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Resumo

Eventos de convecc¢do profunda em polinias oceénicas séo frequentes fontes de
erro na representacéo da formacéo da Agua de Fundo Antartica (AABW) em
modelos de circulacdo oceéanica. Ainda que a formacdo de AABW em polinias
oceanicas tenha sido eficientemente identificada em modelos de circulagdo néo
assimilatérios, a deteccdo de uma polinia oceanica no produto de reanalise
ECCO2 (Estimating the Circulation and Climate of the Ocean Phase Il) levanta a
davida se a conveccéao profunda em polinias oceanicas também é encontrada
comumente em modelos de circulacdo oceanica de alta resolugdo com
assimilacao, i.e. produtos de reanalise. Pensando em responder esta pergunta,
este trabalho se propds a analisar a formacdo da AABW em trés recentes
produtos de reanalise, de alta resolucdo espaco-temporal. Foi encontrado que
dois dos trés produtos de reanalises analisados formam a AABW por episodios
de conveccao profunda em polinias oceénicas no mar de Weddell, devido a
presenca de Agua Profunda Célida nas proximidades da superficie, indicando
que a assimilacdo de concentracdes de gelo marinho ndo € o suficiente para
evitar a abertura de polinias. A terceira reanalise do estudo — My Ocean
University Reading (UR025.4) — forma AABW por um mecanismo similar ao in
situ que ocorre no leste do oceano Austral, representando tanto a conveccédo em
plataforma continental, como também a exportacdo de Agua Densa de
Plataforma para oceano aberto. Ainda que a acuracia da formacao da AABW no
altimo modelo demonstre um avanco na representacdo do oceano Austral, a
geracdo de padrbes espurios de gelo marinho sugere que as reanalises
oceanicas ainda necessitam de melhorias significativas na simulacdo dos

processos inerentes aquela regiéo.

Palavras-Chave: Agua de Fundo Antartica, Conveccdo Profunda, Reanalises

Oceanicas.
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Abstract

Deep convection in oceanic polynyas are common sources of error in the
representation of Antarctic Bottom Water formation (AABW) in ocean general
circulation models. Even though those events are well described in non-
assimilatory ocean simulations, recent appearance of open ocean polynya in the
Estimating the Circulation and Climate of the Ocean Phase Il (ECCO2) reanalysis
product raises a question if open ocean deep convection is also present in other
state of the art reanalysis products? In order to answer this question we evaluate
how three recently released high-resolution ocean reanalysis form Antarctic
Bottom Water (AABW) in their simulations. We found that two of them (ECCO2
and SoSE) create AABW by open ocean deep convection events in Weddell Sea,
showing that sea ice assimilation has not been enough to avoid open ocean
polynya appearance. The third reanalysis — My Ocean University Reading
URO025.4- actually creates AABW by a rather dynamically accurate mechanism,
depicting shelf break convection through the export of Dense Shelf Water to the
open ocean. Although the accuracy of the AABW formation in this reanalysis
shows an advance in representing Southern Ocean processes, the resulting
spurious sea ice concentration in this product suggests that ocean reanalysis still

needs substantial improvements to represent AABW formation.

Keywords: Deep Convection; Bottom Waters; Ocean reanalysis
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Capitulo I: Introducéo



[.1-Introducéo

No oceano Austral ocorrem uma gama de processos oceanograficos
importantes para o clima global, especialmente num cenario de mudancas
climaticas. A perda de calor do oceano para a atmosfera, aliada aos processos
de interacdo com a criosfera (e.g., formacdo de gelo marinho), resulta no
aumento da densidade da agua do mar que, por sua vez, causa o afundamento
de massas d'agua que participam da dinamica da Célula de Revolvimento
Meridional (MOC), contribuindo para o equilibrio do balanco de calor dos
oceanos e do clima [Mantyla & Reid 1995]. Um exemplo deste processo esta na
dinamica e formac&do da Agua de Fundo Antartica (AABW). Depois de formada,
a AABW afunda, ventilando as camadas de fundo do oceano e impulsionando o
ramo inferior da Célula de Revolvimento Global [GOC; Talley 2013]. A GOC por
sua vez é o mecanismo pelo qual os oceanos transportam sal, calor, nutrientes
e carbono através do globo e, portanto, alteragfes na formacdo da AABW tem

efeitos que se propagam diretamente no clima global [Santoso & England 2008].

A AABW ¢é formada no oceano Austral por dois mecanismos principais. O
primeiro modo de formac&o (i) ocorre através de processos costeiros de
interacdo de massas d'agua. Este inicia-se com aguas profundas com alta
salinidade geradas em altas latitudes do Atlantico Norte que sdo transportadas
para sul pela circulacdo meridional do Atlantico!, ganhando calor em seu
caminho, lentamente emergindo e ressurgindo a superficie no oceano Austral.
Este conjunto de aguas é chamado de Agua Profunda Circumpolar [CDW ;
Talley 2013]. A CDW circula o oceano Austral através da Corrente Circumpolar
Antéartica (CCA), transportando calor e sal para o oceano indico e Pacifico, e
recebendo também contribuicdes de massas d’dgua profundas destas bacias
oceanicas (Figura 1). Durante o processo de circulacdo, a CDW adentra mares
regionais onde interage com Aguas de Plataforma de Alta Salinidade (HSSW). A
HSSW é formada principalmente devido & formacg&o de gelo marinho no inverno
e consequente liberacdo de salmoura, sendo composta entdo por aguas de alta

1 A circulagdo meridional ou célula de revolvimento meridional do Atlantico (AMOC), constitui-se
pelo lento transporte meridional de aguas profundas e de fundo em dire¢cdes opostas no oceano
Atlantico devido principalmente a gradientes termohalinos.
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salinidade, portanto, a mistura da HSSW com a CDW aumenta a densidade da
ltima criando a AABW [Carmack and Foster, 1975; Foster and Carmack, 1976].
A HSSW ainda pode perder calor e conteudo de sal ao circular pela plataforma,
se transformando em Aguas de Plataforma de Gelo (ISW). A ISW entéo flui
plataforma abaixo e se mistura com aguas profundas para formar outras
variedades AABW.

‘ji"_F
| Iy =~
L
Oy, ™
A
@ s, PACIFIC i
: . ,l"_ "N. Strait
“ h" NPTW
Kapy, u &
e,
AREN
Bering
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=z
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Figura 1. Figura conceitual da Célula de Revolvimento Global (GOC) centralizada nas
transformacgdes de massas d’agua do oceano Austral. As abreviagdes de Massas d’'agua

estdo de acordo com aquelas descritas no sumario de abreviagdes. Fonte: Talley [2013].

Este processo de formacdo costeira ocorre principalmente no mar de
Weddell onde o entranhamento? de grande volume de aguas originarias da CDW

2 Do ingles “Entraning”
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a leste do giro de Weddell (30°E) forma maior parte da AABW [Orsi et al. 1999].
No entanto, outras regifes também sado importantes formadoras de aguas de
fundo, como por exemplo a Baia de Prydz, Terra de Adélie, e o mar de Ross
(Figura 10 do Manuscrito mostra tais localizagdes, pg 64), devido a presenca de
giros ciclonicos advectando CDW para a margem de gelo, e propiciando a
exportacao da AABW para o oceano profundo [Whitworth & Orsi 2006; Williams
et al. 2016, 2008].

Alternativamente, a agua de fundo pode ser criada através de (i)
conveccdo profunda em polinias oceanicas. Polinias sdo regides abertas e
estaveis no oceano, circundadas por gelo marinho e de contato direto da agua
com a atmosfera [Barber & Massom 2007]. As polinias sao classificadas em dois
tipos baseado na forma majoritaria de calor perdido para a superficie: Polinias
costeiras, ou de calor latente; e polinias oceanicas ou de calor sensivel. Polinias
de calor latente sdo regibes no entorno da costa, onde os ventos catabaticos
transportam o gelo marinho para a direcado offshore a medida em que este é
formado por congelamento superficial do mar, exportando assim calor latente do
oceano para a atmosfera (Figura 2) [Smith et al. 1990]. Estas polinias confinadas
na costa tem grande importancia para a producdo da AABW pelo processo
costeiro devido a producao intensa de gelo marinho nestas regiées. Durante a
formacdo do gelo marinho, a salinidade (e, portanto, a densidade) das aguas
adjacentes é aumentada significativamente pelo efeito Brine). Por exemplo, as
polinias de Cape Darnley e Mackenzie Bay séo as principais responsaveis pela
producéo das variedades de Agua Densa de Plataforma (DSW) que se misturam
com a CDW na Baia de Prydz [Williams et al. 2016]. Outros exemplos de polinias
costeiras sdo comumente encontradas ao redor da Baia de Terra Nova e no mar
de Ross, [Kurtz & Bromwich 1985; Ohshima et al. 2013].

Polinias oceanicas ou de calor sensivel, por sua vez, sdo formadas em
regides onde a mistura vertical ou ressurgéncia transportam calor suficiente para
gue o congelamento ndo ocorra na superficie. Assim, quando a polinia oceanica
é formada, a perda de calor sensivel para atmosfera € rapida, iniciando um
processo de conveccao profunda [e.g. Lazier 2001]. Nestas regides, a perda de

calor de aguas relativamente salinas causa adensamento, e consequente
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producdo de AABW por resfriamento [Killworth 1983]. Este processo ocorre
raramente na realidade, sendo que o ultimo evento de conveccao profunda em
polinias oceanicas documentado ocorreu durante os invernos de 1974 a 1976,
abrindo uma regiao livre de gelo no mar de Weddell com area superficial de
aproximadamente 350.000 km? [Gordon 1978; Carsey 1980]. Apesar de outros
eventos de formacgdo de polinia em menor escala terem ocorrido no final do
século XX, nenhuma &rea oceanica livre de gelo no inverno com as mesmas

dimensdes da polinia de Weddell foram observados novamente.

\ >

Figura 2. Esquema mostrando os processos resultantes na agua devido a formacao de

polinias costeiras e oceanicas. Fonte: [Gordon 2014].

Ainda que a formacé&o de polinias oceanicas seja um fendmeno raro,
modelos de circulacdo oceanica global® representam, frequentemente, a AABW
sendo formada através destas feicOes. Heuzé et al. [2013], ao analisarem a

formacdo de AABW em quinze modelos do Coupled Model Intercomparison

8 Traducado de Ocean General Circulation Models - OGCM
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Project Phase 5 (CMIP5), mostram que nenhum deles representa a formacao de
agua de fundo de maneira realistica, criando alternativamente AABW através de
conveccao profunda em oceano aberto. Kerr et al. [2012] observaram que a
apresentacao apropriada das massas de agua no oceano Austral para o modelo
Ocean Circulation and Climate Advanced Modelling (OCCAM) deveu-se a
conveccdo profunda, a qual supria o déficit de AABW exportado da zona
costeira. Martin et al. [2013], ao avaliarem oscilacdes de baixa frequéncia do
processo convectivo no oceano Austral usando simula¢gdes do modelo Kiel
Climate Model, encontraram uma quase-periddica ocorréncia de conveccao
profunda oceénica, gerada pelo acimulo de calor em profundidades médias. De
particular interesse para esta dissertacdo, Azaneu et al. [2014], ao validarem a
eficiéncia da reanalise ECCO2 (Estimating the Circulation and Climate of the
Ocean - Phase Il) em representar a AABW, encontraram uma baixa contribuicdo
dos processos costeiros na formacdo desta dgua e um pulso anémalo de
formacdo de agua de fundo associado com a abertura de uma grande polinia
oceanica no mar de Weddell a partir de 2004. O surgimento de uma polinia
espuria na reanalise ECCO2, aponta para inconsisténcias em sua simulacéo que

afetam diretamente estimativas da GOC e do clima.

Reandlises oceanicas sdo criadas para produzir estimativas mais
proximas possiveis do estado real do oceano a qualquer instante, devido a
juncao das equacdes de conservacdo de momentum, que governam a circulacao
oceanica, com a assimilacdo de dados in situ [Cushman-Roisin & Beckers 2011].
Devido a sua robustez, tais sinteses acopladas com modelos climaticos sao
frequentemente usadas para prever respostas oceanicas a importantes
alteracdes do clima, como a variabilidade do nivel do mar [ Wunsch et al. 2007;
Berge-Nguyen et al. 2008; Kohl & Stammer 2008], conteudo de calor e
circulacao superficiais em bacias oceéanicas [Schiller et al. 2008; Zhu et al. 2012]
e variacbes decadais do transporte de calor oceanico [e.g. Carton et al. 2005].
Portanto, inconsisténcias na representagdo da formagdo da AABW em
reandlises oceanicas e, consequentemente, na parte profunda da AMOC, tem o

potencial de produzir diversas estimativas climaticas erréneas. Identificar, entao,
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0S mecanismos de conveccao profunda nas reanalises oceanica se torna muito

importante para alcancar estimativas climaticas mais acuradas.

Pensando nisto, este trabalho prop&e analisar as ocorréncias de formacgao
de AABW em polinias oceénicas, considerando novos conjuntos de reanalises

liberados pela comunidade cientifica internacional.

[.2-Objetivos

Esta dissertacdo tem como objetivo principal avaliar se a convecgao
profunda em polinias oceanicas é um padrao consistente de formacéo de AABW
em diferentes produtos de reanalises oceanicas. Além disto, como objetivos

especificos tem-se:

v' Descrever qual mecanismo é responsavel pela abertura de polinias

oceanicas em reanalises oceanicas, caso ocorram.

v' Entender quais processos sao responsaveis pela formacédo de AABW nas

reanalises analisadas.
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Il.1-Area de Estudo

O oceano Austral é unico por possuir um fluxo zonal continuo ao longo da
latitude da passagem de Drake entre a América do Sul e a Peninsula Antartica,
e pela conexao direta com as demais bacias oceanicas do planeta (exceto o
Artico). Tomczak & Godfrey [1994] o definem como a regido oceanica ao sul do
afloramento da termoclina permanente em 34.5°S, ou seja, ao sul da frente
subtropical (STF). A definicdo geopolitica segundo o tratado Antartico, todavia,

define o oceano Austral ao sul de 60° S.

Setor do Mar
de Weddell

Setor do
Ciceano Indico

Setor dos

Mares de Setor Pacifico

Oeste
e Brnuncsen o
=1
-2
-3
=i
-5

(uiy) yidag

Setor do Mar
de Foss

Figura 3. Observacdo das caracteristicas do oceano Austral. Editado de: Marshall &
Speer [2012]. Setas verdes mostram a velocidade média de superficie observada, com as
setas maiores marcando a Corrente Circumpolar Antéartica. Linhas laranjas e suas
espessuras mostram as posi¢cdes climatolégicas das Frentes Subantartica (SAF) e Polar
(PF). A profundidade das bacias oceanicas estdo marcadas em gradiente de azul. Linhas
pontilhadas amarelas mostram a separacdo dos setores utilizados neste trabalho, e as

estrelas branca e vermelha mostram a localizacdo da Baia de Prydz e Vinncennes.
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Devido aos pequenos gradientes de temperatura ao longo da coluna
d’agua, as varia¢gdes de densidade com a profundidade sédo pequenas no oceano
Austral. Este padrdo faz com que as correntes superficiais sejam mais
profundas, ultrapassando os primeiros 100 m de profundidade do oceano. Isto
culmina, por exemplo, na Corrente Circumpolar Antartica (CCA) possuir o
transporte de aproximadamente 136.7 SV (15 SV = 106 m® s), tornando a
corrente com maior transporte do globo [Cunningham et al. 2003]. A CCA, a qual
é dirigida pelos ventos de oeste, percorre todas as faixas longitudinais do globo,

conectando os principais oceanos.

Frentes sao encontradas em todo o oceano Austral, sendo estas definidas
como gradientes horizontais de propriedades fisico-quimicas que variam em
escala temporal e espacial (Figura 3). No caso da CCA, ela € entrecortada por
duas frentes principais: a Frente Subantartica (SAF) e a Frente Polar (PF). Além
disso, a CCA transporta a Agua Circumpolar Profunda (CDW), que se estende
de 200 a 4000 m de profundidade. Além da CCA, o oceano Austral € marcado
pela presenca de giros ciclonicos em mares regionais: os giros de Weddell e de

Ross.

Relativo a topografia, a plataforma continental do oceano Austral € em
geral mais profunda que nos demais oceanos, atingindo profundidades de
aproximadamente 400 m. As profundidades abissais marcam trés principais
bacias: a Bacia Pacifico-Antartica que se estende do mar de Ross até a América
do Sul; a Bacia Australiano-Antartica localizada no setor indico do Oceano
Austral, entre a Australia e o Platdé de Kerguelen (aproximadamente 70° Leste);
e, por fim, a Bacia Atlantico-indica, entre o Platdé de Kerguelen e o Mar de
Weddell [Tomczak & Godfrey 1994].

Verticalmente, quase toda a regido abaixo da camada de mistura (exceto
o Mar de Weddell) ¢ dividida em cinco massas d’agua principais: Agua Modal
Subantartica (SAMW), Agua Intermediaria Antartica (AAIW), Agua Circumpolar
Profunda Superior (UCDW), Agua Circumpolar Profunda Inferior (LCDW) e
finalmente AABW (Figura 4a).
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Figura 4. (a) Estrutura vertical do Oceano Austral, retirado do estudo de fluxos de carbono
[Ito et al. 2010]. As Linhas brancas marcam os limites de densidade neutra das massas
d’agua. As setas pretas representam o fluxo de Carbono Antropogénico em Pg C ano™. (b)
Estrutura vertical de massas d’agua na passagem de Philip, no Mar de Weddell, retirado
de Franco et al. [2007].

Note que abaixo de 60°S ndo ha presenca de SAMW e o volume das
aguas intermediarias € bem pequeno, formando uma fina camada que isola a
UCDW da superficie. Ja no mar de Weddell, aguas mais densas sado presentes
na superficie, e por isto suas massas d’'agua sao classificadas diferentemente
(Figura 4b). O mar de Weddell pode ser dividido verticalmente em Agua
Superficial Antartica (AASW), Agua Calida Profunda (WDW), Agua Profunda do
Mar de Weddell (WSDW) e Agua de Fundo do Mar de Weddell (WSBW) [ Naveira
Garabato et al. 2002; Franco et al. 2007]

As massas d’agua no oceano Austral tem caracteristicas de temperatura
e salinidade diversas devido a contribuicdes tanto de processos de plataforma,
bem como adveccéo para baixo de 60°S. No diagrama 6S para o oceano Austral
(Figura 5), & possivel ver as principais massas d’agua participantes do cinturdo
de revolvimento global, e suas caracteristicas de temperatura e salinidade. Da
superficie para o fundo, é possivel ver a presenca de Agua Modal Subtropical
(STMW) com temperaturas em torno de 15°C e salinidades acima de 35,5. Duas
variedades de SAMW com grande variagdo de temperatura e salinidade entre
elas se encontram também no diagrama. Estas duas massas d’dgua nao
adentram 60°S, porém se encontram no diagrama devido a construcao dele se

estender até 45°S. Abaixo se encontra a AAIW, mais fria que as aguas acima
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citadas, e com salinidade bem menor (6=3,14°C, S=34,14). As aguas de baixa
salinidade da AAIW sdo separadas do continente pela frente Subantartica
(Figura 3). Abaixo da AAIW se encontra a Agua Profunda do Atlantico Norte
(NADW), que a medida que adentra 60°S é chamada de CDW, esta ultima com
temperatura de 0,65°C e salinidade 34,7. A CDW como visto anteriormente pode
ser dividida em duas variedades: uma por¢cdo com maior salinidade e menor
temperatura chamada de LCDW, proveniente da transformacado da NADW, e
uma variedade de menor salinidade e maior temperatura (UCDW) proveniente
das aguas profundas do Pacifico e indico [Talley, 2013] . Abaixo das aguas
profundas, o diagrama mostra trés variedades de aguas profundas, i.e. a Agua
de Fundo do Mar de Ross (RSBW) mais salina e quente (6=-0,25°C, e S=34,69);
a Agua de Fundo do Mar de Weddell (WSBW) mais fria e menos salina (6=-
0,9°C, e S=34,65); e por fim a Agua de Fundo da Terra de Adélie (ALBW) com
caracteristicas intermediarias (6=-0,47°C, e S=34,68). Ainda é possivel ver no
grafico a presenca de HSSW com baixissimas temperaturas e altas salinidades
(6=-1,9°C, e S=34,8), devido a sua formacéo ligada ao gelo marinho, e também
das aguas de superficie Antartica (AASW) com baixissimas salinidades (6=-
1,9°C, e S=33,8). Todos os indices termohalinos das aguas-tipo foram retirados
de Pardo et al. [2012].
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Figura 5. Diagrama 0S contendo as massas d’agua da regido abaixo de 45S, Fonte: Pardo
et al. [2012]
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Num segundo diagrama 6S especifico para o mar de Weddell, é possivel
notar diferentes massas d’aguas. E possivel ver na superficie a presenca de trés
massas d’agua de plataforma. A primeira, a Agua de Plataforma de Baixa
Salinidade (LSSW; 6<-1,7°C, e 34,3<S<34,4), se encontra nas plataformas de
gelo menores do leste do mar de Weddell, enquanto a segunda (HSSW; 0<-
1,7°C, e 34,56<S5S<34,84) tem maior salinidade devido a sua presenca nas
plataformas maiores do oeste do mar de Weddell. A Agua de Plataforma de Gelo
(ISW; 8<-1,9°C, e 34,2<S<34,7) possui a menor temperatura devido ao contato
com aguas de derretimento de Plataforma de Gelo Ronnie-Filchner, em altas
profundidades.

Y finwloag ”

Temperatura Potencial [°C]

J4.3 4.4 4.5 4.6 J4.7
Salinidade

Figura 6. Diagrama 0S para o mar de Weddell. Fonte: Kerr [2010]

Na parte mais oceanica se encontra a AASW (6<-1°C, e 33<S<34,5), com
uma grande variacdo de temperatura e salinidade devido a sazonalidade na
temperatura e na formacdo de gelo marinho afetando seus parametros
termohalinos. Abaixo se encontra a WDW (0<6<1°C, e 34,6<S<34,75),

relativamente mais quente e salina que a AASW. A WDW ¢ originaria da
28



modificacdo da LCDW ao entrar no mar de Weddell, e por isto entdo conserva
os altos valores de salinidade de sua agua fonte. Abaixo da WDW se encontram
as variedades locais de AABW do mar de Weddell. A primeira, WSDW (-
0,7<06<0°C, e 34,62<S<34,68), esta sob a WDW, e possui menor densidade. A
WSDW ¢ a variedade de AABW do mar de Weddell que de fato € exportada para
outros setores do oceano Austral [Foster and Carmack, 1976]. Abaixo dela se
encontra a WSBW (6<-0,7°C, e 34,62<S<34,68), que é mais fria que a WSDW,
e portanto mais densa, ficando aprisionada em nas bacias oceanicas do mar de
Weddell pela topografia local [Carmack & Foster, 1975]. As faixas termohalinas

apresentadas aqui para o mar de Weddell foram retiradas de [Kerr, 2010].

I1.2- Produtos de reandlise e dados observacionais

O mecanismo de compensacdo na formacdo da AABW no ECCO2, foi
utilizado como comparativo para as outras reanalises. O ECCO2 utiliza o modelo
oceanico do Massachusetts Institute of Technology General Circulation Model
[MITgcm; Marshall et al. 1997]. Este modelo oceanico possui um grade cubo-
esférica, com projecéo equidistante em latitudes baixas e médias, e equiangular
em altas latitudes (Figura 5). A resolucdo espacial do MITgcm é de
aproximadamente 0,25°x0,25°, garantindo espacamento aproximadamente
constante ao longo do oceano. Um modelo de gelo marinho por Zhang et al.
[1998] com capacidade de estimar espessura e concentracéo de gelo marinho &

acoplado as configuracdes do MITgcm.

A solucdo do ECCO2 utilizada neste estudo é a cube-92, que possui uma
grade regular de 0,25°x0,25° e cinquenta niveis verticais, com espessura minima
de célula de 10 m na superficie, chegando ao maximo de 450 m na profundidade
maxima de 6150 m. A forcante superficial nesta solugdo é a reanalise
atmosférica Japanese 25-Year Reanalysis [JRA-25; Onogi et al. 2007]. A
correcdo dos produtos do modelo é feita através de ajuste de minimos
quadrados pelo método de funcdo de Green, capaz de assimilar dados de
temperatura, salinidade, velocidades zonal e meridional da agua, concentracao
e velocidade do gelo marinho [Menemenlis et al. 2008]. A cobertura temporal do
ECCO2 vai de 1992 até 2012.
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Figura 7. Esquema de grade Cubo-esférica retirado de Menemenlis et al. [2008]. A figura
descreve contornos de velocidade de corrente em 15 metros de profundidade. E possivel
visualizar as regifes de baixas latitudes em projecdo equidistante, enquanto os polos

norte e sul se encontram em projecao equiangular.

A escolha das outras reanalises oceanicas a serem utilizadas no trabalho
foi feita através da busca literaria por evidéncias de convecg¢éo profunda. Azaneu
et al. [2014] encontraram em seu estudo que a polinia oceanica formada esteve
associada a trés principais alteracdes dinamicas do oceano Austral: 0 aumento
intenso da densidade da camada de fundo, uma diminuicdo na concentragéo e
espessura de gelo marinho e, no aumento do transporte do volume da AABW
apos sua abertura. Através da busca literaria encontrou-se dois principais
modelos com cobertura temporal recente, com possivel formacao de variedades

de agua de fundo.

Dotto et al. [2014], ao avaliarem as caracteristicas das massas d’agua do
produto My Ocean University Reading Reanalysis product (UR025.4) para o mar
de Weddell, encontraram um intenso aumento na densidade neutra das aguas
profundas e de fundo do mar de Weddell (WSDW e WSBW) ap6s 2004,

condizente com uma possivel situacdo de conveccdo profunda. O UR025.4
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utiliza como modelo de circulacdo o NEMO verséao 3.2, que por sua vez € forcado
na superficie pela reandlise atmosférica do ERA-Interim [Ferry et al. 2012].
Diferente do ECCO2, o0 UR025.4 possui uma grade tripolar, com dois polos no
hemisfério norte (Canadéa e Asia) e um na Antartica (Figura 6). Este esquema de
grade, apesar de evitar singularidades no polo norte, torna a area das células
dependentes do cosseno da latitude e portanto altamente variavel [Madec &
Imbard 1996]. Para solucionar esta dificuldade, o modelo foi regradeado através
de triangulacdo do ponto mais préximo para a resolucédo 0,25° de longitude e
0,125° de latitude, sendo este distanciamento escolhido por corresponder ao
tamanho das arestas da maior célula do Oceano Austral. A resolucdo vertical
com 75 niveis espacados de forma n&o uniforme foi mantida. O UR025.4 utiliza
modelo de gelo marinho Louvain-la-Neuve Ice model Versao 2 [LIM2 ;Fichefet &
Maqueda 1997], capaz de calcular concentracdo e espessura de gelo marinho.
Dados oceanicos e de gelo marinho sédo assimilados na reanalise através do
esquema de interpolacédo-6tima, desenvolvido pelo UK Met Office operational
FOAM-NEMO system [Storkey et al. 2010]. Esta reanalise possui a cobertura
temporal de 1993 até 2010.
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Figura 8. Esquema de gradeamento do UR025.4, com grade tripolar, retirado de Ferry et
al. [2012] .
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A reandlise Southern Ocean State Estimate (SOSE) por sua vez, foi
escolhida devido a evidéncia de polinias oceanicas no mar de Weddell geradas
nas simulacdes de teste [Mazloff 2010]. A solucdo SoSE version 2 utiliza uma
versdao mais refinada do MITgcm, sendo que as estimativas de variaveis
oceanicas sao feitas com resolucéo regular de 1/6° e somente para latitudes
maiores que 25°S, de forma a garantir a alta resolucdo necessaria para
representar regides de altas latitudes. A resolucéo vertical € varidvel e conta com
42 niveis verticais, com menor espacamento na superficie. A principal diferenca
entre 0 SOSE e 0 ECCO2 esta na assimilacdo através do método Adjunto?, capaz
de corrigir estimativas de variaveis atmosféricas tendo como comparativo a
reanalise do National Center for Environmental Prediction e National Center for
Atmospheric Research reanalysis 1 [NCEP/NCAR; Kalnay et al. 1996]. O modelo
de gelo de Hibler [1980] é acoplado ao arcabouco do MITgcm para estimar
espessura e concentracdo de gelo marinho. Por fim, a solucdo SoSE Version 2
foi disponibilizada para o periodo entre 2005-2010, devido a maior quantidade

de dados Argo e satelitais assimilados neste periodo [Mazloff, 2010].

Os trés produtos de reandlise acima citados distribuem estimativas
mensais de concentracdo e espessura de gelo marinho, temperatura e
salinidade, os quais foram usados neste estudo. Em especial, 0 UR025.4 oferece
velocidade zonal e meridional do gelo, que também foram usados nesta analise.
O URO025.4 esta disponivel para uso pela comunidade cientifica na webpage do
Centre for Environmental Data Analysis of the United Kingdom. Ja& o produto
ECCO2 é disponibilizado pelo National Aeronautics and Space Administration -
NASA, e 0 SoSE pelo Scripps Institute of Oceanography, com os devidos links

relatados no manuscrito.

Comparacdo entre os produtos de gelo marinho das reanalises e
observacdes foram necessarias, e para isto foi utilizado os dados mensais do
National Snow and Ice Data Center (NSIDC). A concentracdo de gelo marinho
do NSIDC é oriunda de medidas de temperatura de brilho de satélite de micro-
ondas passivo do Scanning Multichannel Microwave Radiometer. Os sensores

4 Nome original Adjoint method ou 4D-Var
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utilizados foram o Special Sensor Microwave Imager (SSM/I) e o Special Sensor
Microwave Imager/Sounder (SSM/IS). As observacdoes de concentracdo e
espessura de gelo marinho ja sdo disponibilizadas convertidas da temperatura
de brilho através do algoritmo da NASA-Goddard

(https://lwww.nasa.gov/goddard).

[I.3-Métodos de comparacéo

Para melhor comparacao entre os padrdes regionais de formagéo
de AABW e de concentracao e espessura de gelo marinho, o oceano Austral foi
entdo dividido em cinco setores, como descritos por Parkinson & Cavalieri
[2012]: Setor do Mar de Bellingshausen/Amudsen de 60°W a 130°W, Mar de
Ross de 130°W a 160°E, Setor Pacifico Oeste de 160°E a 90°E, Setor do Oceano
indico de 90°E a 20°E e, por dltimo, o mar de Weddell de 20°E a 60°W. A figura
1 do manuscrito (pagina 53) mostra os limites zonais de cada setor. Neste

trabalho foram analisadas aguas do Oceano Austral ao sul de 60°S.

Valores médios anuais de concentracao e espessura de gelo marinho por
setor do oceano Austral foram calculados nas trés reanalises e nos dados
satelitais com o objetivo de comparar eles entre si, e verificar se ha diminuicéo
na quantidade de gelo condizente com a abertura de uma polinia oceanica. O
calculo das concentracdes e espessuras meédias foi feito através de médias
ponderadas pela area de cada célula. Aléem disso, foi feita uma busca visual de
polinias oceanicas através de mapas mensais de concentracao de gelo marinho,
onde as bordas da polinia oceénica foram definidas como regibes com
concentracéo de gelo de 30% [Williams et al. 2007].

A densidade neutra (y™) de todas as camadas do oceano Austral foi
calculada a partir dos dados de temperatura e salinidade das reanalises, através
do algoritmo desenvolvido por Jackett & McDougall [1997] e adaptado por
Serazin [2011]. Os valores de y™ foram utilizados para a definir os limites
verticais das camadas de massas d’agua no oceano Austral. Para a maioria dos
setores do oceano Austral, a coluna d'agua foi separada em trés massas

principais: Agua de Fundo Antartica (AABW) entre o limite superior de y™ =
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28,27 kg m~3 e a topografia de fundo, a Agua Circumpolar Profunda Inferior
(LCDW) entre 28kgm™3 e 2827 kgm™3, e a Agua Circumpolar Profunda
Superior (UCDW) entre 27,7 kgm™3 e 28 kgm™3, assim como utilizado por
Abernathey et al. [2016]. Aguas com densidades menores que 27,7 kg m~3
foram categorizadas num unico grupo de aguas superficiais. Vale ressaltar que
as categoria de densidade neutra da AABW abrange todas as variedades locais

de agua de fundo do oceano Austral relatadas no diagrama 6S (Figuras 5-6).

A estrutura vertical no mar de Weddell é diferente dos outros setores do
Oceano Austral devido a inclinagc&o das isopicnais em direcéo ao centro do giro
de Weddell [de Steur et al. 2007]. Portanto, as massas d’dgua para o mar de
Weddell foram divididas como: Agua de Fundo do Mar de Weddell (WSBW) com
densidades neutras maiores que 28,4 kg m~3, Agua Profunda do Mar de Weddell
(WSDW) com densidade neutra entre 28,27 kg m~3 e 28,4 kg m~3, Agua Calida
Profunda (WDW) entre 28,1 kg m™3 e 28,27 kg m~3 e por fim Agua de Superficie
Antartica (AASW) com densidade menor que 28,1 kg m~3. As definicdes das
aguas do mar de Weddell foram retiradas de Orsi et al. [1999] e Franco et al.
[2007].

O volume de cada massa d’agua em cada setor nas trés reanalises foi
calculado através da Eq. 1:

100 60°S (~EL (rZyq
Vo = f f f dz dx dy (1)
L wi Z)/Z

sector coast

onde z,; € a profundidade cuja densidade neutra mais se aproxima do limite
superior da massa d'agua, z,, a profundidade cuja densidade neutra se
aproxima ao maximo do limite inferior da massa d’agua, e dx é a extensdo zonal
da célula do modelo, e dy a distancia meridional. Fazendo entéo integracdo na
equacao 1, tem-se o volume aproximado de cada massa d’agua por setor. Tais
volumes foram entéo divididos pelo volume total de agua do setor (Vec0r) Para
se obter o percentual volumétrico mensal das massas d’agua, que foi utilizado

para avaliar as transformacdes que culminaram no pulso de AABW.
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Capitulo IlI: Artigo Cientifico

Para a obtencdo do titulo de Mestre pelo Programa de PoOs-Graduacdo em
Oceanografia Fisica, Quimica e Geologica, € requerido que o discente realize a
submissédo de pelo menos um artigo cientifico como primeiro autor em periédico
com corpo indexado. Desse modo, os resultados da pesquisa desenvolvida
durante o periodo de mestrado e a discusséo dos resultados serdo apresentados
em forma de artigo neste Capitulo. O manuscrito é intitulado “On the deep
convection events and Antarctic Bottom Water formation in ocean
reanalysis products” e sera submetido para publicacdo no periodico “Ocean

Science”.
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l1l.1-Manuscrito

On the deep convection events and Antarctic Bottom

Water formation in ocean reanalysis products.

1 Introduction

Lately, different groups of experts have developed several state-of-art
eddy-permitting general ocean circulation models with longer simulations and
elegant assimilation methods. Based upon those models, the reconstruction of
oceanic features by governing ocean equations and observed data, named
ocean reanalysis products, have been coupled with global climate models
(GCMs) to produce detailed climate estimates [e.g Lee et al., 2009]. Specific
climate induced studies using ocean reanalysis focus on several features, such
as the description of sources for Antarctic dense water mass contributions [Kerr
et al. 2012a], estimates of sea level variability [Berge-Nguyen et al. 2008; Kohl
& Stammer 2008; Wunsch et al. 2007], surface circulation and heat content of
specific ocean basins [Schiller et al. 2008; Zhu et al. 2012], as well as decadal
variability of ocean heat content [Carton et al. 2005]. One of the features
receiving attention in ocean reanalysis products is the representation of the lower
limb of the Atlantic Meridional Overturning Circulation (AMOC), particularly due
to the recent observed trends in the Southern Ocean bottom layer [Azaneu et
al. 2013; Purkey & Johnson 2012]. In this sense, recent assessments have
shown some model inconsistencies related to the Southern Ocean dense water
formation and export, which is a key process to the AMOC lower limb dynamics
[e.g. Azaneu et al., 2014].

The dense bottom waters in the Southern Ocean are formed mainly by two
mechanisms. The first one is through (i) a complex interaction of deep and shelf
waters and starts with deep waters, originally formed in the North Atlantic, being
transported to the south through the AMOC, changing its properties and along
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the way forming Circumpolar Deep Water (CDW) as it enters the Southern Ocean
domain [e.g. Talley, 2013]. There, CDW circulates along with the Antarctic
Circumpolar Current (ACC) and is eventually advected towards the Antarctic
coastal margin. Near the coastal margins, the interaction of CDW-derived waters
with High Salinity Shelf Waters (HSSW) formed from brine released during winter,
enhance CDW density, and creates Antarctic Bottom Water [AABW; Carmack
and Foster, 1975; Foster and Carmack, 1976]. Alternatively, HSSW can circulate
under ice shelves, losing heat and salt to create Ice Shelf Water. Ice Shelf Water
then flows downslope and mixes with deep waters to create AABW [Foldvik et
al. 1985]. The coastal AABW formation occurs especially in the Weddell Sea,
which is considered one of the Southern Ocean zones of highest AABW
production [e.g. Orsi et al. 1999; Kerr et al. 2012b]. Other sparse regions around
the Antarctic continent also contribute to bottom water formation, such as Prydz
Bay [e.g. Williams et al., 2016], Adélie Land [e.g. Williams et al., 2008] and the
Ross Sea [e.g. Whitworth and Orsi, 2006].

This complex coastal formation process of bottom waters is notably difficult
to represent in GCMs, and instead GCMs create AABW through an alternative
mechanism of (ii) open ocean deep convection. Open ocean deep convection in
Southern Ocean happens when the water column stability decreases allowing
heat transference to the surface, and hence creating an ice-free region, which is
by definition an open ocean polynya. In the open ocean polynya, saline deep
waters lose sensible heat to the atmosphere, creating AABW by cooling
[Killworth 1983]. This process rarely occurs in the real ocean. In fact, the last
known large open ocean polynya event was documented by Gordon [1978] and
Carsey [1980], who reported a feature with 350,000 km? during the winters of
1974-1976 in the Weddell Sea. Although smaller size ocean polynyas happened
in the 20™ century [e.g. Comiso and Gordon, 1987], no winter ice-free area in
Southern Ocean with the dimensions and persistence of the Weddell Polynya has

been reported since the 70s events.

Nevertheless, ocean simulations recurrently represent bottom water
formation by spurious open ocean deep convection events. Recently, Azaneu et
al. [2014] evaluated the AABW properties in the Estimating the Circulation and
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Climate of the Ocean Phase Il (ECCO2) and found that an intense pulse of AABW
formation happens in this reanalysis as a result of the opening of an unrealistic
polynya in Weddell Sea. After the polynya opening, bottom layer transports and
densities become unrealistically high, and all Southern Ocean representation
turns unreliable. Moreover, Heuzé et al. [2013] found that all fifteen models of the
Coupled Model Intercomparison Project (CMIP) Phase 5 fail to represent the
dense waters formation accurately, creating AABW by open ocean deep
convection instead. Several other simulations also reported unexpected open
ocean polynyas creating AABW [Marsland et al. 2003; Timmermann and
Beckmann 2004; Shaffrey et al. 2009]. The frequent occurrence of open ocean
deep convection events in simulations raises a question if that unrealistic pattern
is found in recently released reanalysis products, and if not, how those products
represent the AABW formation issue? In this study, we analyzed three recent
ocean reanalysis products, with documented evidence of AABW formation, to
determine if open ocean convection is the common reason for the anomalous
AABW formation in those products. Moreover, we investigate other mechanisms

by which bottom water is created in each ocean reanalysis.

2 Ocean Reanalysis data sets and Methods

Three ocean reanalysis products were evaluated here. The first product
investigated was ECCOZ2, which was chosen to be used as a comparison
standard to the other reanalysis due to a deep convection event triggered by the
polynya opening in Weddell Sea after 2004 [Azaneu et al. 2014]. This coupled
ocean reanalysis is based in the Massachusetts Institute of Technology General
Circulation Model (MITgcm) with a cube-sphere grid, as described by Marshall et
al. [1997]. The cube-92 solution used in ECCO?2 is forced by the Japanese 25-
Year atmospheric Reanalysis (JRA-25). A sea ice model that estimates snow
cover, sea ice thickness and concentration by Zhang et al. [1998] is incorporated
in ECCO2 framework, and a Green’s function method assimilates ocean
variables and reduce model error, as described by Menemenlis et al. [2005].
ECCO2 reanalysis product spans from 1992 until 2012, with 0.25° x 0.25°
horizontal resolution and 50 vertical levels unevenly spaced [Menemenlis et
al. 2008].
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We chose to work with other two reanalysis products with evidence of rapid
AABW formation, i.e., rapid density increase in deep and bottom waters:
Southern Ocean State Estimate version 2 and My Ocean University of Reading
— UR025.4. The Southern Ocean State Estimate reanalysis product version 2
(hereafter referred to as SOSE) have documented wintertime deep convection
during the test runs [Mazloff et al. 2010]. SoSE also uses the MITgcm ocean
model, but it estimates the air-sea buoyancy fluxes using NCEP-National Center
for Atmospheric Research reanalysis as atmospheric forcing. The framework
includes a sea ice model by Hibler [1980] and assimilation through a least square
fit with observations to reduce model error. SOSE horizontal resolution is of 0.16°
degrees, with 42 irregular vertical levels, and a time span from 2005 until 2010.

Finally, we looked at the MyOcean University Reading Reanalysis product
(UR025.4) as it exhibits increasing neutral density in both deep and bottom layers
of Weddell Sea after 2004 [Dotto et al. 2014], which suggests AABW formation.
URO025.4 uses NEMO version 3.2 ocean circulation model, forced by ERA-Interim
Atmospheric Reanalysis, and incorporates Louvain-la-Neuve Ice model Version
2 [LIMZ2; Fichefet & Maqueda 1997]. The Optimal Interpolation Scheme from the
UK Met Office operational FOAM-NEMO system was used to assimilate ocean
variables [Storkey et al. 2010]. UR025.4 covers the time range from 1993 until
2010, and has a tripolar grid with mean horizontal resolution of 0.25° x 0.25°,
and 75 vertical levels [Ferry et al. 2012]. Those distinct patterns between the
reanalysis products help to track how different features in the framework of the
simulations affect AABW production.

ECCO2 and SoSE are available in National Aeronautics and Space

Administration Jet Propulsion Laboratory (NASA; http://ecco?2.jpl.nasa.gov/) and

Scripps Institute of Oceanography (http://sose.ucsd.edu/) websites, respectively.

URO025.4 simulations are available in the Centre for Environmental Data Analysis
of UK (http://catalogue.ceda.ac.uk/uuid/ef3e53aef4dca2030ebc9e84aa908d74).

As sea ice formation and melting has direct relation to AABW formation,
mean sea ice concentration and thickness have been analyzed in the present

study. For a better description of distinct regional AABW formation processes and
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sea ice patterns, we have split the Southern Ocean into five sectors, following
Parkinson & Cavalieri [2012]: From 130°W until 60°W Bellingshausen and
Amundsen seas sector, from 60°W until 20°E Weddell Sea sector, from 20°E until
90°E Indian Ocean sector, from 90°E until 160°E Western Pacific sector and
finally from 160°E until 130°W Ross Sea sector (Figure 1). Mean annual averages
of sea ice concentration and thickness were compared by sector between the
reanalysis in order to identify the relationships between sea ice and AABW
formation processes. Comparison with the observational dataset was necessary
to grasp the sea ice alterations veracity, and for the comparison we used the sea
ice concentration product derived from Special Sensor Microwave/Imagers
(SSM/I) and Special Sensor Microwave Imager/Sounder (SSMI/S) provided by
National Snow and Ice Data Center (https://nsidc.org/). Both SSM/I and SSMI/S

come from Nimbus-7 Scanning Multichannel Microwave Radiometer.

We analyzed oceanic regions south of 60°S and estimated the volume of
water masses by sector. To achieve that, we used the water mass definitions by
neutral density layers [y"; Jackett & McDougall 1997; Serazin 2011]. The three
reanalysis provide potential temperature and salinity, which were used to
calculate the neutral density throughout this study. For the majority of the sectors,
three water masses were defined: Antarctic Bottom Water (AABW), with neutral
densities higher than 28.27 kg m=3, Lower Circumpolar Deep Water (LCDW), with
y™ ranging from 28 kg m3 until 28.27 kg m-3, and Upper Circumpolar Deep Water
(UCDW) with values from 27.7 kg m until 28 kg m3, following Abernathey et al.
[2016]. Waters with densities lower than 27.7 kg m were analyzed as a single
group of “surface waters”. As the Weddell Sea has different water mass structure
[e.g. Orsi et al., 1999], the layers were split as: Weddell Sea Bottom Water
(WSBW) with neutral densities higher than 28.4 kg m=3, Weddell Sea Deep Water
(WSDW) from 28.27 kg m=3 until 28.4 kg m=, Warm Deep Water (WDW) from
28.1 kg m3until 28.27 kg m3, and in the shallowest end, the Antarctic Surface
Water (AASW) with neutral densities lower than 28.1 kg m3 [Naveira Garabato et
al., 2002; Franco et al., 2007]. The total volume of each water mass by sector

was calculated by an integration described in Eq. (1):
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in which z,, and z,, are the depth of the upper and lower neutral density limit of

each water mass in each cell, and dx and dy are respectively the zonal and
meridional length of each cell. Although dx and dy are not constant through the
reanalysis grids, the integration process takes that into account so that the water
mass estimates were not contaminated by errors due to the non-uniform cell size.
The result of the vertical integration is then integrated again meridionally between
60°S and the latitude of the coastline (L.,4s:), and zonally between the eastern
(EL) and western (WL) limit of each section. This way, the result of equation 1 is
the volume of the water mass (V,,,,) relative to the total water volume of each
sector (Vsecror) IN percentage. Those monthly volumetric percentages were then
used to infer about the transformation and pulses of AABW as well as the
processes involved. Finally, for a better description of the AABW formation

process in UR025.4, we included the analysis of the sea ice velocity in this case.

3 Results and Discussion

We will first describe the sea ice mean patterns by sector, its spatial
signature and evidence that this property is related to AABW formation in the
reanalysis studied (Sect. 3.1). In the next section (Sec. 3.2), we discuss the water
mass volume changes in each sector to scrutinize the triggers of deep convection
in the different products. Finally, in Section 3.3, we highlight the differences of the
AABW formation process in the three reanalysis and the real ocean AABW

formation.

3.1 Sea Ice Concentration and Antarctic bottom water formation pulses

As seen in Figure 2, both UR025.4 and ECCO2 overestimate the annual
mean sea ice concentrations when compared to National Snow and Ice Data
Center observations (hereafter referred to as NSIDC) in all sectors until 2004,
except in Ross and Bellingshausen seas, where the concentrations closely follow
the ones obtained from NSIDC. The sectors with the highest overestimates are
the Weddell and Indian sectors, where the model cells have at least 20% more
sea ice cover than observations. Previous experiments with LIM2, under the
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atmospheric forcing of NCEP/NCAR, show enhanced sea ice extent within the
seasonal cycle, and a tendency to overestimate the sea ice thickness in Weddell
Sea. The pattern of ice thickness overestimation in LIM2 was reported in the
previous study to be due to westerlies stronger than real in NCEP/NCAR forcing
[Massonnet et al. 2011]. Although UR025.4 uses LIM2 model, a different
atmospheric forcing is applied (ERA-INTERIM), and when analyzing carefully
coastal wind speeds and directions, one finds no significant westerlies
overestimation. Nevertheless, UR025.4 still overestimates sea ice thickness
(SIT) in Weddell Sea.

The analysis performed by Azaneu et al. [2014] shows that the high annual
sea ice cover of ECCO2 is due to an overestimate of maximum sea ice in winter,
thus rising the annual mean. However, ECCO?2 is the reanalysis that better
represents sea ice concentration (SIC) before 2004. It is important to highlight
that both aforementioned reanalysis exhibit interannual variability patterns close
to observations. It is only after 2004 that the most noticeable spurious signals in
sea ice takes place. The SIC and SIT in Weddell sea and Indian ocean sectors
in ECCO2 decreases quickly by approximately 20%, hence lowering the whole
Southern Ocean average. This decreasing pattern is unrealistic since satellite
observations of NSIDC show no such alteration. Also, estimates of sea ice extent
in those sectors point to an actual increase until 2010 [Parkinson & Cavalieri
2012]. Hence, ECCO2 sea ice decrease points to the appearance of an oceanic
polynya. Different from ECCO2, UR025.4 exhibits annual SIT increase in Weddell
Sea, almost doubling that signal in 2009. Even though, to our knowledge no
observational sea ice thickness database that covers efficiently the Southern
Ocean is currently available, the comparison among the three reanalysis
thicknesses and the magnitude of the signal suggest an UR025.4 overestimate.
In spite of SOSE sea ice concentration and thickness being available only
between 2005 and 2010, their variability seems to follow observations, with mean
SIC being also higher than observed. SOSE has annual mean SIT values close
to ECCO2.

The anomalous signals in mean SIC and SIT in ECCO2 and SoSE
reanalysis are connected to the appearance of polynyas in Weddell Sea sector,
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and to alterations in the mean neutral density layers. A large-scale sensible heat
polynya happens in ECCO2 (Figure 1a-c). It starts to open by November 2003
near 20°E and spreads into Weddell, Indian and even Ross Sea sectors, reaching
the border of the sea ice, and lowering mean SIC and SIT in all Southern Ocean.
At the beginning of the polynya opening process in the Weddell Sea, only WDW
is found in the intermediate layer. As the ECCO2 polynya spreads, the heat loss
through the surface waters increase, and so their buoyancy diminishes. Neutral
densities increase at intermediate layers, forming WSDW by cooling at the prime
meridian initially, and then expanding the WSDW formation to the entire Weddell
Sea (Figure 1d-f). The decrease of sea ice content that contributed to the polynya
opening in ECCO2 could have been caused by several factors, such as
alterations on the balance of heat between the atmosphere and heat supplied by
the ocean under the mixed layer [Close & Goosse 2013], and mixing of warmer
and saltier intermediate waters with surface waters [Morales-Maqueda et al.,
2004]. ECCO2 polynya stays open and expanding until the end of the reanalysis,
creating gradually higher volume of AABW in each sector and suggesting

constant heat delivery to the surface layers to maintain the sea ice melting.

SOoSE reanalysis shows the presence of an open ocean polynya in the first
year of simulation from May until November 2005 in Weddell Sea sector (Figure
3a). From January until May, before the polynya opening, it is noticeable in SOSE
neutral density transects the presence of WDW in a very shallow depth around
70°W. WSDW upper limit is located at approximately 1500 m depth, and WSBW
surface at 4000 m depth (Figure 3b). After May, with the advance of the sea ice
in winter, this WDW at surface cools down, but its enduring high heat content
delays sea ice formation until December, allowing the open ocean polynya to
form. As a result, the mean sea ice thickness in 2005 for Weddell Sea sector is
the lowest of the entire SOSE time series. Neutral densities, after the polynya
opening, show a shift of WSDW neutral density boundary towards the surface,
increasing the total WSDW layer thickness (Figure 3c). Consequently, WDW
layer thickness decreases. WDW has a higher temperature and salt content
relative to local overlying AASW. The heat loss in the polynya during the winter

allows WDW to lose buoyancy, forming WSDW from May until November. By
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December, the polynya closes and the WSDW formation slows down. WSDW

formation happens also in the following two winters, but in a much smaller scale.

In UR025.4 a different process occurs. After 2005, SIT in eastern Antarctic
Peninsula rise, reaching values higher than three meters in 2009, and only then
starting to decrease (Figure 4a-c). This persistent and regional sea ice increase
is strong enough to rise mean Southern Ocean total SIT. The intense sea ice
thickening signal suggests strong brine release, a process that could create
AABW. The thickening signal is not seen in any other sector. Moreover, UR025.4
sea ice concentration does not show any anomalous increase elsewhere in the
Southern Ocean either. Before the thickening event, only WDW is found in
intermediate depths in the Weddell Sea, around 700 m. After 2007, WSDW is
formed (Figure 4d-f) by the massive sea ice formation in Weddell Sea, releasing
brine continuously. From 2007 to 2010 WSDW production area expands, taking
all the eastern Antarctic Peninsula until the prime meridian.

Hence, the anomalous sea ice patterns in all three reanalysis should
impose distinct variability to the WDW and WSDW content in Weddell Sea and
Indian Ocean sectors. Further analysis of the water masses content in each

model is performed to investigate this issue.

3.2 Water mass percentages by sector

The water mass percentages of both ECCO2 and UR025.4 reanalysis
products are very similar in the beginning of their time series (Figure 5). ECCO2
exhibits the biggest shift in the percentages of water masses from the beginning
of the time series until the end. AASW in this reanalysis occupies 10% of the
Weddell Sea sector in 1992, and its contribution decreases throughout the time
series. A initial slow decrease happens until 2000 and after that, the percentage
goes down with a stronger pace reaching marks lower than 5% at the end of the
series, i.e. half of its initial volume. With the decrease of the surface waters
volume, seasonal cycles of AASW formation seem more apparent. While AASW
percentages decline, the WDW volume seems to increase from its initial value of
roughly 36%. This slow and steady increase reaches its highest value of 38% in

2000 and stays relatively stable until 2004. After that, volume percentages of
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WDW decay swiftly. This change leads WDW to show volume percentages lower
than 10% in 2012. The initial reduction of AASW volume and increment of
underlying WDW volume causes the latter water mass core to migrate
progressively to shallower depths, enhancing its mixing with the surface. The
WDW is warmer and saltier than AASW, so the intensive cooling of this water
mass by open ocean deep convection has the potential to form WSDW and even
WSBW. In fact, after 2000, when WDW reaches its highest percentage, WSDW
volume starts to increase gradually, evidencing an intensification in the
production. After 2004, WSDW formation is enhanced due to the polynya
opening. The mechanism explaining the polynya opening is the same one
thought to trigger the 70s Weddell Polynya, in which WDW rose to near surface,
exchanging heat with the overlying sea ice, and allowing an ice-free area to form
in the Weddell Sea [e.g. Killworth, 1983; Cheon et al. 2015]. After 2008, it seems
that with the expansion of the polynya area, heat exchange intensifies even
further and WSBW starts to form in the region. During that time, WSDW formation
stops and rapid conversion of WSDW to WSBW also occurs. In fact, during that
period, WSBW percentage rises from 9% to unrealistic 70% of the water volume
within the Weddell Sea.

SOSE reanalysis product shows similar changes to the ones in ECCO2.
Although SoSE time series is shorter in length, it is easy to see that WDW volume
for the whole series is at its highest by the beginning of 2005 (Figure 5). From
May until November of 2005, the polynya in Weddell opens in SOoSE, and the
relatively high water volume of 32.6% of WDW swiftly decreases to 26%, and
AASW decreases by its volume by 2%. During that period, WSDW percentage
rises by 6%, pointing to transformation of WDW into those denser water masses
during the polynya period. Moreover, WSBW is also formed in the beginning of
the winter: a small increase from 14.8% to 16.6%, but in the end of the winter the
WSBW volume goes back to 14.9%, thus showing no net conversion. In the
following winter, the polynya does not open, but still WSDW created in 2005
keeps being converted to WSBW in the following two winters. In fact, in the

winters of 2006 and 2007, the WSDW percentage decrease matches the rise in
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WSBW and AASW values. Just as observed in ECCOZ2, the process seems to
initiate with a high WDW content, interacting near the surface in that region.

In UR025.4, we can see that water mass changes for Weddell Sea sector
induces small amplitude oscillation in WSDW and WSBW (Figure 5). UR025.4
AASW volume, when compared with ECCO2, has more pronounced seasonality
from 1994 until the winter of 2005. In the winter of 2005, a drop of 2.5% in AASW
percentage happens, and in 2008 another decrease of 3% is visible, thus
lowering its total volume along time. During every winter, WDW volumes drop,
and WSDW and WSBW have small increases in percentage. This opposite
pattern also shows a seasonal trend of conversion of AASW and WDW into
WSDW and WSBW. Although the UR025.4 formation of AABW in the Weddell
Sea is lower than in the previous reanalysis products, two clear pulses happen in
the winter of 2008 and 2009, probably due to the salt input during the SIT increase

episodes.

Differently from the other reanalysis, the biggest pulse of AABW formation
in URO025.4 originates from the Indian Ocean sector. In this sector, the water
masses distribution along the water column is different from the Weddell Sea,
and so the analysis was carried out with the appropriate vertical layers (as
explained in section 2). A pulse of AABW volume percentage happens during the
winter of 2004 (Figure 6) with values spanning from 43.4% to 51.8%, and during
the same winter season, LCDW volume decreases by 6%. After that winter,
AABW volume stays high, and LCDW remains low until the end of the reanalysis
time series. That pattern suggests an event of transformation of LCDW into
AABW. The 2% left of the conversion is a product of the UCDW. Actually, in
May/2004 UCDW increases its volume by 3%, and afterwards further decreases
its volume by 5.5%, summing a net 2.5% decrease in water mass volume. This
net decrease of 2.5% complements the AABW volume increase observed in

Figure 6.

Relatively high salinity and temperature CDW-derived waters, while
entering Prydz Bay surroundings in real Southern Ocean interact with ice shelves

and sea ice forming Dense Shelf Water (DSW). The later, when exported
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downslope mixes with denser CDW layers and form the regional AABW variety [
Williams et al. 2016]. The water mass pulses seen in the Indian Ocean sector
suggests that a similar process is occurring in UR025.4. UCDW is warmer and
fresher than the regional LCDW that circulates along the coast. Hence, while the
UCDW circulates along the sea ice edge in UR025.4, it causes melting of sea
ice, lowering the surface temperature and surface salinity. Those lower salinity
and temperature surface waters are then transported through the Antarctic
Coastal Current westward. Moreover, their higher freezing point potentially
enhance sea ice formation (and thus brine release) as they flow downstream, i.e.
over LCDW waters. That process concentrates salt over the LCDW, raising its
density and forming DSW by continental shelf deep convection (Fig 10). After
formed, the DSW in UR025.4 flows downslope, enhancing LCDW salinity and

creating a very saline variety of AABW.

The small excess of UCDW that did not interact near Prydz Bay in
URO025.4 was carried through Antarctic Coastal Current until the Weddell Gyre
Western border, together with the underlying high salinity LCDW, and part of the
AABW formed (observed in the model animations, not shown). This AABW
advection from Indian Ocean sector is a successful representation of the process
by which real ocean AABW enters Weddell Gyre [e.g. Jullion et al., 2014]. AABW
is also formed locally in the Weddell Sea sector, due to the UCDW advection.
UCDW of Indian origin is colder and has lower salinity than WDW. As a result
from the process above, initially a freshening signal occurs in the Weddell Sea
surface. As waters with lower salinity can boost sea ice formation, in the following
winters of 2007-2009 sea ice production is enhanced in Weddell Sea, and SIT
rises rapidly. The brine rejected that follows the enhanced freezing produces a
HSSW pulse in the Weddell Sea, which flows down the water column, mixes with
local WDW and WSDW, thus forming WSBW (Figure 4). This process occurring
in the Weddell Sea seems to be responsible for the small AABW pulses observed
in figure 5. The entrainment of CDW from Indian Ocean sector causing AABW
formation and export in Weddell sea is a process recently suggested in real
Southern Ocean [Couldrey et al. 2013], even though sea ice thickening was not

reported in the study. Other factors then freshening likely contributed to the
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increased sea ice thickness in Weddell Sea, such as the LIM2 ice model tendency
to overestimate SIT reported by Massonnet et al. [2011]. However, because the
atmospheric forcing used by that study is different from the one used in UR025.4,
we do not believe that the overestimation trend played a major role in this
simulation. In any case, validation of ERA-INTERIM wind fields have not reported
overestimation of the westerlies around Antarctic Peninsula [Dee et al. 2011].
Furthermore, the increased sea ice thickness in Weddell Sea could also be due
to the advection of sea ice from Indian Sea and Western Pacific sectors, as will
be explained below. Different from ECCO2 and SoSE, UR025.4 does not form
an oceanic polynya, and that could be because that model does not show either
an increase of WDW volume reaching surface nor a diminishment of AASW
volume. ECCO2 AABW volume percentages for Indian Ocean sector also result
from the formation process in the Weddell Polynya (Fig 6). AABW volume rises
due to WSDW and WSBW formation and advection through the ACC, and both
LCDW and UCDW decrease due to local density increase after the polynya
expansion to the Indian Ocean sector. Since SOSE polynya was smaller and with
shorter duration than ECCO2, the AABW formation had only regional impact, not

showing the AABW pulse in any other sector.

A similar process to the one that occurs in UR025.4 Indian Ocean sector
occurs in the Western Pacific sector. An AABW pulse with 10% increase in
volume happens parallel to a decrease of total 8% in LCDW and UCDW volume
in 2004 winter (Figure 7). The 2% left is converted from surface water volume.
Those percentage alterations also show a conversion of CDW to AABW.
However, differently from the Indian Ocean sector, no previous rise in UCDW
volume is clear in volumetric percentages. Figure 8 shows that UCDW coming
from Indian Ocean sector actually entered Western Pacific sector, even though
the volume was not enough to show up in the total UCDW volume series. As
UCDW enters the Western Pacific sector, it also generates basal melting, causing
initial freshening and cooling of UCDW. In Figure 8, it is possible to notice that
the ACoC strengthens after the UCDW inflow. Since by April in UR025.4, the area
surrounding Vincennes Bay is completely covered by sea ice a reasonable cause

for the current intensification is the temperature/salinity gradient between UCDW
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and LCDW. UCDW is fresher and warmer than LCDW, inducing a density
gradient directed east along the coast. As a response to that gradient, a strong
current opposite to the gradient (i.e. a westerward flow) appears in April
contributing to speed up the ACoC near Vincennes Bay (Figure 8d),. After June
(Figure 8f), the intense DSW formation seems to recirculate next to Vincennes
Bay and is then exported northwest also due to a strong southeast density
gradient. In any case, relatively fresh UCDW from sea ice melt is transported by
both the strong ACoC and the offshore directed buoyancy current. As it is
transported, UCDW loses even more heat, enhancing freezing and releasing
brine over both LCDW an UCDW, and hence creating DSW (Figure 8 a, ¢ and f).
The high density of DSW then leads to deep convection next to the continental
shelf, with the water flowing down the slope mixing even more with LCDW, and
thus forming AABW. Hence, the higher inflow of UCDW in both Indian Ocean and
Western Pacific sectors triggers a balance between melting and ice formation
that favors LCDW salinity increase and ACoC acceleration. The fast baroclinic
current that speeds up the ACoC enhances the transport of newly formed sea ice
to Weddell Sea, possibly accumulating it near the Antarctic Peninsula. The
enhanced sea ice advection also allows new sea ice to form, thus not
accumulating at the original sector. As a result, Indian Ocean and Western Pacific
sectors would have salinity increase without accountable signal of changes in
mean SIC and SIT. SoOSE AABW volume percentages for Western Pacific shows
no pulse of AABW formation, while ECCO2 water masses for this sector shows
exactly the same patterns as seen in the Indian sector, with LCDW volume rising
until the polynya reach that sector (i.e. leading to form AABW locally). In fact, the
ECCO2 signature of AABW production is seen in all sectors as the polynya

expands, but Bellingshausen and Amundsen seas sectors (Figures 5 - 10).

The time series of Ross Sea water masses does not show major
alterations due to the ECCO2 polynya mechanism until 2010 (Figure 9). In the
first eighteen years of the reanalysis (1992-2010), LCDW volume percentage
rises, while AABW volume percentage decreases. After 2010, with the expansion
of the polynya to the Ross Sea sector, Antarctic Bottom Water in UR025.4 shows

a small increase in volume in the winter of 2004. Finally, no pulse of AABW is
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seen in any of the three reanalysis in Bellingshausen and Amundsen sector
(Figure 10), which is expected since this sector in real Southern ocean lacks shelf
water varieties that create AABW [Potter & Paren 1985]

It is important to highlight that the AABW formation processes by
continental shelf waters convection in UR025.4 was a result of CDW originated
waters interacting with the ice edge in the Indian Ocean and Western Pacific
sectors, a process similar to the real ocean continental shelf convection that
creates AABW [Williams et al., 2016].

3.3 Modelled and real ocean bottom water formation

Considering the three reanalysis investigated, two have formed AABW by
open ocean deep convection. Starting from 1992, ECCO2 experiences an
increase in the volume of WDW in the Weddell Sea, causing WDW isopycnal
uplift until 2000, when WDW reaches the surface. After reaching the surface,
WDW starts to interact with local sea ice and atmosphere, cooling and being
slowly converted to WSDW during the first four years. By the winter of 2004, the
heat transported by the WDW to the surface is enough to open a large polynya
near the eastern limb of the Weddell Gyre, around 20°E. After the polynya
opening, a more intense conversion of WDW to WSDW happens until 2008, when
the latter starts to transform into WSBW. This four year delay value is very close
to the five years estimate of residence time for WDW in the Weddell Gyre before
being converted to denser local water mass varieties [Fahrbach et al. 2011]. After
opening, the polynya expands every following winter, being present in the
Weddell Sea, Indian Ocean and Western Pacific sectors of the Southern Ocean,
and slightly diminishing the sea ice concentration in the Ross Sea sector. That
expansion leads to the formation of unrealistic 70% WSBW volume. A similar
process occurs in SoSE, but in smaller space and temporal scales: WDW
reaching the surface in the beginning of the reanalysis time series seem to hinder
sea ice formation by the beginning of the winter and, as a result, an elongated
polynya develops in the Weddell Sea during the winter of 2005. Even though in
SoSE no estimate of WDW prior to 2005 exists, the high volume of this water
mass near the surface in 2005 (Figure 8) points to the referred surface interaction

as a trigger for the polynya opening. Therefore, it is clear that WDW volume
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increase near the surface causes a heat input in the upper layers during the 2004-
2005 period in both of the previously mentioned reanalysis, eventually creating
the large open ocean polynya in Weddell Sea.

Some other processes then the ones analyzed in this study may have
influenced the polynya opening in abovementioned reanalysis. Parkinson [1983],
while modelling the 1976 observed Weddell Polynya, noticed the wind patterns
seemed to control whether the polynya would open or not in the simulation. In a
more recent study, Gordon et al. [2007] noticed that during long periods of
negative Southern Annular Mode Index [Limpasuvan & Hartmann 1999], the
Weddell Sea has its sea ice formation and brine release enhanced, which
destabilizes water column and allows a Weddell Polynya to happen. In that
matter, a recent study found that GISS-E2-R and GFDL-ESM22 ocean models
from C IMP5 have their frequent deep connection events due to stronger
seasonality of sea ice, enhancing winter brine release and homogenizing Weddell
Sea water column, which allows deep convection to transfer heat to surface [
Heuzé et al. 2013]. According to Azaneu et al. [2014], ECCO2 also exhibits
strong sea ice seasonality and that likely plays a role in the opening of the ECCO2
polynya. Despite none of those specific atmospheric and sea ice patterns were
analyzed here, their manifestation allow WDW to rise to the surface leading deep
convection and thus acting as triggers to polynya establishment. Moreover,
several studies show the same pattern of WDW raising to surface, exchanging
heat and opening the Weddell polynya in simulations [e.g. Hirabara et al. 2012;
Martin et al. 2013; Cheon et al. 2015]. It is also worth to mention that both ECCO2
and SoSE reanalysis use the same MITgcm ocean model, hence the polynya
opening in Weddell Sea might be an expression of the same features of that
circulation model. In addition, since SOoSE polynya happens at the beginning of
the reanalysis, we cannot rule out the possibility that SOoSE is still adjusting from

its initial settings.

Although two of the reanalysis used in this study yielded open ocean
polynya events forming AABW, the UR025.4 formed AABW in a completely
different way. In this model, the first alteration observed is a substantial rise of
UCDW volume in the Indian Ocean sector. As seen in Fig. 10, this water entered
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the coastal regions of the Indian Ocean sector from surface up to the 250 m level,
and interacted with the ice edge in that region, causing some of the ice to melt
resulting initially in a freshening signal at the surface and intermediate layers in a
relatively small area. That colder and fresher water resulting from the melting was
transported westward through the ACoC. Because of the gradual heat lost along
the way, sea ice formation happened eastern from the coastal UCDW signal,
increasing the salinity over the denser LCDW positioned underneath and creating
a high volume of DSW. DSW is then advected to the Weddell Sea by the ACoC
system and offshore due to the buoyancy current formed Western Pacific sector.
Although that process creates AABW through a mechanism similar to the real
ocean, the AABW formation in Indian Ocean sector reported by Kitade et al.
[2014] and Williams et al. [2016] still has significant differences. First, the real
AABW formation in the Indian Ocean sector happens after the modified
Circumpolar Deep Water (mCDW) circulates deeper under the ice shelves
surrounding Prydz and Vincennes bays, mixing with DSW created in coastal
polynyas, acquiring a higher salt content and cooling down [Williams et al. 2016].
The mCDW has neutral densities between 28.0 kg m=3 and 28.27 kg m3, hence
a relatively small salt input and/or cooling can easily diminish mCDW buoyancy,
thus forming AABW. In contrast, UR025.4 water mass in Prydz Bay (UCDW) is
relatively warmer, less saline and lighter than mCDW, causing a balance between
immediate melting under sea ice and freezing as the water circulates along the
coast. This balance releases brine over LCDW, creating very saline LCDW and
AABW varieties. In addition, the AABW formation in UR025.4 occurs mainly by
salinization and as result, the final AABW has substantially higher salinity than
expected. Also, the density increase by this salinization and the relative low
density of UCDW causes a baroclinic current that speeds up the ACoC, and
creates a creates a current component directed offshore that export DSW

downslope from the shelf.

The results of AABW volume in UR025.4 suggest eastern Southern Ocean
plays an important role on the AABW formation in this simulation. In real ocean,
Meredith et al., [2000] found that important part of AABW content in Weddell Sea

is advected from Indian Ocean sector such as happened in UR025.4. Also, Jullion
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et al., [2014] finds that the great export of bottom water varieties from Weddell
Gyre is largely due to recycling of AABW produced in Indian Ocean sector.
Finally, [Couldrey et al. 2013] found that the export and change in properties of
AABW in Weddell Sea are due to the entrainment of CDW around Prydz Bay,
and further advection to Weddell Gyre. Therefore, the process of AABW
formation in UR025.4 accurately mimics the bottom water formation reported by
the previously mentioned articles.

The distinct AABW formation process present in UR025.4 might be caused
by the advection of CDW-derived waters happened in an eastern region of
Antarctica, and not in Weddell Sea. Eastern Antarctic deep waters are less dense
then deep waters in Weddell Sea, and hence waters flowing along isopycnals
flow up when reaching Weddell Sea. This natural upward shift of pycnoclines
towards the center of Weddell gyre creates a region with low sea ice
concentration and thickness around the center of Weddell Gyre [de Steur et
al. 2007]. Thus, warm water volume increments in deep Weddell layers are
potentially more destructive to sea ice than in deep waters of Indian Ocean
sector. In fact, Timmermann and Beckmann [2004], while trying to reproduce
accurately that so-called warm water halo, found an enhanced vertical heat
exchange with sea ice which lead to opening an oceanic polynya in the Weddell

Sea.

4 Summary and Conclusions

Deep convection in open ocean polynyas has been pointed as a frequent
cause of spurious AABW formation and a source of erroneous ocean
representation in non-assimilatory OGCM’s. Spurious open ocean deep
convection create AABW through a rather abrupt mechanism, enhancing bottom
layer ventilation and heat/carbon uptake, which inserts errors in climate estimates
[e.g. Heuzé et al., 2013]. Propagation of spurious open ocean deep convection
in Southern Ocean simulations can go even further, causing warming of abyssal
layer, cooling of surface waters and atmospheric warming [Latif et al. 2013; Pedro
et al. 2016]. The mechanisms of bottom water formation in some of the reanalysis
investigated here agree with those ideas: two of the three reanalysis created

AABW by deep convection associated to areas of large open ocean polynyas. In
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both ECCO2 and SoSE the presence of WDW at surface hinders sea ice
formation during winter, and triggers a deep convection event, which creates
AABW by cooling. In those two reanalysis, the mechanism of AABW formation
resulted in erroneous representations of the Southern Ocean, such as high
AABW volumes and lower sea ice concentrations and thicknesses, reinforcing
that open ocean deep convection inserts errors in the simulation. Even though
the appearance of open ocean polynyas in models without assimilation are a well-
known modelling issue, the opening of the Weddell Polynya in reanalysis
products is a less expected feature. Since reanalysis products are meant to be
precise representations of ocean state due to the assimilation of observations,
the appearance of spurious AABW formation by open ocean deep convection
shows that the assimilation of sea ice concentrations has not been enough to

hinder the appearance of oceanic polynyas.

One of the ocean reanalysis in this study (UR025.4) created AABW in a
different way. Biggest AABW formation in UR025.4 happened mainly eastern
from Weddell Sea sector, agreeing with real Southern Ocean evidences
[Meredith et al., 2000; Jullion et al., 2014]. The entrainment of UCDW in this
reanalysis Indian Ocean sector, created an equilibrium between melting and
freezing that favoured LCDW salinization, leading to coastal deep convection.
The salinization created DSW that mixed with LCDW formed AABW while flowing
downslope. This mechanism of bottom water formation is dynamically similar to
the real ocean formation of AABW since it depicts both the spilling of DSW off the
continental shelf, and the exportation to open ocean, processes that do occur in
Indian sector of real Southern Ocean [Kitade et al. 2014;Williams et al. 2016].
Although this mechanism is closer to the real bottom water formation in eastern
Southern Ocean, some anomalous dynamic process were created by the seaice
balance. First, the density gradient seem to enhance ACoC circulation by creating
a buoyancy current. The enhanced advection by the buoyancy current
accumulates sea ice around the Antarctic Peninsula, creating unrealistically high
sea ice thicknesses, which in turn induces the spurious deep and bottom layers
salinization reported by Dotto et al. [2014]. Low salinity and temperature waters

advected from Indian Ocean sector to Weddell Sea also contribute to AABW
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formation in the later sector due to its higher freezing point. Nevertheless, the
somewhat accurate dynamical representation of the AABW formation in UR025.4
is an advance in Southern Ocean representation in OGCM'’s, since it shows that
ocean reanalysis advanced frameworks are getting closer to efficiently represent
AABW formation . Furthermore, the substantial differences between the UR025.4
process and real ocean AABW formation in Indian Ocean sector, shows that
improvements in simulations of AABW formation are still necessary to better

represent the lower limb of the AMOC.
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Figure 1: Top: (), (b) and (c) are mean ECCO2 Sea Ice concentration in November of 2004,
2007, 2010 respectively. Red contours delineate the 30% sea ice concentration, which is
the border of the polynya. Dotted lines separate each southern ocean sectors analyzed.
Bottom: Mean neutral density filled contours at 700 m for November in the same years as
the Sea ice Concentration on the top. Grey lines delineate the 28.1 kg/m?® neutral density
of WDW and black lines the 28.27 kg/m? of the WSDW.
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Figure 2: Annual mean Sea Ice Concentration (left) and Thickness (right) of each sector of
southern ocean. Red (O), green (*) and blue (O) lines are the annual mean time series for
UR025.4, SoSE and ECCO2 respectively, and the circles, stars and squares its respective
annual values. Black (®) line with filled black circles represent the mean Sea Ice
Concentration from Goddard satellite Observations. Sectors are labeled as WS (Weddell
Sea), RS (Ross Sea), PW (Pacific West), IS (Indian Sea) and B&A (Bellingshausen and

Amundsen seas).
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Figure 3: On the left: Map with sea ice concentration of SOSE in August 2005 showing the
polynya. The transect used is marked in the green dashed line. Black areas are areas with
0% sea Ice concentration. The red line marks the 30% sea Ice concentration margin, as the
border of the polynya. In the middle and on the left are neutral Density contours in a 20W
vertical Section during January and August respectively. Neutral density lines of 28.1 kg
m-3, 28.27 kg m2 and 28.4 kg m3separate respectively AASW/WDW , WDW/WSDW and
WSDW/WSBW.
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Figure 4: Top: From Left to Right, montlhy seaice thickness of UR025.4 September of 2004,
2007 and 2010 respecively. Thered line marks the 3.5 m seaice thickness. Bottom: Neutral
density contours in 700m depth in the same period as the top maps. . Grey lines delineate
the 28.1 kg/m® neutral density of WDW and black lines the 28.27 kg/m? of the WSDW.
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Figure 5: Percentage of Weddell Sea Sector occupied by the water mass, in volume. From
Top to Bottom, the charts show the volume for : Antarctic Surface Water (AASW), Warm
Deep Water (WDW), Weddell Sea Deep Water (WSDW) and Weddell Sea Bottom Water
(WSBW). Red/blue/green lines are respectively for UR025.4 , ECCO2 and SoSE reanalysis.
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Figure 6: Percentage of Indian Sea Sector occupied by the water mass, in volume. From
Top to Bottom, the charts show the volume for: Unclassified Surface Waters, Upper
Circumpolar Deep Water (UCDW), Lower Circumpolar Deep Water (LCDW) and Antarctic
Bottom Water (AABW). Red/blue/green lines are respectively for UR025.4 , ECCO2 and

SOSE reanalysis.
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Figure 7: Same as figure 6, for Pacific West Sector
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Figure 8: Neutral densities filled contours at 250 m depth, in the center of the UCDW
entrainment, in Indian Sea Sector and Pacific West Sector for March (a), April (c), May (e)
and June (f) of 2004. Black lines mark the 28 kg m neutral density values that separate
UCDW from LCDW. The black arrow represents the direction of the density gradient. Maps
(b), (d), (f) and (h) show the seaice speed module (m/s) for the same months of the neutral
density contours. Green arrows show the current speed at 250 m, the same depth as the
neutral density contours. Black (%) and red stars (%), in all maps represent the location of
Prydz bay and Vincennes Bay, respectively.
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Figure 9: Same as figure 6, for Ross Sea Sector
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Figure 10: Same as figure 6, for Bellingshausen and Amundsen Sector
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Capitulo IV: Sintese dos resultados e

conclusao
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IV.1-Sintese de resultados e Discussao

Os resultados mostram padrées anémalos na concentracao e espessura
de gelo marinho congruentes com a formacéo de AABW (Figura 2 do manuscrito,
pg 56). No modelo ECCO2, as variagcdes nas concentragdes e espessuras de
gelo marinho seguem as observadas pelo NSIDC, superestimando os valores
anuais nos setores do Mar de Weddell, Pacifico Oeste e indico até 2004. Apds
2004, ambas as concentracdes e espessuras de gelo marinho diminuem
drasticamente nos Setores do Mar de Weddell e do indico, indicando maiores
trocas de calor com atmosfera e possivel formacdo de aguas profundas e de
fundo. As médias anuais de espessura e concentracdo de gelo marinho do SoSE
também séo superestimadas, quando comparadas com o NSIDC. No entanto, a
caracteristica mais marcante na serie de gelo marinho desta reanalise ¢ um
minimo de espessura no mar de Weddell em 2005, no primeiro ano da reanalise.
No UR025.4, a alteracdo mais marcante ndo € uma diminui¢cdo de gelo marinho,
como encontrada nos modelos anteriores, mais sim uma superestimava na
espessura do gelo marinho no mar de Weddell, com sinal forte o suficiente para

aumentar a espessura média do gelo marinho do oceano Austral.

Os minimos na concentracao e espessura de gelo marinho no ECCO2 e
SoSE, respectivamente, séo resultado da abertura de polinias oceanicas nas
simulagfes. Na reandlise ECCO2, entre 1992 e 2000, é possivel observar um
crescimento lento no volume da WDW e uma diminui¢do no volume da AASW
no mar de Weddell (Figura 5 do manuscrito, pg 59). A AASW fica em contato
direto com o gelo marinho e, portanto, a diminuicdo desta e concomitante
aumento de WDW implica em subida da superficie da WDW. De fato, no ano
2000 a WDW alcanca a superficie e comeca a trocar calor com o gelo marinho,
resfriando e lentamente convertendo WDW em WSDW. Em 2004, o calor
transferido para superficie pela WDW se torna suficiente para derreter a
cobertura de gelo, formando entdo uma polinia oceanica no centro do giro de
Weddell em aproximadamente 20°E (Figura 1 do manuscrito, pg 55). Com a
abertura da polinia oceanica, as trocas de calor com a atmosfera se tornam ainda
mais intensas e a conveccdo profunda se intensifica, convertendo mais
rapidamente WDW em WSDW, e aumentando a area da polinia. A partir de 2008,
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a area da polinia preenche todo o leste do mar de Weddell e a intensa troca de
calor com a atmosfera inicia a producdo de WSBW. A polinia persiste até o fim
da simulacdo, tomando todo o oceano Austral, diminuindo os valores médios de
concentracdo de gelo marinho, e comprometendo severamente a qualidade da

reanalise [Azaneu et al. 2014].

Na reanalise SOSE um processo similar a formacao de agua de fundo no
ECCO2 ocorre. No inicio da série temporal, de janeiro a abril de 2005, WDW se
encontra na superficie do mar de Weddell (Figura 3 do manuscrito, pg 57). Com
a chegada do inverno, o gelo marinho comeca a se formar na regiao, no entanto
a presenca da WDW na superficie impede a formacao de gelo em uma estreita
faixa do mar de Weddell, gerando uma estreita polinia oceanica que se estende
de aproximadamente 10°E a 20°W. Apos a abertura da polinia em Weddell, um
pequeno pulso de formagao de AABW ocorre devido ao resfriamento da WDW
sob a polinia. Diferente do ECCO2, a polinia do SoSE acontece somente em
2005, e gera pulsos muito menores de AABW, nao sendo notados em nenhum
setor além do Setor do Mar de Weddell, o que possivelmente denota uma melhor
performance do método Adjunto na corre¢do dos valores de concentracdo de
gelo marinho, quando comparado com o método de funcdo de Green. No
entanto, em ambas reandlises a formacao da polinia implica em representacao
irreal do oceano Austral,i.e. altos volumes de AABW e baixos valores de

concentracéo e espessura de gelo marinho.

As alteracbes na espessura de gelo marinho na reanéalise UR025.4
também culminam na formacédo da AABW. Nesta reanalise, em 2004, nota-se a
entrada de UCDW na superficie até 250 m de profundidade em regides costeiras
do Setor indico do Oceano Austral (Figura 10 do manuscrito). A UCDW tem
temperaturas maiores que a LCDW que circula préxima a costa nesta regiado e,
como resultado disso, o gelo marinho superficial em torno da baia de Prydz e
Vincennes inicialmente derrete, consequentemente diminuindo a salinidade e
temperatura da UCDW. Os gradientes de densidade formados geram correntes

de flutuabilidade® na direcdo da ACoC e direcionada também para oceano

5 Do inglés: Buoyancy currents
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aberto. A UCDW, com relativa baixa salinidade, € entdo carreada apela ACoC e
pela corrente de flutuabilidade perpendicular & costa. A medida que esta é
carreada, o contato com o gelo marinho diminui ainda mais a sua temperatura,
causando congelamento mais a frente do caminho. Como consequéncia, ha
liberacdo de sal sobe ambas UCDW e LCDW, formando LCDW de maior
salinidade e DSW. A DSW é, entdo, exportada para os setores do Mar de
Weddell e do Pacifico Oeste, misturando-se ainda mais com a LCDW e WDW, o
que ira resultar na formacédo de AABW. O aumento da velocidade da ACoC na
costa, devido a corrente de flutuabilidade, aumenta a velocidade do gelo marinho
e, como resultado, este é transportado para o mar de Weddell, acumulando-se
finalmente na Peninsula Antértica. A parcela da UCDW que foi transformada em
LCDW de maior salinidade, ao ser transportada ao longo da plataforma pela
ACoC incrementa ainda mais a salinidade ao longo do caminho, formando um

pequeno pulso de AABW no mar de Weddell também.

No oceano real, a AABW é formada no setor indico do oceano Austral
ap0s aguas provenientes da CDW adentrarem a regido da Baia de Prydz e
serem transportadas para Oeste, interagindo com plataformas de gelo e com o
gelo marinho, e formando DSW. Apds isto, a DSW € exportada para fora da
plataforma continental, misturando-se ainda mais com camadas densas da CDW
e, portanto, formando AABW [Kitade et al. 2014;Williams et al. 2016]. No
URO025.4, a UCDW adentrando o setor indico do oceano Austral é mais quente
e menos salina que a LCDW que, normalmente, circula nesta regido da costa.
Assim, a medida que UCDW percorre a borda de gelo no modelo, esta contribui
para derretimento basal da plataforma de gelo, resultando na diminuicdo da sua
temperatura e salinidade superficial. Esta dgua com menor salinidade e
temperatura € entdo transportada pela ACoC, intensificando a formacao de gelo
marinho ao longo do caminho, e liberando Brine que forma a DSW. Portanto, &
evidente que o processo de formacédo da AABW no UR025.4 tem caracteristicas
dindmicas similares com a do oceano real. Vale salientar que, apesar do
mecanismo de formacdo de AABW no UR025.4 ser dinamicamente similar ao
real, a aceleracdo da ACoC gera um acumulo espurio de gelo na Peninsula

Antartica.
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IV.2-Conclusao

Neste estudo, duas das trés reanalises avaliadas formaram AABW
através de conveccao profunda em grandes polinias oceanicas, fenbmeno que
nao ocorre, significativamente, no oceano Austral real desde 1976. Isto mostra
que a conveccgdo profunda ainda é necesséaria para compensar o déficit de
formacdo da AABW em processos costeiros em modelos de circulacdo oceanica
[Heuzé et al. 2013], mesmo aqueles com relativa alta resolucéo e assimilacédo
de observacdes (i.e. reanalises oceanicas). Em um resultado mais relevante
deste trabalho, observou-se que a reanalise UR025.4 foi a Unica capaz de
representar a advecgdo e afundamento de DSW ao longo da quebra de
plataforma e talude e a consequente exportacao para oceano aberto, processos
que ocorrem no oceano real. Ainda que a representacdo do UR025.4 tenha
gerado acumulo espurio de espessura de gelo na Peninsula Antartica, a correta
representacéo dinamica da formacdo da AABW no UR025.4 representa um
avanco na representacdo do oceano Austral pelos modelos de circulacéo global.
No entanto, as diferencas dinamicas salientadas, apontam que melhorias
substanciais na simulagao da circulagdo do oceano Austral e na formacéo de
variedades de agua de fundo ainda sdo necessarias.

Por fim, melhorias na formacéo da AABW em OGCMs podem ser obtidas
através de melhores simulagfes da dindmica do gelo marinho. A corregdo mais
vigorosa das estimativas de concentracdo de gelo marinho, diminuindo os
valores de SIC superestimados no inverno pode diminui a liberacdo de salmoura
sazonal, e aumentar a estratificacdo do oceano Austral, dificultando a ocorréncia
de conveccdo profunda em oceano aberto [Heuzé et al. 2013]. Em estudos mais
recentes, mostra-se também que o aumento de parametros de mistura vertical &
capaz de diminuir as anomalias de temperatura e salinidade na superficie,
também evitando a ocorréncia de conveccao profunda em polinias oceanicas
[Heuzé et al. 2015]. Por fim a adicdo de modelos de plataforma de gelo tende a
estabilizar a coluna d’agua sobre a plataforma continental, melhorando a
representacdo dos processos costeiros do oceano Austral, e evitando a

formacao de pulsos intensos e espurios de AABW [Hellmer 2004].
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