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RESUMO

REIS, Rafael Afonso do Nascimento, D.Sc., Universidade Federal de Vigosa, janeiro de 2022.
Avaliacdo da densidade superficial do mar e conteiido de calor oceinico no Oceano
Austral. Orientador: Flavio Barbosa Justino. Coorientador: Luis Felipe Ferreira de Mendonga.

O Oceano Austral ¢ uma peca-chave do clima global. Ele sozinho ¢ responsavel pela maior
parte do sequestro de diéxido de carbono e calor antropogénico. Apesar de sua importancia, ele
permanece pobremente amostrado e muitos estudos visam a utilizagao de reanalises e modelos
oceanicos para melhor compreender este tdo importante oceano. Com base nisso, este trabalho
estuda a capacidade das reandlises GLORY'S, ORASS e GODAS em representarem a densidade
neutra em superficie e o contetudo de calor na camada de 0 a 300 metros do Oceano Austral. As
reanalises apresentam erro na densidade neutra em relagdo aos dados coletados in situ, variando
entre -1 e 2 kg/m®. A maior parte dos erros significativos ocorre na década de 1990 em virtude
da baixa cobertura de dados de sensoriamento remoto da regido. As tendéncias de densidade
neutra das reandlises sdao distintas, devido aos diferentes perfis de salinidade. Todas as
reanalises apresentam perfis de tendéncia de temperatura e de fluxos de densidade muito
similares. O ORASS5 ¢ o mais diferente entre as reandlises, pois apresenta uma tendéncia
negativa de salinidade e de densidade neutra para a maioria do Oceano Austral. Acredita-se que
o motivo dessa tendéncia ¢ o fato de sua salinidade ser restringida por um processo chamado
nudging. Em relacdo ao conteudo de calor, todas as reandlises apresentam crescimento do
conteudo de calor, sendo o mais intenso 0 GLORYS com um aumento de 1,38x10'® J/yr. O
primeiro modulo de variabilidade das reanalises ¢ diretamente ligado ao ENOS com GLORY'S
e ORASS apresentando uma correlagdo maior que GODAS e tendo um claro Dipolo Antartico.
O segundo modo de variabilidade ¢ representado por GLORYS e ORASS, por estar relacionado
aos vortices oceanicos, cuja reanalise GODAS nao resolve. GLORYS e ORASS sao as Unicas
a apresentarem correlacdo com a MAS. A MAS impacta o contetido de calor também com um
Dipolo Antartico, mas de maneira contraria ao ENOS. Ao se retirar o sinal do ENOS da
correlagdo da MAS com o conteudo de calor, € possivel verificar que ela perde a caracteristica
de dipolo. Isso indica que a MAS age mais como um regular do impacto do ENOS do que por
si propria no Oceano Austral. Os dois modelos ocednicos MOMO025 e MOM, rodados com os

parametros do experimento CORE-II, falham em representar o contetido de calor no Oceano



Austral; bem como seus modulos de variabilidade em razao de eles descartarem o impacto do

ENOS no conteudo de calor.

Palavras-chave: GODAS. GLORYS. ORASS. ENSO. SAM. Salinidade na superficie do mar.
Fluxos de densidade. CORE-II.



ABSTRACT

REIS, Rafael Afonso do Nascimento, D.Sc., Universidade Federal de Vigosa, January, 2022.
Assessment of sea surface density and ocean heat content in the Southern Ocean. Adviser:
Flavio Barbosa Justino. Co-adviser: Luis Felipe Ferreira de Mendonga.

The Southern Ocean is a key part of the global climate. It alone is responsible for most of the
carbon dioxide and anthropogenic heat uptake. However, despite its importance, it remains
poorly sampled and many studies aim to use reanalysis and ocean models to better understand
this so important ocean. In view of this, this work studies the capabilities of the GLORYS,
ORASS5 and GODAS reanalysis to represent the surface neutral density and the heat content in
the layer from 0 to 300 meters of the Southern Ocean. Reanalysis show an error in neutral
density in relation to in situ data ranging between -1 and 2 kg/m?, with most of the significant
errors occurring in the 1990s due to the still low coverage of remote sensing data in the region.
The neutral density trends of the reanalysis are distinct, the reason for the differences are their
different salinity profiles, considering that they all have very similar temperature trend profiles
and density fluxes. The ORASS is more different between the reanalysis as it shows a negative
salinity and neutral density trend for most of the Southern Ocean. It is believed that the reason
for this trend is that their salinity is restricted by a process called nudging. In relation to ocean
heat content, all the reanalysis shows an increase with the most intense being GLORY'S which
shows an increase of 1.38x10'® J/yr. The first variability module of the reanalysis is directly
linked to ENSO with GLORYS and ORASS presenting a higher correlation than GODAS and
having a clear Antarctic Dipole. The second mode of variability is only well represented by
GLORYS and ORASS because it is a mode that is highly linked to oceanic vortices whose
GODAS reanalysis does not resolve. GLORYS and ORASS5 are the only ones to show a
correlation with SAM. SAM impacts ocean heat content with an Antarctic Dipole as well, but
in a way opposite to ENOS. When removing the ENSO signal from the SAM correlation with
heat content it is possible to see that it loses the dipole characteristic indicating that the SAM
acts more as a regulator of the ENSO impact than by itself in the Southern Ocean. The two
ocean models MOMO025 and MOM run with the parameters of the CORE-II experiment fail to
represent the heat content in the Southern Ocean as well as their modulus of variability because

they rule out the impact of ENOS on the heat content.
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1. INTRODUCAO

O Oceano Global representa aproximadamente 71% da superficie terrestre e ¢ dividido
em cinco oceanos (TALLEY et al., 2011). Ele ¢ um dos reguladores do clima global,
responsavel por absorver aproximadamente 93% do excesso de energia derivada da atividade
humana (RHEIN; RINTOUL; AOKI, 2013). Dentre os cinco oceanos que compdem o Oceano
Global, o Oceano Austral (OA) ¢ o foco deste estudo. Ao contrario dos outros oceanos, o OA

ndo tem uma regido geografica delimitada nem continentes ao seu redor que o limitam (Figura

1.
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Figura 1 — Geografia do Oceano Austral: principais frentes e zonas oceanograficas. Siglas em
inglés: Frente Subtropical (STF), Frente Subantartica (SAF), Frente Polar (PF), Frente Sul da
CCA (SACCEF), Fronteira Sul (SB) e Frente Antartica (AFS). Fonte: Talley et al. (2011).
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A circulagdo oceénica de larga escala do OA ¢ dominada pela Corrente Circumpolar
Antartica (CCA), que vai da superficie até as camadas mais profundas do oceano. Esta corrente,
gerada parcialmente pelas interagdes dos fortes ventos do oeste existentes na regido, entre
aproximadamente 40 e 60°S, devido a auséncia de barreiras naturais, flui continuamente para o
leste, circundando toda a Antartica (TALLEY et al., 2011).

Apesar de o “limite” norte do OA ndo ser bem definido, o Tratado Antartico o limita
em 60°S. Entretanto, se considerar o limite da CCA como sendo o definidor do OA, esse limite
se estende até 38°S em algumas regides. Recentemente, considera-se o limite do OA como 30°S,
e assim também ¢ considerado neste trabalho, englobando todos os fendmenos que ocorrem ao
norte da Frente Subtropical (FST), conforme Talley et al. (2011).

Para Farneti et al. (2015), a CCA ¢ responsavel por conectar € promover a troca de
energia ¢ de nutrientes entre as trés maiores bacias oceanograficas (Figura 2). As aguas
profundas que se originam em cada um dos oceanos sdo transportadas para a CCA, sdo
misturadas, ressurgem e modificam-se em dguas mais ou menos densas e sdo transportadas para

o norte das bacias oceanicas.
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Figura 2 — Circulagio termohalina da perspectiva da Antartica. Siglas em inglés: AMSA (Agua
Modal Subantartica), AAIW (Agua Intermediaria Antartica), NPIW (Agua Intermediaria do
Pacifico Norte), IDW (Agua Profunda do indico), PDW (Agua Profunda do Pacifico), NADW
(Agua Profunda do Atlantico Norte) e AFA (Agua de Fundo Antartica). Fonte: Talley et al.
(2011).
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Devido a sua posi¢do em altas latitudes e a subsequente formagao de gelo marinho, o
OA produz suas proprias aguas profundas e de fundo prioritariamente ao longo da costa da
Antértica, preenchendo assim o fundo oceanico ao norte do continente Antartico (Figura 2). O
OA ¢ considerado uma peca-chave para um melhor entendimento do clima terrestre no passado,
presente e futuro. Sua importancia se deve a diversos fatores como o fato de as interacdes entre
0 oceano, a atmosfera e a criosfera, que ocorrem no OA, estabelecerem a magnitude e os
padrdes da Circulagdo de Revolvimento Meridional (CRM), de acordo com pesquisas
realizadas por Sloyan e Rintoul (2001), Lumpkin e Speer (2007), Marshall e Speer (2012),
Abernathey et al. (2016), Pellichero et al. (2018) e Rintoul (2018). De fato, diversos autores
consideram que a circulagdo oceanica e as massas d’agua formadas na regido sao fundamentais
para a circulagdo oceanica global (SLOYAN; RINTOUL, 2001; MARINOV et al., 2006;
SARMIENTO et al., 2004; MARSHALL; SPEER, 2012; FARNETI et al., 2015).

Além de sua importancia para a circulagdo oceanica, as massas d’agua formadas na
regido, transportadas para todas as demais bacias oceanicas, sdo cruciais para um melhor
entendimento nas distribui¢des de calor, didoxido de carbono (CO») e oxigénio por todo o oceano
global (BANKS; GREGORY, 2006; TALLEY et al., 2011; KHATIWALA et al., 2013;
MARSHALL et al., 2015; YAMAMOTO et al., 2015). O OA desempenha também um papel
significativo nos estudos de cendrios de mudangas climaticas, sendo responsavel pela absorgao
de 40 a 50% do CO: antropogénico (SABINE et al., 2004; WATSON; NAVEIRA
GARABATO, 2006; FROLICHER et al., 2015), além da absor¢do de mais de 70% do calor
relacionado as atividades humanas (DUFOUR et al., 2015; FROLICHER et al., 2015).

Apesar de sua reconhecida importancia, o OA permanece pobremente amostrado, com
poucos modelos satisfatorios da regido (SILVANO, 2020), gerando muitas duvidas sobre os
processos que ocorrem nas diversas camadas do OA (FARNETI et al., 2015). Contudo, diversos
grupos de pesquisa tém focado na avaliagdo e aprimoramento dos modelos de reanalises
oceanicas, com foco nas representacdes dos diversos processos que ocorrem na regiao
(JUSTINO et al., 2011; BRACEGIRDLE et al., 2013; SALLEE et al., 2013; FARNETI et al.,
2015; JUSTINO et al., 2015; WANG; DOMMENGET, 2015; SCHNEIDER; REUSCH, 2016;
WANG et al., 2018; JUSTINO et al., 2019; ALMEIDA; MAZLOFF; MATA, 2021).

Em uma linha similar, este trabalho busca avaliar as capacidades das reanalises
oceanicas GLORYS2v4 — Global Ocean Reanalysis and Simulations 2v4 (FERRY et al., 2010),
ORASS — Ocean ReAnalysis System 5 (ZUO et al., 2019) e GODAS — Global Ocean Data
Assimilation System (BEHRINGER; XUE, 2004) em representarem duas importantes variaveis

oceanograficas, entre os anos de 1993 e 2014, periodo em que as trés reanalises apresentaram
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resultados simultaneos. Em um primeiro momento (Artigo 1), serdo analisadas como as
reandlises representam a densidade neutra superficial — y"s (JACKETT; McDOUGALL, 1997),
por meio de comparacdo com dados de CTD (Conductive Temperature and Depth)
disponibilizados pelo WOCE (World Ocean Circulation Experiment).

A v" foi escolhida por ser uma funcdo de temperatura, salinidade, pressdo e posi¢ao
geografica capaz de determinar mais precisamente superficies isopicnais e diferentes massas
d’agua (JACKETT; McDOUGALL, 1997). Logo, uma melhor representagdo da y"s ¢ de suma
importancia para representacdo dos gradientes meridionais de densidade que sdo diretamente
ligados a intensidade da CCA (RINTOUL, 2007); e para representacdo de diferentes massas
d’agua formadas na regido como a Agua Antartica de Fundo que ¢ definida por diversos autores
por meio de sua densidade neutra (GORDON, 2001; RINTOUL, 2007, MARSHALL; SPEER,
2012; AZANEU et al., 2013).

A segunda parte deste trabalho (Artigo 2) tratard ndo somente da maneira como as
reandlises representam o Contetudo de Calor Oceénico (CCO), mas também de dois modelos
oceanograficos: o Geophysical Fluid Dynamics Laboratory — Modular Ocean Model (GFLD-
MOM) que participou do Coordinated Ocean-Sea Ice Reference Experiments Phase I - CORE-
I (DANABASOGLU et al., 2014) e o GFLD-MOMO025, derivado do GFLD-MOM com uma
resolugdo maior. A CCO foi escolhida por representar o aquecimento do OA, uma vez que
estudos recentes mostram que existem muitas discrepancias da CCO em diversos niveis do OA,
podendo acarretar interpretagdes pouco realistas de movimentagdes oceanicas (WANG et al.,
2018). O estudo e a melhor compreensao da CCO e dos processos relacionados a sua
variabilidade sd3o de fundamental importdncia para uma melhoria das parametrizagdes
oceanicas e dos modelos oceanicos e acoplados (GRIFFIES et al., 2005; SCHUCKMANN et
al., 2016).
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Abstract: This article analyzes the capabilities of three oceanic reanalysis, GLORYS, ORASS5
and GODAS, in representing the surface neutral density across the Southern Ocean, based on
a comparison with WOCE data. Difference among reanalysis and the WOCE are between -1
and 2 kg/m?, with most significant errors occurring in the 1990s. The maximum error ranged
from -3,8 to 7,6% in relation to the WOCE mean value of the surface neutral density. The
RMSE values are between 0,28 and 1,78, and MAPE between 0,6 and 2,6%. A 99%
correlation between all the reanalysis and WOCE data indicates that they are very suitable to
be used in Southern Ocean. The neutral density trend presents the biggest difference between
the reanalysis, ORASS presents negative trend for almost all the Southern Ocean, GODAS
have the biggest trends and is unique to indicates a negative trend in the Weddell Sea and the
Pacific Ocean, between 45 and 60°S. These differences may arise due to the SSS trend, each
model uses a different input for salinity data. While the GODAS uses the synthetic salinity
which can seriously underestimate the variability of salinity, the ORASS salinity is
constrained by climatology nudging, and this may limit is interpretation of the SSS trend.
Overall, all reanalysis has a satisfactory representation of the surface neutral density. Thus,
reanalysis can be an important tool for studying the Southern Ocean in particular surface
regions of water mass formation that can be characterized by the neutral density.

Academy Section: Oceanography.
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1. Introduction

Over the years, several studies have been carried out across the Southern Ocean (SO;
south of 30°S) demonstrating that processes occurring in the SO are controlled by a complex,
and not full elucidated interactions, between the ocean, atmosphere, and land/sea ice conditions
(Rintoul, 2018). It is worth mentioning that the SO has a significant role in the global climate.
For example, the SO has significant importance in the carbon dioxide (CO») variability between
the ocean and atmosphere, because it absorbs by about 40-50% anthropogenic CO; (Sabine et
al., 2004; Watson & Naveira Garabato, 2006; Frolicher et al., 2015, among others). Moreover,
the SO uptakes more than 70% of the heat related to anthropogenic activities (Dufour et al.,
2015; Frolicher et al., 2015).

Due to the lack of physical barriers the SO allows for development of the Antarctic
Circumpolar Current (ACC), that acts as a link between the others oceanic basins transporting
water from one basin to another (Farneti et al., 2015). The circulation and water mass
transformation in the region are very relevant for the global oceanic circulation (Sloyan &
Rintoul, 2001; Marinov et al., 2006; Sarmiento et al., 2011; Marshall & Speer, 2012; Farneti et
al., 2015, among others). The ocean-atmosphere-cryosphere interaction in the SO through the
surface buoyancy and wind-stress sets the magnitude and pattern of the Meridional Overturning
Circulation — MOC (Sloyan & Rintoul, 2001; Lumpkin & Speer, 2007; Marshall & Speer, 2012;
Abernathey et al., 2016; Pellichero et al., 2018; Rintoul, 2018, amoung others).

Part of the MOC in the SO is the ascending branch of the deep water generated in the
North Atlantic, known as North Atlantic Deep Water (NADW), that flows southward and is
transformed in the Upper Circumpolar Deep Water (UCDW) and Lower Circumpolar Deep
Water (LCDW) (Talley et al., 2011). The UCDW ascends to the surface and through air-sea
buoyancy fluxes, is converted into the Antarctic Intermediate Water (AAIW) and Subantarctic
Mode Water (SAMW) that flows northward, submerging in the subtropical front and occupying
the upper layers of the oceanic gyres ventilating these regions (Sloyan & Rintoul, 2001; Hartin
etal.,2011; Farneti et al., 2015). The LCDW emerges near the Antarctic coast and through air-
sea-ice interactions is integrated into the Antarctic Bottom Water (Gordon, 2001; Marshall &
Speer, 2012). The ascension of water in the MOC is responsible for increasing nutrients from
the intermediate and deep ocean to the ocean surface worldwide, which according to model
simulations is responsible for three-quarters of primary production north of 300S (Sarmiento et
al., 2004; Marinov et al., 2006).

These water masses formation and transport in the SO as well as how the ocean-

atmosphere-cryosphere interaction modulates these processes, are key points for the
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understanding of distribution of heat, CO>, and oxygen throughout the global ocean (Banks &
Gregory, 2006; Talley et al., 2011; Khatiwala et al., 2013; Marshall et al., 2015; Yamamoto et
al., 2015). However, besides the SO importance the overall knowledge of the region still has
many challenges because it is poorly sampled, and accurate modeling results are scarce
(Silvano, 2020). Many research groups aimed to overcome these difficulties focusing on how
the oceanic models and reanalysis represent the SO (Justino et al., 2011; Bracegirdle et al.,
2013; Sallée et al., 2013; Farneti ef al., 2015; Schneider & Reusch, 2016; Almeida; Mazloff;
Mata, 2021, among others). However due to the lack of in situ observations several questions
remain, in particular in regards the influence of atmosphere on leading changes in surface
density which subsequently modifies the characteristics and magnitude of water mass
formation.

In this sense, the present work aims to analyze the capabilities of GLORY S2v4 — Global
Ocean Reanalysis and Simulations 2v4 — here after GLORYS (Ferry et al., 2010,), ORASS —
Ocean ReAnalysis System 5 (Zuo et al., 2019) and GODAS — Global Ocean Data Assimilation
System (Behringer & Xue, 2004) reanalysis in representing averaged and trends of surface
neutral density — y"s (Jackett & McDougall, 1997), through comparisons with CTD (Conductive
Temperature and Depth) data from the WOCE (World Ocean Circulation Experiment) data set
across the SO. The y"s was chosen because the meridional density gradient is linked to the
strength of the ACC (Rintoul, 2018), and is an oceanographic variable capable to separate
different neutral density surfaces which allows for a better identification of water masses. Thus,
if the models have a good representation of these variable, they can be used for studying water
mass transformation related to buoyancy fluxes, as well as may shed light on the impact of

changes in the meridional density gradient in the SO superficial circulation.

2. Methodology
2.1. Oceanographic reanalysis

This work applies three global oceanic reanalysis based on monthly averaged, namely:
the Mercator Ocean — Global Ocean Physics Reanalysis 2 version 4 — GLORYS2V4
(https://www.mercator-ocean.fr/en/ocean-science/glorys/), the European Centre for Medium-

Range Weather Forecasts — ECWMF — Ocean ReAnalysis System 5 — ORASS

(https://www.ecmwf.int/en/forecasts/dataset/ocean-reanalysis-system-5) and the NCEP -—

National Centers for Environmental Prediction — Global Ocean Data Assimilation System —

GODAS (https://www.cpc.ncep.noaa.gov/products/GODAS/). A brief description of the data

is provided below in the Table 1.
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Table 1: Brief description of the reanalysis

Model Horizontal Resolution Vertical Reference
levels
GLORYS2v4 NEMO 3.1 + LIM2 1/4° by 1/4° 75 Garric et al.
(2017)
ORASS NEMO 3.4.1 +LIM2 25 km in the tropics, and increases to 75 Zuo et al.
9 km in the Arctic (2019)
GODAS GFDL MOM.v3 1° by 1° enhanced to 1/3° in the N-S 40 Behringer &
direction within 10° of the equator Xue (2004)

In situ database is obtained from the World Ocean Database — WOCE (Boyer et al.,
2018) within the period spanning 1993 and 2014 because this interval is assimilated by the three
reanalysis. A CTD device detects the conductivity and temperature in the water column (Millard
& Yang, 1993). The CTD WOCE data was chosen because the focus is on investigating the
neutral density and a database that has both potential temperature and salinity should be taken

into.

2.2. Atmospheric data

Evaporation minus precipitation (E-P) data is taken from the European Center for
Medium-Range Weather Forecasts (ECMWF) ‘Interim’ reanalysis — ERAI (Uppala et al., 2008;
Dee et al., 2011). This database was chosen because Nicolas & Bromwich (2011) showed that
among 6 atmospheric reanalysis, ERAI shows a better representation of E-P patterns in the
Southern Ocean and this is also the atmospheric forcing for all ocean reanalysis. Heat flux data
in the present study at ocean-atmosphere interface is collected from the Objectively Analyzed
Air-sea Fluxes — OAFlux (Yu; Jin; Weller, 2008). For more information see

https://oaflux.whoi.edu/overview/.

Both atmospheric data (ERAI and OAFlux) are in a horizontal resolution of 1° by 1° so
we utilize the Climate Data Operator (CDO) software to remap the oceanic reanalysis just for

the calculus of the Density Flux (see chapter 2.3).

2.3. Neutral density

Among all physical variables of sea water, neutral density was chosen because it is a
function of salinity, temperature, pressure, latitude, and longitude (Eq. 1) that determine the
isopycnal surfaces in the water column, and across different bodies of water (Jackett &

McDougall, 1997).
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Vy"=bp(BVS - aV 0) Eq. (1)

Where, b is an integrating factor, p is the density of seawater, B is the coefficient of
saline contraction, a is the coefficient of thermal expansion, S is the salinity in psu and 0 is the

potential temperature.

2.4 Density fluxes

Surface density variations are influenced by heat and freshwater fluxes exchange
between the atmosphere and the ocean. In what follows, we use the density fluxes calculation
as proposed by Schmitt, Bodgen & Dorman (1989) — equation 2, and use by many other studies
such as Justino et al. (2015).

Fp = aF+ BFs = a(Q/C,) + Bp[(E-P)S/1-S] Eq. (2)

Where, a is the thermal expansion coefficient, B is the haline contraction coefficient, F;
and Fs are the heat and salt fluxes. Q, C, and p are the net heat flux, specific heat and density

of sea water, E and P are the evaporation and precipitation respectively.

3. Results
3.1 Surface neutral density (reanalysis x in situ observations)

As previously mentioned, the SO lacks data both temporally and spatially. Figure 1
shows an irregular distribution of data from months to years. For example, in Sector 1, which
is located between 0° and 60°E (see Fig. 2), there is a gap of 2 years without observations (from
2002 to the beginning of 2004, Fig. 1a). A sector where this absence of information is most
evident is Sector 4 (located between 120°W and 180°, Fig. 1d), presenting the least amount of
data collected (1522, Table 1).

However, sparse temporal sampling is not the only challenge, as shown in Figure 2 (a,
b). It is observed in the Pacific Ocean (Sector 5 and 6) that despite being the two sectors with
the largest number of data, most of them are located in a few transects, the largest across 37°S,
and on the west coast of the American continent. This data paucity limits the capacity to
interpolate the density fields and analyze the spatial differences. Therefore, a point analysis is
performed by extracting the data from reanalysis at the center grid box, along the WOCE data

to verify the reanalysis performance.
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Figure 1: Number of points sampled in each sector each month from January 1993 to
December 2014.

Differences in the y"s between the reanalysis and WOCE show a variation between -1

and 2 kg/m?, which represents approximately -3,8 to 7,6% in relation to the mean value. It is

worth mentioning that during the 1990s, in particular between the years 1995 and 1999, in

sector 6, differences show values up to 4 kg/m?. These peaks are not shown in Figure 2 (a-h),

in order to have a clear visualization of dataset, the scale values were restricted to -1 and 2

kg/m?.

Table 2: Average, standard deviation, mean error, RMSE MAPE and r of the surface neutral
density for each sector and for the entire Southern Ocean, as well as the number of points in
each sector. In contrast the smaller value of RMSE and MAPE

Sector 1 Sector 2 Sector 3 Sector 4 Sector 5 Sector 6 All
Southern
Ocean
Mean and WOCE 26,14+1,19 26,07+0,97 26,38+1,1 26,74+1,05 26,18+0,99 25,84+2,07 26,17+1,36
Standard GLORYS 26,29+1,15 26,06+0,95 26,29+1,02 26,57+0,97 26,19+0,85 25,82+1,99 26.,15+1,28
Deviation GODAS 26,37+1,22 26,3+1,02 26,22+1,03 26,69+0,96 26,35+0,85 26.64+1,01 26,4+1,01
ORASS 26,36+1,13 26,27+0,85 26,23+0,87 26,56+0,96 26,34+0,80 25,86+2,06 26,23+1,28
RMSE GLORYS 0,3040 0,3248 0,3417 0,3295 0,6374 1,1320 0,6717
GODAS 0,3285 0,3963 0,3627 0,3170 0,4071 1,1782 0,6477
ORASS 0,28 0,4811 0,6033 0,4289 0,5863 1,1496 0,6694
MAPE GLORYS 0,74 0,74 0,76 0,82 1,67 2,5 14
(%) GODAS 0,87 1,15 1,03 0,84 1,1 2,26 1,31
ORASS 0,63 1,25 1,83 0,98 1,6 2,6 1,42
r GLORYS 0,9999 0,9998 0,9998 0,9998 0,9994 0,9981 0,9993
GODAS 0,9998 0,9998 0,9998 0,9999 0,9998 0,9980 0,9994
ORASS 0,9999 0,9997 0,9995 0,9997 0,9995 0,9981 0,9993
Number of Points 2159 3018 6589 1522 7056 6485 26829
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The reanalysis provides a satisfactory representation of the y"s values, with the RMSE
lower less than 0.6 kg/m?® for all sectors (Table 1). The exception was observed in sector 6,
where values of RMSE are more than 1.1 kg/m?. Higher MAPE values, greater than 2%, are
also found in sector 6, but the correlation between reanalysis and WOCE data is higher than
99% with 95% significance across all sectors. The sector 6 shows the highest RMSE and MAPE
values, reaching values 2 to 3 times higher than in the other sectors This is evident in Figure 2
a, ¢, which shows the spatial distribution of the bias between the reanalysis and WOCE data.
The greatest bias is found over the coastal regions of Antarctica, where reanalysis underestimate
density values, and across the east coast of South America, where reanalysis tends to
overestimate density values, Souza et al. (2021) has shown a considerable bias in temperature
and salinity in the New Zealand coast showing a limitation of this reanalysis in coastal regions.
These sectors also show a greater error in the 90’s (Fig. 2h-1) according to Nicolas & Bromwich
(2011), this is related to the fact that, although the era of satellite observations has already
begun, it was only in the late 1990s and early 2000s that the high latitude regions of the southern

hemisphere were better sampled.
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Figure 2: Polar map showing the sectors and the WOCE data collection points along with the
differences for neutral density (kg/m?) between GLORYS-WOCE (a), ORAS5-WOCE (b)
and GODAS-WOCE (c). GLORYS, ORASS5 and GODAS Bias for every sector (1-6 d-i
respectively). Red square, blue circle and black diamond representing the GLORYS ORASS
and GODAS bias respectively.
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GLORYS and ORASS, in sectors 5 and 6, deliver larger differences than GODAS,
perhaps related to the fact that the GODAS exhibits a lower resolution in comparison the others
reanalysis. This is more relevant over coastal regions. In several points of the coastal region,
GODAS is not able to provide values avoiding comparison between datasets. Except for sector
5 and 6, GLORYS and ORASS5 have bias values close to 0, with GLORYS (ORASS5) mostly
presenting a negative (positive) bias. The GODAS reanalysis, on the other hand, shows a

predominance of negative bias at north 50°S and positive bias at south 60°S.

3.2. Neutral density spatial patterns

Mean 7" patterns generated by the reanalysis (Fig. 3) are similar and consistent with in
situ results, with density varying from 24 kg/m? to 26 kg/m? in the northern portion of the Sub-
Antarctic Front — SAF (Orsi; Whitworth; Nowlin Jr, 1995), located at approximately 45°S.
Increased density ranges from 26.5 kg/m? to 28 kg/m? are noticed in the vicinity of the Antarctic
continent. These results are in agreement with Orsi, Whitworth & Nowlin Jr (1995), Peixoto &

Oort (1992) and Talley et al. (2011).
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Figure 3: Mean surface neutral density for the period 1993-2014 for GLORYS (a)
ORASS (b) and GODAS (c).

However, despite similar mean y"s, the same is not true for y"s trend (Fig. 4). GLORYS
and ORASS presents, a positive trend in the Weddell Sea, which is considered a key area from
an oceanographic point of view due to its potential to form water masses such as Antarctic
Bottom Water— AABW (Jacobs; Amos; Bruchhausen, 1970; Foster & Carmack, 1976; Rintoul,
1998; Foldvik et al., 2004; Gordon ef al., 2009; Williams et al., 2010). These datasets show a
positive density trend with values between 0.01 and 0.02 kg/m? per year, GODAS shows a
negative trend between -0.02 and -0.03 kg/m? per year in the Weddell Sea. The GLORYSS and
ORASS also point to a positive trend near the coast of the Antarctic continent, between the Ross

and the Bellinghausen Seas (180° and 60°W), with a significant positive trend, reaching 0.035
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kg/m? per year, at 120°W, in both reanalysis. While GODAS shows a negative trend in this

region except for the Bellinghausen Sea near the Antarctic Peninsula.

GLORYS ORASS5

GODAS

0.03 -002 -0.01 O 0.01 002 003 004 005 006
Neutral Density Trend (Kglma*yr)

Figure 4: Neutral surface density trend for GLORYS (a), ORASS5 (b) and GODAS (c).
Dotted areas show regions with 95% significant trends.

From 90°E clockwise to 90°W, in the range between 45°S and 60°S, GLORYS and
ORASS show a negative trend, with ORASS5 having more significant regions and values
reaching -0.025 kg/m?® per year. GLORYS shows few peaks with by up to -0.015 kg/m?® per
year. ORASS mostly presents negative trend values for the entire SO, except for the western
Antarctic continent, the Brazil-Malvins Confluence (BMC) region, and a small portion in the
Indic Ocean close to the African continent.

GODAS shows more intense trend values than those of GLORYS and ORASS, with a
main positive peak near 90°E 30°S, while GLORYS despite agreeing with this positive trend
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shows lower values. The GODAS also considers almost all the Pacific portion of the OS under
a positive trend, this differs to GLORYS and ORASS which demonstrate a negative trend with
few significant points between 60-45°S. Between 45-30°S, the GLORY'S presents a positive
trend as well as GODAS, ORASS presents a negative trend but without statistical significance
for the same region. In order to explain these differences between the reanalysis y"s trends,
trends of density fluxes at the ocean-atmosphere interface, sea surface temperature (SST) and

sea surface salinity (SSS) are analyzed.

3.3. Density fluxes trends

As the mean values of y"s are similar between the three reanalysis, same holds for the
mean values of density fluxes (and also SST and SSS, not shown here) as previously found by
Béranger ef al. (1999) and Cerovecki & Mazloff (2016). The thermal component is dominant
for density fluxes north of 45°S, while the haline component leads the density changes south of
45°S.

Differences between reanalysis y"s are not in their mean pattern, but in their trends. The
trends of the density thermal flux component (Fig. 5a, d and g), for all reanalysis, show two
distinguish zonal regions, one with negative values from 30° to 45°S and other with positive
values nearby 60°S whit the positive trends values been five times smaller than the negative
values. A decreasing trend is noted with values up to -0.25 kg/m?s in the Pacific Ocean, and
across western of Indian Ocean and the Brazil-Malvin Confluence. The main difference among
the reanalysis is in the positive region were GODAS have the highest values between 0 and

150°E.
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(a)-Trend of Thermal Denstity Flux GLIJR‘{SD G (b)-Trend of Haline Denstity Flux GLORYS 5 (c)-Trend of Thermal + Haline Denstity Flux GLDRYOE'B5
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Figure 5: Trends for the: Thermal contribution of density flux (x10°® kg/m?s) for
GLORYS, ORASS5 and GODAS reanalysis (a, d and g respectively). Haline contribution of
density flux (x10°¢ kg/m?s) for the same (b, e and h respectively). Density flux (x10° kg/m?3s)

for the same (c, f and i respectively). All values present in here have 95% significance.

The haline density flux for all reanalysis has a positive trend south of 60°S, indicating
an increase also in the E-P over the region and negative trend between 45 and 60°S which
indicates a decreased in the E-P. North of 45°S positives and negatives values of trends are
found to not revealing a preferential pattern.

In general, the density fluxes for the SO are very similar to the thermal component, with
the exception, conditions close to the coastal region of the Antarctic in the Amundsen and
Weddell Seas. The main reason for the difference between the reanalysis y"s cannot be explained
by the density fluxes alone, the haline density flux are dependent on the E-P, and in the SO
exists uncertainness because no direct measurements of precipitation over the ocean are
available, and satellite estimates provide only a snapshot over the last decades (Trenberth;
Zhang; Gehne, 2017). All reanalysis present similar mean values and trends, so differences seen

it to be of temperature or salinity trends.

3.4. Sea surface temperature
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Statistics between the reanalysis and the WOCE data presented in table III shows that
the GLORYS reanalysis has the lowest RMSE in four out of the six sectors: sectors 1,2,4 and
6. ORASS perform better on the other sectors and GODAS shows the highest values of RMSE
for all sectors. Considering the averaged SO, ORASS presents the lowest value with 0,82 and
GODAS delivers a RMSE approximately 50% higher than the other datasets.

Table 3: Similar too table II for SST

Sector 1 Sector 2 Sector 3 Sector 4 Sector 5 Sector 6 All
Southern
Ocean
Mean and WOCE 10,179 12,3449 10,54+9 4,70+8,88 7,08+6,3 9,57+£7,87 9,2+8,3
Standart GLORYS 8,67+8,7 11,9719 10,72+9 5,68+8,77 7,52+6,4 7,67+7,67 8,9+8,26
Deviation GODAS 9,18+8,4 11,34+8,3 11,28+8.8 5,58+8,43 7,25+6,3 8,03+7,64 8,93+8,07
ORASS 8,52+8,7 11,71£9 10,469 5,51£8,80 7,2+6,25 7,56+7,64 8,66+8,2
RMSE GLORYS 0,8083 0,6735 0,8995 0.4204 0,8397 1.1012 0,8852
GODAS 1,1676 1,12 1,3517 0.8383 1,0342 2.0187 1,3962
ORASS 0,92 0,7237 0,8709 0.4392 0,6439 1.0324 0,8242
MAPE (%) GLORYS -6,3 4,07 -8,41 -7.9909 0,73 107.57 20,98
GODAS 1,04 22,38 -16,71 -0.02 21,69 215.67 52,51
ORASS -3,56 1,28 -3,84 -19.50 0,80 69.27 13,38
r GLORYS 0,9965 0,9981 0,9958 0.9984 0,9923 0.9901 0,9947
GODAS 0,9926 0,9942 0,9907 0.9931 0,9877 0.9647 0,9864
ORASS 0,9258 0,9978 0,9960 0,9980 0,9955 0.9917 0,9954
Number of 2159 3018 6589 6485 7056 1522 26829

Points

The distribution of bias (Fig. 6) indicates that, in comparison to other datasets, GODAS
generally overestimates the SST, and shows higher BIAS values. Higher values are located near
the coast of the Antarctic continent and the American continent. ORASS different from
GODAS, tends to underestimate the temperature values GLORYS exhibits lower bias and
values fluctuate between positive and negative depending on the region. Thus, there is not a

dominant bias as the other two reanalysis.
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(a)-Sectors and GLORYS - WOCE (b)-Sectors and ORASS5 - WOCE

(c)-Sectors and GODAS - WOCE
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Figure 6: Same as Figure 2 but for Sea Surface Temperature.

Although temperature is the variable with the larger differences between the reanalysis
and the WOCE data, it is still statistically consistent with the WOCE data for the entire Southern
Ocean, except for coastal regions. As with density fluxes trends, SST trends (Fig. 7) presented
by the models are very similar and agree with previous studies (Bulgin; Merchant; Ferreira,
2020; Auger et al., 2021).

Trends point to a cooling in regions close to the Antarctic continent, with GODAS
having a ridge strip that moves further north, mainly in the Atlantic portion of the SO. ORASS
and GODAS consider a surface cooling to the south of 45°S in most of the SO Pacific sector
and in the Weddell Sea region and in the Drake Passage. Although GLORYS also shows a
negative trend in these regions they do not have statistically significant values. GODAS, as well

as in density fluxes, considers more regions with significant trends that are larger, close to the

Antarctic continent.
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Figure 7: Same as Figure 4 but for Sea Surface Temperature.

3.5. Sea surface salinity

The SSS trend and statistics analyses (bias, RMSE, MAPE and r) calculated between
the reanalysis and WOCE are very similar to the " statistics, so they are to not show here, and
focus is on SSS trends because the major difference between the reanalysis is in the y"s trends
and not in mean values.

GLORYS (Fig. 8a) shows an increasing salinity trend north of 45° in the SO Atlantic
sector, Weddell Sea and between New Zealand and Australia. The GLORY'S shows an increase
in salinity north of 45, most of the Pacific sector and a decrease between 45° and 60°. The
trends presented by GLORYS are very close to the results found by Aretxabaleta, Smith &
Ballabrera-Poy (2015), using data from the Met Office Hadley Center — EN4 (Good; Martin;
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Rayner, 2013) and the SMOS satellite (Soil Moisture and Ocean Salinity). The ORASS (Figure
8b) despite showing the same significant increase in the Weddell Sea and shows a slight
increase salinity in the region near to New Zeland and Australia as well. It disagrees with the
positive signs presented by GLORYS and found by Aretxabaleta, Smith & Ballabrera-Poy
(2015) in the OS showing a decrease in salinity.

GLORYS ORASS

GODAS

0.05 0.04 -0.03 -0.02 -0.01 © 001 002 003 004 005
Salinity Trend (Psu/yr)

Figure 8: Same as Figure 4 but for Sea Surface Salinity.

The range of salinity trends in ORASS and GLORYS varies between -2 and 4 PSU. The
GODAS in turn shows stronger trends ranging between -5 and 5 PSU. GODAS, unlike the other
reanalysis, has a negative salinity trend in the Weddell Sea region, which is close to the results

of Durak & Wijftels (2010), based on data collected in situ from different databases, between
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the 1950s and 2000, and with Rye et al. (2020) for the period 1990 and 2014 using data from
CORAS5 (Cabanes et al., 2013).

GLORYS and ORASS are similar reanalysis both in the oceanic and sea-ice models,
ORASS used as input on T/S data derived from EN4 with XBT/MBT correction (Zuo et al.,
2019), while GLORYS uses data from CORAS. These two databases show distinct trends
mainly in the Weddell Sea, but this is still the region where they have the closest trends. It may
be argued that the differences between GLORYS and ORASS5are not due to the observational
data used as an initial condition. The fact is that the ORASS SSS is constrained by nudging to
climatology, and this may limit the SSS trends in the SO, however, more studies are needed for
a definitive conclusion.

GODAS in turn, presents as initial salinity condition a synthetic salinity computed for
each temperature profile using a local TS climatology, it might be noticed that it seriously
underestimates salinity variability as described in

http://www.cpc.ncep.noaa.gov/products/ GODAS/pl/introduction_godas_web.pdf.

4. Concluding Remarks

All the reanalysis used in this study, in particular GLORYS and ORAS, demonstrated
to be efficient in reproducing the WOCE data in the SO, with exception of the coastal area.
They are also capable of reproducing the mean patterns of y"s, SST and SSS. However, when
considering the y"s trends, the reanalysis differs in several points, such as the Weddell Sea,
where GODAS shows a negative trend but GLORYS and ORASS5 shows a positive trend. Or
across the Pacific region between 60 and 45°S, where GODAS shows a positive trend, and the
other two datasets show a negative trend.

Although GODAS seriously underestimates salinity variability as pointed out here it
still shows a good representation of SST, SSS and y"s. ORASS presents the largest differences
because for the most part of the SO it shows negative trends in SSS, which in turn leads to a
negative trend of y"s. ORASS is constraint by nudging to climatology and this could be limiting
the interpretation of SSS trends, but in-depth study of the impact of nudging on OS SSS trends
is still needed which is beyond the scope of this work.

Finally, a better understanding of salinity trends presents a great challenge for future
works, and models that study the SO, since even databases collected in situ, such as CORAS
and EN4 mentioned in the work present different trends. This is crucial for studying the impacts
of the climate changes in the SST and SSS and how this modifies the MOC and the water mass

formation in the SO.
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ARTIGO 2

Southern Ocean heat content and its link to Large-scale climate based on reanalyses
datasets
Rafael Afonso do Nascimento Reis'*, Flavio Barbosa Justino?, Luis Felipe Ferreira de
Mendonga® & Riccardo Farneti*

Abstract: Global oceans are an important regulator of the global climate, and the Southern
Ocean (SO) is responsible for most of the anthropogenic CO2 and heat uptake. Over the years
many studies focused on the variation of the heat content, formation and physicochemical
properties of water masses produced in the SO. The present work contributes by analyzing
dominant patterns of the Ocean Heat Content (OHC) as delivered by three oceanic reanalyses,
namely: GLORYS, ORASS and GODAS and the IAP database. All data show an increase in
the total OHC across the SO with GLORY'S having the largest positive trend by up 1,38x10'®
J/yr whereas GODAS shows the lowest with 6,2x10'7 J/yr. GLORYS, ORASS and IAP first
variability mode are substantially associated with ENSO and presents the Antarctic Dipole
feature. The second mode is more linked to oceanic eddies well represented by GLORY'S and
ORASS. Only GLORYS and ORASS show a significant correlation with SAM, also forming
the Antarctic Dipole, but with a sign opposite to that of ENSO. Although this characteristic of
linkage between SAM and OHC is already known it has been noted that with the removal of
the ENSO signal SAM ceases to play a significant role in the Pacific Ocean indicating that
SAM acts only as a softener of ENSO impacts in the Pacific Ocean. Both models, MOMO025
and MOM, due to the fact that they rule out the interaction of ENSO in the Southern Ocean,
fail to represent the variability of the OHC in this one.

Keywords: Reanalysis; GODAS; GLORYS; ORASS; SAM; ENSO; CORE-II.

1. Introduction

The global oceans exchange with the atmosphere heat, gases, and momentum thus
regulating the global climate. Oceanic regions are responsible for absorbing about 93% of the
excessive energy derived from global warming (Rhein; Rintoul; Aoki, 2013). One of the most
critical regions of the global ocean is the Southern Ocean (SO) which here is assumed to be

southward to 30°S. This region is unique in its features because it connects all oceanic basins
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transporting water from one basin to another through the Antarctic Circumpolar Current (ACC).
The SO is relevant to ocean ventilation, because its water masses transport heat and gases to
the global ocean in different depths (Sloyan & Rintoul, 2001; Marinov et al., 2006; Sarmiento
et al., 2004; Marshall & Speer, 2012; Farneti et al., 2015, among others). The SO is also a
crucial part of the Meridional Overturning Circulation — MOC (Sloyan & Rintoul, 2001);
Lumpkin & Speer, 2007; Marshall & Speer, 2012; Abernathey et al., 2016; Pellichero et al.,
2018; Rintoul, 2018).

Recent studies have demonstrated that the SO absorbs by about 40-50% of
anthropogenic carbon dioxide — CO» (Sabine et al., 2004; Watson & Naveira Garabato, 2006;
Frolicher et al., 2015, among others), and uptakes more than 70% of the heat-related activities
(Dufour et al., 2015; Frolicher et al., 2015). However, the SO is poorly sampled, and accurate
modeling results are scarce (Silvano, 2020) which leads to many questions about processes
occurring in surface, sub-surface and interior waters (Farneti et al., 2015). Indeed, a recent study
across different ocean basins aiming at understanding the oceanic heat content (OHC), found
large discrepancies of OHC in different layers of the Southern Ocean which subsequently led
to misrepresentation of oceanic convection (Wang et al., 2018). Moreover, it is crucial to
reproduce main processes related to the SO OHC and their variability, because they exert a
major role for improving ocean and coupled modeling parameterization resulting in more
reliable past, present and future climates (Griffies et al., 2005; Schuckmann et al., 2016).

In recent years many studies have been conducted to evaluate ocean models and
reanalysis focusing on a satisfactory representation of complex processes that occur in the SO
(Justino et al., 2011; Bracegirdle et al., 2013; Sallée et al., 2013; Farneti et al., 2015; Justino et
al.,2015; Wang & Dommenget, 2015; Schneider & Reusch, 2016; Wang et al., 2018; Almeida;
Mazloff; Mata, 2021; Justino et al., 2019). Following a similar path, this work aims to analyze
high and medium resolution reanalysis: (1) GLORYS2v4 — Global Ocean Reanalysis and
Simulations 2v4 - here after GLORYS (Ferry et al., 2010); (2) ORASS5 — Ocean ReAnalysis
System 5 (Zuo et al., 2019); and (3) GODAS — Global Ocean Data Assimilation System
(Behringer & Xue, 2004) to verify their capability to represent the OHC vertical profile and its
variability in the SO.

Reanalysis have been used as initial and boundary conditions in all sort of modelling
experiments. Large effort has been applied to characterize the temporal and spatial reliability
of these data with respect to in situ observations. However, most studies deal with atmospheric
variables. Therefore, reanalysis have to be analyzed not only on their capability to reproduced

atmospheric conditions but also oceanic features at surface and sub-surface layers. This study
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aims to analyzing 4 datasets under different horizontal resolutions in their mean conditions
and variability. As well as we focus on the link among the OHC, dominant climate modes and
atmospheric conditions. Finally, a regional oceanic modelling experiment conducted with the

MOM is analyzed to verify the model capability to reproduce reanalysis data.

2. Methodology
2.1. Ocean reanalyses

Three monthly averaged oceanic reanalyses, between the years 1993 and 2014 are
applied. All reanalysis has atmospheric forcing data from European Center for Medium-Range
Weather Forecasts (ECMWF) ‘Interim’ reanalysis (ERAI; Uppala et al., 2008; Dee et al.,
2011). The GLORYS2V4 hereafter called (GLORYYS) is an oceanic reanalysis that runs with
the model NEMO 3.1 and the ice model LIM2, with a horizontal resolution of 1/4° by 1/4° and

75 vertical levels — https://www.mercator-ocean.fr/en/ocean-science/glorys/ (Garric et al.,

2017). It includes assimilation of a long track altimeter observations (sea level anomaly),
satellite sea surface temperature (SST), sea ice concentration and in situ temperature and
salinity vertical profiles from the ‘Coriolis Ocean database ReAnalysis’ (CORA) dataset (Souza
etal., 2021).

The European Centre for Medium-Range Weather Forecasts (ECWMF) Ocean
ReAnalysis System 5 (ORASS) also applies NEMO model, but your version 3.4.1 uses the
LIM2 as an ice model, with a horizontal resolution of 25 km on tropics which increases to 9 km
in polar regions, with 75 vertical levels — https://www.ecmwf.int/en/forecasts/dataset/ocean-

reanalysis-system-5 (Zuo et al., 2019). ORAS Differences between ORAS and GLORYS also

arise from the sea surface salinity (SSS) calculation, which is constraint by nudging to
climatology. The last model is the NCEP (National Centers for Environmental Prediction)
Global Ocean Data Assimilation System (GODAS) which runs with the oceanic model GFDL
MOM.v3 with a horizontal grid of 1° longitude by 1/3° latitude, 40 vertical levels (Behringer
& Xue, 2004), his salinity initial conditions is a synthetic salinity computed for each
temperature profile using a local TS climatology.

We also utilized the Institute of Atmospheric Physics (IAP) OHC data —
ftp://www.ocean.iap.ac.cn/cheng/IAP_Ocean_heat content 0 _2000m/ (Cheng et al., 2017).

This dataset is generated by XBT profiles corrected by using the CH14 scheme (Cheng & Zhu,
2014) with a horizontal resolution of 1° by 1°, and 41 vertical levels from 1- to 2000-m depths.
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2.2. Oceanic modelling experiments

The two annual mean global ocean-sea ice models utilized in this work are:

e Geophysical Fluid Dynamics Laboratory - Modular Ocean Model (GFLD-MOM) which
participated in the Coordinated Ocean-sea ice Reference Experiments phase II — CORE-II
(Danabasoglu et al., 2014) with 1° resolution and the codes of Griffies et al. (2011).

e GFDL-MOMO025 derived from GFDL-MOM but with 1/4° resolution at the equator reaching
9 km at 70°N/S used as the oceanic component in Delworth et al. (2012) based on the MOMS5
ocean model (Griffies et al., 2012).

Both models are forced by atmospheric data from the CORE-II from 1948 to 2007
(Large & Yeager, 2009) and run 5 repeated cycles with atmospheric forcing, with the first 4
being considered spin-ups. Although the models have a period of 60 years in this work, they
will only be analyzed from the period 1993 to 2007 where it overlaps with the other databases
used. It is important to emphasize that the wind stress data are not directly applied to the models
but calculated through bulk formula and through wind speed and surface ocean currents
simulated by the models themselves. If the reader is interested in a more detailed description of

both models, see Appendix B by Farneti ef al. (2015).

2.3. Climate indexes

In order to evaluate the impact of large-scale climate indices and teleconnections in the
OHC, the El Nifio South Oscillation (ENSO) and Southern Annular Mode (SAM) have been
chosen. This is reasonable, because these indices induce changes in the atmospheric circulation
that modifies the oceanic wind-driven circulation, in particular the ACC (Farneti et al., 2015).
The ENSO and SAM timeseries have been acquired at

https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_vS5.php, and

https://www.cpc.ncep.noaa.gov/products/precip/Cwlink/daily_ao_index/aao/monthly.aao.inde

x.b79.current.ascii, respectively. It has to be mentioned that no significant differences have

been noticed by using the Nino 3.4 index instead of the ONI applied herein.

2.4. Ocean heat content
In this study, the Ocean Heat Content in the 0-300 layer (OHC, hereafter) is calculated
from equation 1, as used by Stephenson, Gille & Sprintall (2012).

300

OHC = [ pCyTdz Eq. (1)
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Where, p, C, and T are the density of seawater, thermal capacity. and potential
temperature respectively. The density of seawater and the thermal capacity was calculated
utilizing the matlab package Gibbs-SeaWater (GSW) Oceanographic Toolbox (McDougall &
Barker, 2011), available at http://teos-10.org/software.htm for Matlab. The total OHC (OHC)

is calculated by the followed equation (Meyssignac et al., 2019):

OHC, = [[ OHC dxdy Eq. (2)

3. Results
3.1 Ocean heat content

All databases exhibit positive OHC trends but with distinct magnitudes, GODAS might
be highlighted because shows an OHC trend 10 times lower than the others (Table 1). Two
trends have been computed with and without the seasonal cycle, and results show that
conditions which departure from seasonality increase substantially the trend magnitude.
Therefore, recent Southern Hemisphere warning is an important candidate to be responsible for
the temporal increase of OHC in the SO. Among analyzed data, the IAP shows total trends
higher than those shown by the reanalysis. However, this data with is more related with
observations show remarkable influence of seasonality, because when this is removed trends

are in order of those delivered by reanalysis (Table 1).

Table 1: Mean, standard deviation and trend for the Total Ocean Heat Content and trend for
the monthly anomaly

Mean Std Total Trend Trend with removed
seasonal cycle
IAP 1,26 x 10?1 J 6,4x10] 1x10'% )y 1,36 x 10'8 J/y
GLORYS 1,29 x 10?1 J 1,2x10%°J 7,28 x 1017 J/y 1,38 x 10'8J/y
ORASS 1,25x 10°1J 1,28 x 10%°J 5,26x10'7] 1,23 x 108 J/y
GODAS 9,2x 10%°) 45x10Y] 3,75x10'7] 6,2 x 107 J/y

The GLORYS, ORAS and IAP reanalysis have a close trend (Table 1), with GLORYS
showing the highest value, 1,38x10'® J/yr, GODAS trend is approximately half of the others. A
correlation was made between the OHC; anomalies and the SAM, NINO34 to verify whether
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those modes of variability are in line with trends previous shown. It is pointed out that all
correlations were not statistically significant up to a 6-month lag period.

The temporal evolution of the OHC, as reproduced by spatially-vertically averaged
monthly anomalies by the three reanalysis show values varying from 3 to 3x10' J (Fig. 1).
Large differences among those data occur early 2000s where the reanalysis show a shift from
negative to positive values. It is important to notice that ORAS matches closely the IAP
evolution. But from 2000 to 2010 an out-of-phase relationship is evident between the IAP and
reanalysis; 2010 onward those data show in-phase evolution (Fig. 1) showing that the climate
forcing is more similarly captured/assimilated by the reanalysis oceanic models. The upward
trend in OHC in the OS, also shown in other studies (Cheng et al., 2017; Sallée, 2018; Wang et
al.,2018), it is crucial to shed light on the processes of sea ice formation (Martinson, 1990) and
in the acceleration of Antarctic ice melting (Schmidtko ef al., 2014). It has been demonstrated
that advection of mid-latitudes warm waters has the capability to modify the temporal and

spatial sea ice variability (Eayrs et al., 2019).
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Figure 1: Monthly anomaly of the Southern Ocean Total Ocean Heat Content (10! J) for the
IAP, GLORYS, ORASS, and GODAS.

Negative OHC; anomalies during the 2000-2011 interval have also been found by
Landschiitzer et al. (2015) and Keppler & Landschiitzer (2019). The authors argue that in the
period the SO experienced more intense zonal winds over the South West Pacific sector and
weaker over the Atlantic and Indian sectors. This pattern has led to an increase in subsidence

in the Atlantic sector and a warmer surface, while in the Pacific sector and increase in upwelling
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leads to cooler surfaces. This decrease in SST in the Pacific sector generates the drop in OHC
in the referred period. It may be reasonably claimed that the IAP temporal evolution pattern, is
related to the number of XBT samples because it is highly dependent on total observations and
in situ collections. The reanalysis are supplied by different types of measures and remote
sensing which are gridded distributed across the SO.

Figure 2 shows the spatial trends distribution. The IAP, ORASS, and GLORYS have
similar OHC trends, GODAS shows similarities with the others, but is the one that most differs
among all, especially in the Pacific and Indian sectors. Across the South East region of the
Pacific sector, the IAP presents a negative trend region more similar to the GLORYS and
ORASS. However, in 45°S TIAP disagrees with GLORYS and ORASS. The IAP data shows a
region of a positive trend that advances until approximately 90°W. GLORYS and ORASS have
the same positive region but it advances close to the American continent. Similar feature is
found in the temperature trends by Armour et al. (2016). GODAS, in turn, does not present this

region with a positive trend and overestimates the negative trend in the Pacific Ocean.

IAP GLORYS

Ocean Heat Content (10° J/m?)
Ocean Heat Content (10° j/mz)

Ocean Heat Content (10° J/m?)
Ocean Heat Content (10° j/mz)
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Figure 2: OHC trend for the IAP, GLORYS, ORASS, and GODAS. Regions with statistical
significance at 95% are dotted.

This region, eastern of the Pacific Ocean is a key region for the formation of the SAMW
(McCartney, 1977, 1982), in association with the AAIW, they are crucial for ventilating the
northern intermediate layers of the subtropical gyres (Garabato et al., 2009). The decreasing
trend in OHC may reproduce drop in water temperatures generated in this region, observed
between 1990 and 2005 by Schneider et al. (2005) and Garabato et al. (2009).

GLORYS and ORASS have similar trends pattern with an increase/decrease in the OHC
north/south of the ACC, with positive regions near the Antarctic continent, in agreement with
previous temperature trend studies (Armour et al., 2016; Auger et al., 2021; to cite a few). This
heating pattern have been associated to changes in the MOC, where increases in heat uptake
resulting from anthropogenic activities, are balanced by anomalies of northward heat transport
(Armour et al., 2016). The decrease/cooling in GLORYS and ORASS5 OHC, on the other hand,
is consistent with the multidecadal trend in the SO since 1979, until the period of this work
from 1993 until 2014 (Fan; Deser; Schneider, 2014; Armour & Bitz, 2015; Lecomte et al.,
2017). This has also been related to increased Antarctic sea-ice area, as previously found
(Vaughan et al., 2013).

The IAP overestimates regions with positive trends near the Antarctic continent whereas
GODAS displays characteristics that resemble an OHC more responsive to meso-scale process,
rather than associated to the zonal westerly atmospheric flow. The lack of observations in both
spatial and temporal distributions and the fact that most observations in the region are in
summer result in a mismatch between the IAP and other reanalysis (Sallée, 2018). The
variability of the upper ocean is also driven by surface forcing’s, advection, through eddies and
frontal meanders, which can also cause warming or cooling in the upper ocean (Joyce et al.,
1981). Oceanic eddies in addition play an important role on the exchange of heat and gas in the
ocean-atmosphere interface (Martinez-Moreno et al., 2021; Pezzi et al., 2021). The eddy
contribution is locally incorporated in the IAP when available. It has to me mentioned that due
to the crucial influence of this region in todays and future climates, much effort has to be made
involving field work, modeling and satellite derived-data to have an extensive representation

of climate variables across the challenging Southern Ocean region.

3.2. OHC (Empirical Ortogonal Function)
Further analyses to shed light on the OHC temporal and spatial variability are conducted
by using Empirical Orthogonal Function — EOF (Fig. 3 and 5). The first 2 EOFs explain more
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than 50% of the variance in the OS. The first EOF (Fig. 3) delivers very similar pattern between
GLORYS and ORASS highlighting the Antarctic dipole with negative (positive) values in the
Pacific (Atlantic) Ocean, in line with Wang & Dommenget (2015). The IAP shows large
positive anomalies in the Indian Ocean at 45°S and barely reproduces the dipole, as found in
GLORYS and ORASS5. GODAS on the other hand, displays a different structure and in most
locations disagree to the other reanalysis. These differences among the reanalysis may be a
result of ocean eddies representations since GLORYS and ORASS are based on the same ocean
model, which is eddy-permitting and gives a better description of more turbulent regions, such
as ACC. The IAP shows drawbacks over regions where eddies are an important component
(Cheng et al., 2017). The reanalysis also varies in terms of the amount explained variance. The
1** mode is more relevant in GODAS indicating that large scale patterns which changes
smoothly, dominate the temporal variability. In opposite to what has been delivered by

GLORYS and ORASS, showing that high frequency events play an important role.

a) EOF-1 29,59% (IAP) b) EOF-1 32,45% (GLORYS)
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Figure 3: First EOF for the IAP (a), GLORYS (b), ORASS (¢) and GODAS (d). The values in
the heading are the explained variance for each dataset. All the values have been normalized
for a better comparison.

By analyzing the 1% principal component time series (not shown), it is found that
GLORYS, ORASS, and IAP run mostly at same pace, while GODAS along the temporal
interval delivers opposite value, after 2009. Correlations between ENSO events and the PC-1
(Table 2) shows highly and significant negatively correlated values (by up to -0.66) for
GLORYS and ORASS, lower values are found for IAP and GODAS. The ENSO index leads
maximum correlation by three and four months though its influence is noticed throughout 6
months.

The out-of-phase variability between ENSO and the OHC dominant pattern, indicates
that the amount of heat content is modified along the 40-60°S latitudinal belt and in the vicinity
of Antarctic peninsula, because of changes in the position of the polar and subtropical jet.
Turning to SAM evaluations, it is demonstrated that correlation values are lower with respect
to ENSO (by up to 0.3) and are not significant for IAP and GODAS. It is important to highlight
those positive values of the SAM, which are dominated by increased atmospheric pressure over

mid-latitudes, induces and vice-versa is coupled to OHC.

Table 2: Correlation between ENSO/SAM and the PC-1

Lag 0 Lag1 Lag 2 Lag 3 Lag 4 Lag 5 Lag 6
ENSO IAP -0,2944 -0,2973 -0,295 -0,2898 -0,2803 -0,2644 -0,2432
GLORYS -0,5292 -0,5844 -0,6220 -0,6406 -0,6385 -0,6136 -0,5649
ORASS -0,4918 -0,5675 -0,6240 -0,6569 -0,6630 -0,6418 -0,5952
GODAS -0,1736 -0,1682 -0,1609 -0,1535 -0,1471 -0,143 -0,1416
SAM IAP *0,1110 *0,1121 *0,1023 *0,0905 *0,0998 *0,1078 *0,1066
GLORYS  0,2231 0,2816 0,2840 0,2989 0,2785 0,2424 0,2256
ORASS 0,1859 0,2831 0,3063 0,3074 0,2856 0,2369 0,2279
GODAS *0,0307 *0,0243 *0,0208 0,0178 *0,0245 *0,0297 *0,0332
Note: The lag correlation assumes that the ENSO and SAM lead. Values marked with * are not statistically
significance.

The PC-1 power spectral distribution (PDS) (Fig. 4) primary indicates the characteristic
red noise feature. A dominant peak is delivered by ORASS and GLORYS that ranges from 5 to
7 years, however, IAP and GODAS do not show similar pattern. The 5-7 years periodicity is
tightly linked to ENSO. The absence of this signal in IAP and GODAS reveals that

teleconnections arising from equatorial dynamics are absent or very weak in these datasets.
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Figure 4: Power spectral of OHC 1% principal component based on multi-taped method for

IAP (a), ORAS5(b), GLORYS(c) and GODAS(d).

The second component of the EOF (Figure 5a-d) shows main discrepancies between the
data. GLORYS and ORASS present a wave pattern around the Antarctic continent at 45°S like
what was found previously for the SST by Wang & Dommenget (2015). The IAP also has this
wave, but it has a weaker representation on the downside across the Indian Ocean. The GODAS
reanalysis does not show the wave train around the continent and attains values in opposite to

other reanalysis in several regions, such as the positive anomaly in the Pacific sector, while all

others show a negative anomaly.
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a) EOF-2 26,16% (IAP) b) EOF-2 21,98% (GLORYS)

Figure 5: Second EOF for the IAP (a), GLORYS (b), ORASS5 (c) and GODAS (d). The values

in the heading are the explained variance for each dataset.

A dipole is presented near the South American coast at 45°S in the Atlantic Ocean by
GODAS and IAP, but the same is not repeated for GLORYS and ORASS. This difference is
associated with the interpretation of oceanic eddies where the Brazil-Malvinas Confluence
(BMC) is dominant. The BMC originates from the junction of Brazil and the Malvinas Current
in the Southwest Atlantic, this meeting originates energetic eddies (Matano; Schlax; Chelton,
1993; Stramma & England, 1999; Imawaki et al., 2013, to cite a few). As GODAS and IAP do
not reproduce eddies processes that cause dispersion of heat content from the hot side to the

cold side of the BMC resulting in misrepresented variability along the BMC.

3.3 Correlation with climate indexes
To verify the impact of the tropics on the oceanic heat content, the correlation between
the OHC and ENSO is shown in Figure 3. The ENSO as discussed by Yuan (2004) in its positive

phase causes a strengthened subtropical jet over the Pacific region and a weakened polar jet and
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changes the position of the jet in the southernmost Atlantic portion. This enhances the OHC
flux in the Pacific but reduces in the Atlantic. The ENSO (Fig. 6) and OHC are positively
correlated in most of the southern Pacific (Balmaseda; Trenberth; Kallén, 2013; Trenberth;
Fasullo; Balmaseda, 2014), but the region is reduced in GODAS dataset. Negative correlations
are dominant across in particular in Pacific Ocean mid-latitudes. Values in the South Atlantic
do not exhibit a dominant pattern and may be more related to local features, that are highly
correlated to SST (eg., Hall & Visbeck, 2002; Holland; Bitz; Hunke, 2005; Lovenduski &
Gruber, 2005; Sengupta & England, 2006; Meredith et al., 2008). GLORYS, ORASS, IAP and
GODAS show the Antarctic dipole with a positive phase in the Pacific Ocean and a negative
phase in the Atlantic Ocean, in the vicinity of the Antarctic peninsula (e.g. Meredith et al.,

2008; Holland; Bitz; Hunke, 2005).
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Figure 6: Correlation between the ENSO and the OHC. Dotted regions mean statistical
significance of 95%.

The correlations of SAM with the OHC anomaly which are confined over small regions,

have little significance in IAP and GODAS (Fig. 7). GLORYS and ORASS present a larger
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region of significant negative correlation in the middle of the Pacific Ocean and positive in the
Southwest Atlantic. The lower resolution of IAP and GODAS can be responsible for this lack
of correlation, however, Screen ef al. (2009) demonstrated that eddies only become relevant for
inducing significant correlations between the SAM and OHC/SST, at annual lags with peak at
3 years. Despite the lower influence of horizontal resolution and eddies, a proper representation
of vertical discretization is fundamental for representing processes on subsurface layers, which
induce cold or warm biases leading to misrepresentation of temporal changes of OHC (Cheng

& Zhu, 2014).
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Figure 7: Correlation between the SAM and the OHC. Dotted regions mean statistical
significance of 95%.

The correlation of OHC with SAM shown by GLORYS and ORASS is explained by
SAM being linked to a positive westerly wind anomaly at approximately 55°S and negative
anomalies by about 35°S. These wind anomalies generate an increase in upwelling in the

Antarctic Polar Front and downwelling of the surface water in the Subantarctic Zone. This
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pattern leads to positive SST anomaly in the Subtropical Zone and negative SST anomaly in
the Antarctic Zone and Polar Frontal Zone (Londuski & Gruber, 2005). The correlation clearly
shows the out-of-phase feature over South America coastal waters and the central Pacific.
Increased OHC and higher SST in the later region have been linked to increased storminess
over southern Brazil and contributed for the first observed Brazilian hurricane in 2004, namely
Catarina (Pezza & Simmods, 2005; McTaggart-Cowan et al., 20006).

In the following it is analyzed the influence of SAM in the OHC but removing the ENSO
signal according to the equation below (Zar, 1998; Saji & Yamagata, 2003; Hu & Duan, 2015):

rAB'C — TAB—TACTBC
(1-m3c)(1-75¢)

Where A is the OHC, B is the SAM index and C the ENSO index. 1 is the correlation
between the variables and rag.c is the correlation between OHC and SAM removing the ENSO
signal.

Figure 8 shows the individual correlation between the OHC and the SAM. It is very
clear similarities among datasets showing higher values with positive correlations, along the
Indian Ocean and South America coastal waters. Despite the important role of ENSO, the
regional impact of the SAM should be considered in particular due to its influence on South
Atlantic. This part of the SO is path to baroclinic atmospheric features that enhances frontal
characteristics increasing continental precipitation, which is fundamental for agricultural and
energy activities. It’s important to notice that without the ENSO signal the SAM don’t have
more a significant correlation in the Pacific Ocean. This indicates that SAM acts as a regulator

of the impacts of ENSO in the SO.
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Figure 8: Correlation between the SAM and the OHC without ENSO signal. Dotted regions

mean statistical significance of 95%.

3.4. OHC from the oceanic modelling experiments

Too analyze the GDFL-MOMO025 and GFDL-MOM (here after just MOMO25 and
MOM) models representation of the OHC, was take an annual average of the GLORYS model

(GLORYS-AM) to serve as a comparison with the models.

The GLORYS-AM trend (Figure 9c) north of 60°S remains similar to the results

previously found for the monthly average, with regions with significant positive trends in

almost the entire portion north of 45°S with values ranging from 1x10% J/m? to the peak of

approximately 2.5x10® J/m? in the northern region of the CBM. South of 60°S different from

the negative trend in almost the entire portion of the ocean near the Antarctic Continent

previously presented by GLORYS, GLORYS-AM has almost no regions with significant

negative trends and presents a range of positive trends from the Weddell Sea to the sea similar

to the one presented by IAP earlier.
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MOMO025 and MOM (Figure 9 a, b) show trends with values lower than GLORYS-AM
ranging between -1 and 1x10® J/m%. MOMAO25 represents the positive range north of 45°S but
in the Pacific Ocean where GLORYS-AM has a positive range that goes from 120°E to 90°W
MOMO25 has this range going up to approximately 130°W. MOM in turn, different from
MOMO025 and GLORYS-AM has fewer regions with significant trends. And few regions with
positive trends north of 45°S, for example, in the Pacific Ocean between 120 and 90°W and in
the Southwest Atlantic.

a) MOMO025 b) MOM

25 2 15 -1 -5 0 05 1 18 25
Ocean Heat Content Trend (10a ]fmzi

Figure 9: OHC trend for the MOMO025 (a), MOM (b) and GLORYS-AM (c). Regions with
statistical significance at 95% are dotted.

The first EOF (Figure 10) shows that the models fail to represent the characteristic
variability mode of the first EOF the Antarctic Dipole. GLORYS-AM (Figure 10c) despite still
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showing a negative region in the Pacific Ocean, different from the monthly data, does not
present the characteristic positive region in the Atlantic Ocean that would configure the
Antarctic Dipole. MOMO025 despite showing a positive region in the Atlantic portion, in the
Pacific Ocean it does not have the expected negative region for the first EOF. MOM in turn has
negative values in most of the western portion of the Southern Ocean and positive in most of

the eastern portion.

a) 41.08% (MOMO025) b) 29,62% (MOM)

Figure 10: First EOF for the MOMO25 (a), MOM (b) and GLORYS-AM (c). The values in
the heading are the explained variance for each dataset. All the values have been normalized
for a better comparison.
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As discussed, previously, the first EOF of the OHC, is directly linked to the ENSO and
has a high inverse correlation with it (Table 2). So, to elucidate why MOMO025 and MOM
cannot satisfactorily represent the 1st EOF of the OHC, we must analyze their relationship with
ENSO (Figure 11). MOMO025 disregards any direct relationship between the OHC and the
ENSO, showing only a few points with significant correlations in the Pacific Ocean at 120°W
and the Weddell Sea coast. MOM in turn presents a strong positive correlation in the western
portions of the Pacific and Atlantic oceans between 45 and 60°S, and further north between 45
and 30°S in the western portion of the Indian Ocean. GLORYS-AM presents an expected
correlation between ENSO and OHC in the Pacific Ocean, but the significant area is more
focused at 60°S while in monthly data this same one extended to 45°S. However, GLORY S-
AM does not find a correlation between ENSO and the OHC in the Atlantic Ocean, which
justifies the absence of the Antarctic Dipole in the 1% EOF.

a) MOM025 b) MOM

Correlation
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Figure 11: Correlation between the ENSO and the OHC for the MOMO025 (a), MOM (b) and
GLORYS-AM (c). Dotted regions mean statistical significance of 95%.
4. Conclusion

The reanalysis shows a good representation of the OHC in the first 300 meters, they
have a similar trend and correlation with known climate variability modes. GODAS besides
being the reanalysis with less resolution and lacking the capacity to resolve ocean eddies can in
general represents a satisfactory OHC in the SO, but still, the results show the impact that an
interpretation on the ocean eddies have in the OHC profiles. This became more obvious when
seen the differences in the EOF’s of the data sets, mostly on the second EOF. GLORYS and
ORASS5 who have an eddy-permitting model show similar modes of variability, as also similar
PCs, for the second EOF as also are the one who has a higher correlation with the SAM, this
may be because SAM is directly associated with the changes in the Westerlys, and the impact
of this in the ACC (Gillet & Thompson, 2003; Fyfe & Saenko, 2006, Fyfe et al., 2007), a very
turbulent region where the ocean eddies have a huge impact in the heat distribution. Besides
the Eddies, the reanalysis good representation of the OHC in the upper layers is most likely
because of the remote sensing data taken in the SO, which leads to an increase in the input data
in the models improving their capability in representing oceans variables highly correlated to
the SST.

ENSO is the main climate variability module affecting the OHC and is responsible for
generating the Antarctic Dipole presented in the first EOF. ENSO is also inversely linked to
PC1 with a correlation extending to at least six months across all databases. The correlation of
SAM with OHC is only represented by GLORY'S and ORASS5 and presents an Antarctic Dipole
with an opposite signal to ENSO. However, the removal of the ENSO signals in the correlation
between SAM and OHC it ceases to have a significant role in the Pacific Ocean, finding that it
acts only in the sense of weakening the impact of ENSO on the SO.

Both oceanic models analyzed fail to properly represent the OHC and its variability, this
is due to the fact that they neglect the impact of ENSO on the SO. This raises the question of
whether this would be a limitation of the MOM model, or the settings used by the CORE-II
models. In conclusion, the GLORYS and ORASS reanalysis are able to represent the variability
characteristics of OHC in the OS satisfactorily. GODAS has major limitations in the
representation of the OHC and fails to represent the second EOF as well as the IAP highlighting
the importance of eddies representation in the region.

The limitations presented by ocean models point us to a new question. How the other

CORE-II models represent the OHC? considering that these models are used to forecast future
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scenarios and a satisfactory representation of the OHC is of fundamental importance for this.
More studies are necessary to understand this issue, since ocean models are still an important
tool for a continuous study of the SO and to a better understanding of its impact on the global

climate and its paper on the climate changes.
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2. CONCLUSAO

Como foi possivel observar pelos artigos 1 e 2, as reandlises GLORYS e ORASS
apresentam uma satisfatdria representagao da temperatura da superficie do mar (TSM). Ambas
tém padrdes similares e apresentam um aquecimento/resfriamento ao norte/sul de 45°S.
GODAS, por sua vez, apresenta tendéncias similares a ambas, porém com valores mais intensos
e com mais regides significativas de resfriamento. A possivel causa deste resfriamento mais
intenso deve-se a falta de um modelo de gelo em GODAS. Provavelmente, parte ou toda a perda
de calor vai para a mudanga de temperatura da 4gua e ndo para a formagdo de gelo, fazendo
com que ele tenha um resfriamento muito mais intenso que GLORYS ou ORASS. Para ser
possivel confirmar essa suposi¢ao seria necessario fazer um teste rodando um modelo de gelo
acoplado e outro sem para verificar se isso causaria essa diferenca nas tendéncias de
temperatura; mas isso estd fora do escopo deste trabalho.

A CCO, assim como a TSM, ¢ bem representada pelas reandlises, em especial
GLORYS e ORASS. Todas as reandlises apresentam um claro aumento na CCO, porém
GODAS apresenta uma tendéncia inferior as outras duas. Todas as reanalises apresentam um
intervalor entre 2000 e 2011 com anomalias negativas de OHC. Esse resultado foi encontrado
por outros autores, mostrando a capacidade das reanalises em reproduzir padrdes e tendéncias
conhecidos do OA. O ENSO ¢ o principal médulo de variabilidade climatica a impactar todas
as reanalises. Entretanto, somente GLORYS e ORASS apresentam um ciclo de 5-7 anos no seu
primeiro médulo de variabilidade semelhante ao ENSO, mostrando que GODAS subestima o
impacto da ENSO no OA.

A SAM aparece como um segundo moddulo de variabilidade a impactar o CCO nas
reanalises GLORYS e ORASS5; e GODAS descarta qualquer relacao entre SAM e CCO em até
seis meses de lag. O impacto da SAM no CCO ja ¢ conhecido pela comunidade cientifica,
contudo foi possivel perceber que, ao remover o sinal do ENSO na SAM, ela perde sua
caracteristica de dipolo. De fato, com a auséncia do ENSO, a SAM passa a ter somente relagdes
significativas positivas com a CCO na porcao mais sul da costa do Continente Americano € no
Oceano Indico. Essa mudanga nas correlagdes pode ser interpretada como a SAM somente
agindo no Oceano Pacifico simplesmente como um contraponto ao impacto da ENSO no
mesmo. Tais resultados ndo sdo mostrados por GODAS, o que demonstra grande limitacdo em
representar a CCO no AO. Isso se deve principalmente ao fato de ela ndo ter uma representagao

dos vértices oceanicos. E evidente que, apesar de GODAS apresentar uma primeira EOF similar
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as outras duas reandlises, ela falha em representar a segunda EOF que estd diretamente ligada
a vortices ciclonicos.

Os dois experimentos rodados nos parametros do CORE-II falham em representar a
CCO e sua variabilidade no OA. Isto ocorre em virtude de os dois modelos ignorarem o impacto
do ENSO no OA. Tal falha pressupde um questionamento: isso se deve a uma limitacdo do
modelo MOM utilizado pelos dois experimentos ou aos parametros usados pelos modelos do
CORE-II?

A principal diferenca entre as reanalises aparece quando se analisa a densidade, mais
especificamente, a salinidade. Ao contrario da TSM que, além de dados in situ, tem o aporte de
anos de dados de sensoriamento remoto, fazendo com que as reanalises apresentem valores e
variabilidades similares; a salinidade tem uma limitagdo maior de dados, principalmente no
OA, no qual os dados in situ sao coletados majoritariamente nos meses de verao. GLORYS e
ORASS que, até o momento, eram as duas reandlises com resultados mais proximos diferem
completamente quando se trata de salinidade. Das trés reandlises, ORASS ¢ o que mais difere
das outras reanalises e de outros trabalhos por apresentar uma tendéncia negativa de salinidade
na maior parte do OA. Essa tendéncia possivelmente deve-se ao fato de ORASS ser restringido
pela sua climatologia pela técnica nudging. Porém, como ja foi discutido, os dados de salinidade
do OA sdo retirados majoritariamente nos meses de verdo, nos quais o OA apresenta sua menor
salinidade e isto pode ser o responsavel pelo erro.

Em resumo, ¢ possivel perceber que, em relacdo a TSM, as reanalises oceanicas
apresentam uma boa descri¢cao da varidvel tanto em seu comportamento médio como em sua
tendéncia. Isso ocorre, possivelmente, devido aos dados derivados de sensoriamento remoto.
Apesar de GODAS, em um primeiro momento, ter resultados similares em alguns pontos a
GLORYS e ORASS, a CCO tem sua representagdo limitada, pois descarta os vortices
oceanicos. A salinidade aparece aqui como o proéximo e principal desafio a ser enfrentado pela
comunidade cientifica, uma vez que ndo existe um consenso em valores e tendéncias nem entre
bancos de dados coletados in sifu. Ainda assim, as reandlises ocednicas permanecem como uma
importante ferramenta para o estudo do Oceano Austral. Uma continua observagao destas

reanalises se faz necessaria para que se possam localizar os proximos passos para melhora-las.
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