 umol kg?).

The values of Alk and DIC were divided by each region and the region
affected by the plume of the Plata River (Table 4). The region affected by the
plume had lower values of both Alk and DIC than the other regions. As mentioned
previously in Section 2.6, this region was removed from the entire region, and its

spatial driver analysis results are shown in the Supplementary Material.
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3.4. Drivers of the variability in seawater fCO2

The distribution of the DICn had the highest influence on the spatial
variability of the seawater fCOz2 in the southwestern South Atlantic Ocean (Fig.
8e). DICn was counteracted on the continental shelf of the SBB and SBS by the
salinity (Fig. 8c) and Alkn (Fig. 8d) distributions and was counteracted in the open

ocean by SST (Fig. 8b).
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Figure 7. Averaged spatial distribution of the hydrographic and marine carbonate system
parameters between 2011-2015: (a) seawater fCO2 (patm), (b) SST (°C), (c) SSS, (d) Alk (umol
kg™), and (e) DIC (umol kg1).
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Table 4. Regional averages and deviations of Alk (umol kgt) and DIC (umol kgt) for each region
and the region affected by the Plata River's plume. The Plata plume region was excluded from

the other regions.

Alk (umol kg™?)

DIC (umol kg?)

Entire Region 2380.48 + 35.72 2061.56 + 18.67
ACR 2447.46 £ 12.93 2097.58 £ 8.24
SBB 2354.68 £ 27.91 2039.96 £ 19.16
SBS 2314.77 = 48.05 2021.56 +£28.91
Offshore 2383.28 £32.25 2063.67 + 15.25
Plata Plume 2173.51+41.15 1939.15 + 24.20

The entire study region in the southwestern South Atlantic Ocean had a seawater
fCO:2 spatial distribution positively controlled by DICn and SST, with DIC being
the main driver (Fig. 9a). This region also experienced a negative influence of
SSS. Changes in SSS were the main driver of changes in the seawater fCO:2
distribution in the SBB, with a negative effect on the seawater fCO:2 distribution
(Fig. 9c). DICn and Alkn also had a negative impact on the seawater fCO:2
distribution, while SST presented a lower but positive effect. The offshore region
was mainly controlled positively by Alkn but also had a positive influence on SSS,
DICn, and SST (Fig. 9e). The variability of the seawater fCO: at the ACR (Fig.
9b) and the SBS (Fig. 9d) were primarily controlled by changes in the DICn and
secondarily controlled by SST distributions. However, the major influence of each
parameter changed among the two biogeochemical provinces. The distribution
and changes of DICn had a negative (positive) influence on driving the seawater
fCO2 changes in the ACR (SBS). Locally on the coast of the SBS, the variations

in seawater fCO2 were controlled by changes in the distribution of Alkn (Fig. 9d).
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Figure 8. Spatial distribution of the seawater fCO2 anomalies and parameter drivers of the

seawater fCOz2 in the southwestern South Atlantic Ocean (patm). The panels show the spatial

distribution of (a) the seawater f{COzanomalies and the driver effect of (b) sea surface temperature

(SST), (c) sea surface salinity (SSS), (d) salinity-normalized total alkalinity (Alkn) and (e) salinity-
normalized total dissolved inorganic carbon (DICn).
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Figure 9. Drivers’ influence on the seawater fCO:2 variability in patm for each biogeochemical
province in the southwestern South Atlantic Ocean: (a) entire studied region, (b) Abrolhos-
Campos Region (ACR), (c) South Brazil Bight (SBB), (d) Southern Brazilian Shelf (SBS), and (e)
offshore region. The bars represent the influence of sea surface temperature (SST, blue), sea
surface salinity (SSS, orange), salinity-normalized total alkalinity (Alkn, gray), and salinity-
normalized total dissolved inorganic carbon (DICh; yellow) on the spatial distribution of the
seawater fCO2. The black bar represents the sum of the fCO2 anomalies (i.e., seawater fCO2 —
regional mean fCOy).
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In general, the SST and the combined effect of the other three parameters
(i.e., SSS, Alkn, and DICn) have an opposite influence on the seawater fCO:2
variability over the year (Fig. 10). The change in the major influence of the drivers
occurred between May to June and November to December. The influence of
SSS, Alkn, and DICn on the seawater fCO2 variability was reduced starting in
September over all the regions analyzed. The temporal behavior of the seawater
fCOz2 drivers in the entire region (Fig. 10a) and only in the offshore region (Fig.
10e) were similar. The ACR presented the lowest amplitudes (30 to —30 patm) of
all parameters controlling the seawater fCO2 variability and was primarily
controlled by DICn (Fig. 10b). The main temporal driver controlling the oscillation
of the seawater fCOzin the SBS was DICn, but this region presented the highest
amplitude of the analyzed regions, with values for DICn oscillating between —
107.7 patm on February to 115.8 patm on August and 117.5 patm on October
(Fig. 10d). The SBB also presented high amplitudes of DICn, with values ranging
from —51 patm on February to 64 patm on August and 61.9 patm on October (Fig.

10c).
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Figure 10. Seasonal cycle of the parameter drivers of the seawater fCO: in the (a) entire studied
region and each subregion analyzed in this study: (b) Abrolhos-Campos Region (ACR), (c) South
Brazil Bight (SBB), (d) Southern Brazilian Shelf (SBS), and (e) offshore region. Temporal anomaly
of the seawater fCO2 (patm; black) and the drivers of the seawater fCO2 (uatm; in color). The
drivers evaluated are sea surface temperature (SST, blue), sea surface salinity (SSS, orange),
salinity-normalized total alkalinity (Alkn, gray), and salinity-normalized total dissolved inorganic
carbon (DICn, yellow).
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4. Discussion

4.1. The performance of the seawater fCO; algorithms

A small number of studies have evaluated the seawater fCO2 or pCO:2
behavior in the southwestern South Atlantic Ocean (e.g., Ito et al. 2005, 2016;
Arruda et al. 2015; Lencina-Avilla et al. 2016). Some of these studies developed
algorithms to allow finer spatial and temporal analysis of these parameters (Table
5). Our algorithms (Spring-Summer and Fall-Winter) achieved reasonable values
of r? (0.71 and 0.64, respectively) and errors (RMSE =+ 13.81 and + 10.05 patm,
respectively). In spite of the comparatively low values of r? and the high RMSE
values, both algorithms performed better at reproducing the spatial and temporal
variability of seawater fCO2 than the algorithms produced in previous works. Ito
et al. (2016) developed MLR algorithms for seawater pCO:2 to reproduce the pCO:
behaviors in the SBS and SBB regions in late spring. Their algorithm presented
a good performance (r?= 0.74, RMSE = #10.73 patm, n = 640) and errors close
to those presented in this study. Lencina-Avilla et al. (2016) developed MLR
algorithms for the southernmost part of our study region during the late spring,
two algorithms for the SBS and two for the entire transect of the South Atlantic
Ocean. Among the algorithms for the SBS (n = 550), the algorithm for seawater
fCO2 presented the best r? (0.94) and a low standard error (+ 5.6 patm), but the
algorithm produced by the temperature-normalized fCO2 (NfCOy2) fields also
presented a good performance (r> = 0.89, standard error of + 4.8 patm).
Regarding the transect between the Brazilian and African continental shelf breaks
(n = 7430), the algorithm for NfCO:2 presented better results (r> = 0.87, standard

error of + 7.2 patm) than the algorithm for fCO2 (r? = 0.11, standard error of + 7.4
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patm). Orselli et al. (2019) developed four algorithms (pCO2, NpCO2, fCOz,
NfCQO2) for the entire FORSA cruise (n = 8650), which crossed the South Atlantic
Ocean in a Southeast-Northwest direction during the winter and reached the
SBB. All four algorithms achieved good values of r? (r>= 0.81, 0.91, 0.86, and
0.90) and low standard errors for pCO2 and fCOz, (+ 6.74 patm, * 7.37 patm, *

6.21 patm, and £ 6.72 patm).

Table 5. List of previous studies that used seawater CO: algorithms developed for the
southwestern South Atlantic Ocean and their respective performances, sampling periods,
evaluated parameters (i.e., pCO2, NpCO2, fCO2, NfCO.), correlation coefficient values (r?),
associated errors (i.e., *Root-mean-square error or **Standard Error; patm), and sample numbers
(n). NpCO2 and NfCO: are the forms of pCO: and fCO2 normalized by the mean sampled
temperature, respectively.

Parameter , Associated

References Studied region  Sampled period evaluated error
Open ocean region Sg[]'rrr‘%]ae’;d fCO, 071 +13.81* 28932
This study and continental
shelf Fall and Winter fCO,  0.64 +10.05% 16731
Brazilian . -
Ito et al. (2016) Continental Shelf Late spring pCO; 0.74  £10.73 640
Brazilian fCO, 094  +5.6**
. . Continental Shelf NfCO 0.89 +4.8** 550
Lencina-Avilla Late fall to early 2 ; -
etal. (2016)  Section along 35°S spring fCO; 011  47.4**
across the open 7430
ocean NfCOz 087 17.2**
pCO, 0.81 16.74**
Section along 35°S NbCO 001 4737+
- p 2 . +/.
Orselli et al. across the open Winter 8650
(2019) ocean and fCOz 0.86 +6.21**

continental shelf
NfCO, 0.90 +6.72**

The Fall-Winter algorithm showed a good performance (r> = 0.95, RMSE
= + 16.22 patm) in reproducing the FORSA dataset in the southwestern South
Atlantic (Fig. 4), with an improved representation over the continental shelf and
shelf break. On average, the overall difference between predicted and modeled

seawater fCO2 values was 18.9 = 1.0 patm, which was reduced in the coastal
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regimes of the ACR region (10.1 + 1.6 patm). The representation of the spatial
variability of seawater fCO2 was reasonable; however, the mesoscale processes
observed by Orselli et al. (2019) would be smoothed by the algorithms from this
study. Orselli et al. (2019) noted the occurrence of a change in the sea—air CO2
fluxes in the region closest to Brazil from CO:2 sink behavior in the oceanic domain

to slight CO2 source behavior over the continental slope and shelf.

4.2. Spatiotemporal distribution of the seawater fCO: in the southwestern South

Atlantic Ocean

The spatial oscillation pattern of the seawater fCO:2 in the southwestern
South Atlantic Ocean followed the seasonal variation in SST, except for in regions
influenced by upwelling processes and continental runoff (Fig. S1). Those regions
on the continental shelf domain had the highest variability of Chla (Fig. S3) and
SSS (Fig. S2). The averaged values of seawater fCO: oscillated in the study
region between 404.5 + 10.0 patm on February to 337.9 £+ 16.3 patm on August
(Fig. 6a). In the climatology presented by Takahashi et al. (2014), the values for
February and August in our study region ranged from 381.4 + 16.2 patm to 333.6
+ 16.8 patm, respectively, for the reference year 2005. We also observed an

annual trend in fCO2 of 1.0 patm y~* (Fig. S5a) for the entire study region.

The ACR showed the lowest oscillation of the regions, with mean values
of seawater fCO2 of 396.9 = 4.9 patm on February and 352.7 £ 2.8 patm on
August (Fig. 6b). This low seasonal oscillation in the region may be the cause of
the lowest annual trend of the entire studied region (+0.77 patm y) (Fig. S5b).
Ito et al. (2016) found values of pCO2 greater than 400 patm during the early

summer period in the ACR, indicating that this region was under the influence of
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coastal upwelling and mesoscale cyclonic eddy activity. The lower variability in
the seawater fCO2 found here could be associated with the almost constant levels
of primary production in the region over the year (Valentin 2001) or could be
associated with the lower resolution of our results in the coastal region than in

the offshore region.

The SBB presented great spatial variability on its shelf due to interactions
with other regions. The average values of seawater fCO2 on the SBB oscillated
from 411.8 + 5.0 patm on February to 346.2 + 3.0 patm on July (Fig. 6¢). During
the entire period evaluated, seawater with relatively low fCO2 values was
identified coming from the ACR (Fig. 5). During warm months, the Brazil Current
transported waters with relatively high values of fCO2to the inner continental shelf
of the region. However, during the winter, this transport decreased, with changes
in the intensity of the Brazil Current, and the SBB received waters with low fCO2
from the northward advance of the STSF along the continental shelf (Fig. 5f-h).
In this way, the variability of fCO2 in the SBB was a product of the intensity of
interactions with surface water masses from the ACR, SBS and Brazil Current
reaching this province. In previous studies, it was observed that the
concentrations of Chla and nutrients in the SBB were higher during the winter
than during the summer due to the intrusion of rich cold water transported from
the south by a coastal current producing relatively low values of fCO2 (e.g., Ito et
al. 2005; Kampel, 2003). The same behavior was found in this study (see Fig.
S3f-h for Chla). Ito et al. (2016) found mean values of 397.5 + 22.9 patm for the
SBB during November 2010, values close to those found here (Fig. 5k). In

addition, the annual increasing trend of 1.09 patm y? (Fig. S5c) suggests, in
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general terms, seawater from the ACR and Brazilian Current has a greater

influence than that than from the SBS at the SBB.

The SBS had the highest range of seawater fCO2 of the analyzed regions,
with values varying from 410.1 + 4.4 patm on February to 311.3 + 6.5 patm on
August (Fig. 6d). This region also presented an annual fCOztrend of 2.1 patm y-
1 (Fig. S5d), the highest value reported in our results. These values can be
explained by the extreme seasonal changes in physical parameters caused by
the influence of the La Plata River and Patos-Mirim Lagoon plumes (Lefevre and
Moore, 2000) and the seasonal behavior of the STSF (Piola et al. 2000). During
summer, plumes of relatively fresh water (Fig. S2a-b, and 2i) with relatively high
Chla (Fig. S3a-b, and 3i) are entrapped south of 32°S by the STSF, and due to
values of SST>25°C (Fig. Sla-b, and 1i), there are high values of fCO2 (>425
patm; Fig. 5a-b and 5i). During winter, cold waters (SST<22.5 °C; Fig. S1f-h) are
transported up the continental shelf with low-salinity waters (Fig. S2f-h), causing

low values of fCO2 (<350 patm; Fig. 5f-h) in the region.

The offshore region presented a temporal oscillation in seawater fCO2 from
403.8 + 4.5 patm on February to 338.6 + 3.16 patm on August (Fig. 6e). The
spatial distribution of the seawater fCO2 on the eastern portion of the offshore
region followed a latitudinal pattern, with relatively high values in the north and
low values in the south (Fig. 5). The area with the relatively high fCO:z increased
southward during summer and decreased during winter. These patterns of
variability followed the same seasonal oscillation behavior as SST (Fig. S1). Near
the continental shelf break, the spatial distribution of fCO2 followed the Brazil
Current’s seasonal oscillation (e.g., Ito et al. 2016), with increased intensity during

summer and decreased intensity during winter. The annual trend in fCO2 of the
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offshore region was 0.98 patm y~ (Fig. S5e), which was close to the upper limit
found by Lenton et al. (2012). Those authors analyzed a larger portion of the
South Atlantic Ocean, between the latitudes of 10°S and 45°S and longitudes of
60°W and 10°E, and showed an increase in pCO2 of 0.2 + 1.0 patm y~. Lenton
et al. (2012) associated this value with the enhanced sink of atmospheric CO:

driven by biological production and vertical stratification.

4.3 What are the main drivers of seawater fCO: in the biogeochemical provinces

of the southwestern South Atlantic Ocean?

The analysis of the spatial drivers of fCO2 showed that the main spatial
driver was DICn (Fig. 8e). We found differences in the secondary drivers between
the continental shelf and offshore region. SSS and Alkn were secondary drivers
on the continental shelf (Fig. 8c, d), and SST had an important role in the offshore
region (Fig. 8b). Arruda et al. (2015) analyzed the spatial distribution and
temporal behavior of seawater pCO2 by modeling the entire southwestern South
Atlantic Ocean (15° to 55°S, and 70° to 35°W), and they also found that the region
is mainly controlled by DICn. Regarding secondary drivers, they found that SST
and Alkn counteract DICn. Lenton et al. (2012) analyzed an Atlantic Sector of the
Southern Ocean from 2001 to 2008 and found that the main spatial driver of pCO:2
was Alkn, followed by DICn. Although these differences in the results between
our work and their works may be associated with the sizes of the studied regions,

all studies found that DICn is an important driver of fCO2 or pCOa.

The analysis of temporal drivers over the entire region showed that the
temporal variability of the seawater fCO2 was controlled by the alternation

between SST and DICn (Fig. 10a). Takahashi et al. (1993), Signorini et al. (2013),
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and Arruda et al. (2015) also reported a similar pattern of seasonal oscillation
between the drivers of seawater fCO2 or pCO.. Signorini et al. (2013) attributed
this pattern to winter mixing and spring-summer biological drawdown. The SBB
and SBS, regions affected by the seasonal oscillation of the STSW, presented
the highest seasonal oscillation between drivers (Fig. 10c and Fig. 10d). Both
regions presented DICn that was expressively proportional to the other drivers.
On the SBB, we found changes driven by DICn ranging between —51 patm on
February to 64 patm on August (Fig. 10c). This pattern of variability, where
surface water masses from the ACR, SBS and Brazil Current have different
thermohaline properties, as well as different biological and chemical properties,
explains why the SSS changes were the main driver of changes in the seawater
fCO:z2 distribution in the SBB, followed by DICn and Alkn, in this study (Fig. 9c).
These values were higher than the results reported by Arruda et al. (2015) on the
SBB. They found that the contributions of both SST and DICn ranged between —
10 to 10 patm. In agreement with Arruda et al. (2015), in our work, we observed
that the SBS was the region with the highest temporal oscillation of seawater
fCO2 and the region in which DICn exerted the greatest control on fCO2. Some
differences in the results between the two studies may be associated with the
different approaches. In this work, we developed our analysis based on MLR
algorithms and satellite-derived parameters, while other authors (e.g., Lenton et
al. 2012; Arruda et al. 2015) conducted their analysis based on physical models

and climatology.
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5. Summary and conclusions

In this study, we investigated the spatial distribution and temporal
behavior of seawater fCOz in the southwestern South Atlantic Ocean from mid-
2011 to mid-2015. We also investigated the drivers of seawater fCO2 that control
its variability. We used an extensive dataset to reconstruct the spatiotemporal
variability of seawater fCO2 through satellite images between 2011 and 2015.
Three distinct databases were used (i.e., SOCAT, LDEO and GOAL) to produce
two MLR algorithms based on SST, SSS, and Chla for the Spring-Summer and
Fall-Winter periods. Both algorithms performed reasonably well (Spring-Summer:
r> = 0.71, RMSE = + 13.81 patm, n = 28932; Fall-Winter: r> = 0.64, RMSE = +
10.05 patm, n =16731) and demonstrated a good performance (r>= 0.95; RMSE=
+ 16.22 patm) when compared to an independent dataset. A seawater fCO2 offset
of 18.9 £ 1.0 patm was found for the entire region evaluated; this offset was
reduced to 10.1 + 1.6 patm when only the continental shelf region was
considered. These algorithms made it possible to reproduce the spatial
distribution and temporal behavior of the seawater fCO:z in a relatively under-
sampled region of the ocean. Some improvements can be made by improving the
sampling rate or by applying other algorithm-development techniques (e.g.,

feedforward neural networking; e.g., Moussa et al. 2015 and Benallal et al. 2017).

The spatial-temporal analysis showed that the Brazil Current influenced
the seasonal distribution of fCOz, both in the offshore region and continental shelf.
In the ACR, the coastal upwelling system was responsible for the relatively low
seasonal changes in seawater fCOz and the low annual fCO2ztrend (0.77 patm y-

1). The SBB waters seemed to be controlled by the Brazil Current’s flow over the
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outer shelf, the inflow of low-fCO2 waters from the ACR in the upper region, and
the seasonal oscillation of the front on the southern portion. In the SBS, the
seasonal oscillation of the STSW affected the seawater fCO2 dynamics by
controlling the distribution of the Plata River and Patos-Mirim plumes along the
shelf. Because these waters present relatively low values of fCOz2, this seasonal
oscillation resulted in the SBS being the most variable region in the study region.
This part of the shelf presented the highest annual seawater fCO2 trend (2.08
puatm y1). In the overall region, the spatiotemporal dynamics of seawater fCO2
were controlled by the opposite relationship between DICn and SST. However,
in the SBB and SBS, two regions within the influence of the STSW seasonal

dynamics, the DICn showed higher seasonal oscillation.
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Supplementary Material

The Supplementary Material section presents auxiliary materials used to
develop this work’s results and discussion that are not relevant to the
comprehension of the main text but may be interesting to some readers. The
maps of the spatial distribution of SST, SSS and Chla for each month used to
obtain the maps of the spatial distribution of seawater fCO2 are shown in Figs S1,
S2 and S3, respectively. These maps were used to understand how oscillations
of the spatial distribution were controlled by each parameter. We also present the
seasonal cycle of seawater fCOz2 for all subregions analyzed in this work (Fig. S4)
and graphics with the linear seawater fCO:2 trend for each region over the
analyzed period (2011 to 2015) (Fig. S5). Both figures are presented in detail in
Section 3.2 of the main document. The Supplementary Material section also
presents the results of the spatial drivers of the seawater fCO2 analysis in the La

Plata River plume (Text S6, Fig S6).
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Figure S1. Spatial distribution of the SST (°C) of the study region. The panels show the averaged
maps for each month from 2011-2015. The exception is July, which was compiled for the period
2012-2015.
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Figure S2. Spatial distribution of the SSS of the study region. The panels show the averaged
maps for each month from 2011-2015. The exception is July, which was compiled for the period
2012-2015.
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Figure S3. Spatial distribution of the Chla (mg m-3) of the study region. The panels show the
averaged maps for each month from 2011-2015. The exception is July, which was compiled for
the period 2012-2015.
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Figure S4. Seasonal cycle of the regional seawater fCO2 (patm) during the analyzed period
(August 2011 to June 2015) for the (a) entire studied region in the southwestern South Atlantic
Ocean, (b) Abrolhos-Campos Region (ACR), (c) South Brazil Bight (SBB), (d) Southern Brazilian
Shelf (SBS) and (e) offshore region.
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Figure S5. The annual seawater fCO2 trend (patm) based on the difference between the fCOzin
each month and the respective monthly average (gray line) for the (a) entire studied region, (b)
Abrolhos-Campos Region (ACR), (c) South Brazil Bight (SBB), (d) Southern Brazilian Shelf
(SBS), and (e) offshore region. The annual trend for each biogeochemical province is shown in
each panel. The trend is represented by a black dotted line.
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Text S6: An analysis of the Plata Plume subregion in the SBS (Fig. S6) indicated

that both Alk (Fig. S6d) and DIC (Fig. S6e) have a considerable impact on
changes in fCO2. These two parameters have opposite effects on the fCO:2
distribution. The SST (Fig. S6b) and SSS (Fig. S6c) have similar behaviors and

counteract the effect of the DIC.
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Figure S6. Spatial distribution of the fCO2 anomalies and fCO: drivers in the Plata River Plume
region (patm). Map a) is the spatial distribution of the fCO2 anomaly; map b) is the spatial
distribution of the effect of SST as a driver of fCO2; map c) is the spatial distribution of the effect
of SSS as a driver of fCO2; map d) is the spatial distribution of the effect of Alk on fCO2; and map
e) is the spatial distribution of the effect of DIC as a driver of fCOs-.
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Capitulo IV: Sintese dos resultados e discussao
IV.I = Algoritmos da fCO2na dgua do mar

Dois algoritmos sazonais de fCO2 na agua do mar foram desenvolvidos
neste estudo, sendo um para o periodo de Primavera-Verdo e outro para o
periodo de Outono-Inverno. Para o primeiro algoritmo, encontramos os valores
de r’=0.71 e RMSE = + 13.81 patm, e para o algoritmo de Outono-Inverno foram
encontrados valores de r>=0.64 e RMSE = + 10.05 patm. Quando comparados
com outros algoritmos desenvolvidos para a regido (e.g., Ito et al. 2005, 2016;
Lencina-Avilla et al. 2016; Orselli et al. 2019), os dois algoritmos apresentam
valores de r? relativamente baixos e RMSE relativamente altos. Porém, nossos
algoritmos apresentaram as vantagens de reproduzir a variabilidade da fCO2 na

agua do mar em escala espacial superior e ndo ser limitado sazonalmente, que
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sao avancgos importantes em relacado aos algoritmos apresentados em estudos

anteriores.

O algoritmo de Outono-Inverno obteve bom desempenho (r>=0.95, RMSE
= £ 16.22 patm) no teste de reproducdo dos dados do cruzeiro FORSA que
estavam inseridos na érea de estudo, com melhor desempenho na reproducéo
dos dados sobre a plataforma continental e talude. No geral, a diferenca
apresentada entre os valores previstos e modelados de fCO2 na agua do mar
apresentaram uma superestimacgao de aproximadamente 5%, com reducao para
3% na regido de regime costeiro da ACR. A representacdo da variabilidade
espacial da fCO2 na 4gua do mar por esse algoritmo foi boa e apresentou uma

suavizagao dos processos de mesoescala observados por Orselli et al. (2019).

IV.Il — Distribuicdo espacial e comportamento temporal da fCO2 na

agua do mar

Em geral, a distribuicdo do fCO2 na agua do mar na regido como um todo
€ controlada pela variacdo sazonal da SST, com excecdo das regides
influenciadas por sistemas de ressurgéncia e pelo desague de aguas
continentais. Em relacdo a cada regido especifica, a ACR apresentou a menor
oscilacdo sazonal das regides estudadas. Essa oscilagdo menor da fCO2 na
agua do mar pode ser associada aos valores quase constantes de producao
primaria que ocorre ao longo do ano (Valentin 2001), mas também pode ser
associada a baixa resolucdo dos resultados obtidos na regido costeira em
comparacao a regido offshore. A SBB apresentou a maior variabilidade espacial
da fCO2 na agua do mar devido a interacdo que sofre com as outras regides.

Essa regido recebe aguas com relativamente baixos valores de fCO2 vindos da
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ACR, sofre oscilacdo sazonal da intensidade do transporte de 4guas de altos
valores de fCO: feito pela Corrente do Brasil para a regidao mais interna da
plataforma, e intrusdo de dguas com baixos valores de fCO2vindos da SBS pelo
avango da STSF na direcado norte durante o inverno. A SBS foi a regido que
apresentou a maior oscilagédo sazonal da fCO2 e a maior tendéncia anual. Esses
valores podem ser explicados pelas mudancas sazonais extremas nos
parametros fisicos causadas pela influéncia das plumas do Rio da Prata e da
lagoa Patos-Mirim (Leféevre and Moore, 2000), e também pelo comportamento
sazonal da STSF (Piola et al. 2000). A regido offshore apresentou a distribuicao
da fCO2 na 4gua do mar sendo associada a um padréo latitudinal em sua parte
mais a leste e sendo altamente influenciada pela oscilagéo sazonal da Corrente

do Brasil na por¢éo mais proxima da quebra de plataforma (e.g., Ito et al. 2016).

IV.III = Quais sdo as principais forcantes que controlam a

variabilidade da fCO2na dgua do mar naregido?

A analise das forcantes responsaveis pela alteracdo da fCO2 na agua do
mar na escala espacial apontaram que o parametro com maior influéncia é o
DICn. Em relacdo aos parametros com influéncia secundaria, tanto a SSS e a
Alkn se mostraram influentes sobre as aguas da plataforma continental, e na
regido offshore esse papel secundario foi atribuido a SST. Arruda et al. (2015)
encontraram resultados similares para a forcante principal, porém com papel
secundario tanto da SST quanto da Alkn. Lenton et al. (2012) identificaram a Alkn
sendo a principal forcante e DICn como a forcante secundaria. Apesar das
diferencas entre os resultados encontrados neste trabalho e os resultados dos

autores citados acima, que podem estar associadas ao tamanho das regides
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analisadas, todos os trabalhos apontaram DICnh como um parametro importante

na variabilidade espacial da fCO2 na dgua do mar.

Em relacao as forcantes temporais das variacdes da fCO2na agua do mar,
foi encontrada uma alternéancia entre SST e DICn. Esse padrao de alternancia
também foi apontado por Takahashi et al. (1993), Signorini et al. (2013) e Arruda
et al. (2015). Signorini et al. (2013) atribuiram essa oscilacdo aos processos de
mistura mais intensos no periodo de inverno e o declinio biolégico que ocorre no
periodo de primavera e verdo. A SBB e SBS, as duas regides afetadas pela
oscilacdo sazonal da STSW, apresentaram as maiores oscilacdes sazonais das
forcantes analisadas, com destaque para a influéncia exercida pelo DICn em
ambas as regides. A escala da sazonalidade encontrada para a SBB é muito
superior a encontrada por Arruda et al. (2015) para todas as forcantes. Para a
SBS, foram encontradas as maiores oscilacdes sazonais para a fCO2 na agua
do mar e a maior influéncia do DICn dentre as regifes analisadas. Esse resultado

condiz com o que foi encontrado por Arruda et al. (2015).
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Capitulo V: Perspectivas Futuras

Durante o desenvolvimento desse trabalho foram notados certos pontos
importantes que podem beneficiar futuros trabalhos na &rea de estudo do
comportamento e distribuicdo da fCO2 na a4gua do mar, tanto para a regiao do
sudoeste do oceano Atlantico Sul, quanto para esse tipo de estudo em outras

regioes.

e Atualmente, estudos que focaram no desenvolvimento de ferramentas
matematicas para a elaboracdo de modelos capazes de reproduzir o
comportamento e distribuicdo da fCO2 e pCO:2 indicaram uma melhor
performance de modelos desenvolvidos a partir de feed-forward neural
network em comparacéo ao MLR (e.g., Moussa et al. 2015).

e Nosso estudo utilizou grande parte dos dados in situ de fCO2e pCO2z na
agua do mar disponiveis para a regiao. Porém, a cobertura espacial e
temporal dos dados no hemisfério sul ainda é muito inferior a do
hemisfério norte e precisa ser mais desenvolvida, por cruzeiros de

pesquisa ou de oportunidade.
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