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triangles, and brown inverted triangles, respectively. The black dashed line
shows the 1000 m isobath, while the black dotted line shows the 200 m isobath.
The red dashed line indicates the section described in (b). The numbers indicate:
1. Boyd Strait, 2. Deception Island, 3. King George Island, 4. James Ross Island,
5. Joinville Island, and 6. Clarence Island. (b) Scheme of the main hydrographic
properties (seawater temperature — T, salinity — NaCl, dissolved oxygen — Oz and
total inorganic carbon — CT, and modified-Circumpolar Deep Water — modified-
CDW) and ocean dynamics along the red dashed line depicted in (a). The in and
out arrows represent the direction of the main current flow in the region, which is
northward around the South Shetland Islands and southward near the Antarctic
Peninsula. The dotted and dashed lines indicate the mean depth related to
neutral density (y") = 28 kg m=2 and y" = 28.27 kg m~3, respectively. The black
line represents the boundary between modified-CDW and Dense Shelf

Figure IV.2. Vertical profiles of decadal averages of the carbonate system
parameters in the western basin of the Bransfield Strait during 1990-2019 for total
alkalinity (TA) and during 1996-2019 for the other parameters. Data plotted are
(a) total alkalinity — TA, (b) total inorganic carbon — CT, (c) partial pressure of
carbon dioxide — pCOz, (d) pHsws (seawater scale), (e) aragonite saturation state
— Qar, and (f) calcite saturation state — Qca. The standard errors are < 1.9 pmol
kg™ for TA, < 2.4 umol kg~ for CT, < 5.2 patm for pCOz2, < 0.004 pHsws units, and
< 0.04 for both Q. The averaged values are calculated for 50-m bins until the
deepest sample in each decade. The horizontal black dotted and dashed lines in
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2010s presented y" with the value (28.27 kg m=3) to characterize the deep layer
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Resumo

O estreito de Bransfield é um hotspot climético localizado ao norte da Peninsula
Antartica. Essa regido é caracterizada como um ambiente de alta mistura de
aguas relativamente mais quentes do mar de Bellingshausen com aguas densas
de plataforma oriundas do mar de Weddell. Ainda, a camada profunda da bacia
central do estreito (> 800 m) detém a capacidade de preservar assinaturas de
alteracdes hidrograficas que estdo ocorrendo na plataforma continental do
noroeste do mar de Weddell. Dessa forma, essa dissertagao visa avaliar as
alteracbes de longo prazo da quimica do sistema carbonato no estreito de
Bransfield. A configuracdo hidrografica, caracterizada pela mistura entre a fragcao
modificada da Agua Profunda Circumpolar e da Agua Densa de Plataforma
(DSW), controla a variabilidade temporal do sistema carbonato. Ao longo das
Gltimas trés décadas (1996 — 2019), a bacia oeste apresentou tendéncias de
reducdo de pH, na escala seawater — pHsws, que variaram de —0,003 a —-0,017
unidades de pHsws ano™, enquanto a saturacdo de carbonato de calcio (Q)
apresentou tendéncia de —0,010 a —0,070 unidades de Q ano~ ao longo de toda
a coluna de agua. Essas tendéncias sdo mais intensas do que quaisquer outras
estimativas reportadas para zonas costeiras e oceano aberto ao redor da
Antartica. A bacia central foi caracterizada pelas altas contribuicbes de DSW,
visto que a ventilacdo dos niveis profundos da bacia responde as altas
concentracdes de didxido de carbono (CO2) dissolvido na dgua do mar antes
desta deixar o contato com a atmosfera, ainda no mar de Weddell. Somado a
esse processo, a camada profunda da bacia central apresentou ser afetada por
decomposicdo de matéria organica, controlando a variabilidade do sistema

carbonato. Com baixo grau de variabilidade interanual para todos os parametros
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da quimica do carbonato, a bacia leste provavelmente estd associada com
processos de mistura interna mais acentuados e/ou diferentes composicdes de
aguas-fontes. A alta contribuicdo de DSW para a bacia central do estreito de
Bransfield pode conduzir a um mais rapido incremento de CO:2 (ocasionado pelo
aumento da concentracdo na atmosfera devido as a¢des antropicas) e, assim,
um mais rapido alcance do limite de saturacdo desse gas quando comparado a
bacia oeste, que € influenciada principalmente por processos naturais. Portanto,
o estreito de Bransfield atua como uma regido sentinela de alteracdes
biogeoquimicas ocorrendo no entorno do norte de Peninsula Antartica, podendo
assumir um papel importante na assimilacdo de mudancas temporais dos

parametros do sistema carbonato ocorrendo no oceano Austral.

Palavras-chave: Processos biogeoquimicos; acidificacdo oceénica; El Nifio

Oscilagdo Sul; Modo Anular Sul; Estreito de Bransfield; Oceano Austral.
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Abstract

The Bransfield Strait is a climate change hotspot at the tip of the northern
Antarctic Peninsula. The region is marked by a mixture of relatively warm waters
from the Bellingshausen Sea with cold shelf waters from the Weddell Sea.
Additionally, its deep central basin (>800 m) preserves the seawater properties
from the north-western Weddell Sea continental shelf. This study assesses the
carbonate chemistry long-term changes in the Bransfield Strait and identified that
the hydrographic setting (i.e., a mixture between modified-Circumpolar Deep
Water with Dense Shelf Water — DSW) drives the temporal variability of the
carbonate properties. Over the last three decades (1996-2019), the western
basin presented a pHsws decrease varying from -0.003 and -0.017 pHsws units yr
L, while the Q decreased from -0.010 to -0.070 yr* throughout the water column.
The central basin was characterized by a high contribution of DSW, responding
to high concentrations of carbon dioxide (COz2) dissolution and the decomposition
of organic matter produced and transported into its deep layer. With smoother
levels of variability for the whole carbonate system parameters, the eastern basin
was likely regulated by internal mixing. The high contribution of DSW may swiftly
lead to CO:2 saturation threshold as identified in the central basin relative to the
western side of the Strait. Therefore, the Bransfield Strait does act as a sentinel
for chemical changes experienced around the Antarctic Peninsula, which may
play an important role in assimilating any temporal changes in the carbon system

in the Southern Ocean.

Keywords: Biogeochemical processes; ocean acidification; El Nifio Southern

Oscillation; Southern Annular Mode; Bransfield Strait; Southern Ocean.
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Capitulo I:
Introducao

I.1. O ciclo do carbono global e o sistema carbonato marinho

O ciclo do carbono constitui um dos principais ciclos biogeoquimicos no planeta
Terra (Figura I.1). A participacéo do carbono na composicéo bioquimica de ~50%
das estruturas organicas existentes, a comparavel magnitude entre a ciclagem
desse elemento e os fluxos de energia em superficie e o seu papel no clima,
principalmente pela atuacdo dos gases diéxido de carbono (CO2) e metano,
proporcionam tamanha importancia a esse ciclo biogeoquimico (Houghton,
2003). Assim, distintas formas de carbono tendem a percorrer por diferentes
reservatorios, desde endogenos, tais como depdsitos sedimentares e manto, até
exdgenos, tais como atmosfera, continente e oceano, permitindo que fluxos

sejam estabelecidos (Green e Byrne, 2004) em distintas escalas temporais que
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Figura 1.1. Esquema representativo dos principais reservatérios de carbono em
ambiente exégeno e enddgeno e os fluxos (setas pretas) entre eles. Os valores dos
estoques (Gt) em cada reservatorio foram extraidos de Abbas et al. (2017). As setas
roxas representam fluxos resultantes da atividade antrdpica, enquanto as setas
vermelhas representam os fluxos que sdo sensiveis as alteracdes térmicas
experimentadas diante das mudancas do clima. As escalas dos fluxos no ambiente
exdgeno sdo maiores do que as escalas enddgenas, mas as ac¢des antropicas reduzem
essa escala temporal.

variam de segundos a milhares de anos (Houghton, 2003; Zeebe, 2012). Em
escala global, os depdsitos sedimentares constituem um dos principais
reservatdrios de carbono, com estoques que giram em torno de 10°% Gt (Abbas
et al., 2017). Uma vez que esses depositos tém sido explorados como fonte de

combustiveis fésseis, a escala temporal de reciclagem do carbono nas rochas

sedimentares reduz drasticamente de milhares de anos para anos. Em
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superficie, 0 maior reservatério de carbono é o oceano, que totaliza ~3,9 x 10*
Gt. Esse valor é o resultado da soma dos conteudos de carbono em toda a coluna
de agua e do conteudo de carbono que compde a fauna marinha (Abbas et al.,

2017; Houghton, 2013).

Boa parte do conteudo de carbono oceanico ocorre na forma de carbono
inorganico total (do inglés, total inorganic carbon, CT), representando um total
de 3,7 x 10* Gt (Zeebe, 2012). Por sua vez, o CT é a soma de quatro formas de
compostos de carbono: o CO2 em sua fracdo dissolvida na agua do mar, o acido
carbbénico e os ions bicarbonato (HCOs) e carbonato (CO3z%*), sendo o
bicarbonato a maior dessas fracbes (~91% do CT, Figura 1.2, Zeebe e Wolf-
Gladrow, 2001). Esses componentes estdo interrelacionados através de um
sistema quimico que € responsavel pela regulacdo do potencial hidrogeniénico

(pH) da agua do mar, o sistema carbonato (Millero, 2007; Stips et al., 2016).

Na interface oceano-atmosfera, gradientes de CO2 sao estabelecidos, permitindo
que fluxos ocorram entre ambos os reservatorios. Os fluxos sdo associados as
variagdes da presséo parcial do CO2 (pCOz2). Assim, se o gradiente ocorrer do
oceano para a atmosfera, o fluxo ocorre no sentido contrario, o que caracteriza
0 oceano como um sumidouro de CO2. O COzdeixando a atmosfera se encontra
na fase gasosa e passa a fracao dissolvida na agua do mar. Rapidamente, CO:
dissolvido sofre hidrélise e forma o acido carbénico. Uma vez que CO:z e o0 acido
carbdOnico séo altamente reativos na agua do mar, medidas isoladas de ambos
0s compostos séo dificeis. Para suprir essa dificuldade analitica, ambos os

compostos sdo geralmente indicados na literatura como CO2". Em seguida, o &4ci-
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Figura 1.2. Esquema representativo das reagBes quimicas e dos principais parametros
associados ao sistema carbonato marinho. Esquema adaptado de Stips et al. (2016).

do carbdnico dissocia sucessivamente em dois compostos i6nicos, HCOs e
CO3*. Essas dissociacdes ocorrem devido ao desequilibrio das espécies
quimicas na agua do mar e produzem prétons livres de hidrogénio na agua do
mar (H*) que estéo associados ao controle do pH oceéanico. Além do CT, pCO:2
e pH, o sistema carbonato € composto por um quarto parametro, chamado
alcalinidade total (do inglés, total alkalinity, TA). TA é composto pelos ions que
estdo dissolvidos na agua do mar, promovendo um balanco de carga. Esse
balanco de carga apresenta influéncia no pH, atuando como um sistema tampao
da agua do mar. Nesse sentido, TA pode ser definida como o “excesso de
bases/prétons aceptores de elétrons em relacéo aos acidos/doadores de prétons
em uma solugédo” e tem ~75% de sua contribui¢do advinda do HCO3s (Emerson
e Hedges, 2008). As relagbes quimicas aqui descritas, bem como as equagdes

relacionadas ao equilibrio quimico desse sistema, estdo descritas em diversos
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documentos (e.g. Millero, 2007, 2016; Zeebe, 2012; Zeebe e Wolf-Gladrow,

2001).

I.2. Os problemas do di6xido de carbono

A historia recente ao longo do tempo geologico que marca o registro do homem
no planeta registra alteracdes do sistema Terra até entdo ndo experimentadas
nos ultimos 800 mil anos. Atividades como o uso de combustiveis fosseis e 0s
diferentes usos da terra tém redimensionado as trocas de CO:z entre os distintos
reservatorios (Friedlingstein et al., 2021), o que tem resultado em dois principais
efeitos. Uma vez que o carbono na forma de CO2 € novamente disponibilizado
na superficie terrestre, a atmosfera € o primeiro reservatério por onde ele circula
(IPCC, 2018). As concentragdes de CO2 na atmosfera tém, portanto, aumentado
desde a Revolucao Industrial, atingindo concentracées em torno de 421 ppm no
més de junho de 2022, segundo o Scripps Institution of Oceanography da
Universidade da California  (https://www.keelingcurve.ucsd.edu/). Essa
concentracdo atual representa um incremento de aproximadamente 66% de CO:2
na atmosfera quando comparado ao ano de 1700. Como consequéncia, a
capacidade de retencdo de calor na atmosfera € intensificada, promovendo o
aumento de temperatura em escala global e, entédo, o primeiro problema do CO:

(IPCC, 2018).

O segundo problema do CO2 atua como uma consequéncia do primeiro acima
citado. O aumento da sua concentragao na atmosfera altera o gradiente de pCO:
na interface oceano-atmosfera, promovendo uma maior captagdo oceéanica de

carbono de origem antrépica, o carbono antropogénico (Gruber et al., 2019).
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Esse incremento altera o sistema carbonato, o qual guia a um desequilibrio que
favorece uma maior formagéo do ion HCOs e uma liberagédo de protons de
hidrogénio, reduzindo o pH e a concentragdo do ion CO3? (Cao, Caldeira e Jain,
2007; Orr et al., 2005). Como consequéncia, o processo de acidificacdo oceanica
€ caracterizado (Doney et al., 2009; Feely, Doney e Cooley, 2009), sendo que 0
impacto destas alteracfes ainda tem sido associado aos diversos cenarios
climaticos desenvolvidos através dos prognoésticos de concentracdo
representativa do Painel Intergovernamental da Mudanca do Clima (Raven et al.,

2005; Turley e Findlay, 2016).

I.3. A sensibilidade oceéanica aos problemas do diéxido de carbono

Diferentes regides oceanicas respondem de formas distintas quanto ao
incremento antropico de CO2 na atmosfera. Essa relagdo pode ser expressa por
um parametro derivado do sistema carbonato, o fator Revelle (Zeebe e Wolf-
Gladrow, 2001). Esse parametro é determinado através da relacéo entre a pCO:
e o CT (Jiang et al., 2019; Millero, 2007; Sabine et al., 2004), representando a
mudanca proporcional do CO2 dissolvido na agua do mar em relagdo ao CT
(Renforth e Henderson, 2017) e, assim, a sensibilidade de uma regido oceanica
a adicdo de CO: oriundo da atividade antrépica. Maiores valores de fator Revelle
indicam que uma regido oceanica esta mais proxima de atingir a saturacdo de
COz2 (Ito, Woloszyn e Mazloff, 2010; Sabine et al., 2004). Com um gradiente
meridional bem marcado, as altas latitudes detém os mais altos valores do fator
Revelle (Figura 1.3, Jiang et al., 2019), as caracterizando como as areas mais

sensiveis quanto a absorcao de carbono antropogénico e sua consequente
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Figura |.3. Distribuicdo espacial do fator Revelle ao longo da superficie oceanica em todo o globo.
Figura retirada e adaptada de Jiang et al (2019).

disperséo pela circulacdo oceanica. No entanto, as altas latitudes oceéanicas sao
cruciais na remocdo de CO:2 atmosférico: enquanto o oceano global é
responsavel pela absorcédo de 25 a 30% do excesso de carbono antropogénico
no sistema Terra (Watson et al., 2020), o oceano Austral é responsavel sozinho

por ~40% da captacdo oceanica total (Gruber, Landschiutzer e Lovenduski,

2019).

Porém, o oceano Austral tem experimentado uma série de impactos associados
as mudancas do clima. Uma das principais respostas climaticas € caracterizada
pelas mais frequentes fases positivas de importantes modos de variabilidade
climética que desempenham forte influéncia no entorno da Antértica, como o
Modo Anular Sul (do inglés Southern Annular Mode, SAM) (Ruiz Barlett et al.,
2018; Thompson e Solomon, 2002). Como consequéncia, o0 cinturdo de ventos
de oeste no entorno do continente antartico intensifica e promove alteracées nos
padrées de circulacdo oceanica (Jones et al.,, 2017), incluindo os fluxos das
correntes costeiras, no bombeamento de Ekman (Wang et al., 2022; Yanjun et

al., 2021) e um maior transporte de calor para as zonas costeiras (Henley et al.,
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2020) que resulta na perda de volumes significativos de glaciares (Cook et al.,
2005, 2016; Rignot et al.,, 2019) e alteracbes na extensdo, espessura e
sazonalidade do gelo marinho (Ruiz Barlett et al., 2018; Shepherd et al., 2018;
Shepherd, Wingham e Rignot, 2004). Associado a esses efeitos oriundos do
SAM, outro modo de variabilidade climatica também influencia nesses impactos,
o El Nifio Oscilacdo Sul (do inglés, El Nifio Southern Oscillation, ENSO). O
impacto da mudanca do clima tem afetado, neste caso, a intensidade desse
modo nas ultimas décadas, o qual tem potencializado as suas distintas fases
(Loeb et al., 2009; Torres Parra, Caicedo Laurido e Iriarte Sanchez, 2020).
Somado a esses pontos, 0 aumento da temperatura superficial oceanica ao
longo dos ultimos anos no entorno da Antértica (Cook et al., 2005; Kapsenberg
et al., 2015; Meredith e King, 2005) além de alteracdes na estratificacdo oceanica
(Ducklow et al., 2013; Kapsenberg et al.,, 2015; Wang et al., 2022) e nas
propriedades de salinidade e densidade ao longo das ultimas décadas (Dotto et

al., 2016; Ruiz Barlett et al., 2018) sédo alguns dos impactos ja identificados.

Por outro lado, a acidificacdo oceanica promove uma série de implicacbes
ecossistémicas, principalmente aquelas associadas a quimica do carbonato de
calcio. Dentre os diversos minerais de carbonato, a aragonita e a calcita sdo os
mais comuns no processo de sintese de estruturas carbonatadas em organismos
marinhos (Emerson e Hedges, 2008). As condicGes atuais de tendéncia de
reducéo do pH oceénico estdo conduzindo para configuracdes geoquimicas que
favorecem a dissolucéo de estruturas carbonatadas, promovendo condi¢des de
subsaturagéo desses minerais (Fabry, 2008; Tynan et al., 2016). Estados de
subsaturagéo (favorecendo a dissolucdo com valores menores do que 1),

saturacdo (em equilibrio quimico com valores iguais a 1) e de supersaturacao
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(favorecendo a precipitacdo com valores maiores do que 1) sdo usualmente
definidos por Q (Qar para a aragonita e Qca para calcita). Dessa forma, uma vez
gue o oceano Austral apresenta uma baixa capacidade tamponante natural (i.e.,
TA e pH naturalmente baixos), é esperado que essa regido seja a segunda a
experimentar condicdes de subsaturacdo (Q < 1) em toda a coluna de agua,
depois do oceano Artico. Essa condic&o é passivel de ocorrer principalmente em
relacdo a aragonita devido a sua maior instabilidade se comparado a calcita
(Lauvset et al., 2020; Sabine et al., 2004; Tynan et al., 2016). Isso se deve,
segundo Orr et al. (2005), as tendéncias que mostram que a concentracao do
fon CO3* no oceano em 2100 sera aproximadamente 60% menor do que as
atuais. Recentes estudos indicam que condi¢cdes de subsaturacdo em algumas
regides da Antartica sejam atingidas ja na década de 2030, como o mar de Ross
e 0 oeste da Peninsula Antéartica (Lencina-Avila et al., 2018; McNeil e Matear,
2008). A baixa concentracao desse ion, entédo, pode alterar o funcionamento de
ecossistemas antarticos através de danos aos organismos que desempenham
funcdes ecoldgicas cruciais. Nesses, podem ser citados cocolitoforideos em
oceano aberto e briozoarios, equinordermos e moluscos em ambiente costeiro
com funcdes ecolégicas como producéo primaria, formacdo de habitats, fluxos
de energia e ciclagem biogeoquimica (Acqua et al., 2019; Figuerola et al., 2020,

2021; Henley et al., 2020).

Como ponto alarmante, algumas regides ao redor do continente antartico sédo
mais sensiveis do que outras quanto aos impactos das mudangas do clima.
Conhecida como um hotspot climatico, o entorno da Peninsula Antartica € um
exemplo de uma regido com alta sensibilidade climatica (Kerr, Mata, et al., 2018).

Nesta regido ja foram identificados incrementos da pCO:2 nas camadas
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profundas no mar de Weddell, leste da peninsula (Heuven, van et al., 2014),
aumento da capacidade de absorcao de didxido de carbono nos verdes austrais
desde 2012 no estreito de Gerlache, oeste da peninsula (Monteiro et al., 2020),
area onde foi quantificada as concentracdes de carbono antropogénico no verao
de 2015 oriundas de processos advectivos de aguas densas de plataforma do
mar de Weddell (Kerr, Goyet, et al., 2018) que apresenta uma tendéncia de
aumento nos ultimos 60 anos (Lencina-Avila et al., 2018). Em relacdo as
alteracdes de pH e Q, praticamente todo o entorno da peninsula demonstra
padrées de reducao desse parametro ao longo das ultimas décadas (Hauck et
al., 2010; Lencina-Avila et al., 2018). E interessante notar que reducées pH e Q
tém ocorrido mesmo em regides associadas ao oeste da Peninsula Antartica,
principalmente abaixo da superficie (Jones et al., 2017; Legge et al., 2017). No
caso do mar de Weddell, reducbes de pH também foram identificadas e variaram
entre 0,002 a 0,005 unidades de pH entre 1992 a 2008 devido as intrusdes de
carbono antropogénico (Hauck et al., 2010). De um modo geral, areas costeiras
com alta propenséo de captag¢do de COz2, como ocorre no entorno da Peninsula
Antartica (Jones et al.,, 2017; Monteiro et al.,, 2020), sdo associadas com

impactos consideraveis na quimica do carbonato.

Contudo, uma regido no extremo norte da peninsula detém escassa quantidade
de estudos sobre distribuicbes e alteracbes biogeoquimicas no sistema
carbonato, o estreito de Bransfield. Até entdo, os estudos da tematica na regido
se limitam a avalia¢des de apenas alguns meses de dados referente a uma Unica
campanha amostral em uma pequena porgéo do estreito, como ocorreu com 0S
dados gerados durante os cruzeiros FRUELA (Anaddn e Estrada, 2002), ou um

conjunto pequeno de anos de dados, embora com ampla cobertura espacial,
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como os cruzeiros do Grupo de Oceanografia de Altas Latitudes (Ito et al., 2018;
Torres-Lasso, 2019). Recentemente, Orselli et al. (2022) avaliaram o estado da
arte do ciclo do carbono inorganico ao longo do norte da Peninsula Antartica (do
inglés, northern Antarctic Peninsula, NAP), incluindo avaliagbes sazonais, da
compreensao da dinamica do carbono antropogénico e alteracdes hidrograficas
associadas, por exemplo, a interacdo entre modos de variabilidade climatica e

seus impactos na variacado no sistema carbonato entre 2008 e 2020.

O estreito de Bransfield se torna um ambiente importante na caracterizacédo de
processos biogeoquimicos e suas mudancas diante das alteracdes do clima
devido a duas caracteristicas particulares. A primeira esta associada a sua
atuacao como regido de conexao entre o leste e 0 oeste da Peninsula Antartica,
promovendo interacBes entre os mares de Weddell e Bellingshausen,
respectivamente. Enquanto o primeiro € caracterizado como uma regido de
formacdo de aguas densas de plataforma, as quais apresentam altas salinidade
e oxigénio dissolvido, mas temperaturas proximas ao ponto de congelamento da
agua do mar (Avelina et al., 2020; Azaneu, Kerr e Mata, 2014; Damini et al.,
2022; Dotto et al.,, 2016), o segundo € caracteristicamente associado a
assinatura de aguas relativamente mais quentes oriundas de intrusGes de
massas de agua antigas (Huneke, Huhn e Schréeder, 2016; Sangra et al., 2011,
2017). A segunda caracteristica peculiar do estreito € a sua capacidade de
preservar alteracdes hidrograficas nas bacias profundas, as quais estédo
ocorrendo no entorno da peninsula e sdo advectadas para o interior do estreito
(Caspel, van et al., 2018; Dotto et al., 2016). Advindo principalmente das

plataformas continentais no noroeste do mar de Weddell, as aguas de plataforma

preenchem as zonas profundas das bacias do estreito de Bransfield sem
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apresentar grande mistura com as aguas da regidao (Orselli et al., 2022 e
referéncias incluidas). Uma vez que ocorre a preservacdo das caracteristicas
hidrogréficas, é possivel que o estreito possa atuar como uma regido sentinela
das alteracbes biogeoquimicas, como das alteracbes na quimica do sistema

carbonato ao longo da peninsula.

33



Capitulo Il
Objetivos

Diante da problematica acima levantada, essa dissertacdo tem como objetivo

principal:

e Avaliar a variabilidade espaco-temporal dos parametros do sistema
carbonato na regido do estreito de Bransfield, no norte da Peninsula

Antartica.

Assim, esse objetivo se distingue nos seguintes objetivos especificos, que foram

desenvolvidos ao longo dessa pesquisa:

e Avaliar as mudancas dos estados de acidificacao e de saturagéo dos
minerais de carbonato de calcio ao longo do estreito de Bransfield;

e Caracterizar os principais processos responsaveis pela variabilidade
dos parametros do sistema carbonato nas diferentes bacias do

estreito.
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Capitulo Ill:
Material e Métodos

[1l.1. Obtencé&o dos dados

Dados hidrograficos do verdo austral (janeiro, fevereiro e margo) para a regiao
do estreito de Bransfield foram acessados em diferentes bancos de dados
oceanogréficos disponiveis e de livre acesso. Apenas dados de garrafa e CDT
foram utilizados. Os dados de temperatura [°C], salinidade pratica (S) e oxigénio
dissolvido (O2) [umol kg?] foram acessados dos bancos de dados do World
Ocean Database 2018 (WOD18)

(https://www.nodc.noaa.gov/OC5/WOD/wod18-notes.html) (Boyer et al., 2018),

e do Grupo de Oceanografia de Altas Latitudes (GOAL) (Dotto et al., 2021; Mata,
Tavano e Garcia, 2018). O conjunto de dados totalizou uma série temporal de

trinta anos (i.e., de 1990 a 2019), n&o necessariamente consecutivos, e sua
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distribuicdo espacial esta ilustrada na Figura Ill.1. Junto aos dados hidrograficos,
dados de TA e CT também foram acessados. Estes estavam disponiveis nos
anos de 1996, 2006, 2010 e entre 2015 e 2019. Para os dados de 1996, TA foi
determinada através de titulacdo potenciométrica automatica com o uso de acido
cloridrico, enquanto o CT foi estimado através de dados de pH a 15°C e TA a
partir do uso de equacdes termodinamicas proprias do sistema carbonato
(Alvarez, Aida e Ros, 2002). Para os dados do GOAL, TA e CT foram medidos
simultaneamente por titulacdo potenciométrica em cela fechada com o uso de
um titulador automatico (Kerr, Orselli, et al.,, 2018). Os dados referentes aos
cruzeiros do GOAL (projeto NAUTILUS) foram corrigidos e submetidos a um
controle de qualidade padréo, determinando dados de boa qualidade (flag) e de

offsets (Boyer et al., 2018; Dotto et al., 2016). Ambas as analises foram realiza-
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Figura IIl.1. Distribuicdo espacial e quantidade de estagBes oceanograficas utilizadas no
desenvolvimento desse estudo.

das principalmente no software livre Ocean Data View®, onde somente dados

com flag 0 ou 1 (i.e., dados bons ou de boa qualidade, respectivamente) foram
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mantidos enquanto dados considerados espurios foram excluidos antes de
qualquer outra analise. A acuracia dos dados hidrograficos é de 0,001 — 0,005
°C e de 0,003 — 0,02 para os oriundos do WOD18 (Boyer et al., 2018) e de
aproximadamente ~0,001 °C e ~0,003 para os oriundos do GOAL (Dotto et al.,
2021) para temperatura e salinidade, respectivamente. Ja a precisdo média para
os dados de TA foi de 3,2 + 1,3 umol kg?, enquanto para CT, foi de 4,0 + 0,8
umol kgt. Os dados anuais de precisdo de TA e CT dos bancos de dados

acessados sao apresentados na Tabela lll.1.

Tabela I1l.1. Precisdo dos dados de TA e CT por ano disponiveis nos bancos de dados WOD18
e GOAL. Dados de precisfes ndo disponibilizados nos respetivos bancos de dados referentes a
cada ano estéo assinalados por ND.

Ano
R 1996 2006 | 2010 | 2015 | 2016 | 2017 | 2018 | 2019
Parametro
1,4 3,0
34 2,8 55 2,9
TA Alvarez Kerr
ND ND
umol kgt et al., et al.,
LEOC/GOAL
2002 2018
4.0 5,0
4.4 2.9 3,4 4.5
CT Alvarez Kerr
ND ND
umol kg etal, etal,
LEOC/GOAL
2002 2018

[11.2. Controle de qualidade dos dados do WOD18 e GOAL

Brevemente, os dados foram classificados de acordo com diferentes valores de
flags, os quais os caracterizam como bons (flag = 0 e flag = 1), de qualidade
baixa ou questionavel (flag = 4) ou ruins (flag = 8, Boyer et al., 2018). Por outro
lado, a determinacao de offset visou identificar amostras cujos valores medidos
nao condiziam com valores esperados. Para isso, dados espurios foram

caracterizados como dados que apresentaram valores maiores ou menores que
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duas vezes o desvio padréo relativo a média do perfil vertical de cada estacéo.
Assim, todos os perfis foram avaliados individualmente e os dados com flag

maior ou igual a 4 e classificados como offset foram excluidos.

I11.3. Estimativa de variaveis derivadas

A temperatura potencial (0) [°C] e densidade neutra (y") [kg m-3] foram calculadas
a partir de rotinas pré-estabelecidas no software Ocean Data View®. Para isso,
foi utilizada a convencdo baseada na “Thermodynamic Equation of SeaWater
2010” (Intergovernmental Oceanographic Commission, Scientific Committee on
Oceanic Research e International Association for the Physical Sciences of the
Oceans, 2010). A pressao de referéncia requerida para os calculos de variaveis
derivadas, como ocorreu para a y", foi estabelecida como a pressao na superficie

do oceano (i.e., 0 dbar).

[1l.4. Setorizacao da area de estudo

Para melhor caracterizar a regido, o estreito de Bransfield foi dividido em trés
bacias: oeste, central e leste. Os limites associados a essa divisdo foram
determinados a partir de estruturas de sills que delimitam contornos batimétricos
inferiores a 1000 m de profundidade (Clowes, 1934). As distingdes em diferentes
bacias auxiliaram na melhor descricdo dos processos ocorrendo ao longo do
estreito, ja que 0 mesmo apresenta alta variabilidade de mistura de distintas
massas de agua (Sangra et al., 2011, 2017). Além disso, verticalmente, a coluna

de agua foi separada em trés camadas com base nos valores de y". Essas
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camadas foram definidas como superficie (y" < 28.00 kg m3), intermediaria

(28.00 kg m=3 < y" < 28.27 kg m3) e profunda (y" = 28.27 kg m-3).

[11.5. Reconstrugcéo dos parametros do sistema carbonato

O conjunto de dados do WOD18 (1996, 2006 e 2010) e do GOAL (2015 a 2019)
que apresentaram medidas de campo para TA e CT, juntamente com suas
respectivas medidas de S, 6 e Oz, foi utilizado na determinagéo de equacdes de
reconstrucdo aplicaveis ao estreito de Bransfield. Essas equacfes lineares

multivariadas seguiram o modelo:
TA (6 [°C], S); CT (6 [°C], S, O2 [umol kg]) Eqg. 1

Para isso, esse conjunto de dados foi distinguido em dois grupos, o primeiro
associado a desenvolver equagbes de reconstru¢do, enquanto o segundo foi
utilizado para validar os dados modelados. O conjunto de reconstrucao
considerou diferentes composi¢cdes de anos e entre os parametros de entrada,
buscando identificar a melhor combinagéo de entrada de dados que gerassem a
melhor equacédo de reconstrucdo. No total, trés configuracdes de equacgdes

foram testadas:

1. Set0l: equacBGes mais restritas, aplicAveis a cada camada (i.e.,
superficie, intermediaria e profunda) de cada bacia (i.e., oeste, central
e leste) do estreito de Bransfield. No total, esse conjunto produziu oito
equacdes para TA e outras oito para CT. Somente a camada profunda
da bacia oeste néo foi testada devido ao seu baixo nimero de dados
que, portanto, ndo garantiram robustez das estimativas aqui

realizadas;
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2. Set02: equacdes mais gerais, aplicaveis a cada camada (i.e.,
superficie, intermediaria e profunda) de todo o estreito. No total, esse
conjunto produziu trés equacgdes para TA e outras trés para CT. Esse
set utilizou combinacdes de certos anos de dados como entrada para
o desenvolvimento das equacdes;

3. Set03: equacbes também mais gerais, aplicaveis a cada camada (i.e.,
superficie, intermediaria e profunda) de todo o estreito com um total de
trés equacdes tanto para TA quanto para CT. A diferenca referente ao
set02 decorreu dos dados de entrada, os quais foram utilizados em

combinac¢Bes randémicas.

O melhor set de equacdes para cada conjunto acima descrito foi primariamente
avaliado através dos melhores ajustes entre os dados para validacdo e os
modelados. As equacBes com melhores validacdes foram entdo avaliadas
através das melhores correlacdes, os menores erros quadraticos medios, (do
inglés, Root Mean Square Error, RMSE), maiores significAncias estatisticas e
melhores F de significacdo (i.e., um indicativo de quéo bem representados por
equacdes lineares esses dados reconstruidos sdo). A partir da intercomparacao
dos sets desenvolvidos com os dados oriundos das bases de dados do WOD18
e GOAL, o set com melhor caracterizacdo dos dados observados in situ foi o
set03 (Figura I11.2). O conjunto de equacdes de reconstru¢do aqui identificado
como set03 esta descrito na Tabela 111.2. Verificando a robustez do set03, foi
realizada uma intercomparacdo com outros conjuntos de equaglOes de
reconstrucdo de TA e CT baseados nas relagbes expressas na Eq. 1 para
regides oceanicas mais amplas, como os oceanos Austral (Lee et al., 2006;

Millero, Lee e Roche, 1998; Takahashi et al., 2014) e Artico (Arrigo et al., 2010),

40



=7 AN

Normalized Standard Deviation
o
o

Normalized Standard Deviation
Normalized Standard Deviation

B {set01 q( i
“elsetrg S/ g
D:— sgt02/general o
& -
E',— sét03 gl;ﬁary 5 7

1 A

Normalized Standard Deviation
Normalized Standard Deviation
Normalized Standard Deviation

Figura 111.2. Diagrama de Taylor apresentando a intercomparacdo dos diferentes sets de
equacdes geradas nesse estudo para (a, b e c) alcalinidade total — TA e (d, e e f) carbono
inorganico total — CT. As avalia¢des consideraram sets de equacgdes aplicaveis a camada (a e d)
superficial, (b e e) intermediaria e (c e f) profunda. Os dados observados sao assinalados por 0;
0 set01 esta assinalados por A, B e C, representando os sets aplicaveis as bacias oeste, central
e leste, respectivamente; o set02 esta assinalado pela letra D; e o set03, pela letra E.

além de equacdes mais locais no entorno da Peninsula Antartica (Hauri et al.,
2015; Lencina-Avila et al., 2018; Monteiro et al., 2020; Monteiro, Kerr e Machado,
2020). Monteiro, Kerr e Machado (2020) é aqui identificado como Monteiro et al.
(2020a) enquanto Monteiro et al. (2020), Monteiro et al. (2020b). Assumindo que
a coluna de 4gua é bem mistura, as equacdes aplicaveis a camada superficial
de todos os estudos foram aplicadas ao longo da coluna de 4gua do estreito de
Bransfield. Verticalmente, Lencina-Avila et al. (2018) apresentam dois sets de
equacdes ao longo da coluna de agua: o primeiro para a camada de mistura e o

segundo para a camada abaixo da camada de mistura. Assumindo que as cama-
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Tabela Il.2. Conjunto de equacBes que compdem o set03 desenvolvido neste estudo e
identificado como mais robusto para reconstruir os dados de TA e CT no estreito de Bransfield.
As equacdes sdo apresentadas por camada definida por densidade neutra (y"). Dados
estatisticos relacionados a cada equagédo sédo apresentados, como o coeficiente de correlagao
(r), o erro quadratico médio (do inglés, root mean square error, RMSE), nimero de amostras
usadas para desenvolver cada equacéo (n), o valor p (p) e o valor F de significaAncia (uma
expressdo de quanto esses dados sao bem representados através de equacdes lineares; altos
valores de F indicam alta representatividade dos dados através de equacBGes multivariadas
lineares). Os acrénimos utilizados sédo y" — densidade neutra, TA — alcalinidade total, CT —
carbono inorganico total, 8 — temperatura potencial, S — salinidade pratica e Oz — oxigénio
dissolvido.

Camada TA CT
TA =-31,9"6 -54,5*S +4236 CT =-29,3*6 -26,1*S -0,57*02 +3311,5
Superficie r=0,93 r=0,95
y" < RMSE = 6,35 umol kg! RMSE = 8,92 umol kg*
28,0 kg m=3 n=72;p<0,01 n=49;p<0,01
F=2477 F=139,2
Intermediaria TA =-57,1* 6 +143,6*S —2652,3 CT=-0,73"06 +61,2*S +1,86*0> —352,1
28,0 kg m3 r=0,93 r=0,91
P " < RMSE =4§5,35 pgngllkg'l RMSE =378,99 u(r)n(c))llkg'l
s n=41;p<0, n=s/,p<0,
28,27 kgm F=115,0 F =538
TA =59,7*6 —126,2*S +6805,3 CT = 135,9*6 +797,8*S +3,2*0> —26019,9
Profunda r=20,86 r=0,91
Yy = RMSE = 6,22 umol kg* RMSE = 9,63 pmol kg
28,27 kg m3 n=49; p<0,01 n = 30; p <0,01
F=63,1 F = 39,86

das intermediaria e superficial do estreito de Bransfield sdo bem misturadas, o
set de equac0Oes aplicaveis a camada de mistura de Lencina-Avila et al. (2018)
foi utilizado para camadas superiores do estreito de Bransfield. O mesmo estudo
distingue sua area de estudo em sul e norte. Aqui, as equacdes ao sul da area
de estudo de Lencina-Avila et al. (2018) séo definidas como set01; a area ao
norte, set02. Nesse caso, as intercomparacdes de equacdes de outros estudos
com o melhor set desenvolvido nesse estudo sdo apresentados para TA (Figura
[11.3) e CT (Figura 111.4). O conjunto de equacfes para cada estudo utilizados

nessa intercomparacao esta descrito na Tabela I11.3.

Em ambas as intercomparacdes, embora todas as equagbes utilizadas
apresentam uma boa correlagéo e baixo desvio padrao, o RMSE do set03 deste

estudo € mais equiparavel ao erro observado, fazendo deste set de equagdes o
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Tabela Ill.3. Equacgdes de reconstrucao para TA e CT utilizadas na intercomparacéo de diferentes autores aplicaveis a distintas regiées oceanicas. As equacdes
mencionadas sequem as relagdes expressas pela Eq. 1. Cada equacdo segue acompanhada dos valores de seus respectivos RMSE (umol kg1), a area para
a qual a equacéo foi desenvolvida e sua referéncia bibliografica.

Equacéo

TA

CT

RMSE

Area oceanica

Referéncia

2305 + 52,48 X (S — 35) +2,85 x (S — 35)2 —

0,49 x (8 — 20) + 0,086 X (6 — 20)2

8,4

Oceano Austral

(Lee et al., 2006)

2291 — 2,52 x (6 — 20) + 0,056 X (6 — 20)2

5,0

Oceano Austral

(Millero, Lee e Roche, 1998)*

74,13 xS—-192,2

9,1

Oceano Austral

(Takahashi et al., 2014)

57,01 xS + 373,86

15,2

Oeste da Peninsula Antartica

(Hauri et al., 2015)

—22x S22+ 1564 x S — 25027**

66 X S + 72%+*

—31x0—-1x02+15xS +1923*

—28x0—-1x02+55xS +587**

1,0; 2,0**

2,0; 3,0

Oeste da Peninsula Antartica

(Lencina-Avila et al., 2018) set01****

49 x S + 661**

76 X S2— 5162 X S + 90042***

—20x0-1x02—-36xS + 3751**

—1x0-0,2x02+48*S + 634**

4,0; 1,0*

8,0; 1,0%**

Oeste da Peninsula Antartica

(Lencina-Avila et al., 2018) setQ2****

36,72 x S + 1052

4,4

Oeste da Peninsula Antartica

(Monteiro, Kerr e Machado, 2020)****

685,34 + 3,85 x 0 +47,91x S

16,8

Oeste da Peninsula Antartica

(Monteiro et al., 2020)****

200,13 +4,42x 06 + 63,06 x S

26,9

Oceano Artico

(Arrigo et al., 2010)*

* Aplicavel ao setor Atlantico.

**Aplicavel & camada de mistura.

***Aplicavel a camada abaixo da camada de mistura.

***Equacbes desenvolvidas para o estreito de Gerlache.
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mais apropriado para reconstruir os demais parametros do sistema carbonato no
estreito de Bransfield. Assim, O set03 com melhor resultado foi aplicado na
reconstrucdo de TA e CT através do uso dos dados hidrograficos entre 1990 e
2019 nas amostras nas quais ambos os parametros ndo foram medidos in situ.
Com os dados da série reconstruidos, TA, CT e seus respectivos parametros
hidrograficos foram, entdo, utilizados como dados de entrada para o software
CO2Sys v2.1 (Lewis e Wallace, 1998) para a determinacdo dos parametros

pCOz2, pH, estados de saturacdo da aragonita e da calcita e do fator Revelle. Pa-
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Figura l11l.3. Diagrama de Taylor apresentando a intercomparacdo de diferentes equacbes
desenvolvidas por outros autores e do set03 deste estudo, identificada como a melhor aqui
desenvolvidas, para alcalinidade total — TA na camada (a) superficial, (b) intermediaria e (c)
profunda.
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Figura lIl.4. Diagrama de Taylor apresentando a intercomparacdo de diferentes equacdes
desenvolvidas por outros autores e do setO3 deste estudo, identificada como a melhor aqui
desenvolvidas, para carbono inorgéanico total — CT na camada (a) superficial, (b) intermediaria e
(c) profunda.
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ra isso, as constantes de dissociacdo do acido carboénico (K1, na dissociacao
para o ion bicarbonato, e K2, na dissociacdo para o ion carbonato) de Goyet e
Poisson (1989), além das constantes do sulfato (Dickson, 1990) e do borato total
(Uppstréom, 1974), foram utilizadas. Em particular, as constantes do acido
carbdnico aqui empregadas apresentam boas respostas para ambientes polares,
como ja verificado anteriormente na literatura (Kerr, Goyet, et al., 2018; Laika et

al., 2009; Lencina-Avila et al., 2018; Wanninkhof et al., 1999).

[11.6. Controle de qualidade das reconstrucdes via o CO2Sys

Duas abordagens foram aplicadas para verificar a robustez da reconstrucao,
além da validacdo acima citada. A primeira foi o teste de sensibilidade (Figura
[11.5). Esse teste visou identificar qual o impacto do uso de diferentes constantes
de dissociacdo do acido carbdnico nos resultados reconstruidos através do
CO2Sys. Para isso, foi realizado uma subtracdo entre os dados obtidos das
reconstrucdes a partir das demais constantes em relacdo as constantes de Goyet
e Poisson (1989). A nivel de comparacao, conjuntos de constantes do acido
carbbnico com aplicacbes em ambientes oceanicos foram empregadas. Sao
elas: Dickson e Millero (1987); Hansson (1973); Lueker, Dickson e Keeling
(2000); Mehrbach et al. (1973); Millero et al. (2002, 2006); e Roy et al. (1993). A
segunda abordagem foi baseada no uso de uma rotina de propagacédo de
incertezas a partir do software do CO2Sys (Orr et al., 2018). As incertezas séo
apresentadas na Tabela I11.4. Uma vez que Orr et al. (2018) ndo propaga erro
para pH, os dados de erro propagado para os protons livres de hidrogénio

também s&o apresentados como um proxy.
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Figura IIl.5. Resultado do teste de sensibilidade comparando os resultados da reconstrucdo dos parametros do sistema carbonato pelas constantes de
dissociacao do acido carbdnico de Goyet & Poisson (1989) e outras constantes de aplicagdes a ambientes oceanicos. Os dados de pHsws (unidades de pH),
pCO: (patm), Qar (unidades de estado de saturacéo) e Qca (Unidades de estado de saturacdo) ao longo das bacias (a, b, ¢) oeste, (d, e, f) central e (g, h, i) leste
nas camadas de (a, d, g) superficie, (b, e, h) intermediaria e (c, f, i) profunda.
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Tabela 1ll.4. Erros propagados dos dados de saida do software CO2Sys de acordo com as descricdes
e rotinas estabelecidas em Orr et al 2018 para as bacias (a) oeste, (b) central e (c) leste. Essa rotina
ndo propaga erro para pH, logo, a concentragéo dos protons livres de hidrogénio é apresentada abaixo.

(a) Bacia oeste

Parametro Superficie Intermediaria Profunda
pCO:2 (patm) 91,3+ 22,0 14,1+ 4,6 100,4 + 26,5
[H*] (nmol kg'?) 1,56 + 0,40 0,24 + 0,08 1,71 + 0,44
Qca 0,136 + 0,014 0,016 + 0,002 0,143 + 0,012
Qar 0,085 + 0,008 0,010 + 0,001 0,090 + 0,008
(b) Bacia central
Parametro Superficie Intermediéria Profunda
pCO2 (patm) 79.7+12.1 14.7 + 3.9 115.0 +39.3
[H*] (nmol kg% 1.36 £ 0.20 0.25 + 0.07 1.97 + 0.67
Qca 0.140 + 0.005 0.056 + 0.002 0.124 +0.020
Qar 0.090 + 0.005 0.001 + 0.001 0.079 £ 0.013
(c) Bacia leste
Parametro Superficie Intermediéria Profunda
pCO:2 (patm) 83.5+12.2 13.2+28 91.9+ 25.6
[H*] (nmol kg% 1.42 +0.20 0.23 + 0.05 1.57 +0.43
Qca 0.141 + 0.008 0.015 + 0.002 0.124 +0.015
Qar 0.088 + 0.005 0.010 + 0.001 0.079 + 0.010

[11.7. Variabilidade temporal dos parametros do sistema carbonato no estreito de

Bransfield

Duas distingbes temporais foram tomadas para a avaliacdo da variabilidade dos
paréametros do sistema carbonato no estreito de Bransfield. A primeira foi baseada na
escala interanual e a segunda, decenal. A variabilidade interanual foi avaliada atraves
das anomalias dos parametros do sistema carbonato determinadas pela diferenca

entre a média anual e a média ao longo da década de 2010 para cada parametro
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avaliado. A década de 2010 foi utilizada como referéncia pois € a década que
apresenta uma maior cobertura temporal ao longo da série temporal, apenas com
auséncia de dados no ano de 2012. A partir das anomalias, as tendéncias (x limites
de confianca) de longo prazo foram estimadas. Essas tendéncias foram significativas
guando a tendéncia foi maior do que o limite de confianca, o que implica em um nivel

de confianca de 95% (p < 0,05).

A variabilidade decenal foi avaliada através dos perfis verticais dos parametros do
sistema carbonato ao longo das trés décadas aqui avaliadas (i.e., 1990s, 2000s e
2010s). Assim, a média a cada 50 m de profundidade ao longo de cada bacia por
década foi calculada, permitindo a avaliacdo dos padrdes de distribuicdo ao longo do
tempo e entre as bacias. Cada nivel de profundidade foi, entdo, comparado
estatisticamente através de um teste de Mann-Whitney. O nivel de significAncia de

95% de intervalo de confianca (i.e., p < 0,05) foi aqui considerado.

Uma vez que os modos de variabilidade climatica do ENSO e SAM, suas distintas
fases e interacdes acopladas alteram a hidrografia da regido, uma andlise de
composicdo foi realizada para caracterizar os seus efeitos na distribuicdo dos
pardmetros do sistema carbonato no estreito de Bransfield. Dados dos indices de
ambos os modos de variabilidade climatica foram considerados para o verdo austral
de acordo com 0S dados disponibilizados em

https://origin.cpc.ncep.noaa.gov/products/analysis monitoring/ensostuff/ONI v5.php

para o ENSO e http://www.nerc-bas.ac.uk/icd/gjma/sam.html para o SAM. No caso do

ENSO, os dados acessados foram do indice Nifio Oceanico. Para determinar cada
composicdo, limiares dos indices foram utilizados: indices abaixo de -0,5 foram

caracterizados como fases negativas; indices acima de 0,5 foram caracterizados
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como fases positivas; valores de indices entre -0,5 e 0,5 foram caracterizados como
eventos neutros. O numero de anos para cada fase de cada modo de variabilidade
climatica ao longo do estreito de Bransfield € apresentada na Figura Ill.6.
Composicdes singulares (i.e., considerando cada fase especifica de cada modo de

forma isolada, sendo elas 0 ENSO e o0 SAM em fases neutra, positiva e negativa) e

compostas (i.e., considerando combinacdes de fases de ambos os modos, sendo elas

Eastern -'=

|
£ b ey
G Contral p—
m |
Western-'= !
0 5 N 10 15
== ENSO,cutral E= ENSO- [ ENSO+
- SAMneutra| | SAM' ‘:l SAM"'

Figura 111.6. Numero de anos utilizados para a caracterizacao de cada fase dos modos de variabilidade
climatica do ENSO e SAM. A quantidade de anos das composi¢es é baseada na mesma distribuicao
temporal de dados dos parametros do sistema carbonato reconstruidos.

ENSO e SAM em fase neutra, ENSO e SAM em fase positiva, e das fases opostas
entre ambos) foram identificadas e suas médias foram calculadas a cada 50 m de

profundidade ao longo dos perfis verticais referentes a cada composi¢cédo. As suas
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diferencas foram verificadas estatisticamente através do teste de Mann-Whitney para

cada intervalo de profundidade e com um nivel de significancia de 95% (p < 0,05).
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Capitulo IV:
Artigo Cientifico

Este capitulo apresenta o artigo cientifico que esta em revisdo na revista
cientifica Global Biogeochemical Cycles seguindo a prépria formatacado criada
pela American Geophysical Union.
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Key Points:

e Carbonate chemistry in the Bransfield Strait responds to modes of climate

variability.

e Source water masses intruding the region modulate carbonate system

variability and influence CO2 saturation.
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e The western basin of the Bransfield Strait reveals steeper pH decrease than

surrounding areas.

53



IV.1. Abstract

The Bransfield Strait is a climate change hotspot at the tip of the northern Antarctic
Peninsula. The region is marked by a mixture of relatively warm waters from the
Bellingshausen Sea with cold shelf waters from the Weddell Sea. Additionally, its deep
central basin (>800 m) preserves seawater properties from the north-western Weddell
Sea continental shelf. This study assessed long-term changes in carbonate chemistry
in the Bransfield Strait and found that the hydrographic setting (i.e., a mixture between
modified-Circumpolar Deep Water with Dense Shelf Water — DSW) drives temporal
variability of carbonate parameters. Over the last three decades (1996 — 2019), the
western basin presented pHsws decreases varying from -0.003 to -0.017 pHsws units yr-
1, while Q decreased from -0.010 to -0.070 yr! throughout the water column. The
central basin was characterized by a high contribution of DSW, responding to high
concentrations of carbon dioxide (COz2) dissolution and the decomposition of organic
matter produced and transported into its deep layer. With smoother levels of variability
for all carbonate system parameters, the eastern basin was likely regulated by internal
mixing. The high contribution of DSW may swiftly lead to CO: saturation threshold as
identified in the central basin relative to the western side of the Strait. Therefore, the
Bransfield Strait does act as a sentinel for chemical changes experienced around the
Antarctic Peninsula, which may play an important role in assimilating any temporal

changes in the carbon system in the Southern Ocean.

IV.2. Plain Language Summary
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Although the entire world is experiencing the impacts of climate change, some regions
may experience them faster, such as the northern Antarctic Peninsula. At the northern
tip of this area is the Bransfield Strait, which can act as a sentinel for identifying what
is happening around the area during current climate change. Areas from the strait
connected to the open ocean showed a rapid increase in acidification over time than
areas mainly influenced by coastal zones. This occurs because most-connected areas
to the open ocean experience the effects of old and deep-water masses governed by
natural processes such as the decomposition of organic particles from the ocean
around Antarctica. Conversely, coastal zones are much more influenced by the
atmospheric carbon dioxide from human activities. The impact of these higher
acidification trends in some parts of the northern Antarctic Peninsula may draw our
attention to the effects of climate change on ocean acidification and its biological and
chemical impacts on the ocean. Moreover, there are many areas, such as the
Bransfield Strait, with scarce studies about these effects, delaying the identification of
severe impacts even after changes have already been experienced, as was found in

our assessment.

IV.3. Introduction

The Southern Ocean is expected to be the next oceanic region, after the Arctic Ocean,
to experience a subsaturated aragonite condition throughout the water column in the
next few decades (Henley et al., 2020; Orr et al., 2005). Moreover, many other climate-
driven impacts have been registered around the Antarctic continent, including: (i)

increase in atmospheric and ocean surface temperatures (Cook et al., 2005; Meredith
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e King, 2005; Siegert et al., 2019); (ii) intensification of westerly winds related to modes
of climate variability and their impacts surrounding Antarctica (Turner et al., 2007); and
(i) glacial retraction and changes in the concentration, duration, and extension of sea
ice (Cook et al., 2016; Rignot et al., 2019). Concomitantly, hydrographic and
biogeochemical changes in ocean water masses are taking place around Antarctica,
such as freshening trends (Azaneu et al., 2013; Dotto et al., 2016; Haumann et al.,
2016; Hellmer et al., 2011), increased frequency of Circumpolar Deep Water (CDW)
intrusions into coastal environments (Henley et al., 2019; Moffat e Meredith, 2018),
and pH reduction over different time scales (McNeil e Matear, 2008; Midorikawa et al.,
2012; Roden et al., 2013; Sabine et al., 2008). These changes are already impacting
and reflecting on changes in the behavior of Southern Ocean ecosystems, which
impact ocean health for the development of the sensitive Antarctic biota (Figuerola et

al., 2020, 2021; Henley et al., 2020).

In this sense, Southern Ocean coastal zones, such as the northern Antarctic Peninsula
(NAP; Kerr, Mata, et al., 2018), are more sensitive to climate change effects. The
surrounding waters of NAP have experienced (i) an increase in partial pressure of
carbon dioxide (CO2, pCOy) in the deep waters, as observed in the Weddell Sea
(Heuven, van et al., 2014); (ii) glacier retraction and sea ice thickness changes over
the last decades, such as for the Larsen ice shelves (Cook et al., 2005, 2016;
Dinniman, Klinck e Hofmann, 2012; Dinniman, Klinck e Smith, 2011); and (iii) impacts
of modes of climate variability altering hydrographic patterns in the region, such as the
frequency and intensity of water masses coming from open ocean regions (Ruiz Barlett
et al., 2018). Other biogeochemical impacts have been highlighted around NAP such

as the anthropogenic carbon observed in recently ventilated waters (Kerr, Goyet, et
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al., 2018) and its effect on decreasing pH along NAP (Lencina-Avila et al., 2018), in
addition to increasing CO2 uptake during the summer since 2012 in coastal zones
(Monteiro et al., 2020). Even with many efforts to comprehend the carbonate system
along NAP over recent decades (Orselli et al., 2022 and references there in), the
Bransfield Strait remains a subregion with relatively few studies when compared to the
southern regions of the western Antarctic Peninsula (Kerr, Goyet, et al., 2018; Kerr,
Orselli, et al., 2018; Legge et al., 2017; Lencina-Avila et al., 2018; Monteiro et al., 2020;
Monteiro, Kerr e Machado, 2020; Rivaro et al., 2014; Sandrini et al., 2007). Current
knowledge regarding the carbonate system in the Bransfield Strait is limited to regional
(e.g., the FRUELA cruise in 1996 in the western basin of the Bransfield Strait) and
temporal (either only one year of summer data or short-time series) assessments (e.g.,
Anadon & Estrada, 2002; Ito et al., 2018). Besides acting as a transitional environment
between polar and sub-polar domains, the NAP region interconnects the warm and old
intermediate waters derived from the Bellingshausen Sea with the cold and young
waters sourced in the Weddell Sea continental shelf (Caspel, van, Hellmer e Mata,
2018; Ruiz Barlett et al., 2018). In addition, the Bransfield Strait is considered a sentinel
to understanding hydrographic and biogeochemical processes occurring in the
surroundings, since its deep layers preserve the seawater properties of the Weddell
Sea shelf water masses (Azaneu et al., 2013; Gordon et al., 2000; Hofmann et al.,
1996).

Thus, considering the key role of the Bransfield Strait in NAP, we evaluated the spatial
and temporal variability of carbonate system parameters (i.e., total alkalinity — TA, total
inorganic carbon — CT, pCOz2, pH, and the saturation state with respect to aragonite

and calcite carbonate minerals — Qar and Qca, respectively) in a period spanning 30
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years during 1990 — 2019. To address this, we used hydrographic and biogeochemical
data available in historical (1996, 2006, and 2010) and recent (2015 — 2019) databases
to estimate equations able to reconstruct carbonate system parameters in the three
basins of the Bransfield Strait over the last three decades. Thus, our results will lead
to a better understanding of the main drivers of interannual variability, as well as

decadal changes, of carbonate chemistry in the area.

IV.4. Oceanographic Features of the Bransfield Strait

The Bransfield Strait (Figure 1V.1a) is a coastal area of NAP consisting of three deep
basins formed recently on the geological time scale. Dated from the Quaternary (Keller
et al., 1992), a rifting system that split the South Shetland Islands from the Antarctic
Peninsula led to a heritage of some volcanoes and fault systems in this post-arc system
(Fisk, 1990) so that the release of hydrothermal fluids and magma in deep, such as
around the Humpback volcano (Almendros et al., 2020), and shallow waters, such as
Deception Island (Alvarez-Valero et al., 2020), have been recently identified. The
bathymetry of the Bransfield Strait increases from southwest towards northeast, from
~1200 m in the western basin, reaching ~2000 m in the central basin and then a
maximum of ~2500 m in the eastern basin, which are bound by sills with depths
shallower than 800 m and deep canyons (Clowes, 1934; Lopez et al., 1999; Masqué
et al., 2002). While the western basin has an open connection to the Bellingshausen
Sea, the others are semi-closed systems with much more influence from the

continental shelf of the Weddell Sea.

The main water mass contribution influencing the intermediate levels of the Bransfield

Strait is advected from the Bellingshausen Sea and the Drake Passage, with relatively
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warm temperature, hereinafter called the modified-CDW. It is derived from a mixture
of surface waters with intrusions over the shelf of CDW that is transported by the
Antarctic Circumpolar Current (Huneke, Huhn e Schroeder, 2016; Moffat e Meredith,
2018; Sangra et al., 2011). In addition, the deep basins of the Bransfield Strait are
fulfilled with dense shelf waters advected from the western and southern continental
shelf of the Weddell Sea and characterized by high density and extremely low
temperature (i.e., close to seawater freezing point), hereinafter called Dense Shelf
Water (DSW; Figure IV.1b; Clowes, 1934; Frolicher et al., 2015; Garcia et al., 2002;
Hellmer et al., 2017; Sangra et al., 2011, 2017).

The Peninsula Front (at surface) and the Bransfield Front (at subsurface; Sangra et
al., 2011, 2017) are formed in the boundary between the modified-CDW and DSW.
The latter front is associated with intense baroclinic jets to the northeast, called the
Bransfield Current (Sangra et al., 2011, 2017), with a crucial role in the transport of
metal, nutrients, and organisms (Zhou et al., 2006). Furthermore, another source for
the complex hydrography has been related to the glacier and sea ice melting processes
around Antarctica (Castro et al., 2002). For a broad review of the hydrography of the
Bransfield Strait, the reader is referred to see Azaneu et al. (2013), van Caspel et al.
(2018), Clowes (1934), Damini et al. (2022), Dotto et al. (2016), Garcia et al. (2002),
Huneke et al. (2016), Sangra et al. (2011, 2017), Ruiz Barlett et al. (2018) and Wilson
et al. (1999).

The coastal zones along NAP are areas of high biological productivity holding high
stocks and concentrations of phytoplankton (Karl, Tilbrook e Tien, 1990; Mendes et al.,
2012), with diatoms being the most abundant phytoplanktonic group found in the north-

western Weddell Sea (Mendes et al., 2012). This, therefore, implies high organic
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matter sedimentation around the entire peninsula (Fischer, 1991; Masqué et al., 2002).
Also, intense primary production in the north-western Weddell Sea continental shelf
(Detoni et al., 2015; Mendes et al., 2012) likely promotes high dissolved organic carbon
concentrations in the deep basins of the Bransfield Strait (Avelina et al., 2020).
Furthermore, regions related to islands and coastal zones in the strait are also
associated with high organic carbon concentrations, such as Deception Island and
Admiralty Bay (Costa et al., 2022; Doval et al., 2002). Considering the inorganic carbon
cycle, the strait experiences large interannual variability, swinging between periods of
net CO2 source to the atmosphere (2009) and net CO: sink towards the ocean (2008
and 2010; Ito et al., 2018). A long-term assessment of CO:2 fluxes nearby the Bransfield
Strait has shown that coastal zones have acted as strong CO: sink zones since 2012
(Monteiro et al., 2020), which is also observed southwards (Brown et al., 2019). The
region has also experienced storage of ~20-50 pumol kgt of anthropogenic carbon
around NAP (Anderson et al., 1991; Lencina-Avila et al., 2018; Pardo et al., 2014),
which likely comes from recent ventilated DSW (Kerr, Goyet, et al., 2018).

It is also worth mentioning that the variability of modified-CDW and DSW intrusions
into the Bransfield Strait mainly respond to coupled interactions between two modes
of climate variability, i.e., the El Nifio Southern Oscillation (hereinafter ENSO) and the
Southern Annular Mode (hereinafter SAM, Loeb et al., 2009; Ruiz Barlett et al., 2018).
In general, ENSO imposes strong control over the Weddell Gyre, which intensifies
(weakens) in the negative phase, hereinafter ENSO- (positive phase, hereinafter
ENSO+), allowing a low (strong) connection between the eastern and western
Antarctic Peninsula through a less (high) contribution of DSW into the Bransfield Strait.

On the other hand, the SAM promotes an intensification (weakening) of the westerlies
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Figure IV.1. The Bransfield Strait and its main characteristics. (a) Distribution of the oceanographic
stations used in this study. Stations in the western, central, and eastern basins of the Bransfield Strait
are marked by blue dots, green triangles, and brown inverted triangles, respectively. The black dashed
line shows the 1000 m isobath, while the black dotted line shows the 200 m isobath. The red dashed
line indicates the section described in (b). The numbers indicate: 1. Boyd Strait, 2. Deception Island, 3.
King George Island, 4. James Ross Island, 5. Joinville Island, and 6. Clarence Island. (b) Scheme of the

main hydrographic properties (seawater temperature — T, salinity — NaCl, dissolved oxygen — Oz, total

inorganic carbon — CT, and modified-Circumpolar Deep Water - modified-CDW) and ocean dynamics
along the red dashed line depicted in (a). The in and out arrows represent the direction of the main
current flow in the region, which is northward around the South Shetland Islands and southward near
the Antarctic Peninsula. The dotted and dashed lines indicate mean depth related to neutral density (y")

= 28 kg m3 and y" = 28.27 kg m=3, respectively. The black line represents the boundary between
modified-CDW and Dense Shelf Water.
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around the continent in a positive (negative) phase, hereinafter SAM+ (negative phase,
hereinafter SAM-), implying stronger (weaker) modified-CDW intrusions into the strait.
Furthermore, some recent studies have also shown the impacts of ENSO or SAM on
physical, biological, and biogeochemical parameters in the strait (Avelina et al., 2020;

Costa et al., 2020; Damini et al., 2022; Dotto et al., 2016).

IV.5. Methods

IVV.5.1 Data collection

Hydrographic data (i.e., temperature in °C, salinity, and dissolved oxygen as Oz in umol
kg?) with broad coverage for austral summer (i.e., January, February, and March) in
the Bransfield Strait were accessed from two databases: (i) World Ocean Database

2018 (WOD18, https://www.nodc.noaa.gov/OC5/WOD/wod18-notes.html, Boyer et al.,

2018) during 1990 — 2011 and (ii) Brazilian High Latitude Oceanography Group
(GOAL, Dotto et al., 2021; Mata et al., 2018) during 2003 — 2019. Thus, the time series
totalizes 30 years of data spanning during 1990 — 2019. The spatial distribution and
the number of occupations of each station are presented in Figure V.1. The precision
for temperature and salinity measurements was 0.001-0.005°C and 0.003-0.02 for
WOD18 (Boyer et al., 2018) and ~0.001°C and ~0.003 for GOAL (Dotto et al., 2021),
respectively. These data sets were used to reconstruct carbonate system parameters

(see Section IV.5.2).

Derived parameters, such as neutral density (y", kg m-3) and potential temperature (0,
°C), were estimated according to the Thermodynamic Equation of Seawater 2010

(Intergovernmental Oceanographic Commission, Scientific Committee on Oceanic
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Research e International Association for the Physical Sciences of the Oceans, 2010).
The y" values were applied to split the vertical layer structure in each basin (marked
by their boundaries with sills shallower than 800 m, Clowes, 1934; Garcia et al., 1997),
defining the surface (y" < 28.00 kg m-3), intermediate (28.00 kg m=3 < y"< 28.27 kg m"
%), and deep (y" = 28.27 kg m3) layers. The surface layer is occupied by Antarctic
Surface Water highly modified locally by sea ice melting and continental meltwater, the
intermediate water is mainly composed of a mixture of modified-CDW and DSW, while
the deep layer is occupied by DSW that flows down the hills and canyons in the region
(Caspel, van, Hellmer e Mata, 2018; Huneke, Huhn e Schrdeder, 2016; Ruiz Barlett et
al., 2018).

The TA and CT in situ measurements of WOD18 were available for the years 1996,
2006, and 2010, while GOAL data spanned during 2015 — 2019. Data from WOD18 for
1996 were measured during the FRUELA cruise, when TA was determined through
automatic potentiometric titration with hydrochloric acid while CT was estimated from
pH at 15°C and TA through thermodynamic equations of the carbonate system
(Alvarez, Aida e Ros, 2002). Data of TA and CT available from the GOAL database
were measured simultaneously by potentiometric titration in a closed cell with an
automated titrator (Kerr, Orselli, et al., 2018). The averaged precision for these data
(Table V.1) was 3.2 + 1.3 umol kgt and 4.0 = 0.8 umol kg™ for TA and CT, respectively.
Only data marked with good quality by the post-processing procedure in the databases
(flag = 0 or 1) were used in this study (Boyer et al., 2018). Furthermore, offsets were
evaluated and spurious data greater than two standard deviations from the mean value

of each vertical profile were excluded. These data sets were used to build the
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equations used to reconstruct the carbonate system parameters (see Section IV.5.2)

when not directly measured.

IV.5.2. Reconstruction of marine carbonate chemistry

The data for in situ TA and CT were used to estimate the best-fitted multivariate linear
equations to reconstruct both parameters along the time series used in this study. For

this, the following relationship (Eq. 1) was applied:

TA (6, S); CT (6, S, O2), Eq. 1
where TA is total alkalinity and CT is total inorganic carbon, both in pmol kg; 8 is
potential temperature in °C, S is practical salinity, and O: is dissolved oxygen in pumol
kg*. The equations aim for the reconstruction of TA and CT in those stations where
they were not available. Briefly, in situ data and the respective hydrographic
parameters were tested in two different groups (i.e., reconstruction and assessment)
for many sets to find the best equation suitable to be applied in the Bransfield Strait.
The equations were evaluated through the best correlation, smaller root-mean-square
error (RMSE), significance (95% confidence interval; p < 0.05), and significant F (high
values indicate good representation through a linear regression). Comparisons of
different sets for each layer (Figure V.2) and among equations for broad (Lee et al.,
2006; Millero, Lee e Roche, 1998; Takahashi et al., 2014), including the Arctic Ocean
(Arrigo et al., 2010), and regional (Hauri et al., 2015; Lencina-Avila et al., 2018;
Monteiro et al., 2020; Monteiro, Kerr e Machado, 2020) oceanic areas for TA (Figure
V.3) and CT (Figure V.4) were tested. The best-fitted equations for the Bransfield Strait
are presented in Table 1V.1. Only equations with the same input data used here were

considered in this intercomparison. Validation showed correlations of 0.99 (p < 0.01; n
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=22),0.99 (p<0.01;n=19),and 0.81 (p <0.01; n =12) for TA of surface, intermediate,
and deep layers, respectively, whereas validation for CT resulted in correlations of 0.99
(p<0.01,n=26),0.96 (p<0.01,n=17) and 0.98 (p < 0.01, n = 9), respectively.

Reconstructed TA and CT data were used as input for CO2Sys v2.1 (Lewis e Wallace,
1998) to estimate the other carbonate system parameters (i.e., pH in seawater scale,
pHsws; pCO2 in patm; Revelle Factor; Qar and Qca). Since measured TA was an input
and considers all minor TA components, we used pH in seawater scale, which is 0.01
unit higher than pH in total scale (pHr, Millero, 2007). This estimate was performed by
the use of dissociation constants of carbonic acid by Goyet and Poisson (1989), which
is recognized for its good responses in high latitude environments (Kerr, Goyet, et al.,
2018; Laika et al., 2009; Lencina-Avila et al., 2018; Wanninkhof et al., 1999). To
comprehend the impact of different constant sets on the output data from CO2Sys, we
performed a sensitivity test, the results of which are described in the Supplementary
Material (Tables V.2, V.3, and V.4). Dickson (1990) and Uppstrém (1974) were used
for sulphate and total borate constants, respectively. Uncertainties related to this
reconstruction were calculated following the error propagation of Orr et al. (2018), and

they are shown in Table V.5.

IV.5.3. Time series and decadal/mode of climate variability composited vertical profiles

of carbonate system parameters

Interannual variability was assessed by parameter trends (£ confidence bounds) based
on time series anomalies for each density layer of the respective basin in the Bransfield

Strait. Anomalies were estimated based on the decadal average of each carbonate
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Table IV.1. Reconstruction equations for carbonate system parameters with the best fit for this study.
Statistical data related to each reconstruction are presented along with their respective equation, such
as correlation (r), root mean square error (RMSE), number of samples used for each reconstruction (n),
p-value (p), and the signification value (F, which expresses how many of these data are well represented
via linear regressions, with high values meaning best fit via linear regressions). Note that these specific
relationships present a RMSE about half that of those for broad oceanic areas. Acronyms are: TA —total
alkalinity; CT — total inorganic carbon; 6 — potential temperature; S — salinity; Oz — dissolved oxygen; 00"
— neutral density.

Layer TA CT
TA =-31.9"0 -54.5*S + 4236 CT =-29.3"0 -26.1*S -0.57*02 + 3311.5
Surface r=0.93 r=0.95
\" < 28.0 kg m-3 RMSE = 6.35 pmol kg RMSE = 8.92 pmol kg
' n=72;p<0.01 n=49;p<0.01
F=247.7 F=139.2
Intermediate TA =-57.1* 6 + 143.6*S -2652.3 CT=-0.73"6 + 61.2*S + 1.86*02 -352.1
28.0 kg M- r=0.93 r=0.91
P < RMSE = 6.35 pmol kg RMSE = 8.99 pmol kg
28.27 kg m-3 n=41,p<0.01 n=37,p<0.01
) F=115.0 F =53.8
TA =59.7*6 -126.2*S + 6805.3 CT =135.9%0 +797.8*S + 3.2*02 -26019.9
Deep r=0.86 r=0.91
y" = 28.27 kg m- RMSE = 6.22 pmol kg RMSE = 9.63 umol kg*
3 n=49;p<0.01 n=30; p <0.01
F=63.1 F = 39.86

system parameter with higher temporal coverage (i.e., the 2010s) and then, annual
anomalies were calculated by subtraction of each annual from the 2010s average.
Annual trends were statistically significant when the confidence bound was less than

the trend value (i.e., 95% confidence level; p < 0.05).

Decadal variability was assessed through decadal averaged (+ standard error) vertical
profiles for the carbonate system parameters at bins of 50 m over the three decades
(i.e., 1990s during 1990 — 1999, 2000s during 2000 — 2009, and 2010s during 2010 —
2019, Table V.6). Each calculated mean level of depth in the vertical profile was
assessed, point by point, through the Mann-Whitney test to identify significant
differences among these three decades, considering a significance level of 95% (p <
0.05). Vertical variability was also assessed through a composite analysis, which
verified the role played by coupled interactions of ENSO and SAM (see Figure V.5)

and their effects on carbonate chemistry within the strait. Significant differences for
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composite analysis were tested through the Mann-Whitney test for each depth interval

of 50 m in each basin. Each vertical profile shown here represents a composited profile.

IV.6. Results

IV.6.1. Western basin of the Bransfield Strait

The surface layer of the western basin was characterized by annual average *
standard deviation ranging from 2315 + 24 to 2381 + 16 pmol kg for TA and 2195 +
15 to 2291 + 31 pumol kg for CT (Figure V.6a and b). Higher pHsws, Qar, and Qca were
observed in the surface layer than in the intermediate and deep layers, with annual
average values reaching 8.14 £ 0.02, 1.78 £ 0.10, and 2.84 = 0.15, respectively (Figure
V.6d, e, and f). Total average pCO2 was higher in the intermediate layer with 484.1 +
105.5 patm, likely associated with the presence of modified-CDW. Furthermore, total
averages for pHsws, Qar, and Qca in the intermediate layer were 7.91 + 0.10 (minimum
of 7.8), 1.03 = 0.21 (minimum of 0.7), and 1.63 = 0.33 (minimum of 1.1), respectively
(Figure V.6). For TA, the annual average vertical distribution was lower in the
intermediate layer, 2276 + 10 umol kg, relative to the surface layer, and reached 2392
+ 1 umol kg in the deep layer (Figure V.6). CT increased, on annual average, with

increasing depth, reaching 2355 + 1 umol kg in the deep layer (Figure V.6).

In general, interannual variability showed sharp trends in the deepest layers, except
for TA (Table 1V.2, Figure V.7a). The deep layer had a sharp positive trend for CT per
year, ten-fold higher than in intermediate layer (Table 1V.2, Figure V.7b). Although data
were restricted to solely the 2010s in the deep layer within the western basin, because

of its high variability the CT trend was well marked. Moreover, the annual trend for
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pCO:2 in the deep layer also showed a sharp positive trend of 17.3 + 6.9 patm yr?,
being eight-fold higher than the surface (Table 1V.2). Interannual trends showed a clear
reduction per year for pHsws and Q, which are more intense with depth and characterize
the deep layer with trends three- and five-fold higher than intermediate and surface

layers, respectively (Table 1V.2).

Decadal-average vertical profiles of TA and CT showed no long-term variability in the
surface layer (Figure IV.2a and b, p > 0.05, Table V.8). However, TA and CT decreased
between the 1990s and 2000s (p < 0.01, Table V.8) for the intermediate layer around
450-1000 m (Figure 1V.2a and b). During the 2010s, TA and CT recovered to values
of the 1990s (p < 0.01, Table V.8). A progressive increase of pCO2 below 200 m is
observed from the 1990s to the 2010s, consequently related to a reduction of both
pHsws and Q (Figure IV.2c-f). It is noted that the vertical distribution of the carbonate
system parameters was mainly affected by the SAM (Figure 1V.3 and V.8). During both
SAM+ and SAM- phases, TA and CT below ~450 m increased when compared to the
vertical distribution observed in years marked by neutral SAM. However, the highest
increase occurs during periods of SAM- (Figure 1V.3a and b). Furthermore, although
changes were noted in TA and CT concentrations, pCOz2, pHsws, and Q did not
experience well-marked changes throughout the water column, except for increased
pCO2 and decreased pHsws and Q between 300 and 500 m during combined periods

of SAM+ and ENSO- (Figure V.8).

IV.6.2. Central basin of the Bransfield Strait

The surface layer of the central basin had total average concentrations for TA and CT
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of 2368 + 10 and 2243 + 20 umol kg?, respectively (Figure V.9a and b), which are
close to those of the surface waters of the western basin (Figure V.6a and b). The total
average value of pCOz2 in the surface layer was 394.8 + 40.8 patm, whereas pHsws, Qar,
and Qca values reached 8.13 £ 0.03, 1.71 £ 0.03, and 2.72 + 0.29, respectively (Figure
V.9). The average values in the intermediate layer were marked by a minimum of
annual average for pHsws of 7.76 £ 0.05 and a maximum for pCO2 of 750.2 £ 90.7 patm
relative to the other layers in the basin (Figure V.9). Low TA and CT variabilities were
observed throughout depths, with total average varying roughly 10 and 13 pmol kg*
between surface and deep layers, respectively, while average values of Qar and Qca
decreased with depth, with Qar reaching subsaturated condition in most of vertical

profiles and Qca in a few in the deep layer (Figure V.9).

Increasing TA and CT trends were observed only in the intermediate layer (Table V.2,
Figure V.10), with CT in particular being the variable with higher interannual variability
(Figure V.10b). Although with no significant trends, pHsws and Q increased in the entire
water column for the evaluated period (Table IV.2, Figure V.10). Unfortunately, the
carbonate chemistry reconstruction is limited to those years with available
hydrographic data, thus limiting a better spatiotemporal coverage in the 1990s in this
basin. This is reinforced by the lack or bad quality of available Oz data. The last 30
years have been marked by reduced TA below 500 — 600 m and increased CT below
1000 m in the 2010s over the 2000s (Figure IV.4a and b). The parameter pCO:2
increased, whereas pHsws and Q decreased over the last two decades in the entire
vertical profile (Figure IV.4c, d, e, and f). Particularly for Qar, depths below 200 m were

under subsaturated conditions (i.e., Qar < 1) in the 2010s (Figure IV.4e). Furthermore,
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low TA was associated with the deep layer during joint periods of SAM- and ENSO+

(Figure 1V.3a and b, respectively). Both pHsws and Q were lowest in the deep layer du-
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Figure 1V.2. Vertical profiles of decadal averages of carbonate system parameters in the western basin
of the Bransfield Strait during 1990-2019 for total alkalinity (TA) and during 1996—2019 for the other
parameters. Data plotted are (a) total alkalinity — TA, (b) total inorganic carbon — CT, (c) partial pressure
of carbon dioxide — pCOz, (d) pHsws (seawater scale), (e) aragonite saturation state — Qar, and (f) calcite
saturation state — Qca. The standard errors are < 1.9 umol kg for TA, < 2.4 umol kg* for CT, < 5.2 patm
for pCOz2, < 0.004 pHsws units, and < 0.04 for both Qar and Qca. The averaged values are calculated for
50-m bins until the deepest sample in each decade. The black horizontal dotted and dashed lines in the
panels represent the average value of the neutral density levels of 28.00 kg m= and 28.27 kg m3,
respectively. The vertical line in panel (e) indicates Qar = 1, with values below 1 referring to subsaturation
of calcium carbonate. Only the 2010s presented y", with the value 28.27 kg m3, to characterize the deep
layer in this basin for CT and the other COz-carbonate system parameters, except for TA.
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Table 1V.2. Trends (+ confidence bound) for carbonate system parameters based on a time series of 30 years of reconstructed data between 1990
and 2019 in the Bransfield Strait. If the confidence bound is higher than the trend, then, the trend is not statistically significant (i.e., p > 0.05; 95%
confidence interval). Significant values are highlighted in bold.

Period of
. TA data TA CT pC02 psts Qar Qca
Layer Basin )
(other (umol kgtyrl)  (umol kgtyr?) (natm yr1) (pHsws units yr?) (yrh) (yrd)
parameters)
1990-2019
Western (1996-2019) -0.108 £ 0.231 -0.127 £ 0.461 2.893 £ 2.570 -0.003 + 0.002 -0.010 = 0.006 -0.015 + 0.010
Surface Central (;(9)88:3818) -0.169 £ 0.274 -0.989 £0.856  -0.334+£0.656 0.0004 £ 0.0007 0.002 £0.002 0.003 £0.004
1999-2019 -0.176 + 0.041 -0.152 + 0.074 0.266 £ 0.102 -0.0002 + 0.0001 -0.0002 + 0.0003 -0.0004 + 0.0006
Eastern
(1999-2019)
1990-2019
Western (1996-2019) 0.460 £ 0.370 0.680 + 1.527 5.946 £ 0.786 -0.008 + 0.002 -0.018 + 0.009 -0.026 + 0.007
. 1990-2019 0.490 £ 0.196 0.421 +1.050 -3.286 £ 2.245  0.0002 + 0.0003 0.003 £ 0.007 0.005 £ 0.012
Intermediate  Central (2000—-2019)
E 1999-2019 -0.044 £ 0.021 -0.078 £0.047 -0.249+0.164 0.0001 £ 0.0003 0.0006 +0.0003  0.0009 + 0.0006
astern
(1999-2019)
1990-2019
Western (2013-2019) 0.262 + 0.167 6.807+3.770 17.270+6.851 -0.017 £ 0.010 -0.044 £ 0.027 -0.070 £ 0.043
1990-2019 -0.415 £ 0.149 -0.244 + 2.067 2.569+4.965 0.0007 £ 0.0062 0.003 £ 0.013 0.004 £ 0.020
Deep Central (2000-2019)
Eastern 1999-2019 0.017 £ 0.006 -0.115+0.038 -0.312+0.121 0.0003 £ 0.0001  0.0007 +0.0002  0.0011 + 0.0004

(1999-2019)
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Figure 1V.3. Composited vertical profiles of (a, b, and c) total alkalinity — TA (umol kg*) and (d, e, and f)
total inorganic carbon — CT (umol kg?) considering the phases of the modes of climate variability El
Nifio-Southern Oscillation (ENSO) and Southern Annular Mode (SAM). Averaged TA and CT profiles at
the (a, d) western, (b, e) central, and (c, f) eastern basins of the Bransfield Strait. The years used for
each composition are presented in Table V.7. The neutral vertical profile for the central basin was

estimated by the averaged vertical profile for the neutral situation of SAM and ENSO presenting a
standard deviation lower than 1.0 pmol kg*.

ring joined events of SAM- and ENSO+ or SAM+ and ENSO- (Figure V.8f, g, and h).

IV.6.3. Eastern basin of the Bransfield Strait

The eastern basin is filled with water masses with relative homogeneity in the vertical

distribution of carbonate chemistry, implying low interannual and decadal variability (Fi-
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Figure 1V.4. Vertical profiles of decadal averages for carbonate system parameters in the central basin
of the Bransfield Strait during 1990-2019 for total alkalinity (TA) and during 2000—-2019 for the other
parameters. Data plotted are (a) total alkalinity — TA, (b) total inorganic carbon — CT, (c) partial pressure
of carbon dioxide — pCO2, (d) pHsws (Seawater scale), (e) aragonite saturation state — Qar, and (f) calcite
saturation state — Qca. The standard errors are < 1.2 umol kg for TA, < 1.5 umol kg for CT, < 5.3 patm
for pCO2, < 0.005 for pHsws, and < 0.02 for both Qar and Qca. The solid vertical line in panels (e) and (f)
indicates Qar = 1 and Qca = 1, respectively, with values below 1 referring to subsaturation of calcium
carbonate.

gure V.11, V.12, and V.13). Interannual trends were small compared to the other
basins of the strait (Table 1V.2, Figure V.11). Although with low temporal variability,

most carbonate system parameters had a negative trend, except for surface pCO: at
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0.27 £ 0.10 patm yrt, and pHsws and Q in the deep layer with a positive trend of 0.0003
+0.0001 pHsws units yr?, and 0.0014 + 0.0021 yr* (for aragonite) and 0.0021 + 0.0014

yrt (for calcite), respectively (Table IV.2, Figure V.11).

IV.7. Discussion

IV.7.1. What drives carbonate system variability in the Bransfield Strait?

The temporal and spatial variability of carbonate chemistry in the Bransfield Strait
evolves based on changes related to intrusions of water masses in the region. Thus,
hydrographic and chemical changes in water column structure primarily respond to the
coupled interactions between ENSO and SAM (Avelina et al., 2020; Caspel, van,
Hellmer e Mata, 2018; Loeb et al., 2009; Renner et al., 2012; Ruiz Barlett et al., 2018),
which regulate the main source water mass that intrudes into the region (Damini et al.,
2022). This occurs because high or low influx into the strait of modified-CDW from the
western side of the Antarctic Peninsula (i.e., a relatively old, warm, salty, less
oxygenated, and TA- and CT-rich water mass) and/or DSW from the eastern side (i.e.,
a recently ventilated, cold, salty, high oxygenated, and TA- and CT-rich water mass)
are regulated by the prevailing mode of climate variability (Bellerby, Turner e
Robertson, 1995; Karl, Tilborook e Tien, 1990; Sangra et al., 2011). However, the
magnitude of the mixing processes along the water column depends on the ocean
dynamics and bathymetry of each basin of the Bransfield Strait. While the western and
eastern basins of the strait are more exposed to receiving a higher amount of modified-
CDW at intermediate levels, the same is not true for the central basin, because the

Bransfield Gyre tends to constrain this water mass towards the South Shetland Islands
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(Huneke, Huhn e Schréeder, 2016; Sangra et al., 2011). In addition, the purest form of
DSW (i.e., less mixture with ambient waters) is mainly constrained by the central basin

at deep levels after sinking into the region (Damini et al., 2022; Dotto et al., 2016).

Interannual and decadal variabilities in the western basin of the Bransfield Strait
(Figure V.10) respond to the dynamics of the Antarctic Circumpolar Current and the
modes of climate variability prevailing over time. For example, during the early 2000s,
both SAM+ and ENSO- were characterized by increasing intrusions of modified-CDW
(Figure V.14 and V.15, Loeb et al., 2009; Renner et al., 2012), mainly up to 500 m in
depth (Figure V.14), in the western Antarctic Peninsula continental shelf (Moffat,
Owens e Beardsley, 2009; Wang et al., 2022). Because the origin of modified-CDW
implies high TA and CT concentrations, it should be associated with an increase in the
concentrations of both carbonate system parameters, but this is not the case. The heat
transported alongside by the intense modified-CDW intrusions during periods of SAM+,
which reach the coastal areas of Antarctica, influences glacial retraction with
consequent meltwater input into the ocean (Shepherd et al., 2004; Abernathey et al.,
2016; Meredith et al., 2008, 2014; Shepherd et al., 2018). The freshwater input and
the consequent dilution may contribute with a characteristic signature (i.e., low TA and
CT relative to surrounding seawater) to the surface layer from the western basin in the
Bransfield Strait, which eventually is advected from the western Antarctic Peninsula
(Moffat e Meredith, 2018; Shepherd et al., 2018) and then, into the water column
because of the vertical mixing (Gille, 2008). It is a possible countereffect of the high
TA and CT content associated with the modified-CDW, but with no or minimized impact
on pCOz2, pHsws, and Q (Figure 1V.2). Indeed, the meltwater contribution may reduce

TA and CT between 500 — 1000 m in depth (Figure IV.2a and b) as previously detected
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on the western Antarctic Peninsula (Legge et al., 2017; Lencina-Avila et al., 2018).
Since SAM+ events have been associated with most positive trends over the last
decades (Marshall et al., 2006), negative trends for TA and CT due to dilution but the
intensification of pCOz2, pHsws, and Q trends (Table IV.2) may be marked over time if
melting contributions become more intense. The central and eastern basins showed a
less intense influence of modified-CDW intrusions, but it may be significant to perform
a TA:CT ratio like for the upper layers from the western basin. Thus, the presence and
variability of modified-CDW intrusions into the upper layers in the Bransfield Strait
contribute to the key process driving carbonate chemistry variability through dilution

and concentration of salts (Figure 1V.5a and b).

However, DSW is the main water mass filling the water column below 500 m in the
Bransfield Strait (Figure V.10; Damini et al., 2022) and then, it is responsible for
controlling the rapid changes of carbonate system parameters in deep layers. In the
western basin, the deep layer showed a positive trend for DSW contribution over the
last decade (Figure V.14a; Ruiz Barlett et al., 2018). Its high carbon signature, added
to the mixing with modified-CDW, may be associated with the sharp positive trend of
CT (Table 1V.2). Positive trends of carbonate system parameters associated with
modified-CDW intrusions were also observed in the southern Gerlache Strait and DSW
in the northern Gerlache Strait (Lencina-Avila et al., 2018) and in the deep layers of
the Weddell Sea (Heuven, van et al., 2014). For the central and eastern basins, DSW
contributed up to ~60% of the source water masses mixture filling the deep layers
(Damini et al., 2022; Figure V.14b and c). This water sinks from the shallow shelf zones
directly to the seafloor as dense and cold plumes flowing down the sills, a ventilation

process with relatively low mixing with surrounding waters (Caspel, van, Hellmer e
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Mata, 2018; Dotto et al., 2016), thus, advecting DSW properties from the north-western
Weddell Sea continental shelf into the Bransfield Strait. In fact, the Bransfield Front
also acts to constrain the contributions of modified-CDW close to the South Shetland
Islands. Thereby, the presence of DSW may increase interannual trends or decadal
variability of CT and pCO2 and decrease pHsws and Q in the deep layer in both western
(Table 1V.2) and central (Figure 1V.4) basins, respectively. Indeed, DSW transports an
anthropogenic carbon signature westward (Kerr et al 2018a), which was estimated via
the TrOCA method (Touratier, Azouzi e Goyet, 2007; Touratier e Goyet, 2004a; b) at
concentrations of about 50 umol kg in the central basin of the Bransfield Strait in the
late 2010s (Torres-Lasso, 2019). Additionally, high primary productivity is highlighted
from the north-western Weddell Sea (Detoni et al., 2015; Ito et al., 2018; Mendes et
al., 2012), transporting organic matter through DSW into the deepest layers of the
Bransfield Strait where it may be decomposed. Organic matter decomposition is
associated with increases in CT and pCO:2 and reductions in TA, pHsws, and Q, as
noticed in the central basin in the 2010s relative to the 2000s (Figure 1V.4). Also,
hydrothermal vents and volcanos are found at the bottom of the Bransfield Strait
(Almendros et al., 2020), the chemosynthesis processes of which may alter TA and CT
by a ratio between CO: dissolution and organic matter decomposition, and release of
CO2 through hydrothermal vents may act as a direct CO2 ingassing process into the
water column with no TA change. Thus, several processes are occurring at the same
time in the deep layers, holding a TA:CT ratio between organic matter decomposition
and close to that expected in the ocean-atmosphere interface (i.e., direct COz2 injection
by the hydrothermal activities plus a rapid filling of the deep basins with DSW

properties, Figure IV.5c).
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Figure IV.5. Dispersal diagram of the relationship between total inorganic carbon (CT) and total alkalinity
(TA) for the (a) surface, (b) intermediate, and (c) deep layers of the Bransfield Strait. The color and
symbols differ among basins, as indicated in (c). The inset in (a) presents the standard relation for the
TA:CT ratio in the ocean (Zeebe e Wolf-Gladrow, 2001). The red lines show the linear regression
between CT and TA in surface (n = 95274; slope: 0.554 + 0.002; TA = 0.554*CT + 1120; p < 0.001),
intermediate (n = 150748; slope = 0.323 + 0.001; TA = 0.323*CT + 1623; p < 0.001), and deep (n =
99740; slope =—-0.018 £ 0.001; TA =-0.018*CT + 2406; p < 0.001) layers. The TA and CT source water
masses end-members were marked by the crosses and selected from Broullén et al. (2019) and Broullon
et al. (2020), respectively. The source water masses are Circumpolar Deep Water (CDW) in the open
ocean nearby the western Antarctic Peninsula and Dense Shelf Water (DSW) in the north-western
Weddell Sea.

Beyond biogeochemical processes, the ice dynamic from the Weddell Sea may affect
carbonate system variability, such as noticed for TA changes (e.g., Azaneu et al., 2013;
Dotto et al., 2016; Hellmer et al., 2011). Similar to the deep layer of the western basin,
the central basin in the 2010s presented TA changes with associated input of ~0.02

units of salinity relative to the 2000s (Figure V.14b) and 0.06 units of salinity relative to
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the last 60 years (Dotto et al., 2016). Indeed, this layer in the central basin has been
showing increases in salinity during 2010 — 2016 as a consequence of the increased
sea ice formation in the western Weddell Sea (Damini et al., 2022), likely providing TA
alterations in the deep layer as noticed in the 2010s in the central basin (Figure IV.4a).
Another point to take into account is extreme events around the NAP. Heat waves and
atmospheric rivers may contribute to favoring meltwater input and iceberg calving
along ice shelves around the western Weddell Sea through atmospheric heating,
potential runoff, and high exposure of the ice shelf to swells triggered by storms
(Massom et al., 2018; Reid e Massom, 2022; Scambos et al., 2000; Wille et al., 2022).
Indeed, negative interannual CT anomalies in the deep layer of the central basin
(Figure V.10b) covaried alongside the coastal exposure of the Weddell Sea (i.e., low
sea ice coverage, Reid & Massom, 2022) and the frequency of atmospheric rivers
(Wille et al., 2022) by a correlation of -0.91 and -0.61, respectively. In this case,
negative anomalies of CT and, then, positive anomalies of pHsws (Figure V.10d) might
be intensified when ice shelves collapse or lose great ice volume. Therefore, sudden
events such as the abrupt collapse of the Larsen A and B (Massom et al., 2018;
Scambos et al., 2000) also had potential to promote biogeochemical changes as traced

into the deep layer of the central basin in the Bransfield Strait.

The deep layers may also be influenced by nitrification and water mass intrusions
carrying low anthropogenic signatures. Years marked as periods of SAM- showed
changes in TA, but no CT changes below 1000 m in depth (Figure V.16c). The 1.0
relationship of TA:CT may infer nitrification processes (see Wolf-Gladrow et al., 2007)
occurring in the central basin, which may be connected to the archaea of the genus

Thaumarchaeota found in the Southern Ocean, including the Bransfield Strait (Signori
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et al., 2014). We hypothesize that SAM- events may improve the contribution of water
masses with high ammonium and/or nitrite ion concentrations into these deepest
layers. The source area of that water mass is likely the continental shelves of the
Weddell Sea. With respect to another process contributing to carbonate system
variability, Gordon et al. (2000) and von Gyldenfeldt et al. (2002) pointed out that water
mass contribution from the Ronne-Filchner ice shelf overflows by a sill nearby the
Powell Basin into the deep layer of the eastern basin of the Bransfield Strait. Due to its
low temperature (Frolicher et al., 2015; Hellmer et al., 2017) and anthropogenic carbon
content (Pardo et al., 2014), this water mass may minimize the effects of anthropogenic
carbon carried on by DSW in the deep layer, which may promote increases of pHsws
values as a thermal effect. However, the eastern basin has been a challenging area
for both hydrographic and biogeochemical assessments, resulting in no investigations

until now.

IV.7.2. Acidification process and carbon dioxide saturation in the Bransfield Strait

Spatial and temporal variability of carbonate system parameters in the Bransfield Strait
weighs changes in pHsws and Q, which vary in trend and magnitude among basins
(Table IV.2, Figure V.7, V.10, and V.11). The western basin may be associated with
the strongest negative trends (Table 1V.2, Figure V.7d) because of frequent intrusions
of CDW (Figure V.14a), highlighting a contribution of a natural process to pH trends.
For instance, the surface layer of the western basin has trends (-0.003 + 0.002 pHsws
units yr, Table IV.2) similar to those of the deep layer of the northern Gerlache Strait
(-0.003 £ 0.001 pHsws units yrt, Lencina-Avila et al., 2018), central western Antarctic

Peninsula (0.002 + 0.002 pHT units yr, Hauri et al., 2015), and the surface layer of the
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Southern Ocean (-0.002 = 0.0003 pHr units yr?, Midorikawa et al., 2012). However,
these trends observed surrounding the Antarctic Peninsula are smaller than those
found in other sensitive regions that have a high Revelle factor (Jiang et al., 2019;
Sabine et al., 2004), such as the North Sea (Blackford e Gilbert, 2007). Adding up the
trends of other areas of the Southern Ocean, such as the south of the Polar Front (-
0.0022 + 0.0004 pHr units yrt, Midorikawa et al. (2012); -0.0043 + 0.0016 to -0.0009
+0.0007 pHrunits yr, Leseurre et al. (2022)), reveals that these trends in the western
basin are one (deep layer) order of magnitude higher than any area in the coastal zone
and surrounding ocean. Additionally, the entire Southern Ocean holds a pH trend at -
0.0020 + 0.0002 pHr units yr! (Lauvset et al., 2015), which is similar to those
surrounding the Antarctic Peninsula, but smaller than estimated here in the western
basin of the Bransfield Strait. Conversely, the central basin presented interannually
swinging, but undefined, trends (Table IV.2, Figure V.10d) over the 30 years
investigated because of the dominance of DSW contributions (Figure V.14b).
Furthermore, the intense well-mixed water column in the eastern basin may be the

reason for the lower trend in the present study (Table 1V.2, Figure V.11).

Hence, we suggest that three possible processes may be driving the pHsws trends in
the western basin: (i) intensified intrusions of CDW over the continental shelf of the
western and NAP due to the increased frequency of years marked by SAM+ phase
(Henley et al., 2020; Jones et al., 2017); (ii) vertical mixture transports meltwater signal
throughout the water column with its carbon content (Monteiro et al., 2020) in more
intense wind-stress in SAM+ and ENSO- events and; (iii) increased mixture between
modified-CDW and DSW - while the former is rich in organic matter decomposition

products, the latter is also enriched with anthropogenic carbon. The latter point is
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associated with its increased contribution to the Bransfield Strait in the 2010s (Damini
et al., 2022; Dotto et al., 2016; Ruiz Barlett et al., 2018), which may yield the sharpest
negative trends observed in the deep layer in the western basin as also noticed for the
Gerlache Strait (Lencina-Avila et al., 2018). Indeed, the source area of DSW at the
western Weddell Sea presented a reduction of 0.02 pHt units from 1992 to 2008
(Hauck et al., 2010), and its signature may be carried into the Bransfield Strait.
However, other processes may be acting throughout the water column and this
signature may be damped, such as the organic matter decomposition in the central
basin (see Figure IV.5b and c). Yet, since DSW is ventilated before flowing into the
deepest layers of the Bransfield Strait (Caspel, van et al., 2018; Dotto et al., 2016), the
signature of atmospheric CO:2 increase may be absorbed by DSW and transported

through advection (see Figure IV.5c).

The pHsws trends respond to the CO2 increment into the water column of the Bransfield
Strait. This is corroborated by the decadal rising Revelle factor for the western and
central basins throughout the water column (Figure 1V.6a and b), reaching values close
to those observed in the eastern basin (Figure 1V.6¢). However, decadal changes in
the central basin were more intense than those in the western basin because of the
contribution of anthropogenic processes, such as the signature of atmospheric

COzincrease due to the recent human footprint on the carbon cycle (i.e.,

82



anthropogenic carbon) and then, its transport through DSW advection into the

Bransfield Strait. Since a high signature of modified-CDW is detected in the western
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Figure 1V.6. Vertical distribution of the Revelle factor over three decades in the Bransfield Strait for (a)
western, (b) central, and (c) eastern basins. Plotter data is the average (+ standard error) at each 50 m
depth. The black horizontal dotted and dashed lines in the panels represent the average value of the
neutral density levels of 28.00 kg m-3 and 28.27 kg m3, respectively.

basin, the pHsws decreases in the region have major influence related to the old and
acidified water mass carrying naturally products of organic matter decomposition.
However, most frequently CDW intrusions respond to changes in modes of climate
variability, as a consequence of anthropogenic activities. Furthermore, the eastern
basin has less influence on both water masses, reflecting a more mixed water mass
structure in the region even with a Revelle factor indicating that the basin has already
been near CO:2 saturation since the 1990s (Figure 1V.6¢). Although this acidification
process is minimal, the complexity of the eastern basin needs further investigation to

clarify the reasons for its particular effects on hydrography and biogeochemistry.

83



Overall, the Bransfield Strait demonstrated being close to reaching CO2 saturation and
may represent an issue for much more intense pHsws negative trends with impacts on
calcified structures of marine organisms in the water column, such as pteropods, and
on the seafloor, such as echinoderms and bryozoans (Acqua et al., 2019; Figuerola et

al., 2020; Henley et al., 2020).

IV.8. Conclusions

Changes in marine carbonate chemistry in the Bransfield Strait evidence the key role
played by hydrography and its variability and responses to climate patterns over space
and time. Such variability is mainly controlled by the link between ENSO and SAM.
Furthermore, biogeochemical processes, such as organic matter decomposition and
anthropogenic carbon inputs, may also influence the variability of marine carbonate
chemistry. Their combined effects tend to promote a distinct response in the strait:
while the western basin is mostly influenced by CDW intrusions at intermediate levels,
the central basin is impacted by DSW at deeper levels. In addition, the eastern basin
has a peculiar and challenging water mass structure that indicated a region where the
mixing of different water masses plays a major role. The eastern basin itself has
demonstrated to be a particular area for which investigations about its natural behavior
are needed. Overall, the strait is heading towards a condition of CO:2 saturation,
primarily in the central basin because of the anthropogenic carbon transported by DSW
into the deep basin. However, other investigations are needed to explore the role that
biogeochemical processes, such as nitrification and hydrothermal vents, have in

influencing carbonate system variability in the region. A summary of identified and
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inferred hydrographic and biogeochemical processes that may contribute to this

carbonate chemistry variability is provided in the schematic of Figure IV.7.
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Figure IV.7. Summary of the main processes affecting CO2-carbonate system variability over 30 years
in the Bransfield Strait. The highlighted section crosses from southearstern (left) to north-eastern (right).
Red-dashed lines indicate bounds by sills between basins.

Like many other coastal zones surrounding the Antarctic Peninsula, the Bransfield
Strait revealed that direct and indirect anthropogenic effects, such as anthropogenic
carbon inputs and intensification of westerlies associated with the SAM+ phase, may
be significant in altering the chemical system that controls ocean pH and carbonate
concentration. Indeed, the strait acts as a sentinel for biogeochemical changes
occurring in the sensitive area around the Antarctic Peninsula. As a transitional zone

connecting subpolar systems, the Bransfield Strait draws attention to the critical state
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of the influence of open ocean areas into the coastal zones around the Antarctic
Peninsula. As part of the Southern Ocean, the strait may be crucial to countering the
effect of atmospheric CO: increase, since its CO2 saturation is almost reached. On a
larger scale, comprehending the biogeochemical processes responding to climate
change may introduce new approaches to stimulate the inclusion of Antarctica in the
sustainable plans for the Ocean Decade. This is true since the continent, and the roles
it plays over climate control and ecological processes, are crucial to trigger suitable
actions concerning sustainable development goals such as climate action (SDG 13)

and life below water (SGD 14).
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Capitulo V

Este capitulo apresenta o material suplementar do artigo cientifico apresentado
no capitulo IV.
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Supplementary information.

This file contains:

Figure V.1: Station counts available for our study.

Figure V.2: Taylor diagram for the best-fitted equations from several trials performed
along this study for TA and CT.

Figure V.3: Taylor diagram presenting several comparisons of different equations set
for TA.

Figure V.4: Taylor diagram presenting several comparisons of different equations set
for CT.

Figure V.5: Number of years used on each phase of the climate mode index for the
composite analysis.

Figure V.6. Annual vertical profiles of the carbonate system parameters in the
western basin.

Figure V.7. Interannual anomalies of carbonate system parameters over the 30 years
for the western basin and its layers.

Figure V.8. Vertical distribution of carbonate system parameters (pCOz, pHsws, Qar,
and Qca) in different compositions for modes of climate variability.

Figure V.9. Annual vertical profiles of the carbonate system parameters in the central
basin.

Figure V.10. Interannual anomalies of carbonate system parameters over the 25
years for the central basin and its layers.

Figure V.11. Interannual anomalies of carbonate system parameters over the 20
years for the eastern basin and its layers.

Figure V.12. Annual vertical profiles of the carbonate system parameters in the
eastern basin.

Figure V.13. Decadal vertical profiles in the eastern basin.

Figure V.14. Potential temperature — salinity diagram per decade throughout the
water column for each basin in the Bransfield Strait.

Figure V.15. Potential temperature — salinity diagram per decade throughout the
water column with respect to different ENSO and SAM events.

Figure V.16. Salinity-normalised TA and CT diagram considering the modes of

climate variability in our composition.
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Table V.1. Precision of TA and CT data available in the database accessed.
Table V.2. Sensitive test for the western basin.

Table V.3. Sensitive test for the central basin.

Table V.4. Sensitive test for the eastern basin.

Table V.5. Propagated errors following Orr et al. (2018).

Table V.6. Number of years during 1990 - 2019 used in this study.

Table V.7. Years used on our composite analysis.

Table V.8. Significance level for Mann-Whitney test for the western basin.
Table V.9. Significance level for Mann-Whitney test for the central basin.
Table V.10. Significance level for Mann-Whitney test for the eastern basin.
Table V.11. P values for the composition in the western basin.

Table V.12. P values for the composition in the central basin.

Table V.13. P values for the composition in the eastern basin.
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Figure V.2. Taylor diagram comparing the best-fitted equations from several trials performed along this
study for total alkalinity - TA (upper line) and total inorganic carbon - CT (lower line) for (a and d) surface,
(b and e) intermediate, and (c and f) deep layers. The set01 represents those equations applicable for
each layer (i.e., surface, intermediate, and deep) of each basin (i.e., western, central, and eastern) from
the Bransfield Strait. The set02 and set03 are more general, applicable to each respective layer from
the whole strait. The difference between both sets is the input data: set02 used specific years as input
data whereas set03 used random data along the available data. For all sets, validation was determined

through the data did not used on reconstruction.
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Figure V.3. Taylor diagram presenting different equations set for total alkalinity - TA in the (a) surface,
(b) intermediate, and (c) deep layers developed by this study and other authors. This comparison is
based on those equations which used temperature and salinity in order to estimate TA. Equations for
regional (Lee et al., 2006; Millero, Lee e Roche, 1998; Takahashi et al., 2014), local, around the Antarctic
Peninsula (Hauri et al., 2015; Lencina-Avila et al., 2018; Monteiro et al., 2020; Monteiro, Kerr e Machado,
2020), and one from the Arctic Ocean (Arrigo et al., 2010) were chosen and applied in our in situ data.
Once most of them are suitable for surface waters, we tested their effects on reconstruction throughout
the water column. Lencina-Avila et al. (2018) created another set for deep layers in the Gerlache Strait,
in both southern (mentioned by set01 following its author) and northern (mentioned by set02 following
its author) Gerlache area. Thereby, we assessed both equation sets where those related to mixed layers
were considered suitable for the whole water column assuming it is well-homogenized.
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Figure V.4. Taylor diagram presenting different equations set for total inorganic carbon - CT in the (a)
surface, (b) intermediate, and (c) deep layers developed by this study and other authors. This
comparison is based on those equations which used temperature, salinity and dissolved oxygen in order

to estimate CT. The same criterion used on Figure V.2 is valid here.
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Figure V.5. Number of years used on each phase of the mode of climate variability by index composited
in this study, considering the El Nifilo — Southern Oscillation — ENSO (as Oceanic Nifio Index) and
Southern Annular Mode — SAM. The number of years is presented by each basin of the Bransfield Strait
based on the summer average of ENSO and SAM indexes, which were obtained at the websites:

https://origin.cpc.ncep.noaa.gov/products/analysis _monitoring/ensostuff/ONI v5.php and

http://www.nerc-bas.ac.uk/icd/gima/sam.html, respectively.
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Figure V.6. Annual and total (average of the whole dataset) vertical profiles of the carbonate system in

the western basin. Data plotted are (a) total alkalinity (TA), (b) total inorganic carbon (CT), (c) partial

pressure of carbon dioxide (pCOz2), (d) pHsws (Seawater scale), calcium carbonate state for (e) aragonite
(Qar) and (f) calcite (Qca) for 1990s (blue circles), 2000s (brown diamonds), and 2010s (black hexagons).
Vertical profile marked as red star is the total average relative to the whole annual vertical profiles.

Dotted and dashed lines highlight the boundary of surface-intermediate (i.e., y" = 28.00 kg m™) and

intermediate-deep (i.e., y" = 28.27 kg m™3) layers.

115



20.0
~ J@ ¢
7 © o
275 o o %?.
= {775 ®------ O-cczaa@=t %
o Q L ILITITEIISERSO
£ 50 g-@--"TTIIIITC O Mg |
= o= ® ® ©
< 1757 ° o
- &
-30.01, . 2. . .
100.0
g 37.5] © e .
g Sl
=250 /O,"Q' L
O “’d
Q .57.5 o .--® ¢ O.
Q ¢--
-150.0 1 : . .
0.60-
@
0.35] -
O ~~‘\\
5 e oo
0.10] R
c o go )
¢ NS
@)
-0.15] o} o g
o
-0.401, : <2 .
1990 2000 2010 2020

Figure V.7. Time series of carbonate system parameters throughout the 30 years used in this study for
the western basin and water mass layers in the Bransfield Strait. Plotted data are annual anomalies for
(a) total alkalinity — TA, (b) total inorganic carbon — CT, (c) partial pressure of carbon dioxide — pCOz,
(d) pHsws (seawater scale), (e) aragonite saturation state — Qar, and (f) calcite saturation state — Qca.
Trend line for each layer is showed as a dashed line based on anomaly data (see legend for details with
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regard to colours and their respective layers), which values are described in Table I1V.2.
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Figure V.8. Vertical distribution of other carbonate system parameters (a, e, and i - partial pressure of
carbon dioxide - pCOg; b, f, and j - pHsws; C, g, and k - saturation state of aragonite - Qar; d, h, and | -
saturation state of calcite - Qca) composited for years considering the phases of the climate modes El
Nifio — Southern Oscillation (ENSO) and Southern Annular Mode (SAM). Averaged carbonate system
parameters profiles at the western (first arrow; a, b, ¢, and d), central (second arrow; e, f, g, and h), and
eastern (third arrow; i, j, k, and I) basins of the Bransfield Strait with respect to different coupled
interactions between ENSO and SAM phases. The years related to each composition are presented in
Table V.7. The neutral profile for the western basin was estimated by the mean of the vertical profiles
for neutral of SAM and ENSO, which we found a standard deviation about 0.03 for pH, 7.6 patm for
pCOz2, 0.03 for Qar, and 0.05 for Qca.

117



TA (pmol kg™) CT (pmol kg™") pCO, (patm)

2300 2350 2400 2450 2500 2100 2200 2300 2400 200 400 600
0 L L L ] L 1L ] L g 1
(b) ¥e

800

500

1000

1500

25909 S:

SOSOOPARN

N
o
[=
o
L

8.2 0.0

(e)

Pressure (db)

500 -

1000 4

1500 -

20004 ] ]
* Average O 1990s

¢ 2000s ¢ 2010s

Figure V.9. Annual and total (average of the whole dataset) vertical profiles of the carbonate system in
the central basin. Data plotted are (a) total alkalinity (TA), (b) total inorganic carbon (CT), (c) partial
pressure of carbon dioxide (pCOz2), (d) pHsws (Seawater scale), calcium carbonate state for (e) aragonite
(Qar) and (f) calcite (Qca) for 1990s (blue circles), 2000s (brown diamonds), and 2010s (black hexagons).
Vertical profile marked as red star is the total average relative to the whole annual vertical profiles.
Dotted and dashed lines highlight the boundary of surface-intermediate (i.e., y» = 28.00 kg m-3) and
intermediate-deep (i.e., y" = 28.27 kg m™) layers.
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Figure V.10. Time series of carbonate system parameters throughout the 30 years used in this study for
the central basin and water mass layers in the Bransfield Strait. Plotted data are annual anomalies for
(a) total alkalinity — TA, (b) total inorganic carbon — CT, (c) partial pressure of carbon dioxide — pCOz,
(d) pHsws (seawater scale), (e) aragonite saturation state — Qar, and (f) calcite saturation state — Qca.
Trend line for each layer is showed as a dashed line based on anomaly data (see legend for details with
regard to colours and their respective layers), which values are described in Table 1V.2.
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Figure V.11. Time series of carbonate system parameters throughout the 20 years used in this study for
the eastern basin and water mass layers in the Bransfield Strait. Plotted data are annual anomalies for
(a) total alkalinity — TA, (b) total inorganic carbon — CT, (c) partial pressure of carbon dioxide — pCOz,
(d) pHsws (seawater scale), (e) aragonite saturation state — Qar, and (f) calcite saturation state — Qca.
Trend line for each layer is showed as a dashed line based on anomaly data (see legend for details with
regard to colours and their respective layers), which values are described in Table I1V.2.
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Figure V.12. Annual and total (average of the whole dataset) vertical profiles of the carbonate system in
the eastern basin. Data plotted are (a) total alkalinity (TA), (b) total inorganic carbon (CT), (c) partial

pressure of carbon dioxide (pCOz2), (d) pHsws (Seawater scale), calcium carbonate state for (e) aragonite

and 2010s (black hexagons).

, 2000s (brown diamonds),
Vertical profile marked as red star is the total average relative to the whole annual vertical profiles.

(Qar) and (f) calcite (Qca) for 1990s (blue circles)

Dotted and dashed lines highlight the boundary of surface-intermediate (i.e., y» = 28.00 kg m-3) and

-deep (i.e., y" = 28.27 kg m™) layers.
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Figure V.13. Vertical profiles of decadal average of the carbonate system properties in the eastern basin
of the Bransfield Strait during 1999 — 2019 for all parameters. Data plotted are (a) total alkalinity — TA,
(b) total inorganic carbon — CT, (c) partial pressure of carbon dioxide — pCOz2, (d) pHsws (Seawater scale),
(e) aragonite saturation state — Qar, and (f) calcite saturation state — Qca. Data for 1990s, then, is
determined by only one year (i.e., 1999). The standard errors are < 1.6 pmol kg for TA, < 3.4 umol kg
1for CT, < 11.9 patm for pCO2, < 0.01 pHsws units, and < 0.05 for both Q. The vertical solid line in panels
(e) and (f) indicate the threshold for Qar > 1 and Qca > 1, respectively. The vertical solid line in panels (e)

and (f) indicate the Qar = 1 and Qca = 1, respectively, the values below 1 refers to undersaturation of
calcium carbonate.
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Figure V.14. Decadal potential temperature — salinity diagram for the (a) western, (b) central, and (c)
eastern basins of the Bransfield Strait. Values were depth-averaged for each 50 m. The red dashed line
indicates the depth of ~500 m.

123



1 ]
lae 1 %
o 1(b) ® ,
0 ! ©
] ® o
) p
- .
P ]
G'z T T 1 T T 1
o -
o 1 1(d
290 40 ) o
i ]
o 0 o © ! ©
o o .
£ % - ®¢
Q 1 P
I_ -1 - - -
S
it
c
(] -2 T T 1 T T 1
°
o 17 ]
18) & LN
] ® ©
0] ] )
@ ) © ,
24— — — —_ : — — —
34.00 34.25 34.50 34.75 34.00 34.25 34.50 34.75
Salinity
® SAMcya @ SAM+  © SAM- @ ENSO,., @ ENSO+ © ENSO-

Figure V.15. Potential temperature — salinity diagram for the vertical profiles of modes of climate

variability and its impact on hydrographic properties on (a, b) western, (c, d) central, and (e, f) eastern

basin. The first column represents the SAM while the second one, ENSO. Depth intervals were each 50

m. The red dashed line indicates the depth ~500 m.
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Figure V.16. Salinity-normalized total alkalinity (TA) and total inorganic carbon (CT) diagram considering
the climate mode composited periods for the (a and b) western, (c and d) central, and (e and f) eastern
basins of the Bransfield Strait. Normalization was performed considering the annual mean salinity in
correspondent CT and TA averages plotted. Brown lines show the linear regression between CT and
TA in the western, central, and eastern basins. The red rectangle at the panel (c) and (d) highlights the

deep layer > 1000 m at the central basin of the Bransfield Strait.
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Table V.1. Precision of in situ data available (total alkalinity — TA and total inorganic

carbon — CT) in the database accessed here. Associated errors to our reconstruction

are presented in Table IV.1. Not available precision on previous papers or their

database is highlighted as not available (NA).

Year 200 | 201 201 | 201 | 201 | 201
1996 2015
Parameter 6 0 6 7 8 9
1.4 34 | 28 | 55 | 29
TA 3.0
Alvarez et al., NA NA
pumol kgt Kerr et al., 2018
2002 LEOC/GOAL
4.0 4.4 2.9 34 45
CT 5.0
Alvarez et al., NA NA
pmol kg Kerr et al., 2018
2002 LEOC/GOAL
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Table V.2. Sensitive test for the output data for the western basin from CO2Sys v2.1
via comparison among the best K1 and K2 set identified here (Goyet e Poisson, 1989)
and the others available in the script. Sensitivity was determined by the parameter’'s
value estimated by Goyet & Poisson (1989) constants minus the others determined by

different constant set.

a) Surface
pCO:2
K1 and K2 set pHsws Qca Qar
(Hatm)
Roy et al. (1993) 0.0044 | 0.12 |-0.0095 | -0.0060
Hansson (1973) 0.0231 | -28.84 |-0.0921 | -0.0579
Mehrbach et al. (1973) -0.0011 | 0.33 | 0.0029 | 0.0018
Dickson and Millero (1987) | 0.0075 | -7.17 | -0.0269 | -0.0169
Lueker et al. (2000) -0.0003 | -2.23 |-0.0027 | -0.0017
Millero et al. (2002) -0.0191 | -4.10 | 0.0367 | 0.0231
Millero et al. (2006) 0.0040 | -9.18 |-0.0223 | -0.0140
b) Intermediate
K1 and K2 set pHsws | pCO2 Qca Qar
(Hatm)
Roy et al. (1993) 0.0043 0.15 -0.0079 | -0.0050
Hansson (1973) 0.0227 | -31.41 | -0.0857 | -0.0542
Mehrbach et al. (1973) -0.0011 | -1.28 0.0002 | 0.0001
Dickson and Millero (1987) 0.0075 -7.87 | -0.0250 | -0.0158
Lueker et al. (2000) -0.0003 | -4.14 | -0.0054 | -0.0034
Millero et al. (2002) -0.0187 | -5.71 0.0278 | 0.0176
Millero et al. (2006) 0.0041 | -11.42 | -0.0236 | -0.0149
c) Deep
K1 and K2 set pPHsws pCO2 Qca Qar
(natm)
Roy et al. (1993) 0.0042 0.13 -0.0086 | -0.0054
Hansson (1973) 0.0272 | -30.28 | -0.0967 | -0.0612
Mehrbach et al. (1973) -0.0007 | -2.61 | -0.0022 | -0.0014
Dickson and Millero (1987) 0.0086 -7.63 | -0.0282 | -0.0179
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Lueker et al. (2000) 0.0006 -5.41 -0.0087 | -0.0055
Millero et al. (2002) -0.0183 -6.33 0.0297 0.0188
Millero et al. (2006) 0.0059 -12.11 -0.0288 | -0.0182
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Table V.3. Sensitive test for the output data for central basin from CO2Sys v2.1 via
comparison among the best K1 and K2 set identified here (Goyet e Poisson, 1989) and
the others available in the script. Sensitivity was determined by the parameter’s value
estimated by Goyet & Poisson (1989) constants minus the others determined by

different constant set.

a) Surface
K1 and K2 set pPHsws | pCO2 Qca Qar
(Hatm)
Roy et al. (1993) 0.0044 0.11 -0.0102 | -0.0064
Hansson (1973) 0.0252 | -27.77 | -0.0997 | -0.0627
Mehrbach et al. (1973) -0.0011 | -0.51 0.0019 | 0.0012
Dickson and Millero (1987) 0.0080 -6.93 | -0.0292 | -0.0184
Lueker et al. (2000) -0.0007 | -3.00 | -0.0043 | -0.0027
Millero et al. (2002) -0.0191 | -4.48 0.0395 | 0.0248
Millero et al. (2006) 0.0047 -9.49 | -0.0251 | -0.0158

b) Intermediate

K1 and K2 set pHsws | pCO2 Qca Qar
(natm)
Roy et al. (1993) 0.0042 0.16 -0.0075 | -0.0048
Hansson (1973) 0.0243 -33.78 -0.0917 | -0.0579
Mehrbach et al. (1973) -0.0009 -2.59 -0.0020 | -0.0013
Dickson and Millero (1987) 0.0078 -8.52 -0.0264 | -0.0167
Lueker et al. (2000) 0.0001 -5.70 -0.0083 | -0.0053
Millero et al. (2002) -0.0188 -6.92 0.0251 | 0.0159
Millero et al. (2006) 0.0047 -13.25 -0.0275 | -0.0174
c) Deep
K1 and K2 set pHsws | pCO2 Qca Qar
(natm)
Roy et al. (1993) 0.0042 0.18 -0.0073 | -0.0046
Hansson (1973) 0.0265 -32.11 | -0.0883 | -0.0562
Mehrbach et al. (1973) -0.0008 -3.57 -0.0032 | -0.0020
Dickson and Millero (1987) 0.0084 -8.10 -0.0256 | -0.0163
Lueker et al. (2000) 0.0005 -6.58 -0.0094 | -0.0060
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Millero et al. (2002)

-0.0184

-7.47

0.0240

0.0152

Millero et al. (2006)

0.0056

-13.52

-0.0275

-0.0175
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Table V.4. Sensitive test for the output data for eastern basin from CO2Sys v2.1 via
comparison among the best K1 and K2 set identified here (Goyet e Poisson, 1989) and
the others available in the script. Sensitivity was determined by the parameter’s value
estimated by Goyet & Poisson (1989) constants minus the others determined by

different constant set.

a) Surface
K1 and K2 set pPHsws | pCO2 Qca Qar
(Hatm)
Roy et al. (1993) 0.0044 0.12 -0.0099 | -0.0063
Hansson (1973) 0.0243 | -28.24 | -0.0964 | -0.0606
Mehrbach et al. (1973) -0.0012 | -0.23 0.0024 | 0.0015
Dickson and Millero (1987) 0.0078 -7.04 | -0.0282 | -0.0178
Lueker et al. (2000) -0.0002 | -2.75 | -0.0036 | -0.0023
Millero et al. (2002) -0.0192 | -4.37 0.0384 | 0.0242
Millero et al. (2006) 0.0044 -9.42 | -0.0239 | -0.0150

b) Intermediate

K1 and K2 set PHsws pCO:2 Qca Qar
(Hatm)
Roy et al. (1993) 0.0043 0.16 -0.0077 | -0.0049
Hansson (1973) 0.0250 -31.71 -0.0879 | -0.0557
Mehrbach et al. (1973) -0.0008 -2.17 -0.0013 | -0.0008
Dickson and Millero (1987) 0.0080 -7.98 -0.0255 | -0.0162
Lueker et al. (2000) 0.0002 -5.08 -0.0072 | -0.0046
Millero et al. (2002) -0.0185 -6.39 0.0265 0.0168
Millero et al. (2006) 0.0050 -12.24 -0.0256 | -0.0162
c) Deep
K1 and K2 set pPHsws pCO:2 Qca Qoar
(Hatm)
Roy et al. (1993) 00042 | 015 | -0.0078 | -0.0050
Hansson (1973) 0.0277 -28.16 -0.0851 | -0.0543
Mehrbach et al. (1973) -0.0006 -2.46 -0.0017 | -0.0011
Dickson and Millero (1987) 0.0087 -7.08 -0.0250 | -0.0159
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Lueker et al. (2000) 0.0007 -5.07 -0.0074 | -0.0047
Millero et al. (2002) -0.0180 -6.07 0.0277 0.0177
Millero et al. (2006) 0.0061 -11.30 -0.0250 | -0.0160
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Table V.5. Propagated errors of outputs from the CO2Sys v2.1 following Orr et al.

(2018). pHsws was evaluated by [H*] (nmol kg™?).

(@) Western basin

Parameter Surface Intermediate Deep
pCO2 (patm) 91.3+22.0 141+ 4.6 100.4 + 26.5
[H*] (nmol kg'%) 1.56 + 0.40 0.24 +0.08 1.71+0.44
Qca 0.136 + 0.014 0.016 + 0.002 0.143 £ 0.012
Qar 0.085 + 0.008 0.010 + 0.001 0.090 + 0.008
(b) Central basin
Parameter Surface Intermediate Deep
pCO2 (patm) 79.7+12.1 14.7+3.9 115.0 + 39.3
[H*] (nmol kg'%) 1.36 + 0.20 0.25 + 0.07 1.97 £ 0.67
Qca 0.140 + 0.005 0.056 + 0.002 0.124 +0.020
Qar 0.090 + 0.005 0.001 + 0.001 0.079 £ 0.013
(c) Eastern basin
Parameter Surface Intermediate Deep
pCO2 (patm) 83.5+12.2 13.2+2.38 91.9 +25.6
[H*] (nmol kg'%) 1.42 +0.20 0.23 £ 0.05 1.57 £ 0.43
Qca 0.141 +0.008 0.015 + 0.002 0.124 +0.015
Qar 0.088 + 0.005 0.010 + 0.001 0.079 £ 0.010
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Table V.6. Distribution of the number of years per layer in the different basins of the Bransfield Strait. TA had much more years

of data reconstructed in our time series so that years indicated are related to TA data. Years with CT data are highlighted with

*. Other COz2-carbonate system parameters followed CT temporal distribution. ** basin in which TA and CT had the same

temporal distribution in the eastern basin.

Layer Western Central Eastern*
1990, 1993, 1996*, 1997, 2004*, 2008*, 1990, 1996, 1997, 1998, 1999, 2000*, | 1999, 2003, 2004, 2005, 2008, 2009, 2010,
Surface 2010*, 2011*, 2013*, 2014*, 2015, 2003, 2004*, 2005*, 2008*, 2009*, 2010*, | 2011, 2013, 2014, 2015, 2016, 2017, 2018,

2016%*, 2017*, 2018*, 2019*

2011%*, 2013*, 2014*, 2015*, 2016*, 2017%,
2018*, 2019*

2019

1990, 1993, 1996*, 1997, 2004*, 2008*,
2010%, 2011, 2013*, 2014*, 2015*, 2016*,
2017*, 2018, 2019*

Intermediate

1990, 1996, 1997, 1998, 1999, 2000*,
2003, 2004*, 2005*, 2008*, 2009*, 2010*,
2011*, 2013*, 2014*, 2015*, 2016*, 2017*,

2018*, 2019*

1999, 2003, 2004, 2008, 2009, 2010, 2011
2013, 2014, 2015, 2016, 2017, 2018, 2019

1990, 1993, 1996, 2010, 2013*, 2014*,

Deep 2015%*, 2016%*, 2017*, 2018, 2019*

1990, 1996, 1997, 1998, 2000*, 2003,
2004*, 2005*, 2008*, 2009*, 2010*, 2011*,
2013*, 2014*, 2015*, 2016*, 2017*, 2018%,

2019*

1999, 2003, 2004, 2005, 2008, 2009, 2010,
2011, 2013, 2014, 2015, 2016, 2017, 2018,
2019
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Table V.7. Year sets used on our composite analysis split per basin. Our composition
only included data for those years for which reconstructed data were available.

Basin Compositions
SAM and SAM+ ENSO+ | SAM+ ENSO- | SAM- ENSO+
ENSO neutral

Western 1990, 2004, 2013 2010, 2015 1996, 2008, 2016, 2019
2011, 2018

Central 1990, 2004, 2013 | 1998, 2010, 2015 1996, 1999, 2005, 2016, 2019
2008, 2011

Eastern 2004, 2013 2010, 2015 1999, 2008, 2005, 2016, 2019
2011, 2018
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Table V.8. Significance level for Mann-Whitney test (confidence level 95%, p <
0.05) for decadal mean in each depth interval of 50 m throughout the water
column in the western basin of the Bransfield Strait for (a) total alkalinity — TA and
(b) total inorganic carbon — CT. Values with no statistical significance are blank
in the table. Not determined p-values are highlighted by ND due to the lack of
data for these depths.

a) TA
Depth (m) 1990s-2000s 1990s-2010s 2000s-2010s
25 < 0.0001 <0.0001 0.0013
75 0.0109 < 0.0001 < 0.0001
125 < 0.0001 < 0.0001
175 <0.0001 <0.0001
225 <0.0001 <0.0001
275 0.0169 <0.0001 <0.0001
325 < 0.0001 0.0019 <0.0001
375 0.0021 0.0001
425 <0.0001 0.0225
475 < 0.0001 <0.0001 <0.0001
525 <0.0001 <0.0001 < 0.0001
575 <0.0001 <0.0001 <0.0001
625 <0.0001 <0.0001 <0.0001
675 < 0.0001 < 0.0001 < 0.0001
725 < 0.0001 < 0.0001
775 < 0.0001 < 0.0001 < 0.0001
825 < 0.0001 < 0.0001 < 0.0001
875 < 0.0001 0.0063 < 0.0001
925 < 0.0001 0.0233 < 0.0001
975 < 0.0001 < 0.0001
1025 < 0.0001 ND ND
1075 ND ND
1125 ND ND
1175 < 0.0001 ND ND
1225 <0.0001 ND ND
1275 <0.0001 ND ND
b) CT

Depth (m) 1990s-2000s | 1990s-2010s | 2000s-2010s
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25 0.0209 < 0.0001

75 0.0017 < 0.0001
125 0.0347 < 0.0001
175 0.0209 < 0.0001
225 < 0.0001
275 < 0.0001
325 ND ND < 0.0001
375 < 0.0001
425

475 < 0.0001
525 ND ND < 0.0001
575 ND ND < 0.0001
625 ND ND < 0.0001
675 ND ND < 0.0001
725 ND ND < 0.0001
775 ND ND < 0.0001
825 ND ND < 0.0001
875 ND ND < 0.0001
925 ND ND < 0.0001
975 ND ND < 0.0001
1025 ND ND ND
1075 ND ND ND
1125 ND ND ND
1175 ND ND ND
1225 ND ND ND
1275 ND ND ND
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Table V.9. Significance level for Mann-Whitney test (confidence level 95%, p <
0.05) for decadal mean in each interval of 50 m throughout the water column in
the central basin for (a) total alkalinity - TA and (b) total inorganic carbon - CT.
Values with no statistical significance are not filled up in the table. Not determined

p values are highlighted by ND due to the lack of data for these depths.

a) TA
Depth (m) 1990s-2000s 1990s-2010s 2000s-2010s
25 <0.0001 <0.0001
75 <0.0001 <0.0001 <0.0001
125 0.0050 <0.0001 <0.0001
175 <0.0001 <0.0001 <0.0001
225 <0.0001 <0.0001 <0.0001
275 <0.0001 <0.0001 <0.0001
325 <0.0001 <0.0001 <0.0001
375 <0.0001 <0.0001
425 <0.0001 <0.0001
475 <0.0001 <0.0001
525 <0.0001 <0.0001
575 <0.0001 0.0088 <0.0001
625 <0.0001 <0.0001 <0.0001
675 <0.0001 <0.0001 <0.0001
725 <0.0001 <0.0001 0.0189
775 <0.0001 <0.0001 <0.0001
825 <0.0001 <0.0001 <0.0001
875 <0.0001 < 0.0001 <0.0001
925 <0.0001 <0.0001 <0.0001
975 <0.0001 <0.0001 <0.0001
1025 <0.0001 <0.0001 <0.0001
1075 <0.0001 <0.0001 <0.0001
1125 < 0.0001 <0.0001 <0.0001
1175 < 0.0001 <0.0001 <0.0001
1225 < 0.0001 <0.0001 <0.0001
1275 0.0222 <0.0001 <0.0001
1325 <0.0001 <0.0001
1375 0.0458 <0.0001 <0.0001
1425 0.0147 <0.0001 <0.0001
1475 0.0355 <0.0001 <0.0001
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b) CT

1525 < 0.0001 < 0.0001
1575 < 0.0001 < 0.0001
1625 < 0.0001 < 0.0001
1675 < 0.0001 < 0.0001
1725 < 0.0001 < 0.0001
1775 < 0.0001 < 0.0001
1825 < 0.0001 < 0.0001 < 0.0001
1875 < 0.0001 < 0.0001 < 0.0001
1925 < 0.0001 < 0.0001 < 0.0001
Depth (m) 1990s-2000s 1990s-2010s 2000s-2010s
25 ND ND 0.0002
75 ND ND
125 ND ND < 0.0001
175 ND ND < 0.0001
225 ND ND < 0.0001
275 ND ND < 0.0001
325 ND ND < 0.0001
375 ND ND < 0.0001
425 ND ND < 0.0001
475 ND ND < 0.0001
525 ND ND < 0.0001
575 ND ND < 0.0001
625 ND ND < 0.0001
675 ND ND
725 ND ND < 0.0001
775 ND ND < 0.0001
825 ND ND 0.0021
875 ND ND 0.0082
925 ND ND 0.0056
975 ND ND < 0.0001
1025 ND ND 0.0001
1075 ND ND < 0.0001
1125 ND ND < 0.0001
1175 ND ND < 0.0001
1225 ND ND < 0.0001
1275 ND ND < 0.0001
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1325 ND ND < 0.0001
1375 ND ND < 0.0001
1425 ND ND < 0.0001
1475 ND ND < 0.0001
1525 ND ND < 0.0001
1575 ND ND < 0.0001
1625 ND ND < 0.0001
1675 ND ND < 0.0001
1725 ND ND < 0.0001
1775 ND ND < 0.0001
1825 ND ND < 0.0001
1875 ND ND < 0.0001
1925 ND ND < 0.0001
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Table V.10. Significance level for Mann-Whitney test (confidence level 95%, p <

0.05) for decadal mean in each interval of 50 m throughout the water column in

the eastern basin for (a) total alkalinity - TA and (b) total inorganic carbon - CT.

Values with no statistical significance are not filled up in the table. Not determined

p values are highlighted by ND due to the lack of data for these depths.

a) TA
Depth (m) 1990s-2000s 1990s-2010s 2000s-2010s

25

75 <0.0001
125 0.0005 <0.0001
175 <0.0001
225 <0.0001 <0.0001

275 0.0357

325 0.0264
375 0.0060
425

475 0.0206 0.0220

525 0.0200 0.0010 0.0449
575

625 <0.0001 <0.0001

675 0.0101 <0.0001
725

775

825 0.0130 0.0361

875 0.0012
925

975 <0.0001
1025 <0.0001
1075 0.0354 <0.0001
1125 0.0067
1175 < 0.0001 <0.0001
1225 0.0463
1275
1325 0.0013 0.0003
1375 < 0.0001 <0.0001
1425 0.0175 0.0173
1475 0.0017 <0.0001
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b) CT

1525 0.0235 0.0082

1575 0.0006 < 0.0001

1625 < 0.0001 < 0.0001

1675 < 0.0001

1725 < 0.0001 < 0.0001 < 0.0001

1775 <0.0001

1825 < 0.0001

1875 0.0001

1925 0.0420 0.0001 < 0.0001

1975 < 0.0001 < 0.0001

2025 0.0011 < 0.0001

2075 0.0184

2125

2175 0.0036 0.0004 0.0386

2225 < 0.0001 < 0.0001

2275 ND ND

2325 < 0.0001 0.0037 <0.0001

2375 ND ND <0.0001

2425 <0.0001 <0.0001

2475 ND ND <0.0001

2525 ND ND <0.0001

Depth (m) 1990s-2000s 1990s-2010s 2000s-2010s

25 < 0.0001
75 < 0.0001
125 < 0.0001 < 0.0001 0.0005
175 0.0051 < 0.0001 < 0.0001
225 < 0.0001 < 0.0001
275 0.0002 < 0.0001 < 0.0001
325

375 0.0314 < 0.0001 < 0.0001
425 0.0004
475 0.0377 < 0.0001
525 0.0002 < 0.0001

575

625 < 0.0001 < 0.0001 < 0.0001
675 0.0049 < 0.0001 < 0.0001
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725 0.0001 < 0.0001
775 < 0.0001 < 0.0001 0.0215
825 0.0008 < 0.0001
875 0.0383 0.0003 0.0466
925 0.0258 0.0125
975 < 0.0001 < 0.0001 0.0009
1025 0.0001 < 0.0001 < 0.0001
1075 < 0.0001 0.0410 < 0.0001
1125 0.0396 < 0.0001
1175 0.0080 < 0.0001
1225 0.0014 0.0028
1275 0.0003 < 0.0001

1325 < 0.0001 < 0.0001 < 0.0001
1375 < 0.0001 < 0.0001
1425 < 0.0001 0.0031 < 0.0001
1475 < 0.0001
1525 0.0013 0.0001
1575

1625 0.0013 < 0.0001 0.0014
1675 0.0003 < 0.0001
1725 < 0.0001 0.0300 < 0.0001
1775 0.0285 0.0003
1825 0.0208
1875 0.0434
1925

1975 < 0.0001 < 0.0001

2025 0.0270 0.0001
2075 < 0.0001 < 0.0001 0.0029
2125 ND ND < 0.0001
2175 0.0241
2225 0.0028

2275 ND ND ND
2325 ND ND < 0.0001
2375 ND ND

2425 0.0063
2475 ND ND < 0.0001
2525 ND ND < 0.0001
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Table V.11. P values for composition analyses of the coupled interactions of the
modes of climate variability in the Bransfield Strait for western basin for (a) total

alkalinity - TA and (b) total inorganic carbon - CT.

a) TA
Depth | Non-event | Non-event | Non-event | SAM+ SAM+ SAM+
(m) VS Vs VS ENSO+ | ENSO+ | ENSO-
SAM+ SAM+ SAM- Vs Vs Vs
ENSO+ ENSO- ENSO+ SAM+ SAM- SAM-
ENSO- | ENSO+ | ENSO+
o5 < 0.0001 < 0.0001 < 0.0001 0.0002 0.0323
75 <0.0001 <0.0001 <0.0001 <0.0001 | <0.0001 | <0.0001
125 <0.0001 < 0.0001 0.0235 <0.0001 | <0.0001 | <0.0001
175 < 0.0001 < 0.0001 0.0437 <0.0001 | <0.0001 | <0.0001
225 <0.0001 <0.0001 <0.0001 <0.0001 | <0.0001 | <0.0001
275 <0.0001 < 0.0001 0.0270 0.0007 <0.0001 | <0.0001
325 < 0.0001 < 0.0001 < 0.0001 <0.0001 | <0.0001
375 <0.0001 <0.0001 <0.0001
425 <0.0001 <0.0001 <0.0001 <0.0001 | <0.0001
475 <0.0001 < 0.0001 < 0.0001 0.0155 <0.0001 | <0.0001
525 0.0180 0.0003 <0.0001 0.0070 <0.0001 | <0.0001
575 0.0122 0.0008 <0.0001 <0.0001 | <0.0001
625 0.0006 < 0.0001 0.0011 <0.0001 | <0.0001
675 0.0201 0.0004 <0.0001 0.0234 <0.0001 | <0.0001
725 0.0071 <0.0001 0.0045 <0.0001 | <0.0001
775 < 0.0001 0.0083 < 0.0001 0.0436
825 <0.0001 <0.0001 | 0.0001
875 <0.0001 <0.0001 <0.0001 | <0.0001 | 0.0427
925 < 0.0001 < 0.0001 <0.0001 | <0.0001
975 <0.0001 <0.0001 <0.0001 | <0.0001
1025 < 0.0001 ND ND ND
1075 ND ND ND < 0.0001 ND ND
1125 ND ND ND < 0.0001 ND ND
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1175 ND ND ND < 0.0001 ND ND
1225 ND ND ND < 0.0001 ND ND
1275 ND ND ND 0.0002 ND ND
b) CT
Depth | Non-event | Non-event | Non-event | SAM+ SAM+ SAM+
(m) VS Vs VS ENSO+ | ENSO+ | ENSO-
SAM+ SAM+ SAM- Vs Vs Vs
ENSO+ ENSO- ENSO+ SAM+ SAM- SAM-
ENSO- | ENSO+ | ENSO+
o5 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001
75 <0.0001 <0.0001 <0.0001 <0.0001 | <0.0001 | <0.0001
125 <0.0001 < 0.0001 <0.0001 <0.0001 | <0.0001 | <0.0001
175 < 0.0001 < 0.0001 < 0.0001 <0.0001 | <0.0001 | <0.0001
225 <0.0001 <0.0001 0.0231 <0.0001 <0.0001
275 0.0002 <0.0001 <0.0001 <0.0001 | <0.0001 | 0.0442
325 0.0045 0.0018 < 0.0001 0.0024
375 <0.0001 <0.0001 <0.0001
425 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
475 <0.0001 < 0.0001 < 0.0001 0.0016 < 0.0001
525 <0.0001 <0.0001 <0.0001 0.0296 <0.0001
575 <0.0001 <0.0001 <0.0001 <0.0001 | 0.0004
625 <0.0001 < 0.0001 < 0.0001 <0.0001 | <0.0001
675 <0.0001 <0.0001 <0.0001 <0.0001 | <0.0001
725 <0.0001 0.0014 <0.0001 <0.0001 | <0.0001
775 <0.0001 < 0.0001 < 0.0001 <0.0001 | <0.0001 | <0.0001
825 0.0262 <0.0001 <0.0001 <0.0001 | <0.0001 | <0.0001
875 <0.0001 <0.0001 0.0443 <0.0001 | <0.0001
925 < 0.0001 < 0.0001 < 0.0001 <0.0001 | <0.0001
975 <0.0001 <0.0001 < 0.0001 0.0008
1025 <0.0001 <0.0001 ND < 0.0001 ND ND
1075 < 0.0001 < 0.0001 ND < 0.0001 ND ND
1125 <0.0001 <0.0001 ND < 0.0001 ND ND
1175 ND ND ND ND ND
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1225

ND

ND

ND

ND

ND

1275

ND

ND

ND

ND

ND
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Table V.12. P values for composition analyses of the coupled interactions of the

modes of climate variability in the Bransfield Strait for central basin for (a) total

alkalinity and (b) total inorganic carbon - CT.

a) TA
Depth | Non-event | Non-event | Non-event | SAM+ SAM+ SAM+
(m) VS Vs VS ENSO+ | ENSO+ ENSO-
SAM+ SAM+ SAM- Vs VS Vs
ENSO+ ENSO- ENSO+ SAM+ SAM- SAM-
ENSO- | ENSO+ | ENSO+
o5 < 0.0001 < 0.0001 < 0.0001 <0.0001 | <0.0001 0.0056
75 <0.0001 <0.0001 <0.0001 <0.0001 | <0.0001 <0.0001
125 < 0.0001 < 0.0001 <0.0001 <0.0001 | <0.0001 < 0.0001
175 < 0.0001 < 0.0001 < 0.0001 <0.0001 | <0.0001 < 0.0001
295 <0.0001 <0.0001 <0.0001 <0.0001 | <0.0001 <0.0001
275 <0.0001 <0.0001 <0.0001 <0.0001 | <0.0001 <0.0001
325 < 0.0001 < 0.0001 < 0.0001 0.0062 < 0.0001 < 0.0001
375 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
425 0.0140 <0.0001 <0.0001 <0.0001 | <0.0001 <0.0001
475 <0.0001 < 0.0001 < 0.0001 <0.0001 | <0.0001 < 0.0001
525 <0.0001 <0.0001 <0.0001 <0.0001 | <0.0001 <0.0001
575 <0.0001 <0.0001 <0.0001 <0.0001 | <0.0001
625 < 0.0001 < 0.0001 0.0066 <0.0001 | <0.0001 < 0.0001
675 <0.0001 <0.0001 <0.0001 <0.0001 | <0.0001 <0.0001
725 <0.0001 <0.0001 <0.0001 | <0.0001 <0.0001
775 <0.0001 < 0.0001 0.0015 <0.0001 | <0.0001 < 0.0001
825 <0.0001 <0.0001 <0.0001 <0.0001 | <0.0001 <0.0001
875 <0.0001 <0.0001 <0.0001 <0.0001 | <0.0001 <0.0001
925 < 0.0001 < 0.0001 <0.0001 | <0.0001 < 0.0001
975 <0.0001 <0.0001 <0.0001 0.0020 <0.0001
1025 <0.0001 0.0111 <0.0001 <0.0001 <0.0001
1075 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001
1125 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
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1175 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001
1225 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001
1275 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001
1325 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001
1375 < 0.0001 < 0.0001 < 0.0001 < 0.0001 0.0023 < 0.0001
1425 < 0.0001 < 0.0001 < 0.0001 <0.0001 | <0.0001 < 0.0001
1475 < 0.0001 < 0.0001 < 0.0001 <0.0001 | <0.0001 < 0.0001
1525 < 0.0001 < 0.0001 < 0.0001 <0.0001 | <0.0001 < 0.0001
1575 < 0.0001 < 0.0001 < 0.0001 <0.0001 | <0.0001 < 0.0001
1625 < 0.0001 < 0.0001 <0.0001 <0.0001 | <0.0001 < 0.0001
1675 < 0.0001 < 0.0001 < 0.0001 <0.0001 | <0.0001 < 0.0001
1725 < 0.0001 < 0.0001 < 0.0001 <0.0001 | <0.0001 < 0.0001
1775 < 0.0001 < 0.0001 < 0.0001 <0.0001 | <0.0001 < 0.0001
1825 0.0060 < 0.0001 < 0.0001 0.0119 < 0.0001 < 0.0001
1875 < 0.0001 ND < 0.0001 ND < 0.0001 ND
1925 ND ND ND ND ND

b) CT
Depth | Non-event | Non-event | Non-event | SAM+ SAM+ SAM+
(m) Vs VS VS ENSO+ | ENSO+ ENSO-
SAM+ SAM+ SAM- VS VS Vs
ENSO+ ENSO- ENSO+ SAM+ SAM- SAM-
ENSO- ENSO+ | ENSO+
o5 < 0.0001 < 0.0001 <0.0001 | <0.0001 0.0002
75 < 0.0001 < 0.0001 <0.0001 | <0.0001 < 0.0001
125 < 0.0001 < 0.0001 < 0.0001 <0.0001 | <0.0001 < 0.0001
175 < 0.0001 <0.0001 <0.0001 | <0.0001 <0.0001
225 < 0.0001 0.0035 <0.0001 <0.0001 | <0.0001 < 0.0001
275 < 0.0001 < 0.0001 <0.0001 < 0.0001 < 0.0001
325 < 0.0001 < 0.0001 <0.0001 <0.0001 | <0.0001 < 0.0001
375 < 0.0001 < 0.0001 <0.0001 <0.0001 0.0001 <0.0001
425 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001
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475 <0.0001 < 0.0001 <0.0001 <0.0001 | <0.0001 | <0.0001
525 <0.0001 < 0.0001 <0.0001 <0.0001 | <0.0001 | <0.0001
575 <0.0001 <0.0001 <0.0001 <0.0001 | <0.0001 | <0.0001
625 < 0.0001 0.0313 0.0014 <0.0001 | <0.0001 0.0001
675 <0.0001 < 0.0001 0.0069 <0.0001 | <0.0001 0.0004
725 <0.0001 <0.0001 <0.0001 | <0.0001 | <0.0001
775 <0.0001 < 0.0001 <0.0001 | <0.0001 | <0.0001
825 <0.0001 < 0.0001 <0.0001 <0.0001 | <0.0001 | <0.0001
875 <0.0001 <0.0001 <0.0001 <0.0001 | <0.0001 0.0133
925 < 0.0001 < 0.0001 < 0.0001 <0.0001 | <0.0001 0.0412
975 <0.0001 < 0.0001 <0.0001 <0.0001 | <0.0001 | <0.0001
1025 <0.0001 < 0.0001 <0.0001 <0.0001 | <0.0001 0.0003
1075 < 0.0001 < 0.0001 < 0.0001 <0.0001 | <0.0001 | <0.0001
1125 < 0.0001 < 0.0001 < 0.0001 <0.0001 | <0.0001 | <0.0001
1175 <0.0001 < 0.0001 <0.0001 <0.0001 | <0.0001 | <0.0001
1225 0.0080 < 0.0001 < 0.0001 <0.0001 | <0.0001 | <0.0001
1275 < 0.0001 < 0.0001 < 0.0001 <0.0001 | <0.0001 | <0.0001
1325 <0.0001 < 0.0001 <0.0001 <0.0001 | <0.0001 | <0.0001
1375 < 0.0001 < 0.0001 < 0.0001 <0.0001 | <0.0001 | <0.0001
1425 < 0.0001 < 0.0001 < 0.0001 <0.0001 | <0.0001 | <0.0001
1475 <0.0001 < 0.0001 <0.0001 <0.0001 | <0.0001 0.0156
1525 < 0.0001 < 0.0001 < 0.0001 <0.0001 | <0.0001

1575 < 0.0001 < 0.0001 < 0.0001 <0.0001 | <0.0001 0.0035
1625 <0.0001 < 0.0001 <0.0001 <0.0001 | <0.0001

1675 < 0.0001 < 0.0001 < 0.0001 <0.0001 | <0.0001

1725 < 0.0001 < 0.0001 < 0.0001 <0.0001 | <0.0001 | <0.0001
1775 <0.0001 < 0.0001 <0.0001 <0.0001 | <0.0001 | <0.0001
1825 < 0.0001 < 0.0001 < 0.0001 <0.0001 | <0.0001 | <0.0001
1875 < 0.0001 ND < 0.0001 ND < 0.0001 ND
1925 ND ND ND ND ND ND
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Table V.13. P values for composition analyses of the coupled interactions of the

modes of climate variability in the Bransfield Strait for eastern basin for (a) total

alkalinity - TA and (b) total inorganic carbon - CT.

a) TA
De[))th Non-event | Non-event | Non-event | SAM+ SAM+ SAM+
(m) VS Vs VS ENSO+ | ENSO+ ENSO-
SAM+ SAM+ SAM- Vs VS Vs
ENSO+ ENSO- ENSO+ SAM+ SAM- SAM-
ENSO- ENSO+ | ENSO+
25 < 0.0001 0.0034 <0.0001 | <0.0001 0.0005
75 0.0017 < 0.0001 0.0002
125 < 0.0001 <0.0001 | <0.0001
175 0.0417 < 0.0001 <0.0001 | <0.0001 0.0015
225 0.0003 < 0.0001 <0.0001 | <0.0001 < 0.0001
275 < 0.0001 <0.0001 | <0.0001
325 < 0.0001 < 0.0001 0.0032 0.0094
375 0.0302 0.0173 0.0147 0.0080
425 < 0.0001 0.0173 < 0.0001 0.0019 0.0008
475 0.0106 < 0.0001 0.0003
525
575 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001
625 < 0.0001 < 0.0001 0.0007
675 < 0.0001 < 0.0001 0.0040
725 0.0005 0.0335
775 0.0374 0.0324 0.0180 0.0161
825 0.0193 0.0003
875 0.0427 0.0001
925 0.0377 0.0251
975 0.0198 <0.0001
1025 < 0.0001 0.0027 < 0.0001 0.0017
1075 0.0016 < 0.0001 < 0.0001
1125 0.0011 0.0070
1175 0.0343 0.0164 0.0001 0.0319
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1225 <0.0001 0.0005 <0.0001 0.0258
1275 0.0019 0.0128 0.0080
1325 0.0373 0.0020
1375
1425 < 0.0001 < 0.0001 < 0.0001 0.0014 < 0.0001
1475 0.0130 0.0362 < 0.0001 0.0002 0.0002
1525 < 0.0001 0.0403 0.0001 <0.0001
1575 0.0002 0.0292 0.0102
1625 <0.0001 0.0262
1675 <0.0001 <0.0001 <0.0001 0.0086
1725 0.0007 0.0060
1775 0.0049 0.0026 < 0.0001 0.0001
1825 0.0075 0.0217 0.0257 <0.0001 <0.0001
1875 < 0.0001 <0.0001 | <0.0001
1925 < 0.0001 < 0.0001
1975 <0.0001 <0.0001 0.0014 <0.0001
2025 < 0.0001 0.0307 <0.0001 | <0.0001
2075
2125 < 0.0001 <0.0001 <0.0001
2175 < 0.0001 <0.0001 <0.0001
2225 < 0.0001 < 0.0001 < 0.0001 0.0050 < 0.0001
2275 < 0.0001 <0.0001 | <0.0001
2325 0.0034 0.0002 0.0308
2375 0.0401 ND < 0.0001 ND < 0.0001 ND
2425 0.0246 <0.0001 <0.0001 <0.0001
2475 ND 0.0008 ND ND
b) CT
Depth | Non-event | Non-event | Non-event | SAM+ SAM+ SAM+
(m) Vs Vs VS ENSO+ | ENSO+ ENSO-
SAM+ SAM+ SAM- VS VS Vs
ENSO+ ENSO- ENSO+ SAM+ SAM- SAM-
ENSO- | ENSO+ | ENSO+
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25 < 0.0001 0.0195 < 0.0001 < 0.0001

75 0.0266 0.0005 < 0.0001 0.0042 0.0452
125 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001
175 < 0.0001 < 0.0001 <0.0001 | <0.0001

225 < 0.0001 < 0.0001 < 0.0001
275 < 0.0001 < 0.0001 < 0.0001 0.0115
325 0.0399 0.0230

375 <0.0001 <0.0001 <0.0001
425 0.0006 < 0.0001 0.0002 < 0.0001
475 0.0006 0.0078 0.0006 0.0074

525 0.0001 0.0204 < 0.0001 0.0212
575 < 0.0001 0.0019 <0.0001

625 < 0.0001 0.0136 0.0008 0.0043 < 0.0001 < 0.0001
675 < 0.0001 < 0.0001 < 0.0001 0.0016 < 0.0001
725 0.0007 0.0464 0.0001
775 < 0.0001 0.0157 0.0001 < 0.0001
825 0.0017 0.0001 0.0023 < 0.0001 < 0.0001

875 0.0139 0.0086 < 0.0001 0.0003
925 < 0.0001 0.0003 0.0001 < 0.0001 < 0.0001
975 0.0055 < 0.0001 0.0002 < 0.0001 0.0032
1025 < 0.0001 < 0.0001 < 0.0001 0.0008 0.0041
1075 0.0022 0.0235 0.0271 < 0.0001
1125 0.0178 < 0.0001 < 0.0001 < 0.0001
1175 < 0.0001 0.0081 < 0.0001 < 0.0001 0.0027
1225 0.0017 0.0360
1275 <0.0001 <0.0001 0.0204 < 0.0001 <0.0001
1325 < 0.0001 < 0.0001 < 0.0001 0.0097 0.0038
1375 0.0141 < 0.0001 0.0449 < 0.0001 < 0.0001
1425 <0.0001 0.0011 < 0.0001 0.0049 0.0001
1475 < 0.0001 < 0.0001 < 0.0001
1525 <0.0001 0.0022 <0.0001 <0.0001 | <0.0001
1575 < 0.0001 <0.0001 | <0.0001
1625 0.0006 < 0.0001 0.0028 < 0.0001 0.0012
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1675 <0.0001 <0.0001 0.0024 0.0041 0.0004
1725 0.0063 0.0003 0.0461 0.0263
1775 < 0.0001 < 0.0001 < 0.0001 < 0.0001
1825 < 0.0001 < 0.0001 < 0.0001 < 0.0001 0.0238
1875 < 0.0001 0.0016 < 0.0001 0.0052 0.0081
1925 < 0.0001 < 0.0001

1975 < 0.0001 < 0.0001 < 0.0001 0.0014 < 0.0001

2025 < 0.0001 < 0.0001 < 0.0001 0.0012 0.0317
2075 0.0041 0.0036 0.0150
2125 < 0.0001 < 0.0001 0.0048 0.00224

2175 < 0.0001 0.0011 0.0015 < 0.0001

2225 ND ND ND 0.0005 < 0.0001 0.0217
2275 ND ND ND

2325 ND 0.0067 ND ND ND ND
2375 ND ND ND ND ND ND
2425

2475 ND 0.0003 ND ND
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Capitulo VI:
Consideracoes Finais

Essa dissertacdo abordou a variabilidade de longo prazo dos parametros do
sistema carbonato no estreito de Bransfield. Dessa forma, foi identificado que o
maior controlador dessa variabilidade esta associado a variabilidade hidrogréafica
da regido. Enquanto a CDW contribui com uma assinatura biogeoquimica rica
em produtos naturais de remineralizacéo, ou seja, alta concentracdo de CT e
baixo pH, a DSW transporta uma assinatura com alto carbono assimilado da
atmosfera devido a sua recente formacao antes de ser advectada para dentro do

estreito de Bransfield.

A CDW apresenta suas maiores contribuicdes para a bacia oeste do estreito de
Bransfield. Nesta bacia, os efeitos das interagbes acopladas entre ENSO e SAM

demonstraram controlar as contribui¢cdes hidrograficas. Nesse sentido, a década
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de 2000 é marcada por eventos de ENSO- e SAM+, 0 que favoreceu intrusdes
de CDW. Além dessas propriedades, intrusbes de CDW também estdo
associadas ao transporte de calor, os quais impacta diretamente no derretimento
de glaciares costeiros no entorno da Antartica. Esse efeito produz o aporte de
agua de degelo em superficie e, ao ser advectada para outras regides, pode ter
sua assinatura de diluicdo de propriedades transportada ao longo da coluna de
agua, como ocorre na bacia oeste. Essa conjuntura de efeitos marca uma
diluicdo de TA e CT entre 500 e 1000 m de profundidade na década de 2000.
Em 2010, no entanto, esse mesmo intervalo de profundidade é marcado por um
aumento de concentracdo de TA e CT, possivelmente pelo aumento da
contribuicdo de DSW (Damini et al., 2022). De um modo geral, as variaces da
CDW e suas intrusbes no estreito atuam como principal controlador da

variabilidade dos parametros do sistema carbonato nesta bacia.

A CDW apresenta menores contribuicdes do que a DSW para as bacias central
e leste. A dindmica das correntes no estreito de Bransfield e as configuracées
geoldgicas, como as ilhas Shetland Sul restringe intrusbes de massas de agua
oceanicas. Assim, a bacia central apresenta assinaturas hidrograficas dessa
massa de agua abaixo de 500 m de profundidade, marcando as trés
caracteristicas da sua area de formacado ao longo do seu fluxo advectivo para o
estreito de Bransfield. A primeira caracteristica se associa as propriedades
hidrograficas. Incrementos de salinidade sdo identificadas para a década de
2010 na bacia profunda do estreito de Bransfield, a qual pode estar respondendo
a intensificacdo da formacéo de gelo no oeste do mar de Weddell identificada
recentemente. Assim, alteragGes de salinidade respondem com alteracées de

TA, como observado em relagdo a década de 2010. As duas outras
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caracteristicas recaem no aspecto biogeoquimico do oeste do mar de Weddell,
area de formacao da DSW. O leste da Peninsula Antartica tem sido caracterizado
como uma regido altamente produtiva, a qual tem essa assinatura transportada
ao longo do fluxo da DSW para oeste através do estreito de Bransfield. Uma vez
em aguas profundas, a matéria organica inicia seu processo de decomposicao
e, entdo, alterando os parametros do sistema carbonato. Por outro lado, a DSW
transporta a assinatura de carbono antropogénico para as suas bacias

profundas.

Enquanto isso, a bacia leste apresenta uma minimizacdo de qualquer
variabilidade de larga (i.e., decenal) ou curta (i.e., anual) escala, provavelmente
devido aos efeitos de homogeneizacdo ao longo de toda a coluna de agua. E
interessante observar, contudo, que embora apresente as menores tendéncias
interanuais dentre as trés bacias, esta tem suas tendéncias para pH e Q
positivas. No entanto, a bacia leste ainda € um desafio muito grande para as
avaliacdes de aspectos hidrogréaficos e biogeoquimicos, 0 que requer maiores

esforcos para a investigacédo de processos oceanograficos na regido.

De um modo geral, o estreito de Bransfield esta proximo da saturacao quanto ao
CO2. Enquanto as bacias oeste e central demonstraram incrementos decenais
de unidades de fator Revelle nas camadas mais profundas, a bacia leste ndo
demonstrou claras variagcbes decenais, embora ja seja uma regido quase
saturada desde 1990. A bacia central, em particular, apresenta variacdes
interdecenais de 2 unidades de fator Revelle, o dobro da bacia oeste. Esta
diferenca pode estar associada a fonte de carbono: enquanto a CDW contribui

com processos naturais, a DSW transporta assinaturas antropogénicas.
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Essa dissertacao inovou quanto a apresentar o primeiro estudo de longo prazo
ao longo de todo o estreito de Bransfield a investigar a variabilidade dos
parametros do sistema carbonato. Assim, o estreito de Bransfield foi observado
como um ambiente naturalmente sensivel que ja se encontra em condi¢cdes
criticas de reducdo de pH, como na bacia oeste. Nesta bacia, as intensas
tendéncias de reducdo atingem 0,017 unidades de pHsws ano™, a maior
tendéncia de reducéo desse parametro ja identificada em ambiente costeiro e
oceanico na Antartica. Uma vez que o estreito pode ser considerado como uma
sentinela de alteracdes hidrograficas ocorrendo no entorno da peninsula,
caracteristicas biogeoquimicas e suas alteracdes também podem ser tracadas
nas suas bacias profundas. Isso pode tornar a regido em um laboratério através
de seu registro de processo ocorrendo ao longo do hotspot climatico que € a

Peninsula Antartica.

Em um panorama geral, o entendimento das variacbes espaco-temporais dos
parametros do sistema carbonato funciona como um importante alerta de
condi¢cBes quimicas oceanicas. Isso vale para ambientes costeiros de regides
sensiveis a mudanca do clima, como o oceano Austral e a propria Peninsula
Antartica, além de sistemas transicionais entre regides subpolares, como o
estreito de Bransfield. Ambientes j4 sensiveis as alteracdes do ciclo do CO:2
devido a acao antropogénica, como as altas latitudes, devem ser tratados com
atencdo a essas variagcdes alarmantes, como as aqui identificadas. Nesse
sentido, iniciativas para a compreensao de alteracdes resultantes da mudanca
do clima devem promover embasamento sélido para medidas como a cria¢do de
um plano de desenvolvimento sustentavel do oceano para a década de 2030.

Essa perspectiva € oriunda da proposta Década dos Oceanos da Organizacao
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das NacgOes Unidas. Estudos como esta dissertacdo contribuem no ambito das
metas associadas ao combate as mudancas do clima (Objetivo de
Desenvolvimento Sustentavel 13) e a conservacao da vida marinha (Objetivo de
Desenvolvimento Sustentavel 14) que podem ser incluidos na Agenda 2030

dessa organizacao.
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