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Resumo

As massas de agua denominadas Agua Intermediaria Antartica (AAIW) e Agua
Modal Subantartica (SAMW) sao formadas em regides especificas ao redor do
oceano Austral pelo processo de subduccéo. A teoria prediz que, em decorréncia
da atuacéo intensa dos ventos de oeste, combinado com perda de flutuabilidade,
essas aguas afundam para abaixo da camada de mistura e ventilam as regides
subtropicais do hemisfério sul, levando consigo grandes quantidades de calor e
gas carbonico, sendo um processo chave para o sistema climatico global. Neste
estudo, é investigado como os modelos do Projeto de Intercomparacédo de
Modelos Acoplados (CMIP) estao representando estas massas de 4gua, focando
nos processos envolvidos na sua variabilidade temporal e também nas regides
onde estas aguas sao formadas no oceano Austral. Para isto foram analisados
os transportes de volume das AAIW/SAMW em 30°S e os fluxos oceano-
atmosfera envolvidos neste processo (i.e., bombeamento de Ekman, fluxo de
calor e de agua doce), levando em conta tanto suas variagdes ao longo do tempo
como suas distribuicdes espaciais. Foi encontrada uma alta variabilidade na
intensidade dos transportes entre os modelos, sendo que a maioria superestima
estes valores quando comparado com dados obtidos in situ. Através de uma
correlagdo multivariada, foi demonstrado que as variabilidades destas massas
de 4gua sdo melhores explicadas utilizando os trés fluxos em conjunto e o0s
coeficientes resultantes destas analises sdo nao-estacionarios, variando ao
longo do tempo, o que significa que eles inclusive alternam de dominancia
quando considerados em cenarios climaticos futuros. Em relacéo as regides de
formacao das massas de agua, foi encontrada uma acurada performance dos
modelos, considerando que na maioria destes elas se formam nas regifes
apontadas em estudos observacionais: leste do setor indico, Passagem de
Drake e ao sul da Africa. E entdo, elas sdo exportadas para norte, principalmente
pelas bordas dos trés grandes oceanos, acompanhando a circulagdo dominante.
Essas areas ndo parecem mudar nos cenarios futuros, apresentando apenas um
pequeno decréscimo nos coeficientes das correlagbes multivariadas. Portanto,
apesar de o0s modelos ainda apresentarem algumas caréncias nas

representacdes das exportacdes das AAIW/SAMW, eles parecem formar estas
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massas de agua nas regifes corretas e seguindo a relacdo com os fluxos

oceano-atmosfera esperados.

Palavras-Chave: Oceano Austral, MOC, Circulacdo Oceanica, Massas de Agua,
Modelos Climaticos, AAIW, SAMW.
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Abstract

Subduction in the Antarctic circumpolar region of the Southern Ocean (SO)
results in the formation of Antarctic Intermediate Water (AAIW) and Subantarctic
Mode Water (SAMW). The AAIW/SAMW are formed in specific regions of the SO
as a result from the combination of intense winds and buoyancy fluxes which lead
to thick mixed layers and thus subduction. The objective of this study is to
evaluate the extent to which AAIW and SAMW temporal and spatial variability are
correlated to Southern Ocean air-sea fluxes (Ekman pumping, freshwater and
heat fluxes), using the Coupled Model Intercomparison Project (CMIP). The main
focus is to explore how potential changes to those forcings would impact the
future water mass export rates. In this sense, the export of these water masses
vary across models, with most overestimating the total transport when compared
to the climatology. Correlation coefficients between the air-sea fluxes and exports
are consistent with theoretical expectations. Moreover, multivariate regressions
show that both AAIW and SAMW export variability are better explained using the
combination of all three fluxes, but the dominant forcing components were found
to be non-stationary, changeing from the present simulations to the future
scenario runs (i.e. end of XXI century). It was identified that the highest
correlations are found in the eastern Indian sector of the SO. The results also
show high correlations to air-sea fluxes close to Drake Passage and south of
Africa, suggesting a good representation of AAIW/SAMW formation regions in
CMIP6 models when compared to climatology. The future scenarios depict the
same pattern of formation regions when compared to the historical runs, but with

a slight correlation coefficient decrease as time progresses towards year 2100.

Keywords: Southern Ocean, MOC, Water mass, Ocean Circulation, Climate
Model
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Capitulo I: Introducao

1.1 O oceano Austral e o clima

O S oceanos possuem um importante papel na dindmica climatica global,
transportado calor entre diferentes regides do planeta. Este transporte ocorre de
duas formas: superficialmente pelos grandes giros oceéanicos, responsaveis por
levar calor das regides tropicais para as polares, e nas camadas mais profundas,
através da chamada circulagdo termohalina ou Célula de Revolvimento
Meridional (Meridional Overturning Circulation - MOC), formada por aguas
afundadas nas regifes de altas latitudes e que dominam das profundidades
intermediarias até as camadas abissais dos oceanos [Talley, 2013]. A
intensidade da MOC esta diretamente ligada a capacidade do oceano de
absorver e armazenar calor, carbono antropogénico e demais gases. Associado
a esta circulacdo, o oceano armazenou cerca de 85% do aumento total de calor
observado na Terra desde a segunda metade do século XX, o que impediu um

maior aquecimento dos baixos niveis da atmosfera [Levitus et al. 2005]. Além



disso, o afundamento das aguas intermediarias, profundas e de fundo, nas
regides de altas latitudes, captura e armazena grandes quantidades de CO:2 por
parte das aguas, diminuindo a concentracdo deste gas na atmosfera [Sabine et
al. 2004]. A Figura 1.1 apresenta um esquema da circulagdo da MOC e as
respectivas massas de agua para cada bacia oceanica. Mudancgas nos padrdes
da MOC tém sido associados com drasticas mudancas climaticas [Clark et al.
2002] e, portanto, um profundo entendimento de seus padrdes e consequéncias

é fundamental para estudos dos processos climéticos planetarios.
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Figura 1.1. Esquema da circulacdo de revolvimento meridional (MOC) a partir de uma
perspectiva do oceano Austral, com as massas d’agua que compde cada camada desta cédula.
Na camada intermediéaria (representada em vermelho) esta presente a Agua Modal Subantartica
(Subantarctic Mode Water — SAMW), a Agua Intermediaria Antartica (Antarctic Intermediate
Water — AAIW) e a Agua Intermediaria do Pacifico Norte (North Pacific Intermediate Water —
NPIW), as 4guas da camada profunda sdo Agua Profunda do indico (Indian Deep Water — IDW)
e a Agua Profunda do Pacifico (Pacific Deep Water — PDW) ambas representadas em laranja, e

em verde a Agua Profunda do Atlantico Norte (North Atlantic Deep Water — NADW), e na camada



de fundo esta esquematizado em azul a Agua de Fundo Antartica (Antarctic Bottom Water —
AABW). Retirado de Talley, 2013.

Como destacado na Figura 1.1, o oceano Austral, regido ao sul da Frente
Subantartica, tem um papel fundamental na circulacdo da MOC e, de acordo com
Roemmich et al. [2015], é nele que ocorreu entre 67 — 98% do aumento de
conteldo de calor nos oceanos globais, alterando significativamente as
propriedades fisico-quimica das 4guas desta regido. Neste mesmo contexto, em
outro processo fundamental para o equilibrio climético do planeta, é proximo as
plataformas do continente Antartico que aguas de menor temperatura da regido
serdo bombeadas para o fundo dando origem a Agua de Fundo Antartica
(Antarctic Bottom Water — AABW), através do processo de conveccgao profunda
[Gordon 1986]. Diversos estudos tém reportado mudangas nas caracteristicas
da AABW, como redugao na sua salinidade e na densidade [e.g. Azaneu et al.
2013, Talley 2013, Dotto et al. 2016], potencialmente impactando as
caracteristicas globais da MOC.

Na regido circumpolar antartica, a atuacdo persistente dos ventos de oeste
combinada com fluxos de calor na interface ar-mar, onde as aguas perderao
calor para a atmosfera, resultando em densidades maiores. Dando origem as
massas de agua da camada intermediaria dos oceanos do hemisfério sul, a Agua
Modal Subantértica (Subantarctic Mode Water — SAMW) e a Agua Intermediaria
Antartica (Antarctic Intermediate Water — AAIW), através do processo chamado
de subduccao [Sallée et al. 2010]. Diversos estudos também tém reportado
alteracbes nestas aguas, como aguecimento e aprofundamento nas ultimas
décadas [e.g. Gao et al. 2018; Qu et al. 2020]. Porém, apesar de sua importancia

para o sistema climatico sendo um grande reservatorio de calor e diéxido de



carbono e ocupar a célula superior da MOC, os processos de formagdo destas
massas de agua da camada intermediaria e as possiveis mudancas em suas
caracteristicas ainda sao pouco estudados e ndo sdo completamente
entendidos. Desta forma, o aumento do conhecimento do comportamento e
variabilidade destas massas de 4gua e dos processos associados no contexto

acima séo o foco principal do presente estudo.

1.2 As Aguas Intermediarias do oceano Austral

A camada profunda da MOC é caracterizada principalmente por um escoamento
profundo para sul de aguas provenientes do hemisfério norte, massa d’agua
denominada de Agua Profunda do Atlantico Norte (APAN; ou North Atlantic Deep
Water - NADW). Ao chegar no oceano Austral, estas aguas entram no regime da
Corrente Circumpolar Antéartica (Antarctic Circumpolar Current - ACC), onde se
misturam e se transformam, passando a receber a denominacido de Agua
Circumpolar Profunda (Circumpolar Deep Water — CDW). Ao encontrarem aguas
mais frias elas serdo advectadas para profundidades menores, até ressurgirem
na superficie, processo que ocorre em torno de 60°S [Talley 2011]. Nesta regido
h& uma atuacdo constante dos ventos de oeste, que induzem transporte de
Ekman direcionado para norte, como demonstrado no esquema da Figura 1.2.
Combinado com este transporte causado pelo vento, essas aguas perdem calor
para atmosfera e tenderdo a afundar até ocuparem seu estrato de densidade na
camada intermediaria [Marshal & Radko, 2013]. Quando o processo de
subduccdo é intenso o suficiente para bombear estas aguas abaixo da

profundidade da camada de mistura, elas dardo origem as massas de agua



AAIW e SAMW, processo que ocorre predominantemente durante o inverno do

hemisfério sul [Sallée et al. 2010].
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Figura 1.2. Esquema dos processos dominantes que ocorrem no oceano Austral. Incluindo o
ressurgimento das aguas profundas na regido Circumpolar, a atuacdo dos ventos e oeste
combinados com os fluxos de calor oceano-atmosfera, que dardo origem as &guas
intermedidrias, estes processos estdo destacados pelo retangulo vermelho. Figura adaptada de
Talley [2013].

De acordo com McCarthy et al. [2017] este processo de formagédo das massas
de agua tem origem ao sul da Frente Polar (Polar Front — PF), como destacado
na Figura 1.3, que apresenta as principais zonas frontais do oceano Austral e as
regides de subduccédo. Outros trabalhos acrescentam que a formacgédo destas
massas d’agua ocorrem entre a PF e a Frente Subantartica [e.g. Rintoul &
Bullister, 1999; Hartin et al. 2011]. Nestas regides, em cada bacia oceéanica, as
aguas tendem a diminuir de temperatura de oeste para leste. Logo possuem

maiores densidades na porcao oeste dos oceanos, onde tenderdo a formar as



massas de agua intermediarias, sendo que a SAMW sera originada um pouco
ao norte da AAIW [Sallée et al. 2010]. Diversos estudos tém identificado o
sudeste dos oceanos Atlantico, Pacifico e indico como regibes chave na
formacéo destas massas de dgua [e.g. Hartin et al. 2011; Gao et al. 2018; Boland

et al. 2021].
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Figura 1.3. A figura representa as velocidades verticais no Oceano Austral, onde em vermelho
estdo as regibes de subduccdo e em azul as areas de ressurgéncia. As linhas em preto sdo as
trés principais frentes da ACC: Frente Subantartica Norte, Frente Subantartica e Frente Polar,

em ordem de norte a sul. Figura retirada de Sallée et al. [2010].

As aguas AAIW/SAMW possuem um papel vital no sistema climatico, seja por
serem o principal componente da célula superior da MOC, mas também pela sua
caracteristica de absorver e armazenar carbono, oxigénio e calor da atmosfera
e transporta-los da superficie para o interior dos oceanos [e.g. MacCarthy 1977;
1982; Roemmich et al. 2015; Gao et al. 2018]. Suas formacdes, distribuicdes e

caracteristicas tém sido estudadas em trabalhos passados, principalmente, com
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dados in situ [e.g. Sallée et al. 2010; Hartin et al. 2011; Boland et al. 2021].
Estima-se que apenas durante o periodo de monitoramento pos implementacao
do programa de flutuadores autbnomos ARGO (www.argo.ucsd.edu), estas
massas d’agua apresentaram mudangas em profundidade, volume e contetdo
de calor [e.g. Gao et al. 2018; Meijers et al. 2019; Qu et al. 2020]. Com isto, e
dada sua importancia no contexto terrestre explicada anteriormente, se faz
necessario melhorar o conhecimento de quais as consequéncias das mudancas
climaticas sobre os padrfes destas massas de agua e como possiveis mudancas
nestes padrdes destas aguas podem interagir com o clima global.

Devido as condicfes extremas e dificuldade de amostragem do oceano Austral,
combinado com o curto periodo de tempo de monitoramento da regido, a
realizacdo das analises deste trabalho depende do uso de modelos climéaticos
globais (Global Climate Models — GCMs). Estes modelos séo ferramentas que
possibilitam uma resolucdo espacial e temporal necesséaria para analisar a
variabilidade natural do sistema climatico terrestre, particularmente do transporte
de massas de 4gua, com a realizagdo de estimativas de suas caracteristicas e
variabilidades em diferentes cenarios de mudancas climéticas. Neste trabalho
sera utilizado uma série de GCM’s que fazem parte do Coupled Model
Intercomparison Project (CMIP)?!, tanto da geracdo 5 (CMIP5) como os da mais
nova geracao (CMIP6). Com os experimentos destes modelos é possivel simular
0s processos de circulacdo oceanica e atmosférica anterior ao periodo pré-
industrial, com os modelos apresentando de 500 a 2000 anos antes de 1860,
simular também o periodo atual, chamado de historico, que compreende de 1860
até 2016. Desta forma, € obtido tanto a oscilacdo natural do sistema como o

comportamento dos processos de interesse no oceano Austral nestas escalas.



Além disso, sdo utilizadas projecbes destes modelos para, entdo, verificar os
efeitos das mudancas climéticas sobre estes processos, nos quatro principais
cenarios possiveis considerados pelo dltimo relatério do IPCC
(Intergovernmental Panel on Climate Change) testados nestes modelos, com

situacdes otimistas até possibilidades mais catastroficas [IPCC, 2014].

1.4 Estrutura da tese

Este documento tera seguimento da seguinte forma: no proximo capitulo
(capitulo 2) sera detalhada a hip6tese que guia este trabalho e a seguir (capitulo
3) os objetivos. No Capitulo 4 é descrita toda a metodologia para alcancar os
resultados mostrados nesta tese. Este documento é apresentado no formato de
artigos cientificos, apresentados nos Capitulos 5 e 6. O primeiro artigo investiga
a importancia dos fluxos oceano-atmosfera para o transporte das AAIW/SAMW,
como este transporte esta oscilando e a evolugcdo dos modelos geracdo 6 do
CMIP em relacdo aqueles da geracao 5. No segundo artigo é investigado as
regides de formacao de cada massa de agua em todo oceano Austral e analisado
suas mudancas nos futuros cenérios de mudancas climaticas. O Capitulo 7, por
sua vez, apresenta uma sintese da discussdo dos principais aspectos deste
estudo, junto das principais conclusées. E, por fim, no Capitulo 8 sé&o

apresentadas algumas sugestdes para trabalhos futuros.



Capitulo Il: Hipotese

evando em consideracdo o cenario atual de mudancas climaticas, a
L especial sensibilidade do oceano Austral a este processo e, associado a
isto, a importancia que as massas de agua da camada intermediaria possuem

no sistema climéatico, a hipétese deste trabalho é:

“O bombeamento de Ekman e fluxos de calor e agua doce na interface oceano-
atmosfera, que influenciam a formacao e transporte das massas de agua AAIW

e SAMW, estéao sendo significativamente impactados pelas mudancas climaticas



em curso. E consequentemente, alterando os transportes de volume destas

massas de dgua exportadas do oceano Austral. ”
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Capitulo IIl: Objetivos

3.1 Objetivo

O objetivo geral desta tese € quantificar o quanto a variabilidade dos
transportes das massas de agua AAIW e SAMW respondem aos principais fluxos
oceano-atmosfera, bombeamento de Ekman, calor e agua doce. E identificar as
principais regides que estas massas de 4gua se formam no Oceano Austral. Por
fim verificar como estes processos podem estar sendo impactados pelas

mudancas climéaticas em curso.

3.2 Objetivos especificos

- Estimar a variabilidade temporal do transporte de volume das AAIW/SAMW;

11



- Quantificar o impacto da variabilidade do bombeamento de Ekman, fluxo de
calor e fluxo de &gua doce na variabilidade dos transportes de volume das aguas
da camada intermediaria do oceano Austral;

- Estimar a evolucdo da representacdo destas massas de agua entre as
geracdes 5 e 6 dos modelos CMIP;

- Localizar as regides preferenciais de formagdo destas massas de agua nos
modelos CMIP;

- Estimar e quantificar as consequéncias das mudancas climéticas no transporte

de volume da AAIW e SAMW ao longo do século XXI.
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Capitulo IV: Metodologia

4.1 Os Modelos Climéaticos

N o contexto da hipétese deste trabalho, desde 2008, um grupo de trabalho
do Programa Mundial de Pesquisas Climaticas (WCRP) chamado de Working
Group on Coupled Modelling (WGCM), que envolve mais de 20 equipes de
modelagem dos principais centros de previsdo de tempo e clima no mundo,
coordena os experimentos de modelagem climatica, resultando no CMIP. A cada
nova geragao de modelos, os seus desenvolvedores levam em consideragao os
problemas que foram levantados em artigos cientificos sobre o tema e o avanco
da tecnologia para que o modelo apresente uma representacao cada vez mais

proxima ao oceano real. Atualmente, os modelos estéo na geragéo 6 (CMIP6).
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Neste trabalho sdo utilizados modelos desta nova geracéo e também outros da
geracdo anterior (CMIP5) para possibilitar avaliar a evolugcdo entre estas
geracOes de modelos. No total, sdo utilizados 35 modelos, apresentados com
mais detalhes na Tabela 4.1. Os modelos obedecem aos mesmos padrdes de
saida de dados e realizam os mesmos experimentos. O propdsito destes
experimentos é responder questfes cientificas levantadas nos relatorios do
IPCC [Taylor et al. 2009] como, por exemplo, entender mais profundamente o
sistema climético e 0S processos responsaveis por suas mudancas e
variabilidade.

Neste trabalho sdo utilizados os experimentos de longo periodo do CMIP,
chamados de multicentenario de controle pré-industrial (PiControl) para
quantificar a variabilidade dos processos citados anteriormente. Nestes
experimentos, h4 modelos com alcance temporal de 250 até 1750 anos. A seguir
sdo utilizados os experimentos chamados de decadais ou Historical, que
compreendem os anos 1860 até 2005 (CMIP5), ou até 2016 (CMIP6). Com estes
experimentos € possivel verificar quais modelos estdo representando o0s
processos atuais de forma acurada e como suas variabilidades ja estdo sentindo
os efeitos das mudancas do clima ao longo do século XX. A série temporal tem
resolucdo mensal, compreendendo o numero de anos que cada modelo fornece.
A resolucgédo espacial dos modelos é variavel, sendo que a maioria dos modelos
CMIP5 apresenta uma resolucdo horizontal oceénica em torno de 2° x 2°
(longitude x latitude), enquanto para os modelos CMIP6 é de em torno de 1°x 1°.
No entanto, alguns possuem resolugcdo um pouco mais refinada conforme
especificado na Tabela 4.1. A resolucdo ndo ser padrdo pode ser um importante

fator na avaliacdo de quais modelos representardo a circulagdo no oceano
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Austral mais proximo ao oceano real. Por exemplo, Heywood et al. [2014]

apontam que os modelos climaticos apresentam dificuldade em representar

alguns processos na plataforma Antartica devido as suas baixas resolugfes

espaciais.

Tabela 4.1: Detalhamento dos modelos utilizados neste estudo. A primeira coluna é o nome do

modelo. A segunda apresenta a sua geracdo, as colunas Oceano e Atmosfera as suas

resolugdes horizontais, enquanto a coluna Vertical indica o seu nimero de niveis verticais, a

coluna seguinte é a instituicdo de origem do modelo e a Ultima coluna traz uma referéncia de

introducdo ao modelo.

Modelo

ACESS1-0

ACCESS1-3

ACCESS-CM2

ACCESS-ESM1-5

BCC-CSM2-MR

BCC-ESM1

CAMS-CSM1-0
CanESM2

CanESM5

CanESM5-CanOE

CESM2

CMCC-CM2-SR5

CNRM-CM5

Geragao

CMIP5

CMIP5

CMIP6

CMIP6

CMIP6

CMIP6

CMIP6
CMIP5

CMIP6

CMIP6

CMIP6

CMIP6

CMIP6

Oceano

1.88°x1.24°

1.88°x1.24°

1.00° x1.00°

1.00° x1.00°

1.00° x1.00°

1.00° x1.00°

1.00° x1.00°
2.81°x2.81°

1.00° x1.00°

1.00° x1.00°

1.12° x0.46°

1.00° x1.00°

1.41°x1.41°

Atmosfera

1.88°x1.25°

1.92° x1.45°

1.88°x1.25°

1.88°x1.25°

1.12°x1.10°

2.81°x2.81°

1.00° x1.00°
2.81°x2.81°

2.81°x2.81°

2.81°x2.81°

0.90° x1.25°

1.12°x1.12°

1.41°x1.41°

Vertical

50

50

50

50

40

40

50
40

45

45

60

50

42

Instituicao

CSIRO

CSIRO

CSIRO

CSIRO

BCC

BCC

CAMS
CCCma

CCCma

CCCma

CESM

CMCC

CERFACS

Referéncia

Collier &
Uhe (2012)

Collier &
Uhe (2012)

Dix et al.,
2019

Ziehn et al.,
(2019)

Wu et al,,
(2018)

Zhang et al,,
(2018)

Rong (2019)

CCCM &
CCCm (2015)

Swart et al.,
(2019)

Swart et al.,
(2019)

Danabasoglu
et al., (2019)

Cherchi et
al., (2019)

Voldoire et
al., (2013)
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CNRM-CM6-1

CNRM-ESM2-1

CSIRO-Mk3.6.0

EC-Earth-Veg

GFDL-ESM2G

GFDL-ESM2M
GISS-E2-1-G

GISS-E2-1-H

HadGEM2-ES

INM-CM4-8

INM-CM4

MIROC5

MIROC6

MIROC-ESM

MPI-ESM1-2-HR

MPI-ESM1-2-LR

MPI-ESM-LR

MRI-CGCM3

MRI-ESM2-0

CMIP6

CMIP6

CMIP5

CMIP6

CMIP5

CMIP5
CMIP6

CMIP6

CMIP5

CMIP6

CMIP5

CMIP5

CMIP6

CMIP5

CMIP6

CMIP6

CMIP5

CMIP5

CMIP6

1.00° x1.00°

1.00° x1.00°

1.88°x1.88°

1.00° x1.00°

2.50° x2.00°

2.50° x2.00°
1.25°x1.00°

1.00° x1.00°

1.88°x1.25°

1.00° x0.56°

2.00° x1.50°

1.41°x1.41°

1.00° x0.70°

2.81°x2.81°

0.44° x0.44°

0.40° x0.40°

1.88°x1.88°

1.13°x1.13°

1.00° x0.50°

1.40° x1.40°

1.40° x1.40°

1.87°x1.87°

0.70°x0.70°

2.50° x2.00°

2.50° x2.00°
2.50° x2.00°

2.50° x2.00°

1.88°x1.25°

2.00° x1.50°

2.00° x1.50°

1.41°x1.41°

0.70° x0.70°

2.81°x2.81°

0.94° x0.94°

2.00° x2.00°

1.88°x1.88°

1.13°x1.13°

1.13°x1.13°

75

75

31

75

63

50
32

32

40

48

40

50

62

44

40

40

40

50

61

CERFACS

CERFACS

CSIRO

EC-Earth

NOAA GFDL

NOAA GFDL
GISS

GISS

MOHC/UK

INM

INM

AORI

AORI

AORI

MPI

MPI

MPI

MRI

MRI

Voldoire
(2018)

Seferian
(2018)

Jeffrey et al.,
(2013)

EC-Earth
(2019)

Dunne et al.,
(2014)

GFDL (2018)

NASA/GISS
(2018)

NASA/GISS
(2018)

Meto e Rede
Clima (2013)

Volodin et
al., (2019)

Volodin et
al., (2010)

AORI et al.,
(2013)

Tatebe &
Watanabe
(2018)

Watanabe et
al., (2011)

Schupfner et
al., (2019)

Mauritsen et
al., (2019)

Giorgetta et
al., (2012)

Yukimoto et
al., (2012)

Yukimoto et
al., (2019)

16



NESM3 CMIP6  0.98°x0.49° 1.90°x1.90° 46 NUIST Caoetal,,

(2018)
SAMO-UNICON  CMIP6  1.12°x0.47° 1.24° x0.94° 60 SNU Park & Shin
(2019)
UKESM1-0-LL  CMIP6  1.00°x1.00° 1.88°x1.25° 75 MOHC/UK  Tangetal,
2019

Para avaliar os possiveis efeitos das mudancas climaticas nos processos de
interesse, sao utilizados dois cenarios futuros para cada geracdo de modelos.
Para o CMIP5, os cenérios futuros sdo chamados de RCP’s (Representative
Concentration Pathways; Taylor et al. 2012), e aqui foram utilizados o RCP4.5,
considerado o cenario em que sao realizadas mitigacbes, e o RCP8.5,
considerado o cenario mais catastrofico. Para os modelos CMIP6, os cenarios
futuros sdo chamados de SSP’s (Shared Socioeconomics Pathways; Eyring et
al. 2016), e sao utilizadas as mesmas definicbes de cenarios referentes ao
CMIP5, porem denominadas de SSP4.5 e SSP8.5. Os cenarios fornecem uma
estimativa para a forcante radioativa até o ano 2100, tendo como referéncia as
condicBes pré-industriais. Os cenarios que contam com atividades de mitigacéo,
sendo considerados os mais otimistas (RCP4.5 e SSP4.5), sdo aqueles que as
forcantes radioativas chegariam a um maximo no meio do século XXl e
estabilizariam em 4,5 W m2. Os outros dois cenarios catastréficos (RCP8.5 e
SSP8.5) apresentam um mecanismo semelhante, mas estabilizam em 8,5 W.m-
2[Taylor et al. 2012] em meados deste século. Assim, é possivel avaliar quais as
possiveis consequéncias sobre a circulagdo no oceano Austral que as mudancas

climaticas estédo causando e ainda podem vir a causar.
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4.2 Definigdo das Massas de Agua

As massas de agua AAIW e SAMW representadas nos modelos CMIP, podem
apresentar valores de densidade diferentes do real no oceano, por isso é
necessario identificar as caracteristicas das massas de dgua em cada modelo
de maneira padronizada. Para realizar esta identificagdo, neste trabalho foi
aplicada a metodologia apresentada por Sallée et al. [2013], que define as
massas de agua exportadas a partir de propriedades hidrograficas. A AAIW esta
associada com a minima salinidade no cinturdo circumpolar [Tomczak et al.
2007], e a SAMW com estratificagdo minima, logo associado a uma baixa
Vorticidade Potencial (Potential Vorticity — PV).

Para delimitar os limites superior e inferior da AAIW ¢é identificada a salinidade
minima local em cada perfil (Smin) € a salinidade maxima logo acima (Smax(acima))
e abaixo (Smax(baixo)). OS limites da AAIW serdo definidos em termos de
densidade, com um quarto da distancia entre Smin € Smax(acima) para o limite
superior da massa de agua, e um quarto da distancia entre Smin € Smax(abaixo) para

o limite inferior. As Equagfes 1 e 2 abaixo detalham o critério adotado:

62(acima) = (362(Smin) + 62((Smax(acima) )) /4 (1)

02(abaixo) = (362(Smin) + 62((Smax(abaixo) )) /4 (2)

Os volumes de transporte das massas de agua foram calculados para cada

longitude ao longo de todo o perfil de 30°S. Logo, os limites das densidades

foram utilizados para delimitar a area da massa de agua, a qual multiplicada
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pelas velocidades meridionais é possivel obter o transporte total de volume de
agua apresentados em Sv (1 Sverdrup = 10° m3s™),

No caso da SAMW, que estd diretamente associada a um minimo de PV na
coluna d’agua logo acima da AAIW, primeiramente foi definido o limite superior
da AAIW como o limite inferior da SAMW. A seguir, foi localizado o PV minimo
associado com uma diferenca vertical de densidade menor do que 0,03 kg m=3
em relacdo a superficie. Entdo o limite superior da SAMW foi definindo como
contendo pelo menos 90% do total do minimo local de PV. Apés identificar os
limites superiores e inferiores foi calculado o transporte total através das
velocidades meridionais para cada modelo, assim como no caso da AAIW. Todo
este processo foi realizado para cada modelo e em cada um dos experimentos

utilizados neste estudo.

4.3 Fluxos na interface oceano-atmosfera

Todos os fluxos foram calculados para cada més e em cada ponto de grade de
cada modelo entre as latitudes de 30°S e 70°S. O bombeamento de Ekman, We
(cm s), foi calculado a partir dos ventos zonais na regido circumpolar, sendo
gue todos os modelos utilizados a tensdo de cisalhamento (stress) do vento na
superficie como uma de suas saidas. As velocidades verticais foram calculadas
a partir da Equacédo 3, mostrada a seguir, onde 7 € 0 stress do vento, po € a

densidade de referéncia da agua do mar e f é o parametro de Coriolis.

W, = x (plf) 3)

Para o célculo do fluxo total de calor, Q (W m2), foi somado o fluxo de cada
componente fornecido pelos modelos, que incluem os fluxos de calor sensivel

(hfss) e latente (hfls), a radiacdo de onda longa, nos sentidos para cima (rlds) e
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para baixo (rlus), e a radiacdo de onda curta, também nos sentidos para cima
(rsds) e para baixo (rsus). Neste trabalho foi seguida a convencéo de Q positivo
significa fluxo de calor para o oceano. A soma dos fluxos de calor € mostrada na

Equacéo 4:

Q = —hfss — hfls + rlds — rlus + rsds — rsus (4)
O fluxo de agua doce, F (kg m?2 s?), é calculado pelo balanco direto entre
precipitacédo (P) e evaporacgéao (E), conforme demonstrado na Equacéo 5. Logo,
neste trabalho, um F positivo representa uma maior entrada de agua doce no
oceano, diminuindo a salinidade local.

F=P-E (5

4.4 Analise Multivariada

Primeiramente, para permitir a comparacdo entre variaveis com diferentes
magnitudes, as séries temporais dos trés fluxos (bombeamento de Ekman, agua
doce e calor) e da exportacdo das massas de agua foram normalizadas retirando
a média de cada variavel, e foi dividido o resultado pelo desvio padréo da série.
Apos, foi computada uma regressao multivariada para determinar o quanto da
variabilidade do transporte de volume de cada massa de agua pode ser
explicada pelo Bombeamento de Ekman e pelos fluxos de calor e agua doce.
Conforme a Equacao 6 a seguir:

y = Ex + ¢ (6)
onde, y é o transporte de volume mensal de cada massa de agua, E € a matriz

das variaveis preditoras (We, Q, F), e entdo a dimensédo NT X 3, onde NT é a
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dimensédo da série temporal e x € o vetor de coeficientes de regressdao com
dimenséo 3 x 1. Como demonstrado por Wunsch [2006], a solu¢do para x que
minimiza os minimos quadrados, ¢, é:
x = (ETE)YETy (7)

Logo, a variancia normalizada do transporte das massas de agua que pode ser
explicado pelos fluxos We, Q e F é:

R* =1-(-EX)" (y-Ex)(y"y) (8)
Onde um R?=1 significa que 100% da variancia dos transportes de volume pode
ser explicada pelos fluxos considerados. Também foi calculada a correlacdo
individual direta de cada fluxo com os transportes para verificar se algum dos
fluxos poderia explicar melhor a variabilidade observada de forma individual.
Além disso, considerando que os transportes das massas de agua poderiam
responder a variagcdo nos fluxos com algum tempo de atraso, ou seja, néo
instantaneamente, foram testadas algumas defasagens (lags) para as
correlagdes individuais. Entédo, para cada fluxo, foram testados de 0 — 5 meses
de lag em relagéo ao transporte de volume e determinado que o lag com a maior
correlacdo seria utilizado nas analises posteriores.
Para encontrar a representatividade da variacédo latitudinal da superficie dos
fluxos que afetam a formacao da AAIW e SAMW ao longo do oceano Austral foi
realizado o seguinte teste: foi computada a regressao multivariada, utilizando os
trés fluxos, com diferentes limites sul de latitude. Foram testadas as variacfes
desta regresséo considerando as faixas latitudinais de 30°S até 55°S, 65°S e
70°S. Como uma maior amplitude latitudinal ndo apresentou uma melhoria
significativa no R?, para fins de otimizacdo computacional, foi decidido utilizar a

latitude de 55°S como limite sul para as analises das séries temporais. No
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entanto, para a andlise das areas de formacéo das massas de agua foi utilizado
o limite latitudinal mais ao sul (70°S).

Como as variaveis preditoras utilizadas neste estudo ndo sdo completamente
independentes entre si, foi calculado também as correlagfes parciais, para inferir
sobre o grau de independéncia entre as forcantes analisadas. Para isto, €
removido o sinal correlacionado com as outras variaveis antes de calcular o R?
total. Logo, primeiramente € determinado por uma regressao o componente de
y que é ortogonal as outras duas variaveis (i.e. We, F, Q), e entdo determinado a
variancia explicada R% do sinal residual, y’, que pode ser explicada pela variavel
preditora de interesse (i.e. Q). Logo, para se obter a correlacdo parcial do
Bombeamento de Ekman com o transporte de volume das massas de agua, por
exemplo, primeiramente é removido o sinal da exportacdo correlacionado com
fluxo de calor e dgua doce, e s6 entdo com o transporte residual é calculada a
correlacdo parcial com We. Isto foi calculado para cada uma das variaveis de
interesse conforme as Equacbes 9 e 10, onde Ej € a regressdao multivariada
utilizando duas variaveis preditoras. Neste contexto, a Equacdo 8, acima,

fornece o R? da variavel preditora remanescente.

y = y- Eijx )

RE=1-( - Ex)" (v — Exx) " y)™t (10)

Para a determinacéo de quais variaveis sdo mais importantes no transporte de
volume da AAIW e SAMW, e como estao variando ao longo do tempo e entre 0s
cenarios, foram utilizadas as médias das areas analisadas obtendo um resultado

para cada fluxo para cada més, e entdo comparado com a série temporal do
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transporte médio das massas de agua em 30°S. Para a identificacédo das areas
de formacado e exportacdo das massas de agua foi calculado o valor médio de
cada fluxo em cada ponto de grid para cada experimento, e entdo computada a
correlagdo multivariada com os transportes das AAIW/SAMW. Desta forma, foi
possivel identificar as &reas de maior correlacao e, assim, inferir sobre o0 aspecto

regional da formacg&o das massas de agua estudadas.
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Capitulo V: Transportes medios das

AAIW/SAMW

P ara a obtencdo do titulo de Doutor pelo Programa de Pés-Graduacgédo em
Oceanologia, é requerido que o discente realize a submissao de pelo menos dois
artigos cientificos como primeiro autor em periédico com corpo indexado e que
estes artigos estejam pelo menos em revisdo. Desse modo, os resultados da
pesquisa desenvolvida durante o periodo de doutorado e a discussdo dos
resultados serdo apresentados em capitulos distintos na forma de dois artigos.
O primeiro artigo, de autoria de Almeida L., Mazloff M., Mata M.M. é intitulado
“The Impact of Southern Ocean Ekman Pumping, Heat and Freshwater flux

Variability on Intermediate and Mode Water Export in CMIP models: Present
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and Future Scenarios” e foi publicado no periédico “Journal of Geophysical

Research: Oceans” (DOI: 10.1029/2021JC017173).

5.1 Sintese do artigo

Neste artigo foram avaliados os processos dominantes na variabilidade temporal
dos transportes de volume médios das AAIW/SAMW em 30°S, utilizando os
GCM’s CMIP, geragdes 5 e 6. Além disso, investigou-se como as mudancas
climaticas afetam estes processos nos cenarios futuros. A teoria prediz que estas
massas de agua séo subduzidas pelo estresse do vento combinado com a perda
de flutuabilidade pelos fluxos de calor e agua doce na interface ar-mar.
Primeiramente, foi encontrado uma alta variabilidade entre os resultados de
transporte das massas de agua ao longo dos modelos, onde a maioria deles
superestima estes valores. Entretanto, os modelos parecem reproduzir a
formacao das massas de agua de interesse pela combinacédo correta dos fluxos
oceano-atmosfera. Nos cenarios atuais, a forcante dominante para a AAIW foi o
fluxo de calor, enquanto para a SAMW foi o0 bombeamento de Ekman causado
pelo estresse dos ventos de oeste, estes caracteristicos da regido circumpolar
Antértica. Porém, uma analise de correlacdo multivariada demonstrou que as
exportacdes de ambas as massas de agua sdo melhores explicadas combinando
os trés fatores (bombeamento de Ekman, fluxo de 4gua doce e fluxo de calor).
Nos cenérios futuros, € demonstrado que estes fluxos passam por mudancas de
tendéncias significativas, o que impacta os transportes das AAIW/SAMW. Ambos
transportes seguem significativamente correlacionados com os fluxos
considerados, porém sdo evidenciadas mudangas nos coeficientes de

correlacdo causadas, provavelmente, por mudancas nas forcantes dominantes.
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Logo, as correlagbes sdo ndo-estacionarias e, portanto, ndo podem ser
estimadas com estatistica basica, ressaltando a importancia das estimativas dos
modelos climéticos, e da relevancia de uma representacdo mais acurada por

parte dos GCM’s.
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5.2 Artigo 1

The Impact of Southern Ocean Ekman Pumping, Heat and Freshwater flux
Variability on Intermediate and Mode Water Exportin CMIP models: Present

and Future Scenarios

Lucas Almeidal, Matthew R. Mazloff2, Mauricio M. Mata?

1 Laboratério de Estudos dos Oceanos e Clima - LEOC, Instituto de
Oceanografia, Universidade Federal do Rio Grande-FURG, Rio Grande, RS,
Brazil

2 Scripps Intitution of Oceanography, University of California San Diego, San
Diego, CA, USA

Corresponding author: Lucas Almeida, lucasralm@gmail.com

Key Points:

- AAIW and SAMW export is highly variable and correlated with multiple flux
components.

- The volume export variability follows expected theoretical relationships with
fluxes.

- Export is projected to increase, and was not skillfully predicted assuming

stationary statistics.
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5.2.1 Abstract

Subduction in the Antarctic circumpolar region of the Southern Ocean results in
the formation of Antarctic Intermediate Water (AAIW) and Subantarctic Mode
Water (SAMW). Theoretical understanding predicts that subduction rates of these
waters masses is driven by wind stress curl and buoyancy fluxes. The objective
of this work is to evaluate the extent to which AAIW and SAMW variability are
correlated to Southern Ocean air-sea fluxes and how potential changes to those
forcings would impact the future water mass export rates. We correlate the water
mass volume transport at 30°S with Ekman pumping, freshwater and heat fluxes
in the Coupled Model Intercomparison Project (CMIP). The export of these water
masses varies across models, with most overestimating the total transport.
Correlation coefficients between the air-sea fluxes and exports are consistent
with theoretical expectations. In the picontrol/historical scenarios, the highest
correlations with AAIW export variability are heat flux, while Ekman pumping best
explains SAMW. However, multivariate regressions show that both AAIW and
SAMW export variability are better explained using the combination of all three
fluxes. In future scenario simulations air-sea fluxes trend significantly in the
catastrophic scenario (RCP8.5 and SSP8.5). Both AAIW and SAMW are still
highly correlated to the fluxes, but with different correlation coefficients. The
dominant forcing components even change from the present simulations to the
future scenario runs. Thus correlations between AAIW and SAMW transports and
air-sea fluxes are not stationary in time, limiting the predictive skill of statistical

models and highlighting the importance of using complex climate models.
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5.2.2 Plain Language Summary

The ocean plays a fundamental role in the climate system, storing and
transporting heat and carbon. In particular, water mass changes that occur in the
Southern Ocean play an important role in setting the properties of the global
ocean interior. Here we use climate models to investigate aspects of the system
affecting this oceanic transport and storage of interior water masses, focusing on
the ocean’s intermediate layer. These intermediate waters that are exported from
the Southern Ocean to the rest of the global oceans are known as Antarctic
Intermediate Water (AAIW) and Subantarctic Mode Water (SAMW). The main
goal of this study is to determine what processes are driving their temporal
variability and how those water masses would be impacted in the future due to
climate change. We find that AAIW and SAMW are highly correlated with wind
stress, heat and freshwater exchanges between the ocean and atmosphere.
Future scenarios project significant changes for those fluxes, leading to warmer
and saltier waters and more intense winds. These cause relevant alterations in
the volume transport of both water masses in the future scenarios, especially for
the scenario with the most extreme changes, with implications for stability of the

climate system.

5.2.3 Introduction

The Meridional Overturning Circulation (MOC) is driven by wind and buoyancy
forcing [Marshall et al. 2003]. Intense winds and buoyancy fluxes result in thick
mixed layers [De Boyer et al. 2004], providing a route for sequestering heat and
carbon dioxide from the atmosphere to the deep ocean [Sabine et al. 2004; Sallée

et al. 2012]. According to Roemmich et al. [2015] the Southern Ocean (SO)
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accounts for 67%-98% of the observed increase of heat content in the global
ocean. Antarctic Intermediate Water (AAIW) and Subantarctic Mode Water
(SAMW) masses acquire their physical characteristics in these deep mixed
layers, and then are subducted to the north where they ventilate the subtropical
gyres [Sallée et al. 2010]. This equatorward advection in the subtropics takes
place along the eastern boundaries of all major oceans [Stramma, 1999] being a
major component of the upper limb of the MOC, and hence fundamental to
maintaining the climate state [Talley 2003; Pahnke et al. 2008].

Several studies have shown that Southern Ocean intermediate waters originate
at high latitudes, south of Polar Front [PF; e.g. McCartney et al. 1977], with some
arguing that formation occurs between the PF and Subantarctic Front [Rintoul et
al. 1999, Hartin et al. 2011]. The processes governing the formation rates of
AAIW and SAMW are still not well characterized, but several mechanism have
been proposed [Zhu et al. 2018]. The residual mean theory applied by Marshall
& Radko [2003] combines patterns of wind forcing, buoyancy forcing, and
stratification to infer the MOC, and thus subduction magnitudes to intermediate
layers. According to this framework, the volume of AAIW and SAMW exported
from the Southern Ocean should be strongly associated with wind stress and air-
sea fluxes of freshwater and heat. This work investigates these associations in
climate models from the Coupled Modeling Intercomparison Project Phase 5 and
6 (CMIP5 and CMIP6). The model ensemble mean air-sea fluxes at the Southern
Ocean are presented in Figure 3, together with a schematic of vertical water mass
circulation at the same region. These values suggest a reasonable representation

of these processes in the CMIP6 models.
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Previous works have shown that CMIP5 models reproduce the maximum wind
stress forcing at the circumpolar region, which is an improvement from generation
3 [Beadling et al. 2019]. Other studies have quantified the volume transport of
water masses exported from the Southern Ocean in previous CMIP simulations
(generation 3 and 5). For example, it was shown that there are large biases in
the export of AAIW in CMIP5 models [Sallée et al. 2013; Zhu et al. 2018].
Moreover, Sallée et al. [2013] studied the mean water mass transport across
30°S in a multi-model ensemble and related it to mean outcrop window, heat and
freshwater fluxes. Here, we consider the transport at that same section, but build
on the analysis by including the new generation of CMIP models and, importantly,
we assess the transport time variability in each model. We relate this variability
to the wind stress curl, freshwater flux, and heat flux in each respective model.
Specifically, we are interested in which forcing mechanisms are most correlated
with the AAIW and SAMW transports, if the corresponding correlation coefficients
are physically plausible, and whether the relationships are robust across CMIP
generations.

Finally, Climate and Earth System Models (ESMs) are important tools for making
quantitative climate projections to the end of 21st century, enabling assessment
of the impact of different scenarios of anthropogenic activity on climate
[Bracegirdle et al. 2020]. In this sense, we also used CMIP5/CMIP6 models to
estimate the potential future changes in fluxes, AAIW and SAMW export, and
their relationships to the end of 21st century and under different scenarios of

climate change.
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Ekman Pumping

Freshwater

Westerlies
E: 4.5e10°
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H: 3.5 5
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Figure 5.1. The upper three panels are the CMIP6 ensemble mean fluxes in the Southern Ocean
calculated using the last 30 years of historical experiment. The top two are Ekman pumping and
freshwater flux, and the mid panel is the heat flux. The lower panel is a schematic showing the
mean fluxes, where Wei is the mean Ekman transport of -7.4 107 cm s, E is evaporation of 4.5
106 Kg m=2 s1, and H is the mean heat flux of 3.5 W m=2. This lower panel gives a vertical

perspective of Antarctic water masses and circulation, with an inflow of Circumpolar Deep Water
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(CDW) into the Southern Ocean and an export of Antarctic Bottom Water (AABW), AAIW and
SAMW. The CMIP6 models mean export of SAMW is 14 Sv and of AAIW is 7 Sv.

5.2.4 Materials and Methods

5.2.4.1 Models

Outputs from 27 CMIP models from version 5 [Taylor et al. 2012] and 6 [Eyring
et al. 2016] were used in this study. Atmospheric and oceanic component
variables were downloaded from the Deutsches Klimarechenzentrum Data
Center portal (https://esgf-data.dkrz.de). The list of models and respective
resolutions is presented in Table 2. To analyse the models performance and the
natural time variability, we used monthly averages of the ocean state from the
“historical” runs, which is a scenario forced by natural and anthropogenic factors
during the 20th century. To provide a basis of comparison, we also evaluated the
pre-industrial revolution experiment denoted “picontrol” [Taylor et al. 2012].
Finally, we used CMIP models future scenarios runs to estimate the behavior of
AAIW and SAMW transports up to the end of the 21st century. These future runs
are generated using prescribed radiative forcing values from the Representative
Concentration Pathways (RCPs) for generation 5 models [Meinshausen et al.
2011]. In this case, we used the scenarios 4.5 W m? (RCP4.5) and 8.5 W m?
(RCP8.5) which are the medium range and the most catastrophic ones,
respectively. For CMIP6 models, the equivalent scenarios used in this study are
called Shared Socioeconomic Pathways (SSP4.5 and SSP8.5; Eyring et al.
2016). We adopt the nomenclature Scenario 4.5 (S4.5) and Scenario 8.5 (S8.5)

when referring to the future scenarios from both generations.
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Table 5.1. Climate Coupled Models used in this study. Some details for each model are
presented: name, generation, ocean and atmospheric horizontal resolution, ocean vertical
coordinate and number of levels (Z are traditional depth coordinates, Z* are re-scaled depth

coordinates, S are sigma coordinates, and SZ are hybrids) and main reference.

Model Generation Ocean (Latx  Atmospheric Vertical Reference
Lon) (Lat x Lon) (levels)
ACCESS1-0 CMIP5 1.88° x 1.88°x 1.24° Z(50) Collier & Uhe
1.24° (2012)
ACCESS1-3 CMIP5 1.88° x 1.92°x1.45° Z(50) Collier & Uhe
1.24° (2012)
ACCESS-CM2 CMIP6 1.00° x 1.88°x 1.25° Z*(SO) Dix et al.
1.00° (2019)
ACCESS-ESM1-5 CMIP6 1.00° x 1.88°x 1.25° Z*(SO) Ziehn et al.
1.00° (2019)
BCC-CSM2-MR CMIP6 1.00° x 1.13°x1.10° Z(40) Wu et al,,
1.00° (2018)
BCC-ESM1 CMIP6 1.00° x 2.81°x 2.81° Z(40) Zhang et al.
1.00° (2018)
CAMS-CSM1-0 CMIP6 1.00° x 1.00° x 1.00° Z(50) Rong (2019)
1.00°
CanESM2 CMIP5 2.81°x 2.81°x 2.81° Z(40) CCCM & CCCm
2.81° (2015)
CanESM5 CMIP6 1.00° x 2.81°x 2.81° Z(45) Swart et al.
1.00° (2019)
CNRM-CM5 CMIP5 1.41°x 1.41°x1.41° 7(42) Voldoire et al.
1.41° (2013)
CNRM-CM6-1 CMIP6 1.00° x 1.40° x 1.40° Z*(75) Voldoire
1.00° (2018)
CNRM-ESM2-1 CMIP6 1.00° x 1.40° x 1.40° Z*(75) Seferian (2018)
1.00°
CSIRO-Mk3-6-0 CMIP5 1.88° x 1.88°x 1.88° Z(31) Jeffrey et al.,
1.88° (2013)
EC-Earth3-Veg CMIP6 1.00° x 0.70° x 0.70° Z*(75) EC-Earth
1.00° (2019)
GFDL-ESM2G CMIP5 2.50° x 2.50° x 2.00° S(63) Dunne et al.
2.00° (2014)
GFDL-ESM2M CMIP5 2.50° x 2.50° x 2.00° Z(50) GFDL (2018)
2.00°
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GISS-E2-1-H

Had-GEM2-ES

INM-CM4-8

INM-CM4

MIROC5

MIROC6

MIROC-ESM

MPI-ESM1-2-HR

MPI-ESM-LR

MRI-CGCM3

SAMO-UNICON

CMIP6

CMIP5

CMIP6

CMIP5

CMIP5

CMIP6

CMIP5

CMIP6

CMIP5

CMIP5

CMIP6

1.00° x
1.00°

1.88° x
1.25°

1.00° x
0.56°

2.00° x
1.50°

1.41°x
1.41°

1.00° x
0.70°

2.81°x
2.81°

0.44° x
0.44°

1.88°x
1.88°

1.13°x
1.13°

1.13°x
0.47°

2.50°x 2.00°

1.88°x 1.25°

2.00° x 1.50°

2.00° x 1.50°

1.41°x1.41°

0.70°x 0.70°

2.81°x 2.81°

0.94° x 0.94°

1.88°x1.88°

1.13°x1.13°

1.25°x 0.94°

SZ(32) NASA/GISS
(2018)
Z(40) METO & R2de
Clima (2013)
S(48) Volodin et al.
(2019)
S(40) Volodin et al.
(2010)
SZ(50) AORI et al.
(2013)
SZ(62) Tatebe &
Watanabe
(2018)
SZ(44) Watanabe et
al. (2011)
Z(40) Schupfiner et
al. (2019)
Z(40) Giorgetta et al.
(2012)
Z(50) Yukimoto et al.
(2012)
Z(50) Park & Shin
(2019)

5.2.4.2 Definition of Water Masses

The AAIW and SAMW water masses exported from the Southern Ocean in each

CMIP model may be of different density classes than observed in the real ocean.

Thus, to identify these water masses, we applied the methodology presented in

Sallée et al. [2013] to find the most appropriate potential densities delimiting them

in each CMIP model. The methodology defines the water masses by

hydrographic properties: AAIW is associated with a minimum salinity in the

circumpolar belt region [Tomczak et al. 2007], while the SAMW s related to a

minimum in stratification, and hence minimum Potential Vorticity (PV).
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The process first identifies a minimum salinity location (Smin) with local salinity
maxima directly above (Smaxabove)) and below (Smaxpelow)). The limits of AAIW are,
in terms of density space, a quarter of the distance between Smin and Sapove

(Sbelow) for the upper (lower) end, as shown in the following equations:

62(acima) = (362(Smin) + 62((Smax(acima) )) /4 (1)

02(abaixo) = (362(Smin) + 62((Smax(abaixo) )) /4 (2)

This was carried out for each model at 30°S, where the total thickness, H, and
transport of AAIW, VH, was calculated.

To identify the SAMW, we analyzed the PV at 30°S. First, the upper limit of AAIW
is identified as being the lower limit of SAMW. Then, we search for a minimum
PV level associated with a density vertical gradient smaller than 0.1 kg m. The
SAMW layer is determined as having an upper density limit that contains at least
90% of the total minimum local PV.

After determining the upper and lower potential density limits, it is straightforward
to calculate the thickness, H, and export, VH of SAMW for each climate model.
To obtain the total volume of each water mass crossing 30°S, we vertically
integrate the monthly mean meridional velocity over each water mass layer. Thus,
we determine the total intermediate and modal water volume transport at 30°S as
a monthly time-series. This time series is then used to investigate the formation

process in CMIP models.
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5.2.4.3 Ekman Pumping
All the coupled climate models used here provide the monthly mean zonal and
meridional components of surface wind stress. From these outputs we calculate

the vertical Ekman pumping (We) in the region following Equation 2:

W, = 7x (;f) 3)

Where 1 is the wind stress component, po is the reference seawater density and
f is the Coriolis parameter. A monthly average Ekman pumping time series is

made by integrating We between latitudes 30°S and 55°S.

5.2.4.4 Heat and Freshwater Fluxes
The total ocean and atmosphere heat exchange is averaged monthly and

integrated between latitudes 30°S and 55°S. The total heat flux, Q, is given by:
Q = —hfss — hfls + rlds + rlus + rsds + rsus(4)

Where hfss and hfls are the sensible and latent heat fluxes, rlds and rlus are the
downwelling and upwelling net longwave radiation, rsds and rsus are the
downwelling and upwelling net shortwave radiation. All these parameters are
outputs from the CMIP models. This follows the convention of positive Q being
heat fluxed into the ocean (i.e. warming ocean temperatures), thus making the
ocean more buoyant.

The freshwater fluxes are calculated by the difference between precipitation and
evaporation, F = P - E, integrated over the same area (i.e. 30°S to 55°S). Thus,

F follows the convention that positive values decrease ocean salinity content,
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thus making the ocean more buoyant. Griffies et al. [2016] states that salinity
restoring is necessary as global climate models typically drift over decadal
timescales. Here, all models used salinity surface restoring with different
implementations [Danabasoglu et al. 2014; Rahaman et al. 2020], which
potentially influence the estimates of freshwater fluxes. However, we do not
expect a strong impact on our results as the typical restoring timescales are far

longer than the monthly variability considered in the present study.

5.2.4.4 Multivariate Regression Procedure, Including Lags
To enable direct comparison of all variables of interest (VH, We, F, Q), we remove
the mean from the time series, and then normalize by dividing the time series by
its standard deviation. We then carry out a multi-variate regression to inform how
much the variation of water masses transport, y = VH, can be explained by the
Ekman Pumping and fluxes of freshwater and heat:
y =Ex+¢ (5
Here E is the matrix of predictor variables (We, F, Q), and thus size NT X 3, where
NT is the length of the time series, and x is a 3 X 1 vector of regression
coefficients. As shown in Wunsch [2006], the solution for x that minimizes the
squared residuals, ¢, is
x = (ETE)'ETy (6)

The normalized variance of VH that can be explained by (We, F, Q) is:

R =1-y-E)"-EX) "N (D
with R2 =1 implying 100% of the variance can be explained.
We also carry out this analysis for each independent predictor variable alone to

evaluate if one variable can do a similar job explaining the variance as to what is
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accomplished using all three. We also test which time lags best explain the water
mass transports for each individual component. Calculations were carried out
using 0 to 5 month lags for each component, and the lags with the largest R? were
used in the combined analysis.

To test the representativeness of the latitudinal range used here for surface
forcing that affects the AAIW and SAMW transports, we computed the
multivariate regression using all three fluxes (Ekman Pumping, Freshwater and
Heat) using different southern limits. We tested the latitudinal ranges 30°S to 65°S
and 30°S to 70°S, and found very similar results to the 30°S to 55°S range used
in the present study. Moreover, no substantial improvements in the R? were found
in both tested cases. Based on the slightly higher R? values and due to
computational efficiency, we opted to use the 30°S to 55°S latitudinal range
throughout this study

The fluxes analyzed are not completely independent between themselves. To
address this problem, we calculate partial correlations in an attempt to infer the
level of independence between the forcing components. To achieve this goal, we
first remove the signal correlated with other variables before determining R2.
Thus, we first determine the component of y that is orthogonal to the two other
predictor variables (e.g. We, F) via regression, and then determine the variance
explained, R?, of this residual signal, y', that can be explained by the remaining
predictor (e.g. Q). For example, to assess the partial correlation of the Ekman
pumping with the water mass exports, we first remove the signal of export
correlated to freshwater and heat fluxes, and then determine an R? for the
residual export signal with Ekman pumping. The same was done for each flux

component.
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y =y-Eijjx (8
RE=1-0 - EX)" O - ExX)0Ty)™" 9
where the Ejx is the multivariate regression using 2 predictor variables, i and |,
and Equation 10 gives the R? value for the partial correlation of the third variable,

K.

5.2.5 Results

5.2.5.1 Mean State

The mean volume transport of Intermediate and Mode waters at 30°S varies
widely across models (Figure 5.2), with AAIW mean transports ranging from 2 to
18 Sv and SAMW mean transports ranging from 3 to 30 Sv. Sallée et al. [2013]
show that, compared to observations, these recently ventilated water mass layers
have the largest biases of all the Southern Ocean layers in the CMIP models
generation 5. In addition, Zhu et al. [2018] also identified significant biases in the
properties of AAIW for CMIP5 models. Some models show very low mean
transport values for AAIW (CSIRO-Mk3-6-0, INM-CM4, MIROCS5), while MIROC6
has the highest values. SAMW transports have a lower spread around the multi-
model mean value of about 11 Sv. The INM-CM4 and MPI-ESM1-2-HR models
have low SAMW transports, and INM-CM4-8 and MIROCS5 have notably high
transports. In the present work, we find a mean transport of 6.15 ~Sv for AAIW
and 11.29 ~Sv for SAMW, values close to the 5.85 ~Sv and 11.55 ~Sv presented
in Sallée et al. [2013]. Several factors explain the differences between both
studies. First, we use a somewhat different group of models. Sallée et al. [2013]
did not analyze CMIP6 models and also we used some CMIP5 models not

considered in their analyses (e.g the ACCESS models, CanESM2, INM-CM4,
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ACCESS1-0 1 ACCESS1-0 1
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ACCESS-ESM1-5 Wek:0.91 1 ACCESS-ESM1-5 Wek:0.93
BCC-CSM2-MR F:0.82 b BCC-CSM2-MR IS F:0.82
BCC-ESM1 H:0.81 b BCC-ESM1 H:0.81
CAMS-CSM1-0 1 CAMS-CSM1-0
CanESM2 1 CanESM2
CanESM5 CanESM5
CNRM-CM5 CNRM-CM5
CNRM-CM6-1 CNRM-CM6-1
CNRM-ESM2-1 7 CNRM-ESM2-1
CSIRO-Mk3-6-0 1 CSIRO-Mk3-6-0
EC-Earth3-Veg 1 EC-Earth3-Veg
GFDL-ESM2G 7 GFDL-ESM2G
GFDL-ESM2M 1  GFDL-ESM2M !
GISS-E2-1-H 1 GISS-E2-1-H |
HadGEM2-ES 1 HadGEM2-ES
INM-CM4-8 1 INM-CM4-8
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MIROCS5 1 MIROC5
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MPI-ESM1-2-HR 7 MPI-ESM1-2-HR
MPI-ESM-LR 1 MPI-ESM-LR
MRI-CGCM3 1 MRI-CGCM3 )
SAMO-UNICON 1 SAMO-UNICON Y
b =1

MRI-CGCM3). Moreover, they also used some other models not considered here
(GISS-E2-R, HadCM3, HadGEM2-CC, MIROC-ESM-CHEM). Also, we are
interested in the time variability, so we used the entire available simulation period
for each experiment and for each model, while Sallée et al. [2013] analyzed the

mean of the last 30 years of each experiment.

Volume Transport (Sv) Volume Transport (Sv)
0 5 10 15 20 25 0 5 10 15 20 25

30

35

AAIW SAMW

Figura 5.2. Mean water mass volume transports at 30°S for each model (units are Sv). Dark blue
and light blue bars show the CMIP6 and CMIP5 models, respectively. The orange dashed line is
the multimodel mean transport. The left panel shows AAIW transport and the right panel shows
SAMW. The whiskers are the transports standard deviation. Mean correlations (R?) between
mean fluxes and mean transports across models are noted in the plot. Also included is the R? for

the multivariate regression.

The volume transport of AAIW and SAMW water masses in CMIP6, with a mean
of 7 Sv for AAIW and 10 Sv for SAMW, are more consistent with inferences from
data than the results from CMIP5. The combined model mean (CMIP6) is higher
than the observationally estimated combined mean of 10 Sv reported by Talley

[2003] and Talley et al. [2003], but is closer to the estimated 14 Sv of the MOC
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upper limb transport reported by Ferster et al. [2018]. This may be due to a better
representation of atmospheric circulation in the new generation models. Beadling
et al. [2020] state that all metrics pertaining to the surface wind stress forcing
have improved and Bracegirdle et al. [2020] showed improvements in the
representation of westerly jets. To understand the variability in the mean AAIW
and SAMW transports, we calculate the correlation across models between these
mean transports and the mean fluxes (Figure 5.2). The results imply a covariance
between mean water mass export and mean air-sea fluxes in the climate models,
with the strongest correlation being to Ekman pumping (AAIW: R?=0.91; SAMW
R?=0.93). This result is similar to the correlation found by Sallée et al. [2013]
comparing the multimodel mean of mode water transport and the outcrop area
(correlation coefficient of 0.84). In addition, this analysis showed that multivariate
correlation to the fluxes resulted in a higher R? and suggested that these fluxes
are able to explain almost all the variance in the mean water mass transports
(AAIW R2=0.98; SAMW: R2=0.97).

The mean picontrol/historical fluxes for each model are presented in Figure 5.3.
For ease in comparison they are all normalized using the maximum value of each
flux. The Ekman pumping in most cases presented consistent values between
model results, BCC-CSM2-MR has a higher value while MIROC5 and MIROC6
have the lowest. For the freshwater flux there are two models that seems to be
overestimating this value, CAMS-CSM1-0 and EC-Earth-Veg, while other models
present similar values. The heat fluxes vary between models, with MIROC6
presenting higher values, which may reflect the higher AAIW export in that model.
Another interesting point about the mean water mass exports is that the models

with higher vertical resolution (presented in Table 5.1) have more realistic
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transports. The number of vertical levels is proportional to the vertical grid spacing
of the uppermost ocean cell, with most models having 40 to 50 vertical levels and
an approximately 10~m thick upper layer. The models with higher vertical
resolution have upper layer thicknesses of reaching down to 1~m. The models
with lowest vertical resolution, independent of coordinate type, presented the
largest differences from the multimodel means (6.15~Sv for AAIW and 11.29~Sv
for SAMW). The CSIRO-Mk3-6-0 has the lowest resolution among the models
analyzed in this study (31 vertical levels, upper layer thickness of 10~m) and
underestimates the AAIW transport by about 4~Sv and overestimates SAMW by
about 5 Sv compared to the multimodel mean values. Another example is the
INM-CM4-8 (sigma coordinate with 40 levels) which overestimates both water
masses, reaching values of~15 Sv for AAIW and 30~Sv for SAMW. Meanwhile
INM-CM4, with the same characteristics, underestimates the transports by about
4~Sv and 6~Sv for AAIW and SAMW respectively, when compared with the multi-
model mean value. The high vertical resolution simulations (e.g. CNRM-CM6-1,
CNRM-ESM2-1, and EC-Earth3-Veg models, all with 75 vertical levels) had
transports closer to the multi-model mean than the coarse models, though there
are some exceptions and a robust correlation was unattainable. An example
exception is MIROCG6, which has a higher resolution (62 levels with hybrid
coordinates) but overestimates AAIW transport with an export of about 19 Sy,
and underestimates SAMW with an export of only 5 Sv. Meanwhile BCC-CSM2-
MR, which has a low vertical resolution (40 levels), performs well with respect to
reproducing the multi-model mean transport values. Nevertheless, in general, the
higher vertical resolution models considered in this study simulate AAIW/SAMW

volume transports closer to observed values.
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Figure 5.3. The mean air-sea fluxes between 30° - 55°S from historical and picontrol experiments

for each model, normalized by the maximum value (-8.6x107 cm s for Ekman pumping from
model BCC-CSM2-MR; -7.6x10% kg m2 s for freshwater from the model EC-Earth3-Veg and
6.19 W m2 for heat flux from MIROCSG6). The bars are the Ekman pumping (green), freshwater
(blue) and heat (red) fluxes.

5.2.5.2 Time Variability

We showed that model mean transports are strongly correlated to mean fluxes.
Here we test whether the variability of the transport within each model correlates
with the air-sea flux variability. As a first assessment, we consider lag correlations
of transport to individual flux components in seven of the models (Figure 5.4). We
tested 0 to 5 month lags, and did not test longer lags as the correlations diminish
by month 5. For Ekman pumping the correlation was strongest without using any
lag, implying that water mass transport co-varies strongest with wind stress on
timescales less than a month. Most models had maximum R? using 2 month lags

when considering freshwater fluxes, the only exception is SAMO-UNICON where
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3 and 4 months lags showed a greater R2. For heat flux there is more variation,
and we do not find a relevant difference between 2 or 3 month lags. The results
presented below were carried out with both 2 and 3 months lags for heat flux and
gave the same qualitative results, though the correlations were slightly greater
for 3 months. Based on these results, in the following analysis we present
correlations using no lag for Ekman pumping, a 2 months lag for freshwater
fluxes, and a 3 months lag for heat fluxes.

The fluxes presented a higher correlation with AAIW transport in most climate
models (Figure 5.5, upper panel). For multivariate regression to AAIW, many
models have a R? higher than 0.6 (ACCESS1-3, BCC-CSM2-MR, BCC-
ESM1,CAMS-CSM1-0,CNRM-CM5, CNRM-CM6-1, CNRM-ESM2-1, EC-Earth3-
Veg, GFDL-ESM2M, HadGEM2-ES, INM-CM4-8, INM-CM4, MIROC5, MIROCS6),
and BCC-ESM1 and CAMS-CSM1-0 were higher than 0.8. However, the fluxes
did not correlate with transport in GISS-E2-1-H, MRI-CGCM3 and SAMO-
UNICON. Regarding single variables, heat fluxes are best able to account for
AAIW variability, with freshwater fluxes also correlating strongly in some models.

Meanwhile, Ekman pumping does not correlate with AAIW transport variability.
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Figure 5.4. Lag correlations for Ekman pumping, freshwater and heat fluxes for each water mass,
with AAIW (SAMW) displayed in the top (bottom) panels. Red lines are the model BCC-ESM1,
green BCC-CSM2-MR, blue CAMS-CSM1-0, pink Can-ESM5, cyan GISS-E2-1-H, brown
MIROCSG6 and in black SAMO-UNICON.
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Figure 5.5. The upper two panels show the R? for each flux component to the respective water

mass transports (AAIW on top and SAMW below). The multivariate correlation is in gray bars,
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and individual components are shown in green (Ekman pumping), blue (freshwater), and red
(heat) bars. The bottom two panels show the same R? for the multivariate correlation in gray, and

the R? for the partial correlations are given for each individual flux component in color.

The multivariate correlation of forcing to SAMW transport shows similarly high R?
values, with a large number of the climate models having values greater than 0.6
(BCC-CSM2-MR, BCC-ESM1, CAMS-CSM1-0, CaneSM2, CanESM5, CNRM-
CM5, CNRM-ESM2-1, CSIRO-Mk3-6-0, EC-Earth3-Veg, GFDL-ESM2G, GFDL-
ESM2M, INM-CM4-8, MIROC5, MPI-ESM1-2-HR, MPI-ESM-LR), and EC-
Earth3-Veg and MIROC5 having values greater than 0.8. Low R? values are
found for ACCESS-CM2, GISS-E2-1-H and SAMO-UNICON. It is better to
consider multiple flux components when considering SAMW transport
correlations, as no single flux component dominated the correlation across
models. Unlike with AAIW, Ekman pumping is highly correlated to SAMW
transport in many models, but more variability can be explained by also
considering the other flux terms.

To address the issue of the air-sea forcing fluxes covering between themselves
(i.,e. not being independent), partial correlations between the water mass
transports and each flux were computed. The results yield the relative importance
of the orthogonal components of the air-sea fluxes to the intermediate water mass
export (Figure 5.6, bottom two panels). The partial correlation is assessed by first
removing the export signal correlated to the other flux components, and then
correlating the specific flux with the water mass export. The results for partial
correlation to AAIW transport are consistent with those previously presented,
showing heat flux to be the most important component. There are some
exceptions: EC-Earth3-Veg in which the freshwater fluxes have a higher partial

correlation R?; and CAMS-CSM1-0 that freshwater and heat fluxes have the
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same importance. Ekman Pumping adds no value in explaining AAIW transport
variance in most models, but for CanESM5 it does have the same partial
correlation as heat flux and in CSIRO-Mk3-6-0 it has the highest partial
correlation among all fluxes.

Ekman pumping is more important for explaining the high R? with SAMW
transport in most models, particularly for MIROCS5, which has a high R? and the
partial correlation is dominated by this term. The partial correlation is highest for
heat flux in a few models, including MPI-ESM1-2-HR and INM-CM4-8. However,
there are many models where forcing components are strongly correlated to each
other, leading to low partial correlations for all terms. A clear example is CAMS-
CSM1-0, where each individual flux yield partial correlations with R2 of 0.2 or less,
whereas the total multivariate R? is close to 0.6. Freshwater flux presents a lower
partial correlation in most of the models, but in some models this component is
of secondary importance. One example is in EC-Earth3-Veg, where the heat flux
does not have a higher partial correlation yet Ekman pumping alone cannot
explain the multivariate correlation R? of 0.8.

To inform the mechanisms by which these flux components impact AAIW and
SAMW transport, the coefficients from the multivariate regression are presented
(Figure 5.6). Since all time-series have been normalized, here a regression
coefficient of 1 implies that a 1 standard deviation anomaly in surface flux would
be associated with a 1 standard deviation anomaly of water mass export. While
the R? value estimates the skill in predicting the response, the correlation
coefficients give the amplitude of the response. Since almost all calculated
coefficients are less than 1, this means that the export response to flux anomalies

is damped.
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The analyses also demonstrates an important agreement of the coefficient sign
with theoretical expectations Marshal & Radko [2003], where the export of water
masses in intermediate layers increases with increasing Ekman pumping (i.e.
increasing Ekman pumping implies a stronger upper limb overturning circulation).
Meanwhile, stronger buoyancy input restricts subduction processes necessary to
form intermediate water masses, thus reducing export. In consistency, we find
positive regression coefficients for Ekman pumping and negative regression
coefficients for heat or freshwater input with respect to the variability of mode and
intermediate water export.

The regression coefficients for AAIW transport reinforce our finding regarding the
sensitivity to heat flux, as it is larger in magnitude than the other components.
Similarly, it is clear that Ekman pumping is of minimal importance for explaining
the variability. In a few models freshwater flux regression coefficients are of equal
magnitude to heat flux: BCC-ESM1, CSIRO-Mk3-6-0, GFDL-ESM2G. The most
notable exception is EC-Earth3-Veg, where freshwater flux has a larger
coefficient and heat flux has a coefficient with an opposite sign than expected.
These regression coefficient exceptions are important given that all these models
have higher R? correlation for this water mass. SAMW regression coefficient
magnitudes are also in consistency with expectations from the previous results:
Ekman pumping has slightly higher impact than the other fluxes, but
nevertheless, the other flux components are still relevant.

It is also interesting how these coefficients relate to the mean fluxes (Figure 5.4),
and mean transports (Figure 5.2). For example, BCC-CSM2-MR presented a
SAMW transport very close to the inter-model mean value, but with a very high

Ekman pumping, however the partial correlation showed that for this model heat
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fluxes are important too, with a low heat value that could compensate the higher
Ekman pumping. The EC-Earth3-Veg seems to be overestimating the freshwater
fluxes, and that probably reflects in the high importance in the partial correlation
of these flux for both water masses. INM-CM4 presented a high Ekman pumping,
but not a higher SAMW export, which may be explained by a low multivariate R?,
and with a very low partial correlation with this specific flux. Also, MIROC5
showed a very low AAIW export, in agreement with a high partial correlation to
heat flux and a low value of heat flux. The same model has a significant partial
coefficient for Ekman pumping and SAMW transport, implying the high Ekman
pumping helps explain the very high mean SAMW transport.

We attempted to understand relationships between model properties leading to
higher correlations, and hence compared the R? values with a several mean
properties including volume transports, flux components, correlation coefficients,
and the vertical resolution (not shown). The AAIW multivariate R? has a
reasonable correlation with the number of vertical levels (R?=0.28) and with the
mean buoyancy fluxes (R?=0.35 for freshwater and R2=0.27 for heat). The
highest correlation in the SAMW case was the freshwater flux (R2=0.30).
Nevertheless, we did not consider any of these correlations to be a robust result;
we were unable to find consistent indicators across models for the sensitivity of

water mass transport to flux variability.
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represents the coefficient for Ekman pumping, blue for freshwater flux, and red for heat flux. AAIW
is the top panel and SAMW below. The black contour represents the coefficients with partial
correlations higher than 0.3 for models with multivariate R? values higher than 0.5.

5.2.5.3 Future Scenarios

To evaluate the future behavior of the AAIW and SAMW transports, we first
analyzed the temporal changes in the air-sea fluxes during the 21st century for
both S4.5 and S8.5 Scenarios (Figure 5.7). Almost all flux components showed
changes for the future projections, presenting significant linear trends (p<0.05)
over this period, with the only exception being the heat flux in the S4.5 scenario.
Here, we determine the trend significance using a Mann-Kendall test, where a p-
value lower than 0.05 confirms the statistical significance of the trend considered.
Ekman pumping becomes more negative in time in both scenarios, following the
southward displacement and intensification of the Southern Ocean westerlies

with higher radiative atmospheric forcing, as shown by [Wang et al. 2013;
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Bracegirdle et al. 2013]. The freshwater flux time series reveals a weakening
trend in both scenarios, implying the difference between precipitation and
evaporation is becoming smaller with time, which can potentially affect the low
salinity signature of the AAIW core. The heat flux shows strong variability, but
does not present a clear trend in the S4.5, while a clear increasing trend can be
observed for the S8.5. The latter suggests the Southern Ocean may warm during
the 21st century [Sen et al. 2009; Armour et al. 2016].

The changes in the fluxes are well correlated to the changes in AAIW and SAMW
transports. The future export of these water masses has been calculated by the
method described in Section 2.2. Thus, the water mass volume transport is
derived directly from the model scenarios S4.5 and S8.5 output as was done
earlier to calculate the water mass volume transports with PiControl and Historical

outputs. Figure 5.10 reveals the AAIW export for scenario S4.5.
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Figure 5.7. 21st century projections for the fluxes considered in this study. Top to bottom: Ekman
pumping, freshwater, and heat fluxes. The S4.5 scenario is shown in blue and the S8.5 in orange,

with the shading denoting the ensemble standard deviation.

The average transport is ~7.5 Sv. CSIRO-Mk3-6-0, INM-CM4-8 and MIROC5

have transports well below average, and GFDL-ESM2M, INM-CM4, and MPI-
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ESM1-2-HR have values considerably higher than the average. In the S8.5
scenario the AAIW mean transport is ~7.8 Sv, with GFDL-ESM2M, INM-CM4,
and MPI-ESM1-2-HR again showing values greater than the multi-model
average. Comparing to the historical mean, an AAIW average transport increase
of about ~1.5 Sv and ~1.8 Sv is observed for the S4.5 and S8.5 scenarios
respectively (Figure 4). Regarding SAMW, the future mean export for the S4.5 is
about ~14 Sv, with ACCESS-CM2, ACCESS-ESM1-5, and GFDL-ESM2M
yielding transports well under the multi-model average. For scenario S8.5 the
multimodel SAMW mean transport rises to ~14.8 Sv, with the same models cited
above presenting lower than average values, while INM-CM4-8 and MIROC5
have values exceeding ~20 Sv. Compared to the historical mean, a SAMW
average transport increase of ~3 Sv is observed by the end of the 21st century
for S4.5, and the catastrophic S8.5 scenario has a modestly larger increase of
~3.8 Sv (Figure 4).

Figure 5.9 shows in blue lines the multi-model average AAIW and SAMW volume
transport time series for the S4.5 and S8.5 scenarios. The AAIW export increases
in both scenarios, presenting significant trends (p<0.05), going from 6.8~Sv to
~7.3 Svin S4.5 and to 7.5~Sv in S8.5 by the end of the 21st century. That means
an increase of ~0.006 Sv year?! in S4.5 and ~0.010 Sv year? in S8.5. It is also
noticeable that the S8.5 time series shows a slightly smaller transport than S4.5
up to around year 2050, but then accelerates and overtakes the S4.5 line by the
end of the period. Conversely, the SAMW transport S4.5 time series does not
show any significant trend, instead showing strong interannual variability around
a mean of approximately ~12 Sv. In the same period, the S8.5 scenario presents

a significant trend, estimating a ~0.5 Sv higher transport for SAMW by the end of
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Figure 5.8. Same as Figure 2, but for future projections. At the top (bottom) the S4.5 (RS8.5)

scenario. The dark blue bars represent CMIP6 and the light blue CMIP5 models. The mean
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historical export for each model (Figure 2) are shown in gray bars. The average transports are
highlighted in dashed orange lines, reaching values of 7.5 Sv for AAIW and 14 Sv for SAMW in
S4.5, and values of 7.9 Sv for SAMW and 14.8 Sv in S8.5.

century with a rate of ~0.011 Sv year?. Thus the mitigation scenario resulted in
important changes for air-sea fluxes and, consequently, to water mass behavior.
The trends for S4.5 are minimal, whereas the catastrophic S8.5 scenario yields
significant trends in the export of these intermediate water masses.

To address the mechanism by which these flux components impact AAIW and
SAMW transports in the projections and test if they change from the previous
scenarios, we again calculated a multivariate correlation between the exports and
air-sea fluxes with these future scenarios (Figure 5.10). The multimodel mean
coefficients from PiControl and Historical are also shown in figure 5.10 for
comparison with the multimodel mean coefficients for the future scenarios. The
R? values (not show here) do not yield relevant changes from the PiControl and
Historical results presented above, with most models reaching values higher than
0.4. In the case of AAIW the models BCC-CSM2-MR, CanESM5, GFDL-ESM2M,
MIROCS5 and MIROC-ESM reach values higher than 0.6, while for SAMW this is
true for models ACCESS1-3, ACCESS-CM2, ACCESS-ESM1-5, INM-CM4-8 and
MIROC-ESM. Most models presented a slightly weaker correlation in the

scenario S4.5 than in S8.5.
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Figure 5.10. Multivariate regression coefficients for each model analyzed in the future scenario
runs. The green bars represent the coefficients for Ekman pumping, blue for freshwater flux, and
red for heat flux. The top two panels are, respectively, AAIW and SAMW coefficients for S4.5;
and the bottom two panels are the same but for S8.5 scenario. The bars with a black contour
represent the coefficients with partial correlations higher than 0.3 and multivariate R? values
higher than 0.5.
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5.2.5.4 Predictability

To estimate the prediction skill of AAIW and SAMW export computed with the
coefficients from a multivariate regression based on a long term period, we
projected the transports up to the end of the 21st century using the coefficients
from PiControl and Historical results (Figure 5.6) and the fluxes from the future
scenarios. In this way, we can provide a comparison between the transports
calculated using these coefficients with what the models actually show (Figure
5.9), and thereby assess the robustness of our derived climate statistical
relationships with respect to sensitivity on the background state.

Figure 5.11 shows in orange the multimodel mean volume transport of AAIW and
SAMW predicted from the coefficients computed with the multivariate regression
presented in Section 3.2. The predictions are initialized using the last year of the
historical experiment for the initial state. The predicted water mass transports
generally track the actual transports, lacking trends in the mitigation scenario
(S4.5) and significantly trending in the most catastrophic scenario (S8.5). In the
scenario S4.5, AAIW transport oscillates around ~6.7 Sv. Meanwhile in scenario
S8.5, AAIW transports have a consistent trend to the end of 21st century, going
from ~6.6 Sv to about ~7.5 Sv at a rate of ~0.012 Sv year! (Table 3). The SAMW
transports in scenario S4.5 oscillate around ~12.3 Sv, the same way as modeled,
though with less variability. Like AAIW, the scenario S8.5 SAMW transports have
a significant trend, with an increase from ~12.2 Sv to ~12.7 Sv by the end of 21st
century, which implies a rate of ~0.008 Sv year (Table 5.2). Though SAMW and
AAIW transports are rather steady in S4.5, they both do show modest peaks

between 2060 and 2070. These are attributable to flux variability as can be
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inferred from Figure 5.7, hence reinforcing the relative importance of heat flux in

the PiControl/Historical results (Figure 5.6).

Table 5.2. Trends of water mass export for the future scenarios. AAIWm and SAMWm are the
export trends calculated with temperature, salinity, and velocity model outputs from future
scenario experiment (blue lines in Figure 11), while AAIWs and SAMWs are the export trends
statistically estimated for the future scenarios using the future fluxes and correlation coefficients
derived from the PiControl/Historical (orange lines in Figure 11). The p-value of the trend fit is

given in parentheses, with a value less than 0.05 implying significance.

Trend (Sv year?)
AAIWmM AAIWS SAMWm SAMWs
Scenario 4.5 0.006 (10°6) 0.001(0.12)  0.002(0.09)  0.002 (0.15)
Scenario 8.5 0.010 (107) 0.012 (10°9) 0.010 (10°%) 0.008 (10°%)

Further correlating the statistically predicted water mass exports with calculated
future multi-model means results in an R? for AAIW of 0.45 for S4.5 and 0.05 for
S8.5. The R? for SAMW is 0.18 for S4.5 and 0.22 for S8.5. With the exception of
AAIW in S4.5, the trends are reasonably estimated from coefficient
reconstructions (Table 5.2). However based on R? values it is only this AAIW S4.5
case where the predictive skill is modest, and it is rather poor for the other cases.
While the coefficients from Plcontrol and the historical analyses do not provide
good predictive skill of the monthly transport variability, they are useful for
projecting trends through the end of 21st century. Though the predicted variability
is uncorrelated due to changing statistical relationships between transport and
fluxes, it is an important result that the inter-annual to decadal projected variability
iIs consistent with the modeled transport, as can be seen by the overlapping

standard deviations in figure 5.9.
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5.2.6 Conclusions

Consistent with the findings of Sallée et al. [2013], the mean volume transports
of AAIW and SAMW at 30°S are highly variable across models, with simulated
values that can be quite different from observed ones. Vertical resolution seems
to be important in this regard, as models with higher vertical resolution generally
show better performance in simulating AAIW/SAMW transports. Moreover, this
seems to be independent of the vertical coordinate type used. We present here
that the mean transports are also highly correlated to mean Ekman pumping
across models. In contrast, the monthly transport variability from a single model
is not adequately explained by the wind stress curl variability. Hence, one needs
to consider other factors, such as freshwater and heat fluxes, in order to better
explain the observed monthly variability.

The volume transport of AAIW and SAMW in the PiControl and Historical
experiments have significantly higher R? values whenever the multivariate
regression used considers Ekman pumping, heat flux, and freshwater flux
together. Nevertheless, there is a dominance of heat flux for explaining the AAIW
transport variance. There is not a dominant component for explaining SAMW
variability, but Ekman pumping does appear as the most important flux. This is in
agreement with Rintoul et al. (2002) that showed that Ekman transport dominates
the SAMW property variability. Some models do not present a high R? due to
intrinsic ocean process that can modulate the variability. Previous studies
showed examples of such processes, such as formation of large polynya [e.g.
Heuze et al. 2013; Azaneu et al. 2014]. Moreover, the nonstationary coefficients
computed for future scenarios, or lags changing with time, could also explain the

observed differences in the correlations.
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Most models had regression coefficients that were in agreement with theoretical
expectations for how intermediate layer water export from the Southern Ocean is
impacted by atmosphere-ocean fluxes Marshall & Radko [2003]. There is more
AAIW and SAMW export with increasing wind stress and buoyancy loss. This
implies that though most models are exporting too much intermediate water, they
are likely forming these water masses in consistency with theoretical
expectations. However, there is also higher variability in the regression coefficient
magnitudes across models (Figure 5.6). Also, it is intriguing that heat and
freshwater, both drivers of buoyancy, present such different partial correlations.
We credit this to the fact that our regressions are not local and there are
differences in the sensitivities to local zones of water mass formation. There are
regional variations in fluxes as well as ocean locations impacting the subduction
pools. These regional variations and relationships should be explored in future
work.

Almost all the fluxes analyzed present a significant linear trend for the 21st
century future scenario simulations, with the only exception being the heat flux
for the S4.5 scenario. Moreover, for all cases the S8.5 scenario shows stronger
trends, reinforcing the importance of mitigation actions to achieve lower impacts
in the climate system by the end of the 21st century. Changes in the fluxes impact
the transport of AAIW and SAMW with the same pattern: higher trends in S8.5
compared to S4.5. This is different to that found by Sallée et al. [2013], where it
was shown that water masses freshened, but exhibited small differences in the
future mean export. It is important to emphasize that here we are considering
also the outputs of the PiControl experiment and using some different CMIP5

models (here we used all models that presented the necessary data for the
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experiments PiControl, historical, RCP4.5 and RCP8.5) and also augmented the
analyses with CMIP6.

The AAIW and SAMW volume transports have significant trends in the S8.5
scenario. Regressions using the coefficients from Historical and PiControl and
future fluxes are able to capture these trends. However, these statistical
projections are not highly correlated to the transports calculated directly from the
model output densities and velocities in the future scenarios. Thus, the linear
response of water mass exports to fluxes are changing significantly in the 21st
century. This non-stationary result means that climate models, as opposed to
statistical models, are necessary for skillful deterministic predictions. Moreover,
it demands that climate models must be properly initialized (i.e. they must
represent the present state) and emphasizes the importance of validating climate
model outputs with data.

Biases in the representation of intermediate layer water masses must be
considered when studying the ocean circulation influence on the climate system.
Some models show more realistic representation of water mass volume
transports, but the reason is still unclear and should be further investigated. Here,
we show high correlations to air sea exchanges, and thus one must look to fluxes
as a possible explanation. One possible cause for export differences is resolution
(table 5.1), as Lee et al. (2011) have shown that increasing model resolution can
improve the representation of buoyancy fluxes and stratification in the Southern
Ocean. However, we find that the correlation of export to air-sea fluxes does not
show a sensitivity to model resolution. Perhaps the differences in resolution
between the models tested here is insufficient to yield a relevant improvement in

AAIW and SAMW export. Other things to consider in future works are differences
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in how air-sea fluxes are parameterized in these models. Here we showed the
water mass transport multimodel mean of CMIP6 models are more consistent
with Talley [2003] results inferred from in situ data than previous generation
models, but a large spread around the mean is still present. Considering the
importance of the intermediate ocean layer to climate, the formation and export
of these water masses should continue to be investigated with the goals of
understanding the system and guiding improvements in coupled climate model

fidelity.
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Capitulo VI. Analise Regional das

AAIW/SAMW

O segundo manuscrito, de autoria de Almeida L., Mazloff M., Mata M.M.,
€ intitulado “On the regional distribution of Intermediate and Mode Water
formation in the Southern Ocean in coupled climate models” e foi recentemente
submetuido ao periédico “Journal of Geophysical Research: Oceans” e esta em

revisdo no momento da apresentacao desta tese.
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6.1 Sintese do artigo

As massas de 4gua AAIW/SAMW formam-se em algumas regifes especificas
do oceano Austral, resultantes da combinagcdo dos ventos de oeste,
caracteristicos da regido, e mudancas na flutuabilidade destas aguas devido aos
fluxos de calor e agua doce na interface ar-mar, que resultaram em uma
subduccao destas aguas para profundidades inferiores a da camada de mistura.
Neste artigo foram investigados os aspectos regionais da formacao e exportacao
destas massas de &gua nos modelos CMIP6 através de correlacdes
multivariadas em &rea entre os transportes de volume e os fluxos oceano-
atmosfera ao sul de 30°S. Foi encontrado que a regido com as maiores
correlag@es € o leste do setor indico do oceano Austral. Todavia, outras regides
também apresentaram correlacdes significativas, como a area proximo a
Passagem de Drake e ao sul da Africa. Estas regides coincidem com as areas
de formacéo apresentadas na literatura, o que sugere que os modelos CMIP6
estdo formando estas massas de agua nas regides corretas. Também, foi
verificado as regides por onde as AAIW/SAMW estdo sendo exportadas para
norte, ambas apresentando um padréo semelhante, com 0s maiores transportes
nas bordas nos oceanos, principalmente nas bordas leste. Considerando, ainda,
os cenarios futuros, ndo foram encontradas mudancas significativas, tanto em
relacdo as regibes de formacdo, como as regides de exportacées das massas
de &gua, apresentando apenas pequenos decréscimos nos valores das

correlagdes.
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6.2 Artigo 2
On the Regional distribution of Southern Ocean Intermediate and Mode
Water Formation in Coupled Climate Models
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Key Points:

- AAIW and SAMW are formed with spatial accuracy in the models.

- AAIW/SAMW are mostly exported in the boundaries of the basins oceans

- The formation processes and patterns persist in future climate change

scenarios.
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6.2.1 Abstract

The Southern Ocean provides a route to sequestering heat and carbon dioxide
from the atmosphere to the deep ocean. Part of the heat uptake occurs during
the formation of Antarctic Intermediate Water (AAIW) and Subantarctic Mode
Water (SAMW). Formation of these waters occurs as part of the upper limb of the
Meridional Overturning Circulation (MOC), and is fundamental to the global
climate balance. AAIW and SAMW are formed in specific regions of the SO from
a combination of intense winds and buoyancy fluxes that lead to convection, thick
mixed layers, and then wind-driven subduction. AAIW and SAMW then flow
northward and ventilate the intermediate layers of the subtropical gyres. Here we
investigate regional aspects of the AAIW and SAMW formation in CMIP6 models
through multivariate correlation analysis between the meridional transport of
these water masses and air-sea fluxes. Specifically we consider Ekman pumping,
freshwater fluxes, and heat fluxes. First, we show that the highest correlations
are found in the eastern Indian sector of the SO. The results also show high
correlations to air-sea fluxes in the southeast Pacific and south of Africa,
suggesting a good representation of AAIW/SAMW formation regions in CMIP6
models. Analysis of the meridional transports of the water masses at 30°S shows
that AAIW/SAMW are exported from the same regions of the SO. We also
consider IPCC future scenarios (SSP4.5 and SSP8.5) to evaluate the possible
changes in those regional aspects by the end of 21st century, performing the
same multivariate correlation between projected water mass exports and air-sea
fluxes. We find the same pattern of formation regions as in the historical runs with
a slight decrease in correlation coefficients, but with changes in terms of transport

intensity.
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6.2.2 Plain Language Summary

The ocean plays a fundamental role in the climate system storing and
transporting significant amounts of heat and carbon. In particular, water mass
changes that occur in the Southern Ocean play an important role in setting the
interior properties of the global ocean. Here, we use a set of climate models to
investigate aspects of the system affecting that oceanic transport and storage,
focusing on the intermediate layer water masses. These intermediate waters that
are exported from the Southern Ocean to the rest of the global oceans are known
as Antarctic Intermediate Water (AAIW) and Subantarctic Mode Water (SAMW).
The main goal of this study is to determine the regions that those water masses
are forming and their variability and how those water masses aspects may be
impacted in the future due to climate change. We find that AAIW and SAMW are
mostly subducted in the same regions in current and future projections, and with
most climate models showing the correct formation areas according to present
knowledge. As with the observed ocean, climate models show AAIW/SAMW
being exported to the north primarily in the western side of the ocean basins. In
the future scenarios we do not detect drastic changes as the formation regions
remain the same, but there are some notable differences from the historical

period, especially in terms of transport intensity.

6.2.3 Introduction

The Southern Ocean provides a route to sequestering heat and carbon dioxide
from the atmosphere to the deep ocean [Sabine et al. 2004; Sallée et al. 2012].
According to Roemmich et al. [2015] this region accounts for 67% - 98% of the

observed heat content increase in the global ocean. Part of the heat storage
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occurs during the formation of Antarctic Intermediate Water (AAIW) and
Subantarctic Mode Water (SAMW). This formation is an important component of
the upper limb of the Meridional Overturning Circulation (MOC) and plays a
fundamental role in the global climate balance [Talley et al. 2003; Pahnke et al.
2008]. These water masses are also linked to the global carbon and nutrients
cycles [Sarmiento et al. 2004; Sabine et al. 2004; Sallée et al. 2012]. The
AAIW/SAMW are formed in specific regions of the SO, where intense winds
combined with buoyancy fluxes between atmosphere and ocean result in thick
mixed layers [deBoyer et al. 2004]. Those processes lead to AAIW/SAMW
subduction and the subsequent ventilation of the subtropical gyres at
intermediate layers [Sallée et al. 2010].

The processes governing the formation rates of AAIW and SAMW are still not
well characterized, but several mechanisms have been proposed [Zhu et al.
2018]. The residual mean theory applied by Marshall [2003] combines patterns
of wind forcing, buoyancy forcing, and stratification to infer the MOC, and thus
subduction magnitudes to intermediate layers. According to this framework, the
volume of AAIW and SAMW exported from the Southern Ocean should be
strongly associated with wind stress and air-sea fluxes of freshwater and heat.
Some studies have quantified the volume transport of water masses exported
from the Southern Ocean in previous Coupled Modeling Intercomparison Project
(CMIP) simulations. It has been shown that there are large biases in the export
of AAIW in CMIP5 models [Sallée et al. 2013; Zhu et al. 2018]. Moreover, Sallée
et al. [2013] studied the mean water mass transport across 30°S in a multi-model
ensemble and related it to mean outcrop region, heat and freshwater fluxes.

Recently, Almeida et al. [2021] showed a high correlation of AAIW and SAMW
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transports across 30°S with the wind stress and air-sea fluxes in CMIP models of
generation 5 and 6 (CMIP5 and CMIP6), suggesting reasonable formation
processes of these water masses in most of those models. However, there
remains a knowledge gap regarding the regional spatial aspects of the
AAIW/SAMW formation (e.g. locations, spatial variability) in those CMIP models.
Several studies have shown that Southern Ocean intermediate water formation
occurs in proximity to the Subantarctic Front, supplied by the Circumpolar Deep
Water (CDW) [Sloyan et al. 2001; Hartin et al. 2011]. Here, we investigate
regional aspects of the AAIW and SAMW formation in the CMIP6 models,
assessing the meridional transport of these water masses and then comparing
with air-sea fluxes across the Southern Ocean. We are especially interested in
the mechanisms that are forcing the formation and exports and how they are
varying at time and space between models. Finally, Climate and Earth System
Models (ESMs) are important tools for making quantitative climate projections to
the end of 21st century, enabling assessment of the impact of different scenarios
of anthropogenic activity on climate [Bracegirdle et al. 2020]. Utilizing these
projections in CMIP6 we also estimate potential future changes of AAIW and
SAMW formation spatial patterns and rates under different scenarios of climate

change.

6.2.4 Materials and Methods

6.2.4.1 Models

Outputs from 17 CMIP models from version 6 [Eyring et al. 2016] are used in this
study. Atmospheric and oceanic component variables were downloaded from the

Deutsches Klimarechenzentrum Data Center portal (https://esgf-data.dkrz.de).
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The list of models and respective resolutions is presented in Table 6.1. To
analyse the models performance and the natural time variability, we used monthly
averages of the ocean state from the “historical” runs, which is a scenario forced
by natural and anthropogenic factors during the 20th century. We also use the
CMIP6 models future scenario runs to estimate the behavior of AAIW and SAMW
source regions up to the end of the 21st century. These future runs are generated
using prescribed radiative forcing values from the Shared Socioeconomic
Pathways (SSP; Eyring et al. 2016). In this case, we use the scenarios 4.5 W.m"
2 (SSP4.5) and 8.5 W.m? (SSP8.5) which are the medium range and the most

catastrophic ones, respectively.

Table 6.1. Climate Coupled Models used in this study. Some details for each model are
presented: name, ocean and atmospheric horizontal resolution, ocean vertical coordinate and

number of levels, the origin institution and main reference.

Model Ocean (Lat x Lon) Atmospheric Vertical Institution Reference
(Lat x Lon) (levels)
ACCESS-CM?2 1.00° x 1.00° 1.88°x 1.25° 50 CSIRO Dix et al.
(2019)
ACCESS-ESM1-5 1.00° x 1.00° 1.88° x 1.25° 50 CSIRO Ziehn et al.
(2019)
BCC-CSM2-MR 1.00° x 1.00° 1.13°x 1.10° 40 BCC Wu et al.,
(2018)
CESM2 1.12°x 0.46° 0.90° x 1.25° 60 CESM Danabasoglu
etal. (2019)
CMCC-CM2-SR5 1.00° x 1.00° 0.90° x 1.25° 50 CMCC Cherchi et al.
(2019)
CanESM5 1.00° x 1.00° 2.81°x 2.81° 45 CCCma Swart et al.
(2019)
CanESM5-CanOE 1.00° x 1.00° 2.81°x 2.81° 45 CCCma Swart et al.
(2019)
CNRM-CM6-1 1.00° x 1.00° 1.40° x 1.40° 75 CERFACS Voldoire
(2018)

73



CNRM-ESM2-1

GISS-E2-1-G

INM-CM4-8

MIROC6

MPI-ESM1-2-HR

MPI-ESM1-2-LR

MRI-ESM2-0

NESM3

UKESM1-0-LL

1.00° x 1.00°

1.25° x 1.00°

1.00° x 0.56°

1.00° x 0.70°

0.44° x 0.44°

0.44° x 0.44°

1.00° x 0.50°

0.98°x 0.49°

1.00° x 1.00°

1.40° x 1.40°

2.50° x 2.00°

2.00° x 1.50°

0.70°x 0.70°

0.94° x 0.94°

2.00° x 2.00°

1.13°x1.13°

1.90° x 1.90°

1.00° x 1.00°

75

32

48

62

40

40

61

46

75

CERFACS

GISS

INM

AORI

MPI

MPI

MRI

NUIST

MOHC/UK

Seferian
(2018)

NASA/GISS
(2018)

Volodin et al.
(2019)

Tatebe &
Watanabe
(2018)

Schupfiner et
al. (2019)

Mauritsen et al.
(2019)

Yukimoto et al.
(2019)

Caoetal.
(2018)

Tang et al.
(2019)

6.2.4.2 Definition of Water Masses

The AAIW and SAMW exported from the Southern Ocean in each CMIP model

may be found in different density classes than observed in the real ocean. Thus,

to identify these water masses, we applied the methodology presented in Sallée

et al. [2013] to find the most appropriate potential densities for each respective

CMIP model and for each experiment analyzed in this study. The method defines

the water masses by hydrographic properties, as follows: AAIW is associated with

a salinity minimum in the circumpolar belt region [Tomczak 2007], while the

SAMW is related to stratification minimum, and hence Potential Vorticity (PV)

minimum.
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The process first identifies a salinity minimum location (Smin) with a local
salinity maxima directly above (Smax@bove)) and below (Smaxpelow)). The limits of
AAIW are, in terms of density space, a quarter of the distance between Smin and
Sabove (Sbelow) for the upper (lower) end, as shown in the following equations:

o2(acima) = (362(Smin) + 62((Smax(acima) )) /4 (1)

02(abaixo) = (362(Smin) + 62((Smax(abaixo) )) /4 (2)

The procedure above was carried out for each model at 30°S, where the total
thickness H and transport of AAIW VH were calculated.

To identify the SAMW, we analyzed the PV at 30°S. First, the upper limit of AAIW
is identified as being the lower limit of SAMW. Then, we search for a minimum
PV level associated with a density vertical gradient smaller than 0.1 kg.m3. The
SAMW layer is determined as having an upper density limit that contains at least
90% of the total local PV minimum.

After determining the upper and lower potential density limits, it is straightforward
to calculate the SAMW thickness, H, and export, VH for each climate model.

To obtain the total volume of each water mass crossing 30°S, we vertically
integrate the monthly mean meridional velocity over each water mass layer. Thus,
we determine the total intermediate and modal water volume transport at 30°S as
a monthly time-series. This time series is then used to investigate the formation

process in CMIP models.
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6.2.4.3 Air-sea Fluxes
The Ekman pumping (We) is calculated from the zonal and meridional

components of surface wind stress, as the following Equation 3:

W, = 7x (gf) 3)

where 7 is the wind stress component, p, is the reference seawater density and f
is the Coriolis parameter. A monthly average Ekman pumping time series is
obtained from all grid cells of each model considering the whole the Southern
Ocean between latitudes 30°S and 70°S.
The total ocean and atmosphere heat exchange is also calculated for the entire
Southern Ocean between latitudes 30°S and 70°S in each model. The total heat
flux, Q, is given by:

Q = —hfss — hfls + rlds + rlus + rsds + rsus (4)
Where hfss and hfls are the sensible and latent heat fluxes, rlds and rlus are the
downwelling and upwelling net longwave radiation, rsds and rsus are the
downwelling and upwelling net shortwave radiation, respectively.
Finally, the freshwater fluxes are calculated by the difference between
precipitation and evaporation, F = P - E, over the same area. A salinity restore is
necessary as global climate models typically drift over decadal timescales
[Griffies et al. 2016], so all models used salinity surface restoring with different
implementations [Danabasoglu et al. 2014; Rahaman et al. 2020], which
potentially influence the estimates of freshwater fluxes. However, it is important
to highlight that we do not expect a strong impact on our results as the typical
restoring timescales are far longer than the monthly variability considered in the

present study.
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We also calculate the September mean MLD for each grid point of each model
using the same definition as Sallée et al. [2013], which is a potential density
difference criterion of 0.03 kg m-2 from the surface. We also calculated the MLD
with the Roemmich-Gilson Argo Climatology [Roemmich et al. 2009], using the
September mean from 2004 to 2018, aiming to compare the model results with

the true ocean.

6.2.4.4 Multivariate Regression Procedure
To identify the regions that have more correlation between the air-sea fluxes and
the AAIW/SAMW transport a multivariate regression procedure is performed
using the same lag months from Almeida et al. [2021], which are no lags for
Ekman pumping, 2 months for freshwater fluxes and 3 months for heat fluxes. To
enable direct comparison of all variables of interest (VH, We, F, Q), we remove
the mean from the time series, and then normalize by dividing the time series by
its standard deviation. The multivariate regression was computed to each point
in latitude and longitude for all three fluxes to the spatially integrated water mass
transport timeseries across 30°S.
To enable direct comparison of all variables of interest (VH, We, F, Q), we remove
the mean from the time series, and then normalize by dividing the time series by
its standard deviation. We then carry out a multi-variate regression to inform how
much the variation of water masses transport, y = VH, can be explained by the
Ekman Pumping and fluxes of freshwater and heat:

y =Ex +¢ (5
Here E is the matrix of predictor variables (We, F, Q), and thus size NT X 3, where

NT is the length of the time series, and x is a 3 X 1 vector of regression
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coefficients. As shown in Wunsch [2006], the solution for x that minimizes the
squared residuals, ¢, is
x = (ETE)'ETy (6)
The normalized variance of VH that can be explained by (We, F, Q) is:
R* =1-(-E)" (-E) '™ (7)
with R2 =1 implying 100% of the variance can be explained.
We also carry out this analysis for each independent predictor variable alone to
evaluate if one variable can do a similar job explaining the variance as to what is
accomplished using all three. We also test which time lags best explain the water
mass transports for each individual component.
The fluxes analyzed are not completely independent between themselves. To
address this problem, we calculate partial correlations in an attempt to infer the
level of independence between the forcing components. To achieve this goal, we
first remove the signal correlated with other variables before determining R2.
Thus, we first determine the component of y that is orthogonal to the two other
predictor variables (e.g. We, F) via regression, and then determine the variance
explained, R?, of this residual signal, y', that can be explained by the remaining
predictor (e.g. Q). For example, to assess the partial correlation of the Ekman
pumping with the water mass exports, we first remove the signal of export
correlated to freshwater and heat fluxes, and then determine an R? for the
residual export signal with Ekman pumping. The same was done for each flux
component.
y =y-Eijx (8

RE=1- —Ex)" (v - Ex)O"y)™ (9
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where the Ejx is the multivariate regression using 2 predictor variables, i and |,
and Equation 10 gives the R? value for the partial correlation of the third variable,
K.

6.2.5 Results

6.2.5.1 Sothern Ocean characteristics

The latitudinal averaged (between 30°S and 70°S) air-sea fluxes vary widely
across longitudes as shown in figure 6.1. The Ekman pumping is positive in most
areas, consistent with an integration to the very south of the Southern ocean,
where the Circumpolar Deep Water (CDW) is upwelling to the surface. An
exception is the Indian Sector, where the values are positive close to the coast
and negative in the middle ocean. The representation of Ekman pumping across
models is consistent in most areas, showing a standard deviation smaller then
0.5 m s (green shadow in figure 6.1), with the Indian sector being having the
largest spread. The freshwater flux (blue line in figure 6.1) is consistent across
models, with standard deviations in all regions less than 0.18 10° kg m? s™1. The
Atlantic and Indian sectors show a similar pattern with strongest negative values
in the western portion that decreases towards the east. The variability in the
Pacific sector is small when compared to the other areas, except close to South
America. The heat flux is a different story, however, with the models showing
wide ranges of values and thus high standard deviations in most regions.
Nevertheless, they agree in terms of flux direction (i.e., the signal) in most cases.
The heat flux, represented by the red line in figure 6.1, also presents a higher
zonal variability, where the Atlantic sector shows positive values in most regions
(the only exception is near the African coast), while the Pacific and Indian sectors

show negative values, representing heat flux from the ocean to the atmosphere.
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Figure 6.1. Cross-model mean of the air-sea fluxes between 30°S and 70°S. The green line

denotes Ekman pumping (m.s1), the blue line represents the freshwater flux (kg.m-2.s'1), and the
red line represents the heat flux (W.m-2). The shadows are the standard deviation for the

respective color.

The mixed layer depth (MLD) is another diagnostic of the SO state with a
fundamental relationship to intermediate and mode water formation. Sallée et al.
[2010] states that these water masses acquire their physical and biogeochemical
properties in circumpolar bands of thick mixed layers before they are subducted
and flow northwards to ventilate the subtropical gyre thermoclines. Hong et al.
[2021] showed that biases in the representation of SAMW formation regions are
directly linked to MLD bias in the CMIP6 models. Downes et al. [2010] pointed
out that CMIP models from previous generations showed a bias in the SO MLD
representation. Moreover, Sallée et al. [2013] showed strong MLD variability
across CMIP3 and CMIP5 models. They also diagnosed that most models had a

winter MLD too shallow and stratified when compared with observations.
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Some CMIP6 models present an improvement in the representation of buoyancy
advection and stratification, and thus more realistic MLDs [Lee et al. 2011]. The
winter MLD (annual September mean) for each model is shown in figure 6.2. We
find a high cross-model variability, with some models presenting too shallow a
winter MLD compared with the Argo product, as was found in CMIP5 models
[Sallée et al. 2013]. That is the case for CESM2, CNRM-CM6-1, CNRM-ESM2-
1, CanESM5-CanOE, CanESM5, GISS-E2-1-G and MPI-ESM1-2-LR, and these
models also show reduced intermediate and mode water mass formation
[Almeida et al. 2021]. However, there are other models that show a deeper MLD,
which is closer to what is expected for the SO. These models are ACCESS-CM2,
BCC-CSM2-MR, CMCC-CM2-SR5 and UKESM1-0-LL. It is important to highlight
that most models present a large latitudinal band of the deepest MLD, that could

lead to the overestimation of AAIW/SAMW transports.
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Figure 6.2. Winter mixed-layer depth (in meters) averaged over the historical experiment for
each model, the last one is the winter mixed-layer estimated with the Argo climatology, using
the September mean from 2004 to 2018.

6.2.5.2 Regional Formation of AAIW/SAMW

AAIW is mainly subducted at the Subantarctic Front (SAF; Sloyan et al. 2001). It
is primarily supplied by the upwelled Circumpolar Deep Water (CDW) that flows
northward forced by Ekman transport. SAMW is formed north of AAIW formation
region, in the wintertime where the MLD is deepest [Sallée et al. 2010]. These

waters decrease temperature and increase density from west to east [Sallée et
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al. 2006]. Several studies have identified the formation zones of intermediate
waters in the southeast of Atlantic, Pacific and Indian ocean sectors of SO [e.g.
Hartin et al. 2011; Downes et al. 2017; Gao et al. 2018; Boland et al. 2021].

The multivariate correlation of the AAIW/SAMW transport with the buoyancy
fluxes and Ekman pumping are presented in figure 6.3. The region with the
strongest correlation for both water masses is the southeastern Indian Ocean,
reaching R? values of 0.5 for AAIW and 0.6 for SAMW. This is a typical formation
region for SAMW [e.g. Sallée et al. 2006; Sallée et al. 2010; Boland et al. 2021].
It is interesting to note that AAIW is mainly centered between 40°S and 55°S while
SAMW is centered further to the north of 40°S, which suggest the typical position
of SAF along this latitudinal band. These are also the region of highest model
spread, as shown by the standard deviation in the Figure 6.3, reaching values of
0.15 for SAMW. Moreover, most models presented the deepest region of MLD in
the southeast part of the Indian sector.

The southeastern Pacific sector is also recognized as an important formation
region of intermediate and mode water masses [e.g. Sallée et al. 2010; Hartin et
al. 2011]. Here, the models have a R? of around 0.4 for AAIW, in the southeast
Pacific and 0.5 close to 40°S (Figure 6.3). SAMW reach values of R? of 0.6 at the
location of the SAF in the multi-model mean circulation. This area of the Pacific
here identified as being correlated with forcing is similar to the areas of
AAIW/SAMW formation presented by Hartin et al. [2011] from an analysis of
chlorofluorocarbons distribution. A realistic representation of water mass
formation in these regions by the models is especially important considering that

the densest mode water variety is expected to be formed here [Holte et al. 2013]
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and then to be exported north to Pacific Ocean and also to Atlantic Ocean through

Drake Passage [Sallée et al. 2010].

AAIW SAMW
0.2

0.05

Figure 6.3. The top two panels are the multi-model mean R? from the multivariate correlation for
each water mass (AAIW left and SAMW right) using the historical experiment. The multivariate
correlation are between the Export of each water masses and the combination of Ekman pumping,
freshwater flux and heat flux. The bottom panels are the standard deviation between the R? result

of each model.

In the Atlantic sector the models presented a small correlation between

AAIW/SAMW and the fluxes, where the pools are shallower and smaller when
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compared to other sectors Boland et al. [2021]. This is consistent with the fact
that the Atlantic sector has shallower MLDs [Downes et al. 2017]. One of the
pools of formation lies in the west of the South Atlantic, between 60°W and 0°
[Boland et al. 2021]. However, most models do not present a high correlation in
this areas (R? < 0.2, figure 6.3), the exceptions (R? > 0.4) are CanESM5, CMCC-
CM2-SR5, CNRM-ESM2-1, GISS-E2-1-G, MPI-ESM1-2-HR and MRI-ESM2-0
for AAIW and ACCESS-ESM1-5, CNRM-CM6-1, CNRM-ESM2-1, MPI-ESM-1-2-
LR and MRI-ESM2-0 for SAMW. The multi-model mean presents a higher
correlation in the area close to South Africa, reaching a R? of 0.5 for both water
masses (figure 6.3). That can be due to the strength of Agulhas leakage
governing the export of intermediate water in the region. In most models, the
Atlantic sector presented the lowest correlation values and therefore lower
variability when compared to the rest of SO, possibly as a consequence of a
change in the buoyancy flux (switching to a positive heat flux) in this area (figure
6.1).

To explore the main cause of the values of the multivariate correlation we plot the
individual correlations of each flux component and the water mass exports (figure
6.4). The results highlight the expected regions for the AAIW variability, with the
heat fluxes showing high values in the Indian sector, and the Ekman Pumping
and freshwater flux in the region south of Australia. Meanwhile SAMW shows a
strong dominance of the heat fluxes in the entire circumpolar region. For both
water masses a combination of the three forcing results in a higher variance
explained of the exports of each water mass, implying each component is

important to the export (Figure 6.3).
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Figure 6.4. The top three panels are the individual correlations of Ekman pumping, heat and

freshwater fluxes with the export of AAIW. The bottom panels are the same correlation but with

the SAMW transport.

86



6.2.5.3 Meridional Transports

The intermediate and mode water masses are subducted in specific regions of
the Southern Ocean (pools) and then are exported to the interior [Sallée et al.
2010]. In this section, we aim to investigate the regions where AAIW/SAMW are
being exported to the north of their formation areas in the CMIP6 models. The
Figure 6.5 shows the model mean transport (Sv) of these water masses at 30°S
at each point of longitude. The transports are positive (northward direction) in
almost the entire section, with the exception being some weak poleward flows at
to eastern boundaries and also some strong ones at western boundaries. These
Southern Hemisphere western boundary currents are the Agulhas current
(Indian), the East Australian current (Pacific) and the Brazil current (Atlantic).

Both water masses here analyzed present quite similar transports across
longitudes, but with some specific differences as shown in the bottom panel of
figure 6.5. Both present the strongest transports in the western boundaries, with
Atlantic being weakest when compared to the other sectors. In the open ocean
regions the transports are northward and average around 1 - 2 Sv per degree of
longitude. The main differences are found in the eastern boundaries, especially
in the Atlantic sector where the Agulhas leakage occurs. In that region AAIW
presents a weak transport (~1 Sv), while SAMW reaches values of about ~5 Sy,
making this an important area of mode water export in the models analyzed. The
opposite is found in the Indian sector eastern boundary, with AAIW presenting a
higher transport (~4 Sv) and SAMW presenting a lower transport. In the east
Pacific Ocean, SAMW slowly increases export towards South America, reaching

values of ~5 Sv, while AAIW shows a small decrease at similar longitudes.
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Figure 6.5. The top two panels are the multi-model mean of meridional transport at 30°S in the

layers of AAIW (top panel) and SAMW (middle panel), with positive values representing a

northward export. The last panel is the difference between the transport of AAIW and SAMW.
Each color represents one experiment, gray are historical, blue are SSP4.5 and orange are
SSP8.5.

The eastern Pacific, close to the Drake Passage, is an important mixing region
for both water masses, with a higher decadal variability, intrinsically related to El
Nino Southern Oscillation (ENSO) and the Southern Annular Mode (SAM,
Naveira et al. 2009). Here, the models presented a high correlation between the
water masses exports and the air-sea fluxes, suggesting that in these location
the air-sea forcing are impacting the water masses export. In the Eastern Pacific
sector, AAIW are not being exported, as showed in the upper panel of figure 6.5.
While SAMW presented a strong northward export from this region, reaching
values about 7 Sv, in agreement with the results of Jones et al. [2016].

The southeast Indian Ocean is an important region where Indian intermediate

water mixes with waters from the Pacific Ocean [Talley et al. 1996]. This area
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presented the strongest multivariate correlation (figure 6.3) in the multi-model
mean for both water masses, and also had largest model spread. The heat flux
individual correlations (figure 6.4) presents higher values in the region, however
to reach such high values it is necessary to also consider the Ekman pumping
and freshwater fluxes. The high multivariate correlation do not reflect the local
meridional exports (figure 6.5) as we do not identify this area as an important
export region in the models. In the SAMW layer the volume transport has negative
values, probably associated with a "anomalous" effect of Leeuwin Current in the
SAMW layers. Above this layer, AAIW is being transported north from the east
Indian region, reaching values close to ~4 Sv, consistent with the transport of this
water mass from the Perth Basin filling out the intermediate basin of Indian sector
[Yao et al. 2017].

6.2.5.4 Future Scenarios

The multivariate correlation of AAIW/SAMW transports with the buoyancy fluxes
and Ekman pumping in the future scenario SSP4.5 (top) and the correlation
difference from the historical experiment (bottom) are presented in figure 6.6. The
pattern of the multivariate correlation in this scenario is quite similar to the
historical run, but with a small increase of the correlation in the higher correlation
areas of AAIW formation. The individual correlations (not shown for future
scenarios) revealed that it is due to a increase in the correlation of Ekman
pumping, mainly in the Indian southeast region, implying the increasing
westerlies are the main cause of the variability of AAIW to the end of 21st century
in the scenario SSP4.5. Conversely, SAMW presents a small correlation
decrease over the whole SO, caused by a diminished correlation to heat fluxes.

The region with the strongest correlation for both water masses are also the

89



southeast Indian Ocean, reaching R? values of 0.6, where SAMW are
predominantly formed north of AAIW formation. This is also the region with the
greatest difference from historical experiments, reaching R? differences of 0.2,
mainly for AAIW. The other water mass formation regions are also present in this
scenario, with the southeastern Pacific reaching correlation values of 0.5 for
AAIW and 0.6 for SAMW, respectively. Similar values are found for the Indian
sector, but over a somewhat larger area. A small correlation in the east of the
Atlantic sector close to Africa is also evident, where AAIW shows a slightly

increased correlation while SAMW has the opposite behavior.

AAIW
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Figure 6.6. The top two panels are the multi-model mean R? from the multivariate correlation for
each water masses (AAIW left and SAMW right) using the mitigation future scenario (SSP4.5).

The multivariate correlation are between the Export of each water masses and the combination
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of Ekman pumping, freshwater and heat fluxes. The bottom panels are the difference between
these R? and the multivariate correlation in the historical experiment, where positive values means
a correlation increase for the future scenario.

Furthermore, we also calculate the same multivariate correlation of AAIW/SAMW
transport with the buoyancy fluxes and Ekman pumping in the more catastrophic
future scenario SSP8.5. The results are shown in figure 6.7, where the top panel
is the multivariate correlation and the bottom panel the differences from the
historical experiment.

In this SSP8.5 scenario the differences from the historical runs increase in all the
regions and the correlations have smaller values. However, the regional pattern
remains the same as in the previous scenario: with the east of Indian sector
showing the strongest correlations, now reaching values close to 0.5, while the
southeastern Pacific and Atlantic have smaller but still relevant correlations of
about ~0.4 (but for a smaller area). The decrease of the R? correlation varies from
0 to 0.2 in the SO, with the Pacific Ocean being the most affected region. The
individual components of the correlation shows that in the case of AAIW, the
differences are mains caused by a small decreased correlation to the Ekman
pumping and freshwater fluxes. While for SAMW the differences from the
historical experiment are caused by a strong decrease of the heat correlation.
This result agrees with Almeida et al. [2021] who found that the correlation
coefficients to winds and freshwater increases for AAIW in the future scenarios

and that the heat fluxes dominate the correlation for SAMW.
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Figure 6.7. The top two panels are the multi-model mean R? from the multivariate correlation for
each water masses (AAIW left and SAMW right) using the mitigation future scenario (SSP8.5).
The multivariate correlation are between the Export of each water masses and the combination
of Ekman pumping, freshwater flux and heat flux. The bottom panels are the difference between

these R? and the correlation in the historical experiment.

These correlation differences could reflect the export of AAIW/SAMW, as shown
in the meridional transports (Figure 6.5) where the blue lines are the transport of
the mitigation scenario (SSP4.5) and the orange the catastrophic one (SSP8.5).
First, the pattern of the transport are similar to the one presented for the historical
experiment (gray lines). The AAIW are mainly exported northward, both in the
eastern and western boundaries of the Indian sector and also the western
boundary of the Pacific and Atlantic sector. At the same time, SAMW flows

northward in only in the western boundary of the Indian sector, both sides of the
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Pacific and in the eastern boundary of the Atlantic Ocean. The transport values
(Sv) are also quite similar, in most sections they overlap each other. For AAIW
the higher differences are in both boundaries of Indian Ocean, where the
transport presented a slight decrease and in the Agulhas current domain where
the transports increase in the future scenarios. In the SAMW case, the main
differences are close to the coast of South America, in the Pacific side, the
transports decrease in the future scenarios and in the Atlantic side the volume
transport presented an increase in the southern flow associated with the Brazil
current.

The difference between the water masses are shown in the last panel of Figure
6.5. As expected, the higher differences are concentrated in the longitudes of
stronger transport of each water mass. In most longitudes, the zonal sections
show small differences between the water masses from the historical to the future
scenarios. A small decrease in the east Pacific sector is dominated by a change
in SAMW flux, and a change in the east Indian sector reflects AAIW presenting a
stronger transport. An opposing pattern is observed in the west Pacific sector and
west Atlantic sector, where the differences with respect to the historical runs

increase in the future scenario for both water masses.

6.2.6 Conclusions

There are numerous process that influence the subduction of waters to the
intermediate layers of the SO and the subsequent northward export of these
water masses. These include the westerlies forcing Ekman pumping, convection
in mixed layers due to air-sea fluxes, and mixing processes along the circumpolar

region [e.g. McCartney et al. 1982; Sloyan et al. 2001; Sallée et al. 2010]. Some
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studies have revealed a strong correlation between these mean process in couple
climate models [e.g. Sallée et al. 2013; Almeida et al. 2021]. Here, we adopted a
regional approach to understand where the AAIW/SAMW exports are sensitive
to air-sea exchanges forcing and how this areas change in the future scenarios
in the SO using CMIP6 models.

The Ekman pumping and the buoyancy flux analysis showed high meridional
variability in the historical experiment (figure 6.1), reflecting a variability in the
regions where the water masses of interest are being subducted. The MLD also
presented a high cross-model variability, as was found in the previous generation
CMIPS [Sallée et al. 2013Db]. As with this previous generation, some of the models
still had too shallow winter MLDs. However, some of the models here analyzed
simulated the MLD more realistically, with a deeper winter MLD (ACCESS-CM2,
ACCESS-ESM1-5, BCC-CSM2-MR, CMCC-CM2-SR5 and UKESM1-0-LL). At
this point we cannot identify what is causing these differences in the MLD results.
It could be due to differences in the position and strength of the westerlies,
parameterizations in the models, the refinement of spatial resolution or, more
likely, a combination of these multiple factors. However, resolution alone is not
the cause, considering that some models with a better horizontal resolution and
at least with the same vertical resolution did not perform as well as other models
(e.g. comparing the higher resolution MPI-ESM1-2-HR to the lower resolution
MPI-ESM1-2-LR).

The multivariate correlation between the volume export of AAIW/SAMW and
Ekman pumping, freshwater and heat fluxes showed the regions that are
impacting the transport of these water masses. The correlation distribution

patterns are quite similar between AAIW/SAMW, but with some differences
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between them. For example, SAMW presented a correlation slightly higher and
in most regions more northerly than AAIW. Most models presented a high
correlation to SAMW in areas previously described in the literature as the regions
of SAMW formation [e.g. Aoki et al. 2007; Sallée et al. 2010]: the southeastern
Indian Ocean, south of New Zealand and in the southeast Pacific. Moreover,
these are the same regions associated with AAIW formation, plus the polar zone
to the southeast Pacific, where changes in the Bellingshausen Sea have been
associated to properties changes of these water mass [Naveira et al. 2009].
Despite all the uncertainties in the representation of SO MLD, we find the correct
pattern of relationships of the water mass transports with the air-sea fluxes
suggesting the CMIP6 models seem to have an accurate representation of the
AAIW/SAMW source/export regions.

The water masses formation pools are not located necessarily where the water
masses will be exported northward, as showed in the case of SAMW in Sallée et
al. [2010]. The meridional transport at 30°S (figure 6.5) unveiled the regions
where AAIW/SAMW are being exported northward to eventually ventilate the
interior of the south hemisphere subtropical gyres. The western boundary of the
three oceans sectors showed a peak in the volume transport for both water
masses, which is associated with advection from the swift subtropical western
boundary currents. We also detected an AAIW northward transport in the east of
Indian sector, while for SAMW additional flows are found in the east of the Atlantic
the Pacific Oceans.

The regions with the highest correlation of AAIW/SAMW exports do not change
from the historical experiment to the future scenarios here analyzed. However,

the correlation intensity changes, and surprisingly in a different way for the future
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scenarios. In the mitigation scenario (SSP4.5) the correlations became higher
typically by 0.1 in the main AAIW formation regions (from the historical scenario),
while SAMW correlations decrease, mostly in the Pacific sector formation area
by almost 0.2. The latter can be related to a warmer surface in the outcroup region
in the future scenarios [Hong et al. 2021], in agreement with the individual
correlation that showed a higher difference for the heat flux. The most
catastrophic scenario (SSP8.5) showed a correlation (R?) decrease for both water
masses across the whole SO. We suggest that the main cause is the significant
trend in the forcing (Ekman Pumping and buoyancy fluxes) in this scenario, which
IS not detected in the SSP4.5 as shown in Almeida et al. [2021]. Moreover, the
strong poleward shift of the westerlies [Downes et al. 2017] in the catastrophic
scenarios can also play a major role in that process. We found that the individual
correlations showed a significant decrease in the Ekman pumping correlation for
the AAIW transport. The differences in the meridional volume transports in
AAIW/SAMW layers are almost undetectable, suggesting that this aspect of the
circulation remains stable in future scenarios.

Several studies have shown some bias in the process of formation and
transformation of AAIW/SAMW in coupled climate model [e.g Sallee et al. 2013b;
Zhu et al. 2018; Almeida et al. 2021]. This could result from some model intrinsic
issues, such as MLD bias [Sallée et al. 2013b], model transport variability [Sallee
et al. 2013] or resolution limitations [Lee et al. 2011]. In this sense, we have
shown in the present study that CMIP6 models can represent the source regions
of these water masses quite accurately. The formation regions tend to be mainly
in the southeast of Indian Ocean, but we also find a strong correlation in the

southeast Pacific Ocean as well. Also, these regions do not seem to change in
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the future scenarios considered. Due to the importance of the intermediate layer
of the ocean to climate, the change properties of AAIW/SAMW should continue
to be investigated in future scenarios of the climate models, with on emphasis on

the regional properties.
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Capitulo VII: Sintese da Discussao e

Conclusoes

N este trabalho foram investigadas as representacdes das massas de agua
AAIW e SAMW nos modelos CMIP. Primeiramente foram quantificados os
transportes de volume em 30°S, identificando os modelos com valores mais
préximos de estimativas in situ, e quais os fluxos oceano-atmosfera de maior
importancia para explicar a variabilidades destes transportes, em cenarios
presentes e também de mudancas climaticas futuras. Na segunda etapa do
trabalho foram identificadas as areas onde as massas de agua estdo se
formando, comparou-se este resultado com estimativas do oceano real e
verificou-se se estas regides fontes sdo modificadas nos cenarios futuros

considerados.
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Os modelos estudados apresentaram uma alta variabilidade em relagcdo aos
transportes médios de volume das AAIW/SAMW em 30°S, com relevantes
diferencas dos resultados de trabalhos com dados in situ ha mesma regidao. Em
relagdo a AAIW, os modelos apresentaram resultados médios de 2 a 18 Sy,
enquanto para SAMW obteve-se de 3 a 30 Sv. Neste contexto, a resolugéo
vertical parece ter um papel chave (independentemente do tipo de coordenada
vertical utilizada no esquema numeérico), onde os modelos que apresentaram
valores mais préximos ao esperado foram os de mais alta resolugcédo vertical
como, por exemplo, os CNRM-CM6-1, CNRM-ESM2-1 e EC-Earth3-Veg, todos
com 75 niveis verticais. Em uma correlacdo multi-modelo, foi constatado que os
transportes de volume médio séo altamente correlacionados com as médias de
bombeamento de Ekman, mas individualmente apenas esta varidvel ndo explica
a variabilidade mensal destes transportes. Para tal, € necessério levar em conta
as outras forcantes, como fluxos de calor e de 4gua doce.

A média dos transportes de volume foi de 6,15 Sv para AAIW e 11,29 Sv para
SAMW. Levando-se em conta apenas 0s modelos geracdo CMIP6, os
transportes médios de volume das AAIW e SAMW foram de 7 Sv e 10 Sy,
respectivamente. Isto resulta em 17 Sv de transporte na camada intermediéria
sendo exportado do oceano Austral, valor ainda alto se comparado com os 10
Sv apontados em Talley et al. [2003], mas mais proximo dos 14 Sv relatados por
Ferster et al. [2018], ambos estudos realizados utilizando dados in situ. Os
valores ainda sdo superestimados nos modelos do CMIP6, mas parecem ter
melhorado nesta nova geracdo, o que pode ser por conta de uma melhor
representacdo das forgantes atmosféricas. Beadling et al. [2018] apontam para

uma consistente melhora na representacdo do estresse do vento, enquanto
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Bracegirdle et al. [2018] mostraram que os modelos CMIP6 tiveram significante
melhora na representacao dos jatos de oeste na regido do oceano Austral.

As correlacdes multivariadas apresentaram um R? mais alto quando se compara
os transportes de volume das AAIW/SAMW nos experimentos PiControl e
Historical, com os trés fluxos combinados (Bombeamento de Ekman, calor e
adgua doce). Todavia, ressalta-se que, no caso da AAIW, o fluxo de calor foi o
dominante em relacdo aos demais, enquanto para a SAMW n&do houve uma
dominancia tao clara, com o bombeamento de Ekman apresentando as maiores
correlagdes. Alguns poucos modelos ndo apresentaram um R? significativo
como, por exemplo, o GISS-E2-1-H para ambas as massas de agua, MRI-
CGCM3 para AAIW e ACCESS-CM2 para SAMW, possivelmente devido a
processos oceanograficos intrinsecos que podem afetar a variabilidade dos
transportes [Sallée et al. 2013]. Além disso, o fato de os coeficientes das
correlacdes apresentarem comportamento ndo-estacionario ao longo do tempo
também pode influenciar nos casos de baixas correlacdes.

Apesar de os modelos estarem superestimando os transportes de agua na
camada intermediaria, eles parecem formar estas massas de agua pelas razbes
corretas. Os modelos, predominantemente, apresentaram coeficientes de
regressdo de acordo com 0 que se espera pela teoria da formacdo das
AAIW/SAMW de Marshall & Radko [2003]. Eles apresentam maiores transportes
de volume concomitantemente com o incremento de estresse dos ventos de
oeste e quando ha diminuicdo da flutuabilidade, ou seja, quando aumenta de
densidade devido as variacbes na temperatura e/ou salinidade. Apesar disso,
ha alta variabilidade entre as magnitudes dos coeficientes quando se compara

os resultados de cada modelo.
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Analisando os cenarios futuros, conclui-se que praticamente todos os fluxos
considerados sao significantemente impactados no final do século XXI. O teste
de tendéncia ndo foi significante apenas no caso do fluxo de calor no cenario 4.5
(p-valor > 0,05). Em todos o0s casos, 0 cenario 8.5 apresentou as mudancas mais
drasticas. O bombeamento de Ekman é intensificado, em moddulo, com um
acréscimo na média em torno de 1 cm s, o fluxo de Agua doce apresenta um
decréscimo, devido ao aumento da evaporacdo do oceano em um ambiente mais
qguente e, consistente com isto, o fluxo de calor aumentou de aproximadamente
2,2 para 3,7 W m2,

Estas mudancas impactam diretamente a formacao e a exportagéo das AAIW e
SAMW, com um padrdo semelhante, com mudangas mais drasticas sendo
observadas no cendrio mais catastréfico, mas com padrdes variados ao longo
dos modelos. Na maioria dos modelos aqui analisados, constata-se um aumento
nos transportes nos cenarios futuros, mas em alguns casos, houve diminuicdo
nestas exportacées, como MIROC-ESM e CanESM5 para AAIW, e ACCESS-
CM2, ACCESS-ESM1-5, BCC-CSM2-MR, CSIRO-Mk3.6.0, INM-CM4-8 e
MIROCS5 para SAMW. Estudos apontam que as mudancas climaticas parecem
intensificar os ventos de oeste, resultando em um maior bombeamento de
Ekman na regido circumpolar [Goyal et al. 2021]. Porém, também se estima que
estes jatos podem ser deslocados mais para sul, 0 que poderia resultar em
menor quantidade de exportacdo para norte das AAIW/SAMW. Logo, ainda é
dificil prever o comportamento destas massas de agua, mas elas certamente sdo
impactadas nos futuros cenarios.

Neste trabalho também foi testada a capacidade dos coeficientes das regressdes

dos experimentos PiControl e Historial replicarem os transportes calculados a
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partir das saidas dos modelos nos cenarios futuros. As estimativas dos
coeficientes apresentaram tendéncias similares as saidas dos modelos, porém
elas ndo acompanharam as variagdes inter-anuais, resultando em correlacdes
baixas entre estes resultados. Portanto, conclui-se que estatisticamente os
coeficientes ndo sdo estacionarios. Além disso, estes coeficientes tendem a
mudar nos cendrios futuros, com os resultados apontando para uma maior
importancia do fluxo de &gua doce para a AAIW, superando o calor em
dominancia. No caso na SAMW, observa-se um aumento da importancia de
ambos os fluxos de flutuabilidade em ambos cenérios futuros.

Apés constatada a validade das correlacdes multivariadas destas forcantes
(bombeamento de Ekman, fluxos de calor e 4gua doce) com os transportes das
adguas da camada intermediaria nos modelos CMIP, foi possivel utilizar esta
mesma metodologia para identificar as regides do oceano Austral onde estas
massas de agua estdo se formando e como estas areas podem mudar nos
cenarios futuros. Para isto, € importante destacar que outros fatores também
influenciam nesta formagdo como, por exemplo, a representacdo nos modelos
da profundidade da camada de mistura no inverno (Mixed Layer Depth - MLD),
que esta diretamente ligada com a intensidade e posi¢do dos ventos de oeste
[Sallée et al. 2012].

Para a identificacdo destas regides, primeiro se analisou a variabilidade espacial
dos fluxos de interesse, onde foi constatado que todos apresentam uma alta
variabilidade meridional no experimento Historical, o que resulta em diferentes
regides de formacdo das AAIW/SAMW. A MLD também varia muito entre 0s
modelos, onde varios apresentam profundidades muito rasas para o inverno

austral, problema que persiste das geracfes anteriores, como apontado por
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Sallée et al. [2013]. Porém, alguns possuem profundidades mais condizentes
com os valores esperados, como € o caso do ACCESS-CM2, ACCESS-ESM1-
5, BCC-CSM2-MR, CMCC-SR5 e UKESM1-0-LL. Neste trabalho, nao foi
possivel identificar as causas que fazem um modelo desempenhar bem em
relacdo a MLD, sendo este um excelente topico para trabalhos futuros tanto na
atual como nas futuras geragdes do CMIP.

Neste trabalho, foram consideradas como regides de formagao das
AAIW/SAMW as areas que apresentaram altas correlacdes multivariadas entre
os transportes de volume de dgua destas massas e 0s fluxos oceano-atmosfera
considerados. Foi encontrado um padrédo espacial das correlagbes bastante
semelhante entre ambas massas de 4gua, mas com pequenas diferencas. Como
esperado, a SAMW apresentou as regides de formagéo levemente ao norte da
AAIW, assim como ocorre no oceano real. Estas regides foram
predominantemente o sudeste do oceano indico, o sul da Nova Zelandia e a
regido a oeste da Passagem de Drake. Estas areas estdo de acordo com
trabalhos prévios que utilizaram dados in situ [e.g. Aoki et al. 2007, Sallée et al.
2010]. Apesar das intensidades dos ventos de oeste, dos fluxos de calor e agua
doce ndo serem compativeis com os valores reais e a subestimag¢édo do MLD,
seus padrdes de distribuicdo no oceano Austral parecem estar de acordo com o
oceano real, o que leva a formacao das AAIW/SAMW nas areas esperadas.

No trabalho de Sallée et al. [2010], foi evidenciado que as regides de formacao
das aguas intermediarias ndo necessariamente sdo as mesmas areas onde
estas massas serdo exportadas para norte. No presente trabalho foi exibido o
transporte meridional na camada intermediaria ao longo de todo o transecto de

30°S, onde foi possivel detectar as intensas correntes de oeste predominantes
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para sul nos trés grandes oceanos e, na borda destas correntes, ha fluxos para
norte de ambas as massas de 4gua estudadas. Foi possivel identificar, também,
um fluxo da AAIW no leste do oceano indico e da SAMW no leste do oceano
Atlantico e oeste do Pacifico. A partir destas regides, estas massas de agua irdo
ventilar a camada intermediéria, pelo menos no hemisfério sul, dos trés grandes
oceanos. Este padrdo nao é alterado nos cenarios futuros, sendo transportado
para o norte das mesmas regides em ambos cenarios analisados, constatando-
se apenas pequenas mudancas de intensidade em algumas areas.

Nos cenarios futuros, os padrées das correlacbes ndo mudam para as massas
de agua, sendo as regibes de formagcdo as mesmas em ambos 0S cenarios.
Porém, ocorrem alteracdes nos valores de R? o que pode ser considerado
esperado ja que, como mostrado anteriormente, os coeficientes ndo sao
estacionarios e mudam ao longo do tempo. O que surpreende é que essas
diferencas podem apresentar sinais diferentes em cada um dos cenarios. Para
a AAIW, no cenario 4.5, a correlacdo aumentou em torno de 0,1 nas regides de
formacao, enquanto para a SAMW houve um declinio desta mesma correlacao.
Ja no cenario 8.5 ambas as massas de agua apresentaram correlacées mais
baixas quando comparadas as do experimento Historical. Sugere-se que as
causas disso sdo as drasticas mudancas nos fluxos, apresentando tendéncias
significativas neste cenario mais catastroéfico.

Erros nas representacdes das aguas AAIW e SAMW nos GCMs devem ser
considerados ao estudar a influéncia dos oceanos nas mudancgas climaticas.
Estudos mostram alguns destes erros nos processos de formacdo e
transformacao destas aguas como, por exemplo, Sallée et al. [2013] e Zhu et al.

[2018]. No presente trabalho, também sdo apontados alguns pontos em que
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estas representacgdes ainda necessitam melhorar. Alguns modelos apresentam
valores de transporte mais proximos do real, mas é dificil identificar o que faz um
modelo desempenhar melhor que outro neste quesito. Lee et al. [2011]
mostraram que melhoras nas resolugdes espaciais dos modelos podem resultar
em uma melhor representacao dos fluxos de flutuabilidade e estratificacdo do
oceano Austral. Porém, nas analises aqui realizadas, a resolu¢éo nao parece ser
determinante para a intensidade das correlagfes, talvez sendo necesséario um
incremento ainda maior das resolucdes para resultarem em melhores resultados
na exportacdo das massas de agua estudadas. O presente trabalho também
apontou pontos positivos na representacao das AAIW/SAMW nos modelos CMIP
como, por exemplo, eles estdo formando as massas de agua pelas razdes
corretas de acordo com teorias prévias. Além disso, as regides de formacédo sédo
bastante acuradas, o que significa que o padrédo de distribuicdo dos fluxos
relevantes também estd acurado, representando um passo importante no
desenvolvimento destes GCMs. Aqui também se destaca a importancia dos
GCMs, pois o fato dos coeficientes das correlagdes multivariadas, computados
neste trabalho, ndo serem estacionarios implica que previsbes do
comportamento destes processos ndo sdo possiveis com estatistica basica,
sendo necessarios uso destes complexos modelos que levam em conta diversos
fatores do sistema climético.

Como resultado final deste trabalho, foi confirmada a hipotese inicial,
demonstrando-se que o bombeamento de Ekman e fluxos oceano-atmosfera de
calor e agua doce, que influenciam a formacéao e transporte das massas de agua
AAIW e SAMW, estdo sendo significativamente impactados pelas mudancas

climaticas em curso. Consequentemente, estas forcantes estdo causando

105



alteracdes nos transportes de volume destas massas de agua levando,
potencialmente, a alteracdes no ciclo natural da circulagdo oceanica e dos
padrdes climaticos. Com isto, espera-se ter contribuido com o entendimento dos
processos que envolvem a formacgdo e exportacdo das adguas da camada
intermediaria do oceano Austral. Mais ainda, devido a importancia destas
massas de agua no balanco climatico global, conclui-se ser necessario o
continuo acompanhamento das mudancas de suas propriedades, atentando-se
para a regionalidade de cada area dos oceanos. Enfim, & esperado que este
trabalho contribua para uma melhor performance dos GCM’'s das proximas

geracoes e estimativas futuras cada vez mais acuradas.
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Capitulo VIIl: Recomendacdes para

trabalhos futuros

N este trabalho foram demonstradas algumas caracteristicas das massas
de &gua AAIW e SAMW nos modelos CMIP. Foi possivel identificar as
superestimacdes de suas exportacbes, a variabilidade temporal dos fluxos
dominantes nestes processos, as principais regides onde os fluxos impactam
nos transportes e as possiveis mudancas para os cenarios futuros. Aqui,
recomenda-se, para trabalhos futuros que visem estudar as AAIW/SAMW nos
modelos CMIP, a estimativa da quantidade de calor e di6xido de carbono que
estas massas de agua estdo carregando para a camada intermediaria dos
oceanos quando passam pela subducc¢do no oceano Austral. Um balango médio
geral em 30°S destas quantidades é importante para avaliar o equilibrio do

sistema e estimar como isto pode mudar nos cenarios futuros. Além disso, em
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uma perspectiva regional, é possivel identificar quais das regides apontadas no
presente trabalho (Capitulo 7) estdo capturando e armazenando maiores
quantidades de calor e CO2, sendo assim chaves para entender a dinamica
climatica global. Porém, aqui n&o foi possivel identificar o que faz cada modelo
apresentar boas performances relacionados a alguns processos, por exemplo,
por que alguns modelos conseguem apresentar MLDs razoaveis enguanto
outros superestimam suas profundidades, portanto uma profunda investigacao
neste sentido se faz necessario.

Portanto, é importante que estas massas de agua continuem sendo analisadas
nos GCMs e sua representatividade do oceano real entdo aperfeicoada pelos
grupos modeladores em relagdo as suas parametrizacdes. Finalmente, que
estas aguas sejam continuamente monitoradas in situ para possibilitar um maior
entendimento de seus processos e uma comparagdo mais adequada com as

saidas futuras simulacdes do sistema terrestre.
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