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Resumo

Investigamos a distribuic&o e contribuicio das aguas-fonte da Agua Profunda do
Atlantico Norte e da Agua de Fundo Antartica com base na porcentagem de
mistura destas aguas-fonte nas bacias dos oceanos Atlantico, indico e Pacifico.
Neste trabalho, os dados utilizados foram obtidos do World Ocean Database
2018 e do Global Ocean Data Analysis Project, abrangendo um periodo de 46
anos (1973-2019). Um total de 11 aguas-fonte foram selecionadas e utilizadas
na andlise Otimizada com Parametro Multiplos para obter as distribuicdes e
contribui¢cdes percentuais das massas de agua no oceano global. As aguas-fonte
da Agua Profunda do Atlantico Norte mostraram um fluxo para o sul
principalmente através da bacia oeste do Atlantico Norte, com diminuicdo em
suas contribuicdes longe de suas areas de formac&o, exceto a Agua do Mar de
Labrador, que apresentou um aumento em sua contribuicdo entre 30°S e 50°S
na bacia do Atlantico. A Agua do Mar de Labrador e a Agua da Islandia-Escocia
s&o as Unicas aguas-fonte da Agua Profunda do Atlantico Norte exportadas para
outras bacias oceanicas, com a Agua do Mar de Labrador ocupando toda a
extensdo das bacias do indico e do Pacifico, enquanto a Agua da Islandia-
Escécia esté restrita ao sul das bacias destes oceanos onde apresentou baixas
contribuicdes. As aguas-fonte da Agua de Fundo Antartica apresentaram
distribuicdes proximas de suas areas de formacao, exceto a Agua Profunda do
Mar de Weddell, que se espalhou por todas as bacias do oceano global,
estendendo-se até 50°N na bacia do Atlantico e preenchendo as bacias
profundas do indico e do Pacifico, enquanto as outras aguas-fonte da Agua de
Fundo Antartica estéo restritas as bacias do sul do oceano global e & bacia da
Antartica. A Agua do Mar de Labrador e Agua Profunda do Mar de Weddell foram
as aguas dominantes nas bacias oceanicas, apresentaram maiores
contribuicbes e mostraram caminhos semelhantes de exportacdo a partir da
bacia do Atlantico Sul, espalhando-se de oeste para leste, entrando nas bacias
do Indico e do Pacifico, onde fluem para norte, com a Agua Profunda do Mar de
Weddell espalhando-se principalmente ao longo das bacias ocidentais nas
camadas inferiores.

Palavras-Chave: Aguas-fonte; Massas de &agua profundas; Analise OMP:;

Oceano global.
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Abstract

Here, we investigate the distribution and contribution of source water masses of
North Atlantic Deep Water (NADW) and Antarctic Bottom Water (AABW) in the
Atlantic, Indian, and Pacific basins based on results of the Optimum
Multiparameter Analysis. The data used were compiled from World Ocean
Database 2018 and Global Ocean Data Analysis Project over a period of 46 years
(1973-2019). Eigth source water masses (4 for NADW and 4 for AABW) were
selected to map the pathway and quantify the contributions for NADW and AABW
in the global ocean. Three additional water masses were used to reduce the mass
conservation residuals at the upper edge of NADW. The distribution of NADW
source waters showed a southward flow, mainly through the western North
Atlantic basin, with a decrease in their contributions away from their areas of
formation, except Labrador Sea Water (LSW), which showed an increase in its
contribution between 30°S and 50°S in the Atlantic basin. LSW and Iceland-
Scotland Overflow Water (ISOW) are the major source water masses of NADW
exported to other ocean basins from the South Atlantic, with LSW occupying the
entire extent of the Indian and Pacific basins, while ISOW is restricted to the south
of the basins of these oceans where it presented relatively low contributions. The
source waters of the AABW presented distributions close to their areas of
formation, except for the Weddell Sea Deep Water (WSDW), which spread
throughout all basins of the global ocean, extending up to 50°N in the Atlantic
basin and filling the deep Indian and Pacific basins, while the other source waters
of the AABW are restricted to the southern basins of the global ocean and the
Antarctic basin. LSW and WSDW were the dominant source waters in the oceanic
basins, showing similar export pathways from the South Atlantic basin, spreading
to the Indian Ocean basin and subsequently to the Pacific basin from east to
west. In these basins, they also spread northward, with WSDW spreading mainly
along the western basins in the bottom layers. Finally, this study updated the
global distribution (and contributions) of NADW and AABW mapping their source
water masses by using the most recent available database and give new insights
for discussion about diapycnal upwelling mixing.

Keywords: Source waters; Deep water masses; OMP analysis; Global Ocean.
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Capitulo I: Introducéo

oceano global desempenha um papel fundamental na modulacéo do

equilibrio do clima devido ao transporte de calor das regifes de baixas
latitudes para as regides polares através da Célula de Revolvimento Meridional
(MOC, do inglés Meridional Overturning Circulation, Fig. 1) [Gordon 1986, Orsi
et al. 1999, Wunsch 2005, Stocker 2013, Bryden et al. 2020]. O ramo inferior da
MOC é impulsionado por aguas profundas e de fundo que se movem através das
bacias profundas do oceano global, transportando CO:2 [Yu et al. 2014, Rae et
al. 2018], nutrientes, sal e minerais, os quais sao tracadores de mudancas
oceanograficas em diferentes escalas de tempo [Goodman 1988, Williams et al.
2019, Mokedemm & McManus 2017, Martinez-Fontaine et al. 2019]. Este ramo
é amplamente representado pela Agua Profunda do Atlantico Norte (NADW, do
inglés North Atlantic Deep Water) e pela Agua de Fundo Antartica (AABW, do
inglés Antarctic Bottom Water) [Gordon 1986, Broecker & Denton 1989, Elliot et

al. 2002, Lynch-Stieglitz et al. 2007], que séo formadas em regides de altas



latitudes nos hemisférios norte e sul, respectivamente [Foster & Carmack 1976,

Mantyla & Reid 1983, Orsi et al. 1999, Ferreira & Kerr 2017].

Simplified global overturning circulation

Figura 1. Esquema simplificado da Circulacdo de Revolvimento Meridional Global (MOC). As
aguas superficiais aquecidas sdo representadas pela seta roxa. As setas vermelhas representam
as aguas intermediarias. As aguas profundas do Atlantico Norte séo representadas pela seta
verde que se espalham para sul no Atlantico e sédo transportadas pela Corrente Circumpolar
Antartica (ACC) para outras bacias oceanicas. A seta azul representa as aguas de fundo
formadas no oceano Austral, que fluem para norte e para o entorno do continente Antértico
carregas pela Corrente Circumpolar Antértica (ACC), no Atlantico Norte séo absorvidas pelas
4guas-fonte da Agua Profunda do Atlantico Norte (NADW). Fluxos do Mediterraneo s&o
representados pela seta cinza. Figura de Talley [2013].

As distintas aguas-fonte (SWT, do inglés Source Water Type) que
formam a Agua Profunda do Atlantico Norte (NADW) e a Agua de Fundo da
Antartica (AABW) possuem caracteristicas que variam com as regides de
formacao e profundidades encontradas [Orsi et al. 1999, Ferreira & Kerr 2017].
Essas aguas ocupam exclusivamente uma determinada parte do oceano,
enguanto em outras regidées compartilham o oceano com outras massas de agua
com as quais se misturam [Tomczack 1999]. Nos mares de Labrador, da
Groenlandia, da Islandia e da Noruega, a intensa perda de calor no inverno leva

a conveccao profunda e a formacédo de aguas profundas [Yashayaev et al. 2007,



Talley et al. 2011]. No Mar de Labrador é formada a Agua do Mar de Labrador
(LSW, do inglés Labrador Sea Water) e nos Mares Nordicos sdo formadas a
Agua da Islandia-Escocia (ISOW, do inglés Iceland-Scotland Overflow Water) e
a Agua do Estreito da Dinamarca (DSOW, do inglés Denmark Strait Overflow
Water), enquanto no Mar Mediterraneo (Fig. 2a ) forma-se uma quarta massa de
agua chamada Agua do Mediterraneo (MW, do inglés Mediterranean Water) e
juntas constituem a Agua Profunda do Atlantico Norte (NADW) [Reid & Lynn

1971, Dickson & Brown 1994, Talley 2013, Garcia-lbafiez et al. 2015].
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Figura 2. Distribuicdo superficial da temperatura conservativa obtida do banco de dados Global
Ocean Data Analysis Project (GLODAP) e World Ocean Database 2018 (WOD18). (a)
Localizag&o das trés areas de formacéo das aguas-fonte da Agua Profunda do Atlantico Norte
(NADW) (Mar do Labrador, Mares Ndrdicos e Mar Mediterraneo) no oceano Atlantico Norte. (b)
Localizagdo das trés areas de formagéo das aguas-fonte da Agua de Fundo Antartica (AABW)
(Mar de Weddell, Mar de Ross e Terra de Adelie) no oceano Austral.

A Agua Profunda do Atlantico Norte (NADW) afunda e ocupa o fundo do
mar proximo aos seus locais de formacdo e se espalha para o sul (Fig. 3)
[Johnson 2008]. Esta massa de agua compreende as aguas mais densas de
algumas regides do Atlantico Norte, sendo relativamente mais quente, mais
salgada e mais leve que a Agua de Fundo Antartica (AABW) [Johnson 2008,
Reid et al. 1977]. No Atlantico Sul, a Agua Profunda do Atlantico Norte (NADW)

relativamente quente e salgada flui acima da Agua de Fundo Antartica (AABW)
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até atingir a Corrente Circumpolar Antartica (ACC, do inglés Antarctic
Circumpolar Current), onde é advectada para leste e propagada para norte nas

bacias do indico e Pacifico (Fig. 3) [Reid et al. 1977, Johnson 2008, Talley 2013].
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Figura 3. Distribuicdo da Agua Profunda do Atlantico Norte (NADW) e da Agua de Fundo
Antartica (AABW) nas camadas profundas do oceano global, com a barra em cores
representando as fragcdes dessas massas de agua em um intervalo de 0 a 1. As maiores fracdes
de Agua Profunda do Atlantico Norte (NADW) s&o encontradas na bacia do Atlantico Norte e as
maiores fragbes da Agua de Fundo Antartica (AABW) s&o encontradas no sul das bacias do
Atlantico, indico e Pacifico. Figura de Johnson [2008].

O processo de formacdo da Agua de Fundo Antartica (AABW) é
complexo [Gill 1973, Foster & Carmack 1976] e ocorre na margem antartica [Orsi
et al. 1999, Talley, 2013], mais especificamente no Mar de Weddell [Gill 1973],
Mar de Ross [Jacobs et al. 1970] e ao largo da Terra de Adélie (Fig. 2b) [Rintoul
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1998]. Sua formacao envolve resfriamento da superficie devido a perda de calor
e aumento da salinidade devido a formacgédo de gelo marinho e rejeicdo de
salmoura, além de mistura com as &guas circundantes durante o fluxo
descendente [Foster e Carmack 1976].

A Agua Profunda do Mar de Weddell (WSDW, do inglés Weddell Sea
Deep Water), a Agua de Fundo do Mar de Weddell (WSBW, do inglés Weddell
Sea Bottom Water), a Agua de Fundo do Mar de Ross (RSBW, do inglés Ross
Sea Bottom Water) e a Agua de Fundo da Terra de Adelie (ADLBW, do inglés
Adélie Land Bottom Water) formam a Agua de Fundo Antartica (AABW) [Warren
1981, Orsi et al. 1999], que € uma massa de agua mais fria e densa do que a
Agua Profunda do Atlantico Norte (NADW). A Agua de Fundo Antartica (AABW)
se espalha para o norte em bacias profundas do oceano global (Fig. 3) e se
mistura com aguas mais leves sobrejacentes [Johnson 2008, Talley 2013], com
excecao do Artico e parte do Atlantico Norte, onde a Agua Profunda do Atlantico
Norte (NADW) cobre o fundo do oceano [Mantyla & Reid 1983, Orsi et al. 2001].

A distribuicdo das aguas profundas mostra os principais fluxos dentro
dos oceanos e destaca as suas rotas de exportacdo [Ferreira & Kerr 2017,
Solodoch et al. 2022], que sdo importantes para a compreensédo da circulacao
na camada inferior do oceano [e.g. Johnson 2008, Pardo et al. 2012, Tomczak
1999a], apoiando estudos biogeoquimicos [Skinner et al. 2010, Azar et al. 2021,
Pifiango et al. 2022] e projec¢des climaticas [Boning et al. 2016, O'Neill et al. 2016,
Moorman et al. 2020, Nissen et al. 2022, Li et al. 2023]. Estudos anteriores e
recentes sobre a distribuicdo de aguas profundas concentram esforcos
principalmente nas regides polares [Reid & Lynn 1971, Pardo et al. 2012, Garcia-

Ibafiez et al. 2015, Solodoch et al., 2022]. No entanto, poucos estudos



apresentaram uma abordagem em escala global [e.g. Nakano & Suginohara
2002, Johnson 2008]. Aqui a distribuicdo espacial e a quantificacdo de cada
agua-fonte da Agua Profunda do Atlantico Norte (NADW) e da Agua de Fundo
Antértica (AABW) séo apresentadas com base em suas porcentagens de mistura
ao longo de 46 anos (1973 - 2019) através da andlise Otimizada com Parametros
Multiplos (OMP, do inglés Optimum Multiparameter) [Tomczak 1981, Thompson

& Edwards 1981, Mackas et al. 1987, Tomczak & Large 1989] no oceano global.

1.1. Formacéo e distribuicdo das aguas-fonte da NADW e AABW
Regides polares séo os principais locais de formacao de massas de agua
profundas e de fundo [Mantyla & Reid 1983, Orsi et al. 1999]. Nessas regides,
as aguas superficiais tornam-se densas o suficiente para perder flutuabilidade e
afundar em direcdo as camadas profundas do oceano [Orsi et al. 1999]. No Mar
de Labrador e nos Mares Nordicos, as aguas-fonte da Agua Profunda do
Atlantico Norte (NADW) superior e inferior originam-se a partir de processos
associados a interacao entre o oceano e a atmosfera, principalmente no inverno,
0 que leva a conveccédo profunda e a formacdo de aguas profundas (Fig. 4)
[Talley & Mccartney 1982, Johnson 2008]. Por outro lado, mecanismos que
envolvem processos de plataforma e a interagéo entre 0 oceano e a atmosfera
na margem Antartica originam as variedades da Agua de Fundo Antartica
(AABW) [Orsi et al. 1999, Talley 2013], as quais s&o mais frias e relativamente
doces em comparagdo com as aguas que compdem a Agua Profunda do
Atlantico Norte (NADW) [Johnson 2008].
No mar de Labrador, o resfriamento durante o inverno e a convecgao
profunda levam a formacdo da Agua do Mar de Labrador (LSW), a qual é a

componente mais leve da Agua Profunda do Atlantico Norte (NADW) e compdem



0 seu ramo superior, predominante em profundidades entre 1500 e 2500 m
[Clarke & Gascard 1983, Garcia-lbafnez et al. 2015], com espalhamento para sul
via Corrente Profunda de Contorno Oeste (DWBC, do inglés Deep Western
Boundary Current) e através de caminhos interiores dentro das bacias oceénicas

[Stramma et al. 2004, Bower et al. 2019].
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Figura 4. Esquema de formag&do da Agua Profunda do Atlantico Norte (NADW). As setas em
vermelho escuro indicam a perda de calor da superficie do oceano para a atmosfera; setas em
vermelho claro indicam a conveccéo profunda das aguas superficiais apos perder flutuabilidade
e aumentar suas densidades. As aguas mais densas fluem por camadas mais profundas,
compondo a Agua Profunda do Atlantico Norte (NADW) inferior, enquanto as aguas ventiladas
para profundidades menos profundas compdem a Agua Profunda do Atlantico Norte (NADW)
superior. Figura modificada de Weijer et al. [2022].

As aguas fonte que compdem a Agua Profunda do Atlantico Norte (NADW)
inferior sdo formadas quando as dguas quentes do Atlantico Norte encontram as
densas aguas do Artico [Read 2000, Dickson et al. 2002]. Estas aguas do Artico
entram no oceano Atlantico através de passagens localizadas no leste da
Islandia e através do Estreito da Dinamarca [Fogelgvist et al. 2003, Dickson et
al. 2002], onde se misturam com Aaguas adjacentes e originam a Agua da
Islandia-Escocia (ISOW) e a Agua do Estreito da Dinamarca (DSOW),

respectivamente [Yashayaev & Dickson 2008, Fogelqvist et al. 2003]. A Agua da



Islandia-Escocia (ISOW) espalha-se nas camadas profundas da bacia da
Islandia e flui para a Bacia de Irminger através da Zona de Fratura Charlie-Gibbs
(CGFZ, do inglés Charlie-Gibbs Fracture Zone), onde encontra a Agua do
Estreito da Dinamarca (DSOW) [Bower & Furey 2017, Lozier et al. 2022]. Parte
da Agua da Islandia-Escocia (ISOW) flui em direc&o a sul dentro da porgéo leste
da bacia do Atlantico Norte [Garcia-Ibanez et al. 2015], sendo reconhecida pela
alta salinidade e baixas temperaturas em comparag¢do com outras aguas fontes
da Agua Profunda do Atlantico Norte (NADW) nos mares nordicos. Dentre as
varias componentes da Agua Profunda do Atlantico Norte (NADW), a Agua do
Estreito da Dinamarca (DSOW) é considerada a variedade mais fria e densa,
sendo encontrada nas camadas mais profundas das bacias de Irminger e
Labrador [LeBel et al. 2008, Lozier et al. 2022], fluindo em direcéo a sul dentro
da Deep Western Boundary Current (DWBC) com outras componentes da Agua
Profunda do Atlantico Norte (NADW) [Garcia-lbanez et al. 2015, Lozier et al.
2022]. Outros caminhos de exportacao no interior das bacias tém sido relatados
para a Agua do Estreito da Dinamarca (DSOW) [LeBel et al. 2008, Lozier et al.
2022]. A Agua Profunda do Atlantico Norte (NADW) superior também é composta
pela Agua do Mediterraneo (MW), a qual é formada no Mar Mediterraneo e
caracterizada pela sua maxima salinidade, o que favorece a sua elevada
densidade [Garcia-lbanez et al. 2015, Ferreira & Kerr 2017]. Ao sair do Mar
Mediterraneo através do Estreito de Gibraltar, esta massa de agua afunda e
ocupa profundidades intermediarias entre 600 e 2000 m no leste do Atlantico
Norte [Tsuchiya et al. 1992, Alvarez et al. 2004, Bozec et al. 2011, Ferreira &
Kerr 2017] e espalha-se para oeste e norte desta bacia, misturando-se com

massas de agua circundantes [Lozier et al. 1995, Bozec et al. 2011]. Estudos



anteriores mostram a distribuicdo de Agua Profunda do Atlantico Norte (NADW)
nas bacias do Atlantico, indico, Pacifico e Oceano Antartico [Johnson 2008,
Pardo et al. 2012, Talley 2013]. Ferreira e Kerr [2017] observaram contribuicbes
da Agua do Mar de Labrador (LSW) dentro da Corrente Circumpolar Antarctica
(ACC), com Agua da Islandia-Escdcia (ISOW) e Agua do Estreito da Dinamarca
(DSOW) estendendo-se até aproximadamente 40°S na bacia do Atlantico em
profundidades entre 2000 m e 5000 m. Contribuicbes da Agua Profunda do
Atlantico Norte (NADW) foram observadas desde ~45°S até a margem Antértica
nas bacias do oceano global [Pardo et al. 2012]. Contudo, destaca-se que 0s
estudos sobre a distribuicdo das variedades da Agua Profunda do Atlantico Norte
(NADW) no oceano global tém recebido menos atencéo devido a dificuldade de
rastrear o trajeto de uma Unica massa de agua fonte, uma vez que essas aguas
estdo bem misturadas longe de sua area de formacao. Assim, varios trabalhos
tém considerado a Agua Profunda do Atlantico Norte (NADW) coletivamente
[Johnson 2008, Nakano & Suginohara 2002], principalmente fora do oceano
Atlantico, ndo sendo possivel identificar os niveis de profundidade
correspondentes a cada massa de agua que a compde.

A Agua Profunda do Mar de Weddell (WSDW), Agua de Fundo do Mar de
Weddell (WSBW), Agua de Fundo do Mar de Ross (RSBW) e a Agua de Fundo
da Terra de Adelie (ADLBW) resultam da mistura das aguas relativamente
guentes e salgadas da Corrente Circumpolar Antarctica (ACC) (e.g. CDW, do
inglés Circumpolar Deep Water), Aguas de Plataforma (SW, do inglés Shelf
Water) frias e salgadas e/ou Aguas de Plataforma de Gelo (ISW, do inglés Ice
Shelf Water) no Mar de Weddell, Mar de Ross e Terra de Adelie, respectivamente

[Jacobs et al. 1970, Foster & Carmack 1976, Foldvik et al. 1985, Rintoul 1998,



Purkey et al. 2018]. As polinias costeiras antarticas formadas pela agédo de
ventos catabéticos do continente, resultam na rejeicdo do sal e no aumento da
salinidade superficial, contribuindo para a producao de AABW (Fig. 5) [Fahrbach

et al. 1994, Arrigo & Van Dijken 2003].
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Figura 5. Esquema de formac&o da Agua de Fundo Antartica (AABW) por meio do processo de
convecgdo profunda na plataforma. As setas laranjas indicam a perda de calor da superficie do
oceano para a atmosfera na polinia costeira; a seta laranja para baixo indica a rejei¢do de sal e
a conveccao profunda das aguas superficiais apds perder flutuabilidade e aumentar suas
densidades. A SW e a ISW misturam-se com a Circumpolar Deep Water (CDW) e formam a Agua
de Fundo Antértica (AABW). Figura de Silvano et al. [2023].

A Agua Profunda do Mar de Weddell (WSDW) é a componente menos
densa e mais quente da Agua de Fundo Antartica (AABW) e é exportada para o
norte, no oceano Atlantico, através de canais profundos na Cordilheira da
Escécia do Sul (SSR, do inglés South Scotia Ridge) e na Fossa Sandwich do Sul
(SSTr, do inglés South Sandwich Trench) [Meredith et al. 2013]. Parte da Agua
Profunda do Mar de Weddell (WSDW) também é exportada para leste através
da Corrente Circumpolar Antarctica (ACC) [Orsi et al. 1999], espalhando-se pelas

bacias do Atlantico, indico, Pacifico e oceano Antartico, enquanto a densa Agua
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de Fundo do Mar de Weddell (WSBW), a componente mais fria e doce da Agua
de Fundo Antértica (AABW), é exportada através de caminhos similares ao da
Agua Profunda do Mar de Weddell (WSDW) (e.g. South Sandwich Trench), mas
esta restrito a profundidades abissais em latitudes superiores a 50°S devido a
sua alta densidade [Pardo et al. 2012, Ferreira & Kerr 2017]. A Agua de Fundo
do Mar de Weddell (WSBW) estende-se aproximadamente até a Terra de Adelie,
enquanto a Agua de Fundo da Terra de Adelie (ADLBW) e a Agua de Fundo do
Mar de Ross (RSBW) sé@o encontradas acima de 60°S na Terra de Adelie e areas
adjacentes ao Mar de Ross, com a Agua de Fundo do Mar de Ross (RSBW)
estendendo-se até perto da Passagem de Drake [Pardo et al. 2012]. Aqui, a Agua
de Fundo do Mar de Ross (RSBW) e a Agua de Fundo da Terra de Adelie
(ADLBW) estéo restritas a bacia Antartica e sdo mais quentes e salgadas que a
Agua de Fundo do Mar de Weddell (WSBW). A Agua de Fundo do Mar de Ross
(RSBW) é a variedade mais quente e salgada da Agua de Fundo Antartica
(AABW), enquanto a Agua de Fundo da Terra de Adelie (ADLBW) esta entre a
Agua de Fundo do Mar de Weddell (WSBW) e a Agua de Fundo do Mar de Ross

(RSBW).
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Capitulo Il: Objetivos

2.1. Objetivo geral

e O objetivo geral deste estudo € determinar a distribuicdo espacial das

massas de aguas-fonte da NADW e da AABW no oceano global.

2.2. Objetivos especificos

e Quantificar a contribuicdo das massas de aguas-fonte da NADW e da

AABW no oceano global a partir do percentual de mistura;

e Apontar as possiveis causas que influenciam a distribuicdo das massas
de aguas-fonte da NADW e da AABW no oceano global.
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Capitulo lll: Dados e Métodos

3.1. Dados oceanogréficos

este estudo, foi utilizado um conjunto de dados histéricos disponivel

N no World Ocean Database (WOD 2018,
www.ncei.noaa.gov/products/world-ocean-database) e no Global Ocean Data
Analysis Project 2020 (GLODAP, www.glodap.info/), que abrange 46 anos (1973
- 2019). Este conjunto de dados inclui os seguintes parametros: temperatura
conservativa (®), salinidade absoluta (Sa), oxigénio dissolvido (O2), fosfato
(PO4), nitrato (NO3), silicato (SiOH4*) e vorticidade potencial (PV). Para restringir
a andlise as massas de agua profundas no oceano global, foram selecionados
apenas dados encontrados em profundidades superiores a 1500 m. O conjunto
de dados foi separado por bacias oceéanicas e a analise da distribuicdo das aguas
profundas foi realizada separadamente para cada bacia (bacias do Atlantico,

indico e Pacifico). O conjunto de dados utilizado neste trabalho passou por um

processo de controle de qualidade antes de ser disponibilizado, no qual foram
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aplicados ajustes para remover vieses significativos, respeitando a ocorréncia de
quaisquer tendéncias ou variagcfes temporais conhecidas ou provaveis [Boyer et
al. 2018; Olsen et al. 2016]. Os dados identificados como espurios foram

removidos.

3.2. Andlise Otimizada com Parametros Mdultiplos (OMP)

Para obter a distribuicéo e a quantificacdo das massas de agua foi utilizada
a analise Otimizada com Parametros Multiplos (OMP), inicialmente proposta por
Tomczak [1981] e implementada por Tomczak e Large [1989] como uma
extensdo da anadlise classica de mistura entre massas de agua, anteriormente
realizada através do diagrama TS [Mamayev 1975]. Neste método, parametros
conservativos e nao conservativos sao utilizados para tracar as massas de agua,
calculando as contribuicdes de cada uma delas através de equacdes de mistura
linear [Tomczak & Large 1989]. Neste contexto, o0 método Otimizado com
Parametros Multiplos (OMP) determina a contribuicdo percentual de cada agua-
fonte previamente definida [Tomczak & Large 198]. A agua-fonte representa os
valores dos parametros de uma massa de 4gua original ndo misturada, ou seja,
corresponde a 4gua com caracteristicas tipicas das propriedades da regido onde
se originou [Poole & Tomczak 1999]. Desta forma, além de determinar a
contribuicdo entre todas as aguas-fonte selecionadas, o método Otimizado com
Parametros Multiplos (OMP) permite analisar a distribuicdo espacial das massas
de 4gua [Tomczak & Large 1989]. Posteriormente, a circulacdo oceanica pode
ser deduzida através da distribuicdo das massas de agua [e.g. Johnson 2008].
Porém, o método apresenta duas restri¢des: (i) a contribuicdo de todas as aguas-
fonte deve ser igual a 100% para garantir a conservagcédo da massa,; e (ii) esta

contribuicdo ndo deve ser negativa [Tomzack et al. 1989]. Neste estudo, sete
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parametros foram utilizados na andlise Otimizada com Parametros Multiplos
(OMP) (Tab. 1).

Este método pode ser utilizado na sua forma basica ou estendida
dependendo, principalmente, da escala espacial da analise e da disponibilidade
de tracadores de massas de agua [Karstensen & Tomczak 1999]. Neste estudo
foi aplicado o método Otimizado com Parametros Mdultiplos (OMP) estendido,
pois o0 objetivo é analisar a distribuicdo de aguas profundas em larga escala. A
forma estendida considera que parametros n&do conservativos apresentam
alteracdes em suas concentracfes devido a processos biogeoquimicos, como
remineralizacdo e respiracdo a medida que as massas de agua evoluem
[Karstensen & Tomczak 1999]. Por esse motivo, a Razdo de Redfield é
incorporada as equacbes como fator de correcdo dessas modificacdes
[Anderson & Sarmiento 1994, Karstensen & Tomczak 1999]. O sistema linear de
equacdes de mistura da andlise Otimizada com Parametros Multiplos (OMP) é

entdo mostrado na equacgao 1 abaixo:

X1T1+ X2T2 + X3T3 + XaTa+ X515+ XeT6 + X717 +0 = Tobs + Rt
X1S1 + X2S2 + X3S3 + X4S4 + X5S5 + X6Se + X7S7 +0 = Sobs +Rs
X102,1 + X2022 + x302,3 + X402,4 + Xs02,5 + X602,6 + X702,7 —rorAP = O2,00s + Ro2

X1POa4,1+ X2PO42 + X3POa3+ XaPOa 4+ XsPOs5 + X6POa6 + X7PO4 7 + AP = POa,0bs + Rpo4
X1NO3,1 + X2NO32 + XaNO3,3 + XaNO3z .4 + XsNO3 5 + XsNO3z 6+ X7NO37 + rnvpAP = NO3,obs + Rnos

X1Si03,1 + X2Si03,2 + X3Si03,3 + X4Si034 + X5Si035 + X6Si03,6 + X7Si03,7 + rnpAP = SiO3,0bs + Rsios

X1PV1 + x2PV2 + x3PV3 + xaPVa + xsPVs + x6PVs + Xx7PV7 +0 =PVobs + Rpv
X1+ X2 + X3 + X4+ X5 + X6 + X7 +0 =1 + Rs
1)

Os valores observados de Tobs, Sobs, Oobs, Pobs, Nobs, Siobs, PVobs, and R
representam os valores dos parametros temperatura, salinidade, oxigénio,
fosfato, nitrato, silicato, vorticidade potencial e o residuo de cada parametro,
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respectivamente; rAP representa a razao de Redfield; Tj, Sj, Oj, Pj, Nj, Sij e PVj
com j variando de 1 a 7, representam os valores dos parametros de cada agua-
fonte; xj representa as contribuicdes de cada dgua-fonte (incégnitas) e a ultima
equacao representa a condicdo de conservacdo da massa [Anderson &
Sarmiento 1994, Karstensen & Tomczak 1999]. O sistema de equacdes acima
pode ser escrito em notagdo matricial conforme mostrado abaixo na equagéo 2:

Gx-d=R (2)
onde G representa a matriz com os valores das propriedades de cada agua-
fonte, x € um vetor das contribui¢cdes calculadas para cada agua-fonte, d € um
vetor dos dados observados e R é o valor residual [Tomczak & Large 1989].

Na analise Otimizada com Parametros Multiplos (OMP), os parametros
muitas vezes nao apresentam a mesma representacdo, devido a influéncia da
variabilidade ambiental e da precisdo analitica e instrumental das medi¢cfes
[Ferreira & Kerr 2017]. Portanto, foi aplicada uma versdo ponderada da matriz
G, incluindo uma matriz W, que possui respectivos pesos para cada parametro
(Eqg. 3), conforme método descrito por Tomczak e Large [1989].

W j = 012/ §j max 3)
onde W representa 0s pesos, gj2 é a variancia para cada parametro das aguas-
fonte e 6j max é a variancia maxima do parametro entre todas as fontes de adgua
[Tomczak & Large 1989]. Cada parametro recebe seu proprio peso, indicando
gue cada propriedade pode influenciar de forma diferente no calculo da mistura.

Os indices das aguas-fonte estdo resumidos na tabela 1.
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Tabela 1. indices das aguas-fonte (SWT) com os respectivos desvios padréo considerados no
estudo. Os pesos e a Razdo de Redfield para cada parametro utilizado na analise Otimizada com
Parametros Mudltiplos (OMP) também sdo fornecidos. As siglas das massas de &agua
correspondem a a Agua do Mar de Labrador (LSW), Agua do Estreito da Dinamarca (DSOW),
Agua da Islandia-Escocia (ISOW), Agua do Mediterraneo (MW), Agua Profunda do Mar de
Weddell (WSDW), Agua de Fundo do Mar de Weddell (WSBW), Agua de Fundo da Terra de
Adelie (ADLBW), Agua de Fundo do Mar de Ross (RSBW), Agua Intermediaria da Antartica
(AAIW), Agua do Mar Vermelho (RSOW) e Agua Intermediaria do Pacifico Norte (NPIW).

SWT 0 (°C) Sa (g kg?) DO PO NO3 SiOH4 PV

umol/kg umol/kg umol/kg umol/kg 10® ms?
LSW 3.072+0.182 35.055 +0.015 284+9.0 1.08 + 0.003 16.2 +0.05 10+0.05 0.0116 +0.002
DSOW 1.494 + 0.200 35.054 +0.002 299+2.0 0.94 +£0.010 14.0+0.25 8+0.23 0.0675 + 0.006
ISOW 2.822+0.112 35.136 + 0.006 27404 1.08 +0.001 16.2 +0.08 13 +0.56 0.0329 £ 0.002
Mw 9.936 + 0.119 36.125 £ 0.033 186 £ 0.4 1.00 + 0.009 16.6 + 0.06 9+0.12 0.0664 + 0.002
WSDW 0.000 + 0.050 34.823+0.018 223+5.0 2.25+0.050 32.8£0.40 114 £8.0 -0.0095 £ 0.005
WSBW -1.000 + 0.119 34.810 £0.013 257 +8.0 2.22 +£0.040 32.2+0.40 112+4.0 -0.0078 + 0.006
ADLBW -0.470 + 0.055 34.835 +0.008 239+3.0 2.22 £0.005 31.9+0.01 109 +0.04 -0.0076 + 0.001
RSBW -0.250 + 0.006 34.863 £ 0.003 229+2.0 2.24 +£0.007 31.5+0.18 99 +0.54 -0.0109 + 0.0002
AAIW 3.403 +£0.214 34.429 £0.013 222+4.0 2.15+0.007 30.81 +0.02 34+0.83 -0.0797 £ 0.003
RSOW 11.168 + 0.862 35.754 £ 0.169 15+8.0 2.59 £ 0.006 31.59 +1.99 49 £ 2.61 0.0376 £ 0.010
NPIW 3.803 £ 0.198 34.344 £ 0.090 54 +£12 2.89£0.070 40.47 £1.13 108 £9.0 0.0909 £ 0.013
Weights 7.9395 7.9395 6.0938 1.3421 5.7383 1.1201 0.0574
Redfield Ratio n/a n/a -170 1 16 40 n/a

3.3. Definicdo das aguas-fonte

O numero de massas de agua utilizadas na analise Otimizada com
Parametros Mdultiplos (OMP) depende do namero de parametros disponiveis
[Tomzack & Large 1989]. Aqui, foram utilizadas as seguintes massas de agua
para a anélise: Agua do Mar de Labrador (LSW), Agua do Estreito da Dinamarca
(DSOW), Agua da Islandia-Escocia (ISOW) e Agua do Mediterraneo (MW),
definidas como &guas-fonte da Agua Profunda do Atlantico Norte (NADW)
[Dickson & Brown 1994, Johnson 2008, Garcia-Ibanez et al. 2015, Ferreira & Kerr
2017]; Agua Profunda do Mar de Weddell (WSDW), Agua de Fundo do Mar de
Weddell (WSBW), Agua de Fundo da Terra de Adelie (ADLBW) e Agua de Fundo
do Mar de Ross (RSBW), definidas como aguas-fonte da Agua de Fundo
Antartica (AABW) [Orsi et al. 1999, Johnson 2008, Pardo et al. 2012, Ferreira &
Kerr 2017]; e a &gua intermediaria da Antartica (AAIW, do inglés Antarctic

Intermediate Water), a agua intermediaria do Mar Vermelho (RSOW, do inglés
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Red Sea Overflow Water) e a agua intermediaria do Pacifico Norte (NPIW, do
inglés North Pacific Intermediate Water), adicionadas a andlise para reduzir
possiveis erros de mistura com a Agua do Mar de Labrador (LSW) [Johnson
2008], totalizando onze massas de &agua. Além disso, foram utilizados sete
parametros, a temperatura conservativa (®), salinidade absoluta (Sa), oxigénio
dissolvido (DO), fosfato (PO,37), nitrato (NO3), silicato (SiOHs+*) e vorticidade
potencial (PV), o que limita a anélise em até sete massas de agua. Para resolver
o problema entre a limitacdo das massas de agua pelo nUmero de parametros,
as rodadas da andlise Otimizada com Parametros Mdultiplos (OMP) foram
realizadas separadamente por bacias oceanicas e foi considerada a melhor
combinacdo linear de mistura entre as massas de agua, com cada bacia
oceanica envolvendo a mistura de sete massas de agua, o que resulta em sete
parametros para as bacias do Atlantico, do indico e do Pacifico, conforme mostra

a tabela 2.

Tabela 2. Bacias oceénicas com as respectivas massas de agua e parametros utilizados em
cada uma das aplicagdes da analise Otimizada com Parametro Mdltiplos (OMP). As siglas das
massas de agua correspondem a a Agua do Mar de Labrador (LSW), Agua do Estreito da
Dinamarca (DSOW), Agua da Islandia-Escécia (ISOW), Agua do Mediterraneo (MW), Agua
Profunda do Mar de Weddell (WSDW), Agua de Fundo do Mar de Weddell (WSBW), Agua de
Fundo da Terra de Adelie (ADLBW), Agua de Fundo do Mar de Ross (RSBW), Agua Intermediaria
da Antartica (AAIW), Agua do Mar Vermelho (RSOW) e Agua Intermediaria do Pacifico Norte
(NPIW).

Bacias oceanicas

Massas de agua

Parametros

Atlantic basin

Indian basin

Pacific basin

LSW, DSOW, ISOW, MW,
WSDW, WSBW, AAIW

LSW, ISOW, WSDW, WSBW,
ADLBW, AAIW, RSOW

LSW, ISOW, WSDW, ADLBW,

RSBW, AAIW, NPIW

O, Sa, DO, PO4, NOg, SiOz, PV

0, Sa, DO, P04, NOg, SiO2, PV

O, Sa, DO, PO4, NOg, SiOz, PV
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3.3.1. Calculo dos indices das aguas-fonte

Os indices das massas de 4gua (Tab. 1) que compdem a matriz G foram
definidos a partir de regresséo linear utilizando dados oceénicos da regido onde
cada massa de agua foi formada. Inicialmente, foi definida uma variavel
independente de ® para cada agua-fonte com base na literatura [Johnson 2008,
Pardo et al. 2012, Garcia-lbanez et al. 2015, Ferreira & Kerr 2017, Fuhr et al.
2021]. Vale ressaltar que alguns destes valores de temperatura que definem as
aguas-fonte foram transformados com as novas equacdes de estado da agua do
mar - TEOS-10. O limite minimo e maximo de ® de cada 4gua-fonte foi calculado
a partir do desvio padrdo dos dados da area de formacdo de cada agua-fonte.
Posteriormente, foram plotados os parametros dependentes (salinidade absoluta
- Sa, oxigénio dissolvido - Oz, fosfato - POas, nitrato - NOg, silicato - SiOHs* e
vorticidade potencial - PV) de cada massa de 4gua em funcédo do parametro
independente previamente definido. A partir da regressao linear, os valores
minimo e maximo do parametro independente definem os limites minimo e
maximo dos parametros dependentes. Os valores de ® e Sa das aguas-fonte

podem ser observados no diagrama TS (Fig. 6).
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Figura 6. Diagrama TS de dados dos oceanos Atlantico e Antértico obtidos do banco de dados
WOD18 e GLODAP, com os pontos pretos definindo as massas de agua profundas usadas na
analise: Agua do Mar de Labrador (LSW), Agua da Islandia-Escécia (ISOW), Agua do Estreito
da Dinamarca (DSOW), Agua Profunda do Mar de Weddell (WSDW), Agua de Fundo do Mar de
Weddell (WSBW), Agua de Fundo da Terra de Adelie (ADLBW) e Agua de Fundo do Mar de
Ross (RSBW). As cores representam a densidade neutra (Y"; kg m-3).

3.3.2. Teste de sensibilidade

Um teste de sensibilidade foi aplicado para garantir a robustez dos
resultados. Portanto, optou-se por aplicar uma abordagem de Monte Carlo para
variar aleatoriamente os indices das aguas-fonte dentro da faixa de propriedades
de cada massa de agua, uma vez que a analise Otimizada com Parametros
Multiplos (OMP) ndo considera mudancas temporais na definicdo dessas aguas-
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fonte. Um total de 50 execucdes da analise Otimizada com Parametros Mdultiplos
(OMP) foram realizadas com os parametros das &guas-fonte ligeiramente
modificados considerando a faixa de propriedades representadas na tabela 1.
Somente resultados que obtiveram um residuo de conservacdo de massa até
10% foram considerados. Os resultados apresentados sdo a média de todas as
execucdes da analise Otimizada com Parametros Mdultiplos (OMP) realizadas

[Almeida et al. 2018, Kerr et al. 2018].
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Capitulo IV: Artigo Cientifico

ara a obtencéo do titulo de Mestre pelo Programa de Pds-Graduacgéao

em Oceanologia, é requerido que o discente realize a submisséo de
pelo menos um artigo cientifico como primeiro autor em periédico com corpo
indexado. Desse modo, os resultados da pesquisa desenvolvida durante o
periodo de mestrado e a discussado dos resultados serdo apresentados em forma
de artigo neste Capitulo. O manuscrito de autoria de David Antonio de Lima Silva
e Rodrigo Kerr, € intitulado “Revisiting the distribution and sources
contribution of Deep Water Masses in the global ocean basins” e foi

submetido para publicacdo no periddico “Deep Sea Research Part I”.
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Revisiting the distribution and sources contribution of Deep

Water Masses in the global ocean basins

David de Lima and Rodrigo Kerr

4.1. Introduction

The global ocean plays a fundamental role modulating the global climate
balance due the heat transport from low latitudes to polar regions through the
Meridional Overturning Circulation (MOC) (Gordon, 1986, Orsi et al., 1999;
Wunsch, 2005; Stocker, 2013; Bryden et al., 2020). The lower branch of the MOC
is driven by deep and bottom waters that moving through the deep basins of the
global ocean, transporting CO2 (Yu et al., 2014; Rae et al., 2018), nutrients, salt,
and minerals which are tracers of oceanographic changes over different time
scales (Goodman, 1988; Williams et al., 2019; Mokedemm and McManus, 2017;
Martinez-Fontaine et al., 2019). This branch is widely represented by the North
Atlantic Deep Water (NADW) and the Antarctic Bottom Water (AABW, Gordon,
1986; Broecker and Denton, 1989; Elliot et al., 2002; Lynch-Stieglitz et al., 2007),
which are formed in high latitudes of the northern and southern hemisphere,
respectively (Foster and Carmack, 1976; Mantyla and Reid, 1983; Orsi et al.,
1999; Ferreira and Kerr, 2017). The different varieties of the NADW and AABW
have characteristics that vary with regions and depths (Orsi et al., 1999; Ferreira
and Kerr, 2017). These waters occupy exclusively a certain part of the ocean,
whereas in other regions, they share the ocean with other masses of water with
which they mix (Tomczack, 1999).

In Greenland, Iceland and Norwegian Seas, intense winter heat loss leads
to deep convection and formation of deep water (Yashayaev et al., 2007; Talley

et al.,, 2011). In the Labrador Sea (Fig. 1a), the Labrador Sea Water (LSW) is
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formed, and in the Nordic Seas (Fig. 1a) the Iceland-Scotland Overflow Water
(ISOW) and the Denmark Strait Overflow Water (DSOW) are formed, whereas in
the Mediterranean Sea (Fig. 1a) a fourth water mass called Mediterranean Water
(MW) is formed and together they constitute the NADW (Reid and Lynn, 1971;
Dickson and Brown, 1994; Talley, 2013; Garcia-Ibafiez et al., 2015). The NADW
sinks and occupies the seafloor close to its formation sites and spreads
southwards (Johnson, 2008). This water mass comprises the densest waters in
some regions of the North Atlantic Ocean, being relatively warmer, saltier and
lighter than the AABW (Johnson, 2008; Reid et al., 1977). In the South Atlantic
Ocean, the relatively warm and salty NADW flows above the AABW until it
reaches the Antarctic Circumpolar Current (ACC), where it is advected eastward
and propagated northward into the Indian and Pacific Oceans (Reid et al., 1977;

Johnson, 2008; Talley, 2013).

®
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Figure 1. Surface distribution of conservative temperature (°C) from the compiled data of
GLODAP and WOD18 databases. (a) Location of the three formation areas of the North Atlantic
Deep Water (NADW) source waters (i.e. Labrador Sea, Nordic Seas, and Mediterranean Sea) in
the North Atlantic Ocean. (b) Location of the three formation areas of the Antarctic Bottom Water
(AABW) source waters (i.e. Weddell Sea, Ross Sea, and Adelie Land) in the Southern Ocean.

The formation process for AABW is complex (Gill, 1973; Foster and

Carmack, 1976) and takes place on the Antarctic margin (Orsi et al., 1999; Talley,
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2013), more specifically in the Weddell Sea (Gill, 1973), Ross Sea (Jacobs et al.,
1970) and off Adélie Land (Rintoul, 1998) (Fig. 1b). Its formation involves surface
cooling due to heat loss, and salinity increase due to sea ice formation and brine
rejection, in addition to mixing with surrounding waters during downslope flow
(Foster and Carmack, 1976). The Weddell Sea Deep Water (WSDW), Weddell
Sea Bottom Water (WSBW), Ross Sea Bottom Water (RSBW) and Adélie Land
Bottom Water (ADLBW) forms the AABW (Warren, 1981; Orsi et al., 1999), which
is a colder and denser water mass than NADW. It spreads northward into deep
basins of the global ocean and mixes with overlying lighter waters (Johnson,
2008; Talley, 2013), except for the Arctic and some of the North Atlantic Ocean,
where NADW overlies the ocean bottom (Mantyla and Reid, 1983; Orsi et al.,
2001).

The distribution of deep waters show the main flows within the oceans and
highlight their export pathways (Ferreira and Kerr 2017; Solodoch et al., 2022),
which are important for understanding circulation in the lower ocean layer (e.g.,
Johnson, 2008; Pardo et al., 2012; Tomczak, 1999a), and supports
biogeochemical (Skinner et al., 2010; Azar et al., 2021; Pifango et al., 2022) and
climate projections studies (Boning et al., 2016; O'Neill et al., 2016; Moorman et
al., 2020; Nissen et al., 2022; Li et al., 2023). Past and recent studies on the
distribution of deep waters concentrate efforts mainly in polar regions (Reid and
Lynn, 1971; Pardo et al., 2012; Garcia-lbafiez et al., 2015; Solodoch et al., 2022).
Nevertheless, few studies have presented a global-scale approach (e.g., Nakano
and Suginohara, 2002; Johnson, 2008).

Here, the spatial distribution and quantification of the source water masses

of NADW and AABW are presented based on the percentage of mixing over 46
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years (1973-2019) through the use of the inverse method Optimum
Multiparameter (OMP) analysis (Tomczak, 1981; Thompson and Edwards, 1981,
Mackas et al.,, 1987; Tomczak and Large, 1989) in the global ocean. The
manuscript is organized as follows: section 4.2 describes the formation and
distribution of the main source water masses of the NADW and AABW; section
4.3 describes the methodology and data set; in section 4.4 the results of the
analysis for the Atlantic, Indian and Pacific basins are presented using vertical
sections and horizontal maps of distribution and contribution of water masses;
the distribution and contribution of water masses are discussed in section 4.5;
and finally, the main findings are summarized in section 4.6.
4.2. Formation and distribution context: source water masses of NADW and
AABW

Polar regions are the main sites of formation of deep and bottom water
masses (Mantyla & Reid, 1983; Orsi et al., 1999). In these regions, surface waters
become dense enough to lose buoyancy and sink into the interior layers of the
ocean (Orsi, et al., 1999). In the Labrador Sea and Nordic Seas, the varieties of
upper and lower NADW originate from processes involving the interaction
between the atmosphere and the ocean, mainly during winter (Talley and
Mccartney, 1982; Johnson, 2008). On the other hand, mechanisms involving
shelf processes and the interaction between atmosphere and the ocean in the
Antarctic margin originate the AABW varieties (Orsi et al., 1999, Talley 2013),
which are colder and relatively fresh compared to the waters that make up the
NADW (Johnson, 2008).

In the Labrador Sea, winter cooling and deep ocean convection lead to the

formation of LSW, which is the lightest component of NADW, predominant at

26



depths between 1500 m and 2500 m (Clarke and Gascard, 1983; Garcia-lbanez
et al., 2015), with spreading southward via the Deep Western Boundary Current
(DWBC) and through interior pathways within the basins (Stramma et al., 2004,
Bower et al., 2019). The lower components of the NADW are formed when the
warm waters of the North Atlantic meet the overflow waters of the Arctic (Read,
2000; Dickson et al., 2002). These deep overflow waters enter the Atlantic Ocean
through passages located east of Iceland and through the Denmark Strait
(Fogelgvist et al., 2003; Dickson et al., 2002), mixing with adjacent waters and
originating ISOW and DSOW, respectively (Yashayaev and Dickson, 2008;
Fogelgvist et al., 2003). The ISOW spreads in the deep layers of the Iceland
Basin and flows into the Irminger Basin through the Charlie-Gibbs Fracture Zone,
where it meets the DSOW (Bower and Furey, 2017; Lozier et al., 2022). Part of
the ISOW flows southward within the eastern North Atlantic basin (Garcia-lbanez
etal., 2015) and is recognized for its high salinity and low temperatures compared
to the other NADW source waters in the Nordic Seas. Among the components of
NADW, the DSOW is considered the coldest and densest variety and is found in
the deeper layers of the Irminger and Labrador Basin (LeBel et al., 2008; Lozier
etal., 2022) flowing southward within the DWBC along with the other components
of NADW (Garcia-lbanez et al., 2015; Lozier et al., 2022), other export pathways
within the basins have also been reported for it (LeBel et al., 2008; Lozier et al.,
2022). The upper NADW is also composed of the MW, which is formed in the
Mediterranean Sea and characterized by its maximum salinity, which favors its
high density (Garcia-lbanez et al., 2015; Ferreira and Kerr, 2017). Upon leaving
the Mediterranean Sea through the Strait of Gibraltar, this mass of water sinks

and occupies intermediate depths between 600 m and 2000 m in the eastern
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North Atlantic (Tsuchiya et al., 1992; Alvarez et al., 2004; Bozec et al., 2011;
Ferreira and Kerr, 2017) and spreads to the west and north of this basin, mixing
with surrounding water masses (Lozier et al., 1995; Bozec et al., 2011). Previous
studies show the distribution of NADW in the Atlantic, Indian, Pacific and
Southern Ocean basins (Johnson, 2008; Pardo et al., 2012; Talley, 2013).
Ferreira and Kerr (2017) observed LSW contributions within the ACC, with ISOW
and DSOW extending to approximately 40°S in the Atlantic basin at depths
between 2000 m and 5000 m. NADW contributions have been observed from
~45°S to the Antarctic margin in global ocean basins (Pardo et al., 2012). It is
noteworthy that studies on the distribution of NADW varieties in the global ocean
have received less attention due to the difficulty of tracking the path of a single
NADW water mass, since these waters are well mixed far from their area of
formation. Thus, several works have considered NADW collectively (Johnson,
2008; Nakano and Suginohara, 2002), particularly outside the Atlantic Ocean,
and it is not possible to identify the depth levels corresponding to each water
mass that composes it.

The WSDW, WSBW, RSBW and ADLBW result from the mixing of the
relatively warm and salty waters of the ACC with cold and salty Shelf Waters
(SW) and/or Ice Shelf Water (ISW) in the continental slope of Weddell Sea, Ross
Sea, and Adelie Land, respectively (Jacobs et al., 1970; Foster and Carmack,
1976; Foldvik et al., 1985; Rintoul, 1998; Purkey et al., 2018). Antarctic coastal
polynyas resulting from katabatic winds from the continent result in the rejection
of salt and an increase in surface salinity, contributing to the production of AABW
(Fahrbach et al., 1994; Arrigo and Van Dijken, 2003). The WSDW is the less

dense and warmest component of AABW and is exported northward into the
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Atlantic Ocean through deep channels in the South Scotia Ridge and South
Sandwich Trench (Meredith et al., 2013). Part of the WSDW is also exported
eastward through the ACC (Orsi et al., 1999) spreading to the Atlantic, Indian,
Pacific basins and Southern Ocean, whereas the dense WSBW, the coldest and
freshest component of the AABW, is exported through similar pathways to the
WSDW (e.g., South Sandwich Trench), but it is restricted to abyssal depths at
latitudes greater than 50°S due to its high density (Pardo et al., 2012; Ferreira
and Kerr, 2017). The WSBW extends to approximately Adelie Land, whereas
ADLBW and RSBW are found above 60°S in Adelie Land and areas adjacent to
the Ross Sea, with RSBW extending to near Drake Passage (Pardo et al., 2012).
The RSBW is the warmer and saltier variety of AABW, whereas the ADLBW have

properties in between the WSBW and RSBW.

4.3. Data and methods
4.3.1. Databases compiled and used in this study

Here, we compiled and used a historical dataset available at the World
Ocean Database (WOD 2018, www.ncei.noaa.gov/products/world-ocean-
database) and Global Ocean Data Analysis Project 2020 (GLODAP,
www.glodap.info/), which spans 46 years (1973 - 2019). This dataset includes the
following parameters: conservative temperature (©), absolute salinity (Sa),
dissolved oxygen (O2), phosphate (POa), nitrate (NO3z), silicate (SiOH4*) and
potential vorticity (PV). To restrict the analysis to deep water masses in the global
ocean, only data found at depths greater than 1500 m were selected. The dataset
was separated by ocean basins (Fig. 2a) and the analysis of the distribution of
deep waters was carried out separately for each ocean basin (i.e. Atlantic, Indian,

and Pacific basins).
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Figure 2. (a) Distribution of the hydrographic stations and locations of the three WOCE
hydrographic sections (black lines) running through the Atlantic (A16 and Al14), the Indian (I09N
and 108S) and the Pacific (P16) basins. The black outlined ellipses represent the source areas
where parameters were obtained to determine the source waters of North Atlantic Deep Water in
the North Atlantic Ocean and Antarctic Bottom Water in the Southern Ocean, in addition to three
more intermediate waters (Antarctic Intermediate Water - AAIW, Red Sea Overflow Water -
RSOW, and North Pacific Intermediate Water - NPIW) in the Indian and Pacific basins. The
histogram shows the number of stations per year for the global ocean basin. (b) Ocean Basins
bathymetric features. The acronyms for bathymetric features in the Atlantic Ocean basin are
Irminger Basin (IrB), Reykjanes Ridge (RR), Charlie-Gibbs Fracture Zone (CGFZ), Mid-Atlantic
Ridge (MAR), Angola Basin (AB), South Scotia Ridge (SSR), South Sandwich Trench (SSTr),
North Weddell Ridge (NWR), and Southwest Indian Ridge (SWIR). The acronyms for bathymetric
features in the Indian Ocean basin are Southwest Indian Ridge (SWIR), Mozambique Basin
(MoB), Madagascar Ridge (MR), Madagascar Basin (MB), Kerguelen Plateau (KP), and
Southeast Indian Ridge (SEIR). The acronyms for bathymetric features in the Pacific Ocean basin
are Campbell Plateau (CP), Pacific Antarctic Ridge (PAR), East Pacific Rise (EPR), and Chile
Ridge (CR).
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The dataset used in this work underwent a quality control process before
being made available, in which adjustments were applied to remove significant
biases (if any), while respecting the occurrence of any known or likely trends or
time variations (Boyer et al., 2018; Olsen et al., 2016). A check to avoid repeated

oceanographic stations in the two databases was applied.

4.3.2. Optimum Multiparameter (OMP) analysis

The Optimum Multiparameter Analysis (OMP) was initially proposed by
Tomczak (1981) and implemented by Tomczak and Large (1989) as an extension
of classical mass mixing analysis of water, previously carried out using the TS
diagram (Mamayev, 1975). In this method, conservative and non-conservative
parameters are used to trace the water masses by calculating the contributions
of each of them through linear mixing equations (Tomczak and Large, 1989). In
this context, the OMP method determines the percentage contribution of each
source water type (SWT) previously defined (Tomczak and Large, 1989). The
SWT represents the values of the parameters of an original unmixed water mass,
that is, it corresponds to water with characteristics typical of the properties of the
region where it originated (Poole and Tomczak, 1999). In this way, in addition to
determining the contribution between all selected SWT, the OMP method allows
the spatial distribution of water masses to be analyzed (Tomczak and Large,
1989). Subsequently, ocean circulation can be deduced through the distribution
of water masses (e.g., Johnson, 2008). However, the method presents two
restrictions: (i) the contribution of all SWT must be equal to 100% to ensure mass
conservation; and (ii) this contribution should not be negative (Tomzack et al.,
1989). In this study, seven ocean parameters were used in the OMP analysis

(see Table 1).
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This method can also be used in its basic or extended form depending,
mainly, on the spatial scale of the analysis and the availability of water mass
tracers (Karstensen and Tomczak, 1999). In this study, the extended OMP
method was applied, since the objective is to analyze the distribution of deep
waters on a large scale. The extended form considers that non-conservative
parameters present changes in their concentrations due to biogeochemical
processes, such as remineralization and respiration as water masses evolve
(Karstensen and Tomczak, 1999). For this reason, the Redfield Ratio is
incorporated into the equations as a correction factor for these modifications
(Anderson and Sarmiento, 1994; Karstensen and Tomczak, 1999). The linear

system of mixing equations from OMP analysis is then shown in equation 1

below:

X1T1+ XoT2 + XaT3 + XaTa + X5Ts5 + Xe e + X717 +0 = Tobs + Rt
X1S1 + X2S2 + X3S3 + X4S4 + X5Ss + X6S6 + X7S7 +0 = Sobs +Rs
X102,1 + X2022 + X302;3 + X402,4 + X502,5 + X602,6 + X702,7 —roPAP = Oz,0bs  + Ro2

X1POa4,1+ X2PO42 + X3POa3+ XaPOa s+ XsPOs5 + X6POas6 + X7PO4 7 + AP = POa4,0bs + Rpos
X1NO3,1 + Xx2NO32 + XaNO3z,3 + XxaNO3z .4 + XsNO3 5 + XsNO3z 6+ X7NO37 + rnvpAP = NO3,obs + Rnos

X1Si03,1 + X2Si03,2 + X3Si03,3 + X4Si034 + X5Si035 + X6Si03,6 + X7Si03,7 + rnpAP = SiO3,0bs + Rsios

X1PV1 + x2PV2 + x3PV3 + x4aPVa + xsPVs + x6PVs + Xx7PV7 +0 =PVobs + Rpv
X1+ X2 + X3 + Xa+ X5 + X6 + X7 +0 =1 +R:
1)

The observed values of Tobs, Sobs, Oobs, Pobs, Nobs, Siobs, and PVops,
represent the values of the conservative temperature, absolute salinity, dissolved
oxygen, phosphate, nitrate, silicate and potential vorticity, respectively, while R
represent the residue of each parameter; r AP represents the Redfield ratio; Tj,
Sj, Oj, Pj, Nj, Sij and PVj with j varying from 1 to 7, represent the parameter values
of each SWT; xj the contributions of each SWT (unknowns) and the last equation
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represents the mass conservation condition (Anderson and Sarmiento, 1994;
Karstensen and Tomczak, 1999). The above system of equations can be written
In matrix notation as shown below in equation 2:

Gx-d=R (2)
where G represents the matrix with the values of the properties of each SWT, x
is a vector of the contributions calculated for each SWT, d is a vector of the
observed data and R is the residual value (Tomczak and Large, 1989).

In the OMP analysis, the parameters often do not present the same
representation, due to the influence of environmental variability and the analytical
and instrumental precision of the measurements (Ferreira and Kerr, 2017).
Therefore, a weighted version of the G matrix was applied, including a W matrix,
which has respective weights for each parameter (equation 3), according to the
method described by Tomczak and Large (1989).

W = 012/ &jmax 3)

The W represents the weight, oj? is the variance for each SWT parameter
and &j max is the maximum variance of the parameter among all source waters
(Tomczak and Large, 1989). Each parameter receives its own weight, indicating
that each thermohaline property can influence the mixing calculation differently.

The SWT indices are summarized in Table 1.

33



Table 1. Source waters type (SWT) indices with the respective standard deviations considered in
the study. The weights and Redfield ratio for each parameter used in the Optimum Multiparameter
analysis (OMP) are also given. The acronyms for the source water masses correspond to
Labrador Sea Water (LSW), Denmark Strait Overflow Water (DSOW), Iceland-Scotland Overflow
Water (ISOW), Mediterranean Water (MW), Weddell Sea Deep Water (WSDW), Weddell Sea
Bottom Water (WSBW), Adelie Land Bottom Water (ADLBW), Ross Sea Bottom Water (RSBW),
Antarctic Intermediate Water (AAIW), Red Sea Overflow Water (RSOW), and North Pacific
Intermediate Water (NPIW).

SWT 0 (°C) Sa (g kg) DO PO4 NOs SiOHa PV

umol/kg umol/kg umol/kg umol/kg 10® ms?
LSW 3.072+0.182 35.055 £ 0.015 284+9.0 1.08 + 0.003 16.2 +0.05 10+0.05 0.0116 +0.002
DSOW 1.494 + 0.200 35.054 +0.002 299+2.0 0.94 +£0.010 14.0+0.25 8+0.23 0.0675 + 0.006
ISOW 2.822+0.112 35.136 + 0.006 274+04 1.08 £ 0.001 16.2 +0.08 13 +0.56 0.0329 +0.002
Mw 9.936 + 0.119 36.125 £ 0.033 186 £ 0.4 1.00 + 0.009 16.6 + 0.06 9+0.12 0.0664 + 0.002
WSDW 0.000 + 0.050 34.823 +£0.018 223+5.0 2.25+0.050 32.8+0.40 114 £ 8.0 -0.0095 + 0.005
WSBW -1.000 + 0.119 34.810 £0.013 257 +8.0 2.22 £0.040 32.2+0.40 112+ 4.0 -0.0078 + 0.006
ADLBW -0.470 + 0.055 34.835 +0.008 239+3.0 2.22 £0.005 31.9+0.01 109 £ 0.04 -0.0076 + 0.001
RSBW -0.250 + 0.006 34.863 £ 0.003 229+2.0 2.24 +£0.007 31.5+0.18 99 +0.54 -0.0109 £ 0.0002
AAIW 3.403 £ 0.214 34.429 £0.013 222+4.0 2.15+0.007 30.81+0.02 34 +0.83 -0.0797 £ 0.003
RSOW 11.168 + 0.862 35.754 £ 0.169 15+8.0 2.59 £ 0.006 31.59 +1.99 49 £ 2.61 0.0376 £ 0.010
NPIW 3.803 £ 0.198 34.344 £ 0.090 54 +£12 2.89£0.070 40.47 £1.13 108 £9.0 0.0909 £ 0.013
Weights 7.9395 7.9395 6.0938 1.3421 5.7383 1.1201 0.0574
Redfield Ratio n/a n/a -170 1 16 40 n/a

4.3.3. Source waters type definition

The number of water masses used in the OMP analysis depends on the
number of parameters available (Tomzack and Large, 1989). Here, the following
water masses were used for the OMP analysis: LSW, DSOW, ISOW and MW,
defined as source waters of NADW (Dickson and Brown, 1994; Johnson, 2008;
Garcia-lbanez et al., 2015; Ferreira and Kerr, 2017); WSDW, WSBW, ADLBW
and RSBW, defined as source waters of AABW (Orsi et al., 1999; Johnson, 2008;
Pardo et al., 2012; Ferreira and Kerr, 2017); and the intermediate waters AAIW,
RSOW and NPIW, added to the analysis to reduce possible errors regarding
mixing with the upper layer of NADW (Johnson, 2008), totaling eleven water
masses. Furthermore, seven parameters were used, the conservative
temperature — ®, absolute salinity — Sa, dissolved oxygen — O2, phosphate —

PO,3", nitrate — NOs’, silicate — SiOH4* and potential vorticity - PV, which limits
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the analysis to up to seven source water masses. In order to solve the problem
between the limitation of water masses by the number of parameters, the OMP
rounds were carried out separately by basins and the best linear combination of
mixing between water masses was considered to obtain the following
arrangement (i): the Atlantic basin involving the mixing of LSW, DSOW, ISOW,
MW, WSDW, WSBW and AAIW; (ii) the Indian basin involving the mixing of LSW,
ISOW, WSDW, WSBW, ADLBW, AAIW and RSOW; and (iii) the Pacific basin

involving the mixing of LSW, ISOW, WSDW, ADLBW, RSBW, AAIW and NPIW.

4.3.4. Calculation of source water type indices

The indices of the SWT (Table 1) that make up the G matrix were defined
from linear regression using oceanic data from the region where each water mass
was formed (Fig.2a). Initially, ® was defined as the independent variable for each
SWT based on the literature (Johnson, 2008; Pardo et al., 2012; Garcia-lbanez
etal., 2015; Ferreira and Kerr, 2017; Fuhr et al., 2021). It is noteworthy that some
of these studies report potential temperature values, thus those values were
transformed to ® using the TEOS-10 equations. The minimum and maximum ©
limit of each SWT was calculated from the standard deviation of the formation
area data of each SWT (Fig. 2a). Subsequently, the dependent parameters (Sa,
02, PO4, NOs, SiOH4* and PV) of each water mass were plotted as a function of
the previously defined independent parameter. From linear regression, the
minimum and maximum values of the independent parameter define the

minimum and maximum limits of the dependent parameters. The ® and Sa values

of the SWT can be observed in the ®-Sa diagram (Fig. 3).
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Figure 3. ®-Sa diagram (°C-g kg) of Atlantic and Southern Oceans data obtained from the
GLODAP and WOD18 database, with the black dots defining each source waters type used in
the analysis: Labrador Sea Water (LSW), Iceland-Scotland Overflow Water (ISOW), Denmark
Strait Overflow Water (DSOW), Weddell Sea Deep Water (WSDW), Weddell Sea Bottom Water
(WSBW), Adelie Land Bottom Water (ADLBW), and Ross Sea Bottom Water (RSBW). The
colorbar represent the neutral density (Y"; kg m-3).
4.3.5. Sensitivity test

A sensitivity test was applied to ensure the robustness of the results.
Therefore, it was applied a Monte Carlo approach to randomly vary the SWT
indices within the range of properties of each water mass, as the OMP does not
consider temporal changes in the definition of these SWT. A total of 50 OMP runs

were performed with slightly modified SWT parameters considering the range of

properties represented in Table 1. Only results that obtained a mass conservation
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residual up to 10% were considered. The results presented are the average of all

OMP runs performed (Almeida et al., 2018; Kerr et al., 2018).

4.4. Results

4.4.1. Water mass distributions in the Atlantic basin

The distribution and quantification of the contribution of NADW and AABW
source water masses infers their main pathways in the Global Ocean basin. Total
contributions were quantified in the western and eastern Atlantic Ocean basins.
The western and eastern basins of the Atlantic Ocean show greater contributions
to LSW, ISOW and WSDW (Table 2), highlighting the strong influence of these
source waters in these basins. DSOW presented a greater contribution in the
western basin of the Atlantic Ocean, whereas the largest MW contribution was in
the eastern basin, close to its formation area (Table 2). WSBW showed greater
contribution in the western basin and slightly less contribution in the eastern basin
(Table 2). As expected, LSW is predominant in the Labrador Basin with significant
contributions in the Iceland Basin and the Irminger Basin (Fig. 4a). In the
Labrador Basin, the LSW is found from 1500 m to greater depths and has a higher
concentration between 1800 m and 2500 m. From about 55°N to equatorial
latitudes, LSW is found between 1500 m and ~3000 m, with highest
concentrations between 1800 m and 2400 m, reaching a contribution of
approximately 70% (Fig. 5a). From the equatorial to subtropical regions of the
South Atlantic, the LSW is enriched from ~70% to 80% coevally with its

deepening between 30°S and 50°S (Figs. 4a, b, c and 5a).
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Table 2. Total contribution (%; first line) and averaged contributions with the respective standard deviations (%; second line) of source waters in each ocean
basin. The acronyms represent the source waters: Labrador Sea Water (LSW), Denmark Strait Overflow Water (DSOW), Iceland-Scotland Overflow Water
(ISOW), Mediterranean Water (MW), Weddell Sea Deep Water (WSDW), Weddell Sea Bottom Water (WSBW), Adelie Land Bottom Water (ADLBW) and, Ross

Sea Bottom Water (RSBW).

Source Atlantic West Atlantic  East Atlantic Indian West Indian East Indian Pacific West Pacific East Pacific
Waters Ocean Basin Ocean Basin Ocean Basin Ocean Basin Ocean Basin Ocean Basin Ocean Basin Ocean Basin Ocean Basin
LSW 36.6% 36.8% 36.9% 30.4% 29.3% 29.2% 42% 42 1% 41.7%
32.3+14% 32.8 + 14% 32.2 +14% 25+ 9% 25.7 £ 9% 24.2 + 8% 37 £ 6% 37 +5% 36.9 + 8%
ISOW 29.6% 27.7% 32.4% 1.7% 1.8% 1.8% 0.3% 0.2% 0.6%
26% + 12% 24 + 1% 28.2 + 13% 1.4 +0.5% 1.4+ 0.5% 1.4 +0.5% 0.2 +0.04% 0.1 +0.02% 05+0.1%
DSOW 6.1% 8.6% 2.5% - - - - -
4+1% 6+2% 1+0.6%
MW 4.7% 3.7% 6% - - - - -
3.6+1% 3+1.3% 4+1%
WSDW 19% 19.1% 18.4% 57% 58.4% 58.3% 55.3% 56% 53.7%
12 + 5% 12 +5% 12 + 4% 46.6 + 16% 453 +15% 48 + 16% 48.7 + 10% 492 +11% 474 + 10%
WSBW 4% 4% 3.8% 8.1% 8% 7.8% - -
2.7+0.7% 2.7+0.7% 2.6 +0.6% 6.6 +2% 6.6 +2% 6.6 +2%
ADLBW - - - 2.7% 2.5% 2.5% 0.7% 0.6% 1%
2.1+0.6% 2.2+0.6% 2.1+0.5% 0.6 +0.1% 0.5+0.1% 0.8+0.1%
RSBW - - - - - - 1.6% 1% 2.9%
1.3+0.2% 0.9+0.1% 25+0.5%
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At these latitudes, this water mass core is found between 2000 m and 2500
m (Figs. 4a, b and 5a) and below 2500 m it gradually decreases its contribution
until a depth of 4000 m with values reaching ~10% west of Mid-Atlantic Ridge
(Fig. 5a). Between 40°S and 50°S the LSW has a high contribution above 2000
m, which suggests the upwelling of LSW to shallower layers (Fig. 5a). From 50°S

the LSW decreases its contribution from 50% to 10% at approximately 60°S (Fig.

5a).

LSW distribution at 2400 m
-

60 ) > o
2 N
30°n 4 -
e,

Figure 4. Distribution and contribution (%) of North Atlantic Deep Water (NADW) source waters
in the Atlantic basin. Labrador Sea Water (LSW) at (a) 2200 m, (b) 2400 m and (c) 2800 m.
Iceland-Scotland Overflow Water (ISOW) at (d) 2700 m and © 3200 m. Denmark Strait Overflow
Water (DSOW) at (f) 3800 m.

The ISOW showed higher concentration to the south of Iceland between
2100 m and 2800 m with values above 90% (Figs. 4d and 5b). The ISOW is also

found in the western Reykjanes Ridge, in the Irminger and Labrador basins, with
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contributions above 75% (Fig. 4d). As well LSW, the ISOW occupies the entire
North Atlantic basin, but it is found at greater depths (Fig. 4e). From ~55°N to
40°N, the ISOW presents a core between 2800 m and 3500 m, contributing with

values above 80% (Figs. 4e and 5b).
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Figure 5. Distribution and contribution (%) of North Atlantic Deep Water (NADW) source waters
in the Atlantic basin along the WOCE A16 section (Fig. 2a). The names of the source waters type
(SWT) are on the bathymetry: (a) Labrador Sea Water (LSW), (b) Iceland-Scotland Overflow
Water (ISOW), (c) Denmark Strait Overflow Water (DSOW), and (d) Mediterranean Water (MW).
The acronyms of the bathymetric features are the North Weddell Ridge (NWR) and Mid-Atlantic
Ridge (MAR).
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From 40°N to the equatorial region, the ISOW distribution presents the
largest contributions (above 80%) at the extreme western boundary (Fig. 4e).
Whereas in the interior of the Atlantic basin, from 40°N to ~10°S, the ISOW shows
relatively lower contributions, with values of up to 70% (Figs. 4e and 5b). From
10°S the ISOW decreases its contribution from 70% to less than 10% at 40°S
between 3000 m and 4000 m (Figs. 4e and 5b). The ISOW occupies the entire
North Atlantic basin, from 2100 m to the bottom (Fig. 5b). However, from the
equator it reaches depths of approximately 4700 m at the western boundary of
the South Atlantic basin (Fig. 5b), below this are WSDW and DSOW, while at the
eastern boundary ISOW is found throughout the water column from 2100 m to
the lower layers (Fig. 6). Nonetheless, south of the Walvis Ridge the ISOW shows
a significant decrease in its contribution (Figs. 4d, e and 6). From ~35°S the ISOW
is found in the southern basin of South Africa with contributions between 40%
and 10% (Fig. 4e).

== 100
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Depth [m]
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Figure 6. Distribution and contribution (%) of Iceland-Scotland Overflow Water (ISOW) in the
Atlantic basin along the WOCE A14 section (Fig. 2a).
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The distribution of DSOW shows that it is the coldest and densest of the
NADW source waters, occupying the bottom layer. DSOW has a core in the
bottom layers of the Greenland, Labrador and Irminger basins, with contributions
between 90% and 50%. South of about 36°N the DSOW distribution shows
values below 30% from 3500 m to the bottom layer (Fig. 5¢). From 10°S to ~38°S,
the DSOW decreases its concentration and presents values of up to 10% (Fig.
4f). The DSOW distribution shows higher contributions (30% - 20%) in the
western Mid-Atlantic Ridge (Fig. 4f), whereas in the eastern Mid-Atlantic Ridge
its contributions are relatively lower due to higher ISOW contributions. The
DSOW in the Angola basin shows higher contributions due to the lower presence
of ISOW (Fig. 4f).

The MW is mainly found in the intermediate layers of the Iberian basin, with
the highest concentrations of this water mass found near 36°N in the Iberian basin
at 1500 m with contributions reaching 85% (Fig. 7a). From 1800 m to 2000 m,
MW presents a contribution of around ~45% (Fig. 7b) and as depth increases its
contribution decreases. Part of the MW spreads to the north, with contributions
of 80% to the south of Portugal and 50% to the north of Spain (Fig. 7a). Another
part spreads westward towards the central Atlantic with contributions from ~40%
at 1500 m (Figs. 5d and 7a) to 20% at 2000 m (Fig. 5d). The MW extends to

approximately 30°S with a contribution of ~5% (Figs. 5d and 7a).
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Figure 7. Distribution and contribution (%) of North Atlantic Deep Water (NADW) source water in
the Atlantic basin. Mediterranean Water (MW) at (a) 1500 m and (b) 1900 m.

The WSDW and WSBW dominate the bottom layer of the South Atlantic and
the Antarctic basins. The WSDW is the lightest variety of AABW and presents
high contributions (greater than 90%) from 1500 m to the bottom layers (Figs. 8a,
b and 9a). South of 60°S at depths greater than 3500 m the contribution of WSDW
is lower (less than 60%) (Figs. 8a, b and 9a). The WSDW distribution on the
western boundary shows high contributions up to approximately 30°S with values
above 80% and from 30°S onwards the contribution of this water mass gradually
decreases (Fig. 8a and b). The WSDW contribution decreases from 70% in the
Cape Basin to ~25% in the Angola basin (Fig. 8b), whereas on the western
boundary WSDW shows contributions above 80% at ~30°S and 70% - 60% at
tropical latitudes (Fig. 8a and b). North of the equator, the WSDW extends to
approximately 50°N, reaching contributions of 10% at depths greater than 3600
m (Figs. 8a, b and 9a). The WSBW core is mainly found below 4000 m depth at
latitudes higher than 60°S with values above 60% (Figs. 8c, d and 9b). This water
mass is the densest variety of the AABW in the Atlantic basin (Johnson, 2008)

and extends to near 50°S with a contribution of ~6% (Figs. 8c, d and 9b).
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Figure 8. Distribution and contribution (%) of Antarctic Bottom Water (AABW) source waters in
the Atlantic basin. Weddell Sea Deep Water (WSDW) at (a) 4000 m and (b) 4200 m. Weddell Sea
Bottom Water (WSBW) at (c) 4000 m and (d) 4600 m.
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Figure 9. Distribution and contribution (%) of Antarctic Bottom Water (AABW) source waters in
the Atlantic basin along the WOCE A16 section (Fig. 2a). The names of the source waters type
(SWT) are on the bathymetry: (a) Weddell Sea Deep Water (WSDW), and (b) Weddell Sea
Bottom Water (WSBW). The acronyms of the bathymetric features are the North Weddell Ridge
(NWR) and Mid-Atlantic Ridge (MAR).

4.4.2. Water mass distributions in the Indian basin

Total contributions were quantified in the western and eastern Indian Ocean
basins. The WSDW and LSW showed the largest contributions in the western
and eastern basins of the Indian Ocean (Table 2), highlighting the dominance of
these waters in relation to the other source waters analyzed in these basins
(ISOW, WSBW and ADLBW).

The LSW fraction is mainly found between 1800 m and 3000 m with
contributions between 65% and 30% (Figs. 10a and 12a). This water mass
extends from ~60°S to the north of the Indian basin with maximum contribution

(65%) found between 40°S and 10°S between 2000 m and 2500 m (Figs. 10a
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and 12a). The distribution of the LSW shows relatively high contributions in the
Mozambique, Madagascar and Australian basins, suggesting a main northward
path of the LSW across the western and eastern Indian basin (Fig. 10a). In the
north of the equator, the LSW values vary around 55% between 1800 m and 2400
m, whereas below 2400 m to 4000 m the values found are between ~50% and
~15% (Fig. 12a). Throughout the Indian basin, the LSW reduces its contribution
(up to ~30%) at depths greater than 4000 m (Fig. 12a). The ISOW fraction in the
Indian basin reaches values of up to 11% and is restricted to depths greater than
2500 m with greater distribution at depths around 4000 m (Figs. 10c and 12b).
This water mass is found in the Mozambique basin, where it reaches its maximum
extent near 25°S with contributions of around ~10% (Fig. 10b and c). However,
part of the ISOW is found south of 50°S in the western and eastern Indian and

Antarctic basins (Fig. 10b and c).

(R) LSW distribution at 2200 m ISOW distribution at 3200 m (C) ISOW distribution at 4000 m

Figure 10. Distribution and contribution (%) of North Atlantic Deep Water (NADW) source waters
in the Indian basin. Labrador Sea Water (LSW) at (a) 2200 m. Iceland-Scotland Overflow Water
(ISOW) at (b) 3200 m and (c) 4000 m.

The WSDW fills much of the bottom of the Indian basin, with a total
contribution of 57 + 12%, with maximum values around 80% and 85% between
3000 m and 3500 m in the eastern and central Indian basin (Fig. 11a), and below
3500 m WSDW shows a contribution of approximately 70%, dominating the

bottom layer of the Indian basin (Figs. 11b and 12c). The WSDW shows
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contributions around 70% at 2000 m in the Antarctic basin, however from ~50°S
its contribution decreases above this depth and the highest WSDW values are
found in the bottom layers (Fig. 12c).

(R) WSDW distribution at 3200 m

(D) WSBW distribution at 4300 m (F} ADLBW distribution at 3000 m

e

e e —

Figure 11. Distribution and contribution (%) of Antarctic Bottom Water (AABW) source waters in
the Indian basin. Weddell Sea Deep Water (WSDW) (a) at 3200 m and (b) 4000 m. Weddell Sea
Bottom Water (WSBW) (c) at 4000 m and (d) 4300 m. Adelie Land Bottom Water (ADLBW) (e) at
2400 and (f) 3000 m.

Fractions of the WSBW and ADLBW contribute a total of 8.1 + 0.3% and 2.6
+ 0.06%, respectively. The distribution of these water masses shows the
dominant role of the AABW source waters in the bottom layers of the South Indian
and Antarctic basins (Figs. 11c, e and 12d and e), with WSBW achieving
contributions of up to 60% at 4000 m (Fig. 11c), whereas the ADLBW fraction

only exceeds 30% from ~2400 m to 3000 m (Fig. 11e and f).
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Figure 12. Distribution and contribution (%) of North Atlantic Deep Water (NADW) and Antarctic
Bottom Water (AABW) source waters in the Indian basin along the WOCE I09N and 108S sections
(Fig. 2a). The names of the source waters type (SWT) are on the bathymetry: (a) Labrador Sea
Water (LSW), (b) Iceland-Scotland Overflow Water (ISOW), (c) Weddell Sea Deep Water
(WSDW), (d) Weddell Sea Bottom Water (WSBW), and (e) Adelie Land Bottom Water (ADLBW).
The acronym of the bathymetric feature is the Southeast Indian Ridge (SEIR).

The WSBW fraction extends up to ~35°S at 4300 m in the southwest Indian

basin, reaching values of up to 10% contribution, while much of its contribution is
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restricted to south of 50°S (Fig. 11c, d and 12d). The distribution of ADLBW also

shows a limit of ~50°S in its extension to the north (Fig. 11e, fand 12e).

4.4.3. Water mass distributions in the Pacific basin

Total contributions were quantified in the western and eastern Atlantic
Ocean basins. The WSDW and LSW showed the largest contributions in the
western and eastern basins of the Pacific Ocean (Table 2), highlighting the
dominance of these waters in relation to the other source waters analyzed in
these basins (ISOW, RSBW and ADLBW).

Relatively high LSW contributions are found in the western South Pacific
basin and as it spreads eastward its contribution shows a short decrease (Fig.
13a). At depths around 2200 m the LSW shows a decrease in its contribution as
it spreads towards the North Pacific basin (Figs. 13a and 14a). Between
approximately 58°S and 48°S, between 1500 m and 3400 m, the LSW fraction
shows higher contributions (50%) and below 3400 m the contributions vary
around 41% and 25% (Fig. 14a). Below 3400 m from 30°S to the North Pacific
basin the contribution of the LSW vary around 41% and 38% (Fig. 14a). From the
Southern Pacific basin to ~35°N the LSW above 2200 m shows contributions of
~40% and north of 35°N the LSW above 2200 m has values up to 30% (Fig. 14a).
Above ~1700 m the LSW is enriched in the equatorial region, reaching values of
up to 50% (Fig. 14a). The ISOW is restricted to approximately 60°S south of the
Pacific Antarctic Ridge (Fig. 13b) and shows contributions ranging from 2% to
~10% from 2000 m to the bottom layers, with a core between 2800 m and 3200
m (Fig. 14b).

The WSDW fraction fills much of the bottom of the Pacific basin, with a total

contribution of 55.3 £ 11%, with maximum values above 70% below 3000 m (Fig.
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13c). In the western Pacific basin, the maximum WSDW contribution (~70%)
extends near to the equator, while in the eastern basin the maximum contribution
extends to near 35°S (Fig. 13c). In the northern, western, and eastern Pacific
basins, at depths below 3200 m the WSDW contributions reach values of 60%
and above this depth the WSDW contribution decreases, reaching values of 50%

at 3000 m to below 15% at 1600 m (Fig. 14c).

(A) LSW distribution at 2200 m

ISOW distribution at 3200 m (C) wsbw distribution at 4000 m

(D) ADLBW distribution at 3500 m

e . -
s A

Figure 13. Distribution and contribution (%) of North Atlantic Deep Water (NADW) and Antarctic
Bottom Water (AABW) source waters in the Indian basin. Labrador Sea Water (LSW) (a) at 2200
m and, Iceland-Scotland Overflow Water (ISOW) (b) at 3200 m. Weddell Sea Deep Water
(WSDW) at (c) 4000 m, Adelie Land Bottom Water (ADLBW) (d) at 3500 m and, Ross Sea Bottom
Water (RSBW) (e) at 4000.

Fractions of the ADLBW and the RSBW contribute a total of 1.6 £ 0.1% and
0.8 + 0.2%, respectively. As in the Indian basin, these waters are distributed
mainly south of 60°S of the Pacific Ocean basin, with ADLBW contributing 40%
at ~3500 m near Adelie Land (Fig. 13d), whereas RSBW shows maximum
contribution from 60% to 90% below 3500 m (Fig. 13e) and contributions of 30%

at depths above 2600 m (Fig. 14 e).
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Figure 14. Distribution and contribution (%) of North Atlantic Deep Water (NADW) and Antarctic
Bottom Water (AABW) source waters in the Pacific basin along the WOCE P16 section (Fig. 2a).
The names of the source waters type (SWT) are on the bathymetry: (a) Labrador Sea Water
(LSW), (b) Iceland-Scotland Overflow Water (ISOW), (c) Weddell Sea Deep Water (WSDW), (d)
Adelie Land Bottom Water (ADLBW), and (e) Ross Sea Bottom Water (RSBW). The acronym of
the bathymetric feature is the Pacific Antarctic Ridge (PAR).

Most of the ADLBW and RSBW are restricted south of the Pacific Antarctic

Ridge at approximately 60°S (Figs. 13d, e and 14d and e). North of the Pacific
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Antarctic Ridge the ADLBW extends to ~55°S with values up to 40% in the

southwest Pacific basin near Adelie Land (Fig. 13e).

4.5. Discussion
4.5.1. Water mass distributions in the Atlantic basin

The distribution of the LSW, ISOW and DSOW in the Nordic and Labrador
Seas (Fig. 4a, b, c, d, e and f) agree with studies on their paths (e.g., Garcia-
Ibanez et al., 2015; Bilo and Johns, 2019; Bower et al., 2019) indicating the
recirculation of these water masses to the north through the North Atlantic Current
(Zou et al., 2020; Bower et al., 2019). The LSW fraction reaches greater depths
at the western boundary of the North Atlantic basin up to ~30°N (Fig. 4b), which
is a region where the Deep Western Boundary Current (DWBC) carries LSW from
its site of formation to the south along the western boundary (Stramma et al.,
2004; Yashayaev, 2007). From ~30°N the LSW contributions are at similar depth
levels at the western and eastern boundary of the Atlantic basin (Fig. 4b), which
apparently agrees with the northward recirculation of DWBC, decreasing the
transport within the DWBC (Lozier 1997; Schott et al., 2006). The LSW also
shows high contributions (~70%) at the eastern boundary of the North Atlantic
(Figs. 4a and 5a), indicating eastward flow over the Mid-Atlantic Ridge by North
Atlantic Current (Lozier, 1997; Bower et al., 2009; Bil6 and Johns, 2019),
consistent with studies on interior recirculation pathways in LSW export to the
subtropical gyre (Zou and Lozier, 2016; Bower et al., 2019). The LSW is found
between 1500 m and ~4000 m with largest contributions at ~2200 m (Fig. 5a),
agreeing with studies on its distribution in the Atlantic Ocean (e.g., Johnson,
2008; Ferreira and Kerr, 2017; Romera-Castillo et al., 2022), this water mass is

one of the source waters of NADW and is considered as the main origin of the
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upper NADW (Talley et al., 2011). The upward flow of LSW near the ACC to
shallower depths (Fig. 5a), likely causes an increase in its contribution in the
South Atlantic between 40°S and 50°S (Ferreira and Kerr, 2017). The Ekman
transport generated by wind stress in the surface layers is responsible for causing
the upwelling of deeper waters (Rintoul et al., 2001). Furthermore, the deepening
of isopycnals observed at ~40°S (Figs. 4a, b, c and 5a) is due to the subtropical
gyre (Talley et al., 2011) and the presence of AAIW in this area, which also
suggests an increase in contribution from LSW (Ferreira and Kerr, 2017). This
LSW deepening behavior is also evident in other studies (e.g., Ferreira and Kerr,
2017; Romera-Castillo et al., 2022). Once outcropped into the upper ocean in the
Antarctic basin, the LSW becomes a source of AABW (Talley, 2013). The
presence of LSW in the Cape Basin (Fig. 4a, b and c), suggests that fractions of
this water mass exit the South Atlantic basin via southern South Africa (Arhan et
al., 2003; van Sebille et al., 2012; Garzoli et al., 2015).

The distribution of ISOW and DSOW across Iceland, Irminger and Labrador
basins (Fig. 4d, e and f) agrees with studies on their transport by the DWBC
before continuing towards the equator (Bower et al., 2019; Zou et al., 2020).
Interior ISOW pathways in the North Atlantic show westward flow through the
Charlie-Gibbs Fracture Zone, spreading toward the Irminger and Labrador Basins
(Fig. 4d) via cyclonic flow west of the Reykjanes Ridge (Stramma et al., 2004;
Lozier et al., 2022) explaining the presence of ISOW in the Irminger and Labrador
Basins (Fig 5c). The southward transport of the ISOW by the DWBC likely
contributes to the largest contributions of this water mass at the western boundary
of the North Atlantic basin, whereas at the eastern boundary it flows equatorward

following a dominant flow (Fleischmann et al., 2001; Zou et al., 2017, 2020) with

53



minor contributions (Fig. 4e). In the eastern South Atlantic basin, the ISOW is
blocked by the Walvis Ridge (Fig. 6), which explains the lower contributions in
the Cape basin. ISOW make up the lower NADW and is present in the bottom
layer of the North Atlantic basin, which does not happen in most of the South
Atlantic basin, where denser water masses (DSOW and WSDW) are present in
these depths (Figs. 5¢ and 9a). The DSOW was found in the Labrador Sea at
3800 m (Fig. 4f) is possibly advected along the deep boundary currents of the
Irminger Sea to Labrador Sea (Lozier et al., 2022). Model results showed the
DSOW spread into the interior of the Labrador Sea from the Greenland side, likely
due to topographic interactions (Xu et al., 2015; Lozier et al., 2022). The
distribution of DSOW in the North Atlantic basin (Fig. 4f) with a predominant
presence in the western basin suggests a dominant transport to the south by the
deep boundary current according to studies on its paths (e.g., Lozier et al., 2022).
Southward transport of DSOW along the DWBC and interior pathways are likely
impacted by eddy-driven recirculations within the North Atlantic basin (Lozier,
1997; Gary et al., 2012) and its highest density among the NADW source waters
makes it spread through layers of bottom close to the ground (Fig. 5¢). The LSW,
ISOW and DSOW spread south in the zonal direction transported mainly by the
DWBC (Bower et al., 2019), covering the deep and overflow layers as
distributions shown in the Atlantic Ocean basin (Fig. 4a, b, ¢, d, e and f). However,
it is likely that only LSW and part of ISOW are exported and mixed within other
ocean basins from ACC, while DSOW is restricted to the Atlantic basin due to its
greater depth (density) and interactions with the bottom (Fig. 5¢). The MW enters
the North Atlantic through the Strait of Gibraltar from the Mediterranean Sea

(Bozec et al., 2011) with a core on the Iberian basin shelf (Fig. 7a). Its distribution
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is associated with a northward advective flow (Reid, 1979) and westward
transport by meddies (Maze et al., 1997), consistent with the distribution
presented here (Fig. 7a and b). In regions far from the MW core (zonal direction
and deeper regions) the presence of LSW fractions induces a decrease in MW,
suggesting a mixing between these water masses (Figs. 5d and 7a and b).

The distribution pattern of the WSBW and WSDW along their paths
suggests their interaction with sills and narrow passages of the ocean floor in
addition to mixing processes (Bryden and Nurser, 2003; Solodoch et al., 2022).
The WSBW is blocked by the North Weddell Ridge and the Southwest Indian
Ridge and is restricted to ~50°S (Figs. 8c, d and 9b), whereas the more buoyant
and warmer WSDW has a greater range spreading northward (Figs. 8a, b and
9a), consistent with the study by Ferreira and Kerr (2017). In the bottom layer
south of North Weddell Ridge and Southwest Indian Ridge, the presence of
dense WSBW induces a decrease in WSDW (Figs. 8a, b, ¢, d and 9b), respecting
mass conservation. The distribution of WSDW and WSBW shows the main route
of AABW into the South Atlantic basin through passages in the Scotia Sea and
the South Sandwich Trench (Figs. 8a, b, ¢ and d), whereas on the eastern
boundary part of the WSDW is bounded by the Walvis Ridge in the Angola Basin
(Fig. 8a and b), these pathways are consistent with the available observations
about AABW (Johnson, 2008; Meredith et al., 2013; Ferreira and Kerr, 2017). The
lower WSDW contributions from ~30°S on the western boundary suggest its
blocking by the bottom topography (Fig. 8a and b). The WSDW found in the
Argentina basin spreads into the Brazil basin through the Vema Channel (Fig.
8b), the main pathway for the northward flow of AABW (Talley et al., 2011;

Morozov et al., 2018; Campos et al., 2021), where it is exported via the deep
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western boundary current and through recirculation pathways within the basins
(Reid, 1994; 1997, Talley et al., 2011; Purkey et al., 2018). The contribution of
WSDW decreases as it spreads northward, suggesting its absorption by NADW,
highlighting the influence of WSDW on deep water mixing at high latitudes (Figs.
8a, b and 9a). Here, WSDW mixes most strongly with DSOW and ISOW in the
North Atlantic basin at higher depths (greater than 4000 m), whereas mixing with
LSW occurs at 60°S between 1500 m and 4000 m (Figs. 5a, b, ¢ and 9a),
supporting that AABW mixes with lighter overlying waters (Johnson, 2008). The
presence of WSDW and WSBW at the extremities of the eastern South Atlantic
basin (Fig. 8a, b, ¢ and d), supports eastward transport of AABW through the
ACC, spreading into the Indian and Pacific basins (Reid and Lynn, 1971;
Johnson, 2008).
4.5.2. Water mass distributions in the Indian basin

The distribution of LSW shows it spreading from South Africa (Yuzhu, 2000)
to join the eastward flow in the South Indian basin and a portion spreading
northward into the southwest Indian basin, mainly through the Mozambique and
Madagascar basins (Fig. 10a), consistent with NADW studies (e.g., Johnson,
2008; Talley et al., 2013). Part of the LSW that enters the ACC emerges at the
sea surface (Fig. 12a) in regions south of the ACC, contributing to mixing with
AABW water masses (Talley et al., 2013). In the eastern Indian basin, the LSW
carried by the ACC appears to spread northward above the Southeast Indian
Ridge and across the Australian basin to afterwards fill the eastern and central
Indian basins up to the Bengal basin (Fig. 10a), consistent with available studies
on NADW (e.g., Johnson, 2008; Talley et al., 2013). The reduction in LSW

contribution as depth and northward latitude increase indicates the presence of
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WSDW that dominates the bottom layer in the Indian basin (Fig. 12a), which is
corroborated by other studies (Aoki et al., 2020; Strass et al., 2020). The ISOW
shows low signal in the Mozambique basin and south of 50° (Fig. 10b and c),
suggesting strong mixing with other water masses in these areas. South of 50°S
in the southwestern Indian basin, ISOW appears to spread southward through
Southwest Indian Ridge gaps and is restricted to the east, southern of the
Southeast Indian Ridge, suggesting its blockage by Southeast Indian Ridge (Fig.
10b, ¢ and 12b). Considered a denser mass of water than LSW, the ISOW
showed a shorter range into the Indian basin from its formation area (Fig. 10b
and c).

The distribution of WSDW in the Indian basin shows a cascade deepening
in the Antarctic basin from 1500 m to the bottom layer, showing a northward
spreading from the shallower layers to the bottom layers (Fig. 12c), as evidenced
by Johnson (2008) for the AABW. The AABW carried by the ACC distributes
northward into the western and eastern Indian basins (Talley et al., 2013). The
northward flow of AABW from the ACC is strongly influenced by the bathymetry
of the Southwest Indian Ridge (Boswell and Smythe-Wright, 2002), suggesting
that high WSDW contributions east of Madagascar (Fig. 11b) indicates a
northward flow exiting the southern flank through gaps in the Southwest Indian
Ridge (Kolla et al., 1976). Therefore, this may be a main pathway of the WSDW
northward along the western Indian basin to reach the Somali and Arabian bays
(e.g., Johnson, 2008). On the other hand, some fraction of the WSDW coming
from the South African basin spreads to the Agulhas and Mozambique basins
where it is recirculated and restricted by the Madagascar Ridge (Fig. 11a and b;

Barker and Heezen, 1973; Kolla et al., 1976), consistent with studies on the
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distribution of Southern Ocean bottom waters (e.g., Johnson, 2008; Solodoch et
al., 2022). In the eastern portion of the South Indian basin, part of the WSDW
probably transported by the ACC (Solodoch et al., 2022), spreads northward
across the Southeast Indian Ridge and enters the southern Australian basin,
spreading northward into the eastern and central Indian basins, whereas another
part spreads to the Pacific basin, according to studies on the distribution of AABW
(e.g., Kennett and Watkins, 1975; Kolla et al., 1976; Johnson, 2008). Although
the distribution of WSDW in the central and eastern Indian Ocean basins is close
to the distributions of AABW found by Johnson (2008), the high contribution from
WSDW at 3000 m (Figs. 11a and 12c) may indicate a patchiness in the water
mass concentration estimates, as contributions from CDW (water mass not
analyzed here) can influence the mixing of water masses at this depth (e.g.,
Yuzhu, 2000). The WSBW and ADLBW are restricted to the South Indian basin,
suggesting the blockage of these water masses by the Southwest Indian Ridge
and the Southeast Indian Ridge (Figs. 11d, e, f and 12d and e). Adelie-sourced
AABW is recirculated on the Kerguelen Plateau to the east (Solodoch et al.,
2022), whereas some part of it extends westward along latitude ~60°S (Fig. 11e
and f). The presence of WSBW in the eastern portion of the South Indian basin
(Fig. 11c and d) may indicate its eastward transport by the ACC along with other
AABW source waters, consistent with the available observations (Johnson, 2008;
Pardo et al., 2012).
4.5.3. Water mass distributions in the Pacific basin

The distribution of the LSW shows it spreading from southern Australia to
eastward in the South Pacific basin and northward main mainly east of Australia

(Figs. 13a). As it spreads eastward into the South Pacific basin the LSW mixes
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with the surrounding waters in the circumpolar region (Broecker et al., 1998). Part
of the LSW that enters the ACC emerges at the sea surface in regions south of
the ACC (Fig. 14a), contributing to the production of AABW (Talley et al., 2013).
In the eastern Pacific basin, LSW carried by the ACC appears to spread far east
above the East Pacific Rise, to afterwards fill this area (Fig. 13a), consistent with
studies about the NADW (e.g., Nakano and Suginohara, 2002; Johnson, 2008).
In the interior layers throughout almost the entire extent of the Pacific basin, it is
suggested that the LSW presents strong mixing with the WSDW, as they are the
two main water masses found in this region (Fig. 14a and c) and the decrease in
the contribution of the LSW in the upper layers from ~35°N indicates the presence
of WSDW and NPIW in this region (Fig. 14a and c). The high contribution from
the LSW above 1800 m in the equatorial region (Fig. 14a) may indicate a
patchiness in the water mass concentration estimates, as contribution of UCDW
(not considered in the analysis) can influence the mixing of water masses at this
depth (e.g., Fuhr et al., 2021). It is suggested that the ISOW, the densest branch
of NADW carried by the ACC, is constrained south of 60°S by the Pacific Antarctic
Ridge and as it spreads eastwards its contribution decreases (Fig. 13b), which
can be explained by the presence of other masses of water in this region,
suggesting its mixture with the AABW varieties, as available studies on NADW
have shown (Broecker et al., 1998, Talley et al., 2013).

The distribution of WSDW in the Pacific basin shows a cascade deepening
in the Antarctic basin from 1500 m to the bottom layer, showing a northward
spreading from the shallower layers to the bottom layers (Fig. 14c), as evidenced
by Johnson (2008) for the AABW. The WSDW is carried by the ACC in an

eastward flow and spreads from southeastern Australia in deep layers (Solodoch
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et al., 2022) to fill the floor of the Pacific basin (Fig. 13c), consistent with studies
on AABW (e.g., Johnson, 2008; Rintoul, 2012; Talley et al., 2013). The high
contributions in the western South Pacific basin indicate a main northward path
of AABW (Fig. 13c; e.g., Johnson, 2008; Solodoch et al., 2022). The presence of
WSDW in the eastern portion of the South Pacific, may indicate its eastward flow
through the Drake Passage (Fig. 13c). However, its low contributions in the Chile
and Peru basins indicate its blockage by the East Pacific Rise and the Chile Ridge
(Fig. 13c), consistent with the results of available studies (Nakano and
Suginohara, 2002; Johnson, 2008). In the North Pacific basin, WSDW shows a
decrease in its contribution (Fig. 13c), suggesting its mixing with the LSW.

The ADLBW and RSBW are restricted south of 60°S, suggesting their
blockages by the Pacific Antarctic Ridge and the East Pacific Rise (Figs. 13d, e
and 14d and e), consistent with the study by Pardo et al. (2012). However, some
eastward advected ADLBW crosses the Pacific Antarctic Ridge and spreads
toward the Campbell Plateau (Solodoch et al., 2022), whereas south of the East
Pacific Rise its signal is almost lost (Fig. 13d). The RSBW shows an eastward
spread south of ~60°, with contributions close to the Drake Passage (Fig. 13e;
Pardo et al., 2012). However, the RSBW advection moves part of it westward
near the coast (Orsi et al., 1999), pushing the ADLBW from its formation region

in the bottom layers (Pardo et al., 2012).

4.6. Conclusions

In this study we show the use of OMP mixing analysis to determine the
distribution and quantify the contribution of NADW and AABW source waters in
the Atlantic, Indian, and Pacific basins. The choice of source water mases and

their indices is appropriate, considering residuals up to 10% for OMP
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applications. The results evidence that LSW and ISOW presented greater total
contributions than DSOW and MW in the Atlantic basins. Furthermore, LSW and
ISOW are the major source water masses of NADW that spread to the Indian and
Pacific basins. Which confirms the mixing and export of these waters within the
ACC in the South Atlantic basin, with LSW being the dominant water mass of
NADW. On the other hand, the dominant source water of AABW is the WSDW,
found throughout the global ocean. It extends to approximately 50°N in the
Atlantic basin, where it is absorbed by NADW source waters in the bottom layers.
The LSW and WSDW are the dominant waters in the global ocean contributing
to the deep layers in the oceanic basins, and they show similar export paths from
the South Atlantic basin, spreading to the Indian Ocean basin and subsequently
to the Pacific Ocean basin through the east to west current system. In these
basins, they also spread northward, with WSDW spreading mainly along the
western basins in the lower layers. The ISOW showed a pathway through the
Mozambique basin, extending to ~38°S in the southwestern Indian basin. ISOW
contributions were also observed south of 50°S in the Indian and Pacific basins,
always with low signals, indicating its mixing with other water masses. The
WSBW extends up to ~50°S in the western South Atlantic basin and up to ~35°S
in the western Indian basin. South of 50°S in the southeastern Indian basin the
WSBW is blocked by the Southeast Indian Ridge. The ADLBW showed low
contributions in the Indian and Pacific Ocean basins in relation to the Weddell
Sea source waters, in agreement with the study by Solodoch et al. (2022), which
showed lower concentrations for ADLBW in the Indian basin. This water mass

was restricted to the south of the Indian and Pacific basins by the ridges present
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in these areas. The same happens with RSBW, which is found in the Pacific basin
and is limited to 60°S by Pacific Antarctic Ridge.

Additionally, the results of this work provide useful information to support
future climate studies involving modeling and biogeochemistry. New insights into
the distribution and major contribution of source waters in the global deep ocean
have been gained, mainly in context of upwelling diapycnal mixing. The largest
contributions and wider ranges in distributions show that LSW and WSDW are
the main source water masses contributing to NADW and AABW layers,
respectively. These findings contribute to the understanding of the main source
waters in the Global Ocean and how they evolve during their transport (e.g.,
mixing and pathways). Finally, the distribution and quantification of NADW and
AABW source waters provide new information about deep circulation and

upwelling diapycnal mixing in ocean basins.
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Capitulo V: Sintese da Discusséo e
Conclusoes

Neste estudo mostramos o uso da analise OMP para determinar a
distribuicdio e quantificar a contribuiciio das aguas-fonte da Agua Profunda do
Atlantico Norte e da Agua de Fundo Antartica nas bacias oceanicas do Atlantico,
indico e Pacifico. A escolha das aguas-fonte e de seus indices é adequada,
considerando os residuos de até 10% para as aplicacdes OMP. Os resultados
evidenciam que a Agua do Mar de Labrador e a Agua da Escocia-Islandia
apresentaram maiores contribuicdes totais que a Agua do Estreito da Dinamarca
e a Agua do Mediterraneo nas bacias do Atlantico. Além disso, a Agua do Mar
de Labrador e a Agua da Escocia-Islandia s&o as principais aguas-fonte da Agua
Profunda do Atlantico Norte que se espalham pelas bacias do indico e do
Pacifico. O que confirma a mistura e exportacdo destas aguas dentro da
Corrente Circumpolar Antartica na bacia do Atlantico Sul, sendo a Agua do Mar
de Labrador a massa de agua dominante da Agua Profunda do Atlantico Norte.
Por outro lado, a agua-fonte dominante da Agua de Fundo Antartica é a Agua

Profunda do Mar de Weddell, encontrada em todo o oceano global. Estende-se
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até aproximadamente 50°N na bacia do Atlantico, onde é absorvida pelas aguas-
fonte da Agua Profunda do Atlantico Norte nas camadas inferiores,
principalmente pela Agua da Escdcia-Islandia e Agua do Estreito da Dinamarca.
A Agua do Mar de Labrador e a Agua de Fundo do Mar de Weddell sdo as aguas
dominantes no oceano global, contribuindo para as camadas profundas das
bacias oceanicas, e mostram caminhos de exportacdo semelhantes a partir da
bacia do Atlantico Sul, espalhando-se para a bacia do Oceano Indico e
subsequentemente para a bacia do Oceano Pacifico através da Corrente
Circumpolar Antéartica. Nestas bacias, também se espalham para norte, com a
Agua de Fundo do Mar de Weddell a espalhar-se principalmente ao longo das
bacias ocidentais nas camadas inferiores. A Agua da Escécia-Islandia mostrou
um caminho através da bacia de Mocambique, estendendo-se até ~38°S na
bacia do sudoeste da india. Contribuicdes da Agua da Escdcia-Islandia também
foram observadas ao sul de 50°S nas bacias do indico e do Pacifico, sempre
com sinais baixos, indicando sua mistura com outras massas de agua. A Agua
de Fundo do Mar de Weddell estende-se até ~50°S na bacia ocidental do
Atlantico Sul e até ~35°S na bacia oeste da india. Ao sul de 50°S na bacia do
sudeste da India, a Agua de Fundo do Mar de Weddell é bloqueada pela
Southeast Indian Ridge. A Agua de Fundo da Terra de Adelie apresentou baixas
contribuicdes nas bacias dos oceanos indico e Pacifico em relacdo as aguas-
fonte do Mar de Weddell, em concordancia com o estudo de Solodoch et al.
[2022], que mostrou menores concentracdes para a Agua de Fundo da Terra de
Adelie na bacia do oceano indico. Esta massa de agua esté restrita ao sul das

bacias dos oceanos indico e Pacifico pelas cordilheiras presentes nestas areas.
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O mesmo acontece com a Agua de Fundo do Mar de Ross, que se encontra na
bacia do Oceano Pacifico e é limitada a 60°S pela Pacific Antarctic Ridge.

Além disso, os resultados deste trabalho fornecem informag@es Uteis que
apoiam estudos climaticos envolvendo modelagem e biogequimica de massas
de 4gua. Foram obtidos novos conhecimentos sobre a distribui¢céo e a principal
contribuicAo das aguas-fonte no oceano profundo global. As maiores
contribuicdes e variacbes mais amplas nas distribuices mostram que a Agua do
Mar de Labrador e a Agua Profunda do Mar de Weddell s&o as principais massas
de agua fonte que contribuem para as camadas da Agua Profunda do Atlantico
Norte e da Agua de Fundo Antartica, respectivamente. Estas descobertas
contribuem para a compreensao das principais aguas-fonte no Oceano Global e
como elas evoluem durante o seu transporte (por exemplo, mistura e caminhos).
Finalmente, a distribuicdo e quantificacdo das aguas-fonte da Agua Profunda do
Atlantico Norte e da Agua de Fundo Antartica fornecem novas informacdes sobre

a circulacao profunda e a mistura diapicnal ascendente nas bacias oceanicas.
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