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VOLUME AND HEAT TRANSPORTS ANALYSIS IN THE SOUTH ATLANTIC BASIN
RELATED TO CLIMATE CHANGE SCENARIOS

Livia Maria Barbosa Sancho', Luiz Paulo de Freitas Assad? and Luiz Landau’

ABSTRACT. This study evaluates how climate change might affect advective heat and volume transports in the South Atlantic Basin based on Intergovernmental Panel
on Climate Change (IPCC) A1Fl and B1 climate change scenarios projections. Using the Climatic Model 2.1 (CM2.1) results that were developed by the Geophysical
Fluid Dynamics Laboratory (GFDL), integrated on the water column, analyses were conducted through two meridional sections and one zonal section of the study area
(between 25°S-70°S and 70°W-20°E). The annual mean time series were analyzed using historical 100-year climate change scenarios. The analyses of the climate
change experiment parameters were compared with those of the H2 climate scenario. The volume transport (VT) through the water column weakened of about 5% in
average and the advective heat transport (HT) increased of about 22% at the Drake and Africa-Antarctic (AF-AA) passages at the end of the experiments. For the zonal
section at 25°S, direction oscillations were observed in the integrated VT through the water column due to velocity intensity variations of the water masses and a
decrease of about 22% in the HT was observed. Thus, it was observed a decrease in the water and heat supplies at 25°S due to the Drake and AF-AA VT behavior,
which may alter deep circulation patterns.

Keywords: water column analysis, advective heat transport, flow direction, Drake Passage, Africa-Antarctic passage.

RESUMO. Baseado nas projecGes dos cendrios de mudangas climaticas A1Fl e B1 do Painel Intergovernamental de Mudangas Climéticas (IPCC), esse estudo
avalia como as mudangas climaticas podem impactar os transportes advectivos de calor € volume na bacia do Atlantico Sul. Através de resultados gerados pelo
Modelo Climatico 2.1 (CM2.1) desenvolvido pelo Gegphysical Fluid Dynamics Laboraiory (GFDL), foram feitas andlises através de duas segdes meridionais e uma
secdo zonal na drea de estudo (entre 25°S-70°S e 70°W-20°E) integradas na coluna d'dgua. Foram analisados campos prognésticos médios anuais referentes a
experimentos com 100 anos de duragdo. As andlises dos pardmetros dos experimentos de mudangas climéticas foram realizadas em comparagdo com o experimento
clima (H2). O transporte de volume (TV) integrado na coluna d'dgua enfraqueceu aproximadamente 5%, enquanto o transporte advectivo de calor (TC) aumentou
em torno de 22% no Drake e na Passagem Africa-Antartida (AF-AA) ao final dos experimentos. Para a segdo em 25°S, foram observadas oscilagdes de diregdo do
fluxo devido a variagBes na intensidade das velocidades das massas d'dgua com um enfraquecimento médio de 22% para o TC. Adicionalmente, foi observada
uma diminuicdo no suprimento de 4gua em 25°S devido ao comportamento do TV das demais secGes, 0 que pode alterar os padrdes de circulacdo profunda.

Palavras-chave: andlise na coluna d’4gua, transporte advectivo de calor, diregdo do fluxo, Passagem de Drake, passagem Africa-Antartida.
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INTRODUCTION

The interactions between atmosphere-ocean circulation and
global climate patterns are widely recognized (Houghton, 2004,
2009; Bollmann et al., 2010). It is therefore of fundamental im-
portance to understand how global climate changes might af-
fect ocean circulation and the potential implications to future cli-
mate patterns. The South Atlantic Ocean (SA) plays an important
role in the global oceanic circulation by transferring heat to the
North Atlantic Ocean (NA) (Evans & Signorini, 1985; Peterson &
Stramma, 1991; Rintoul, 1991; Broecker, 1997; Campos et al.,
1999; Ganachaud & Wunsch, 2000; Stammer et al., 2003; Stouf-
fer et al., 2006; Stewart, 2008; Assad et al., 2009; Bollmann et
al., 2010; Yaohua et al., 2014). Consequently, this heat transfer
alleviates the climate of several regions, such as northeastern Eu-
rope (Broecker, 1997; Stewart, 2008). Therefore, changes on the
greenhouse gases concentration may have a deep impact on the
ocean circulation and, consequently, on the global climate.

This heat transfer is part of a large global circulation, first
introduced by Broecker (1991) with the two-layer thermohaline
flow scheme. In the study, the Thermohaline Circulation is forced
by the North Atlantic Deep Water (NADW). This water mass,
formed in high latitudes of the NA, influence and is largely influ-
enced by the Antarctic Bottom Water (AABW) and the Antarctic
Intermediate Water (AAIW) (Tomczak & Godfrey, 1994; Clarke
et al., 2001; Talley et al., 2011). According to Pond & Pickard
(1983), the main contributions for the NADW formation are lo-
cated on the NA and the SA.

Once formed by deep convection (Grassl, 2001), the NADW
sinks and flows southward as the Deep Boundary Current (DBC)
where part of it merges with the Antarctic Circumpolar Current
(AACC) and is exported to the Indian Ocean (Clarke et al., 2001).
Donners et al. (2005) estimated in 15.0 Sv the volume of NADW
exported from the SA, which agrees with the 15.0 & 12.0 Sv of
deep water formation in the North Atlantic from Ganachaud &
Wunsch (2000). According to Broecker (1991), to compensate
this deep cold flow, a surface warm flow enters the SA through the
Indian Ocean.

The SA receives fluxes from the Pacific Ocean through the
Drake Passage, from the Indian Ocean, through the Agulhas Cur-
rent Retroflexion (ACR) and from the NA (Peterson & Stramma,
1991; Campos et al., 1999; Gordon, 2003; Garlozi; Baringer,
2007; Biastoch et al., 2009). Rintoul (1991), through historic hy-
drographic data and inverse methods, calculated intense fluxes
(velocities over 70 cm s™') associated with the ACR for a 30°E
section in the SA. For the Drake Passage and a section on the
0° meridian, the author found eastward volume transports of

130.0 Sv for both sections and a northward heat transport of
0.25 PW across the 32°S parallel.

Ganachaud & Wunsch (2000), through an inverse hydro-
graphic method, estimated the geostrophic velocity fields related
to volume transport for the Drake and the 32°S parallel in the SA,
and identified a eastward flow of 140.0 & 13.0 Sv and a northern
flow of 16.0 4= 3.0 Sv of thermocline water, respectively. The au-
thors also estimated the heat transport across the Drake Passage
of 1.30 PW also moving eastward.

Cunningham et al. (2003), through six WOCE hydrographic
sections between 1993 and 2000, estimated the transport across
Drake Passage. The authors calculated the average net baroclinic
transport of this region relative to the bottom as 136.7 4= 7.8 Sv.
From the same year, Stammer et al. (2003), through a fully con-
strained general circulation model forced by a time-varying global
ocean data sets over 1993 to 2000 using the data synthesis, or
state estimation method, estimated the volume and heat trans-
ports through several sections on the World Ocean. For the vol-
ume transport, the authors calculated values of 124.0 + 5.0 Sv
and 124.0 + 6.0 Sv moving eastward for Drake and AF-AA,
respectively. For the heat transports, the authors estimated
1.14 4+ 0.0600 PW and 1.01 4= 0.1500 PW also moving east-
ward for the two sections, respectively and 0.27 + 0.2500 PW
moving northward for both the 32°S and 20°S parallels.

Garlozi & Baringer (2007), in a transatlantic cruise along
35°S, observed a total northward heat transport of 0.60 =+
0.1800 PW across the parallel for March 2004. At 34°20'S, the
authors identified a value of 0.49 + 0.1800 PW for May 2006.
Using a Global Ocean Circulation Model, Assad et al. (2009)
calculated the volume and heat transports through several zonal
and meridional sections. The authors estimated the volume trans-
port integrated in the water column at the Drake and Africa-
Antarctic passages; for these sections, the authors obtained
eastward-flowing values of 141.3 +=11.1 Svand 143.9 +-10.8 Sy,
respectively. For the advected heat transport, the authors calcu-
lated column-integrated eastward values of 1.52 4= 0.0008 PW
and 0.98 4= 0.0040 PW for the Drake and AF-AA passages.
For the 32°S parallel, the authors found 0.60 £ 0.0200 PW
towards the equator.

Zheng & Giese (2009), through a 1958-2004 period of
Simple Ocean Data Assimilation (SODA) analysis, estimated the
heat transport through several sections on the World Ocean.
The long-term mean and standard deviation without the annual
cycle of the eastward heat transport for the Drake and AF-AA
passages were 1.65 & 0.0700 PW and 0.94 + 0.1200 PW,
respectively and for the 30°S and 20°S parallels, the heat
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transport values were 0.59 == 0.0700 PW and 0.69 = 0.0800 PW,
respectively.

The authors found synchronous changes of the meridional
heat transport at low to mid-latitudes and the strength of the
Atlantic Meridional Qverturning Circulation (MOC) rather than
with South Atlantic Subtropical Gyre. They also found that de-
creases in surface density on water formation sites on the north-
ern NA with the likely consequence of slowing down the sinking
process, may be an important factor of the MOC strength vari-
ability. The analysis suggest that a freshening in the Labrador Sea
together with a decrease overflow weakens the MOC.

Yaohua et al. (2014), through a 1400-year spin up results
from the MOM4p1 started from the rest and driven by monthly
climatological mean force from the NOAA World Ocean Atlas
(1994), estimated the annual mean volume and heat transport
through the inter-basin passages and transoceanic sections. The
authors estimated the transports through Drake and AF-AA pas-
sages and for the 30°S and 0° parallels. The volume transport
estimations were 177.0 Sv and 177.7 Sv moving eastward at
Drake and AF-AA, respectively and 0.46 Sv and 0.98 Sv moving
southward at 32°S and 0°. For the heat transport, the authors
obtained 1.77 PW and 1.70 PW moving eastward at Drake and

AF-AA, respectively and 0.01 PW and 0.26 PW moving north-
ward at 32°S and 0°. A summary of the mentioned works is dis-
played on Table 1.

This work aims to analyze the interannual variations of the
SA heat and volume transports associated with the A1FI and
B1 climate change scenarios results that were generated by the
Geophysical Fluid Dynamics Laboratory's (GFDL) Coupled Cli-
matic Model 2.1 (CM2.1).

THE DATASET

The dataset used aim to simulate climate conditions (past, present
or future) using the GFDLs CM2.1. Since 1955, the GFDL has
significantly contributed to the worldwide research on climate
change. In fact, the GFDL has been a collaborator on all of the
IPCC’s climate change reports. Hence, the model results and cli-
mate change scenarios disclosed in the climate change reports
have contributed to the global knowledge on climate change.
The CM2.1 isa global coupled climate model used to conduct
simulations for the 4™ IPCC report in 2007. The model represents
the main climate system components and their interactions. The
advantage of using climate model results is that they effectively

Table 1 — Summary of the total Volume (VT) and Heat Transports (HT) values conducted in the study area.
The letters next to each value indicate the flow direction: N — northward, S — southward and E — eastward.

Author Section VT (Sv) HT (PW)
Drake 130.00 = 13.00E -
Rintoul (1991) 0° longitude 130.00E -
32°S - 0.25N
Ganachaud & Wunsch (2000) Drake 140.00+6.00E 130E
Cunninghamet al. (2003) Drake 136.70+7.80E -
Drake 124.00+£5.00E | 1.1440.0600E
AF-AA 124.00+£6.00E | 1.01+£0.1500E
Stammer etal. (2003) 32°5 0£190 | 027+ 0.2500N
20°S 04160 0.27 4+ 0.2500 N
. ) 35°S - 0.60 4 0.1800 N
Garlozi & Baringer (2007) 349205 — 049 £ 01800N
Drake 14130+ 11.10E | 1.52 £ 0.0008 E
Assad et al. (2009) AF-AA 143.90 +10.80E | 0.98+0.0040E
32°S - 0.60 4 0.0200 N
Drake - 165+ 0.0700E
) AF-AA - 0.94 401200 E
Zheng & Giese (2009) 30°S - 059 £ 0.0700N
20°S - 0.69 4 0.0800 N
Drake 177.00E 177E
AF-AA 177.70E 160E
Yaohuaetal. (2014) 30°S 0765 001N
0° latitude 098S 0.26 N
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represent the exchange of mass and energy between the differ-
ent components of the climate system. For the proposed work,
this fact is of fundamental importance because it ensures that
greenhouse gas-forced changes in the atmosphere and other cli-
mate system components are transfered to the ocean. The climate
model considers the atmosphere, lithosphere, hydrosphere and
cryosphere. It simulates the most important processes of each
component and their interactions (e.g., heat, mass, and energy
exchanges) (Delworth et al., 2006; Mkhandi et al., 2008).

THE CLIMATE MODEL EXPERIMENTS

The methodology consists of using the CM2.1 results provided
by the GFDL, which is administered by the National Oceanic and
Atmospheric Administration (NOAA). The experiments use the
CM2.1 oceanic component, referenced in the literature as the
OM 3.1 (Griffies et al., 2005; Delworth et al., 2006; Gnanadesikan
et al.,, 2006; Mkhandi et al., 2008), which is based on the Modu-
lar Ocean Model (MOM4). This model was initially developed to
study the ocean climate system. It is idealized and supported by
the GFDL but receives worldwide contributions, since it has an
opened code (Griffies et al., 2008).

The simulations used a horizontal finite difference meridional
grid of 1° and zonal grid of 1/3° between 10°N and 10°S, re-
laxing to 1° towards the poles. The vertical grid is discretized
in z-coordinates with 50 levels; the first 22 with 10-m thickness
each (Delworth et al., 2006; Gnanadesikan et al., 2006). A tripo-
lar grid is also used (Murray, 1996). A detailed description of
the model components and underpinning science is provided
in Griffies et al. (2000; 2005; 2008), Delworth et al. (2006),
Gnanadesikan et al. (2006), Stouffer et al. (2006), Wittenberg
(2006), Mkhandi et al. (2008) and Assad (2011).

The climate change scenarios germane to this research aimed
to simulate future conditions of the global climate, beginning
with the current climate. The results from two CM2.1 climate
change scenarios (A1Fl and B1), along with a past condition sce-
nario (H2) were obtained. The prognostic fields were acquired
in monthly averages and were used to estimate annual averages.
The H2 experiment (climate), characterizes the twentieth century
climate. The second experiment, A1FI, simulates a fossil fuel-
intensive scenario. The third experiment, B1, is characterized by
a stabilizing CO, concentration at the end of the study period
(see Houghton (2009), Fig. 6.1). The A1FI scenario is the most
critical between the IPCC's 41 Assessement Report (AR4) while
B1 scenario tends to achieve stabilization. A basic description
for the scenarios is depicted on Table 2. More information about
the scenarios can be found directly at gfdl.noaa.gov, AR4 (2007)
and Houghton (2009).

The oceanic variables extracted from the numerical exper-
iments were the zonal and meridional velocity, potential tem-
perature and salinity. The volume (VT) and heat (HT) transports
were estimated as annual means using Eq. (1) and Eq. (2), re-
spectively. The VT is a result of integrating the velocity com-
ponent normal to the section, and the HT is the result of inte-
grating the velocity component normal to the section multiplied
by the density and temperature of the sea water and the specific
heat. Thus, the VT (HT) represents the resulting zonal or merid-
ional volume (heat) transport through the water column. The av-
erage anomaly fields for the VT and HT were estimated for 2050
and 2100 for each climate change scenario relative to the year
2000 of the climate experiment (Eq. 3).

L 0
Vi = / / v(z, z,t)dzdz W)
0 —h(z)

L 0
Hy=p- cp/ / v(z, z,t) - 0dzdz 2)
0 —h(z)

Anomaly = DA1FT or BL — Delimate (3)
where
Vi — Volume transport
H; — Heat transport
v — Velocity component normal to the section
L — Lateral dimension limit

—h(z) — Vertical dimension limit
— Vertical dimension

z

T — Lateral dimension

p — Sea water density

0 — Potential temperature

Cp — Sea water specific heat

1%} — Considered property for the anomaly calculation.

DESCRIPTION OF THE MONITORED OCEANIC SECTIONS

One zonal and two meridional sections in the SA were defined
between 25°S-70°S and 70°W-20°E. In these locations, the vol-
ume and heat transports were estimated for the identified exper-
iments. These monitored sections represent the Drake Passage,
the passage between Africa-Antarctica (AF-AA) and the 25°S
parallel (Fig. 1).

The sections were chosen to represent the volume and heat
transports balance in the bounded regions. Thus, the sections of
the Drake and AF-AA were selected because they represent
the connection regions between the AS and adjacent basins.
The 25°S section was selected because of the importance of
this ocean as an exporter of heat to the NA. Additionally, these
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Table 2 — Basic description of the scenarios used based on GFDL (2006a; 2006b; 2006¢).

Ti Initial
Scenarios +— me (years). I,I, Boundary conditions
Simulated Used in study conditions
from Observations and reconstructions
Ho 140 control-1860" el ,
1901-2000 from XIX and XX centuries
MOZART?, zero volcanic aerosols,
A1FI 100 100 from time invariant land surface cover types,
20012100 H2 SseasonaAl 1\/lz:;\lryt;ngz Sﬁlfar ir.radiancet
ame as , but all forcing agents
B1 300 wanioring g
were held constant after 2100

TReferred to GFDL as CM2.1U_Control-1860_D4. This scenario simulated the pre-industrial period.
2MOZART = Global Atmospheric Chemistry Climate Model.

LATITUDE

LONGITUDE

Figure 1 — Map of the South Atlantic Ocean with the locations of the monitored sections and the bathymetry used to run the CM2.1.

sections are widely used by the scientific community to estimate
and monitor the aforementioned ocean transports.

The years 2050 and 2100 were chosen to highlight the
volume and heat transports changes for the climate change sce-
narios. This is based on the integrated volume transport in the
Drake’s and AF-AA’s water column time series for the A1Fl and
B1 scenarios (Figs. 2A and 2B). These two time series present
the same behavior and the volume transports have the same or-
der of magnitude, conserving the mass. The gray bars mark the
moment when the volume transport reaches a new equilibrium.
This moment may be considered a ‘tipping point’. Also shown
in Figure 2C is the integrated volume transport time series for
the 25°8S. For this figure, the volume transport becomes nega-
tive at the beginning and end of the time series, meaning that,
for these periods, the SA is exporting less heat northward which
reflects changes in the water column as described on subsection
‘Volume Transport'.

Brazilian Journal of Geophysics, Vol. 33(2), 2015

RESULTS
Volume Transport

The VT analyses were calculated through the integrated velocity
profile through the zonal or meridional section and are associated
with the currents flow. The A1FI and B1 climate change scenar-
ios 2050 and 2100 years are highlighted as well as the H2 cli-
mate scenario 2000 year. Additionally, the anomalies provide a
dynamic view of the transports.

Table 3 and Table 4 display the volume transport values in-
tegrated over the water column for the three climate change sce-
narios during 2000, 2050 and 2100 and their variances, respec-
tively. It is observed that the Drake and AF-AA VTs associated
with the AACC flow eastward, which is in agreement with the
scientific literature (Rintoul, 1991; Tomczak & Godfrey, 1994;
Ganachaud & Wunsch, 2000; Assad et al., 2009; Talley et al.,
2011). Also, their values on the year 2000 are consistent with
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Figure 2 — The volume transport time series for the A) Drake; B) AF-AA; and C) 25°§ sections integrated over the water column. The A1FI scenario is depicted in
a -+ symbol line, whereas the B1 scenario is depicted in a ® symbol line. The dashed line represents the mean volume transport for the year 2000 of the climate

experiment. The gray bars represent the moment of change in the volume transport.

previous works (Table 1). Additionally, these transports decrease
continuously until 2100 in the ATFI scenario. For B1, the trans-
ports increase from 2000 to 2050 but at the end this sections ex-
periment the VT decreases for B1.

The decrease at the end of the experiments is 4.47% in Drake
and 4.33% in AF-AA for the A1FI scenario. For the B1 scenario,
the decrease is 5.83% in Drake and 5.70% in AF-AA. Notably,
the observed changes in both sections have the same order of
magnitude, obeying the Law of Mass Conservation. This behav-
ior is expected because, as a coupled climate model, it represents
the mass and energy exchanges between its components.

In the 25°S section, the VT integrated in the water column
has a southward flow in the year 2000, which can be attributed to

the NADW flow (Table 3). The NADW transports large amounts of
NA water to the SA (Peterson & Stramma, 1991; Stramma &
England, 1999). At the year 2000, the VT value is in agreement
with previous works close to the 25°S parallel. In the A1FI sce-
nario, the VT decreases from the year 2000 to 2050 and sub-
sequently increases in 2100. For the B1 scenario, the flow di-
rection reverses in 2050. Specifically, the flow direction in 2000
was southward and became northward in 2050. In 2100, the flow
is reversed again, flowing back southward. At the end of the ex-
periments, the flow increases 28.94% for the ATFI scenario and
decreases 28.94% for the B1 scenario.

These results reflect intensity variations in the water mass
flows along the section’s water column, each with a different flow

Revista Brasileira de Geofisica, Vol. 33(2), 2015
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Table 3 — The VT and HT values in 2000 (H2), 2050 and 2100 (A1Fl and B1) in Sv and PW, respectively.2

2000 2050 2100

Drake | AF-AA | 25°S | Drake | AF-AA | 25°S | Drake | AF-AA | 25°S

Volume transport in Sv (1 Sv =108 m®s™)
Ho | 13273 | 13179 | 038 | - - - - - -
AFL| - - — | 13237 [ 13132 | —0.05 | 126.80 | 126.08 | -0.49
B - - — 113333 | 13223 | 033 | 124.99 | 12428 | —0.11
Heat transport in PW (1 PW =10 W)

He | 155 | 142 | o2 | - - - - - -
MR - - - | 164 | 161 | 073 | 193 | 186 | 060
B - - - | 163 | 162 | 061 | 172 | 173 | 053

aThe positive values in the Drake and AF-AA sections indicate eastward flow and negative values indicate westward
flow. The positive values at 25°§S indicate northward flow and negative values indicate southward flow.

Table 4 — The VT and HT variances from Table 3.

2000 2050 2100
Drake AF-AA 25°S Drake AF-AA 25°S Drake AF-AA 25°S
Volume transport in Sv

H2 | 42353 | £2381 | +0.09 - - - - - -
A1FI - - - +3938 | 44243 | £021 | £4199 | 44581 | £0.35

B1 - - - +36.08 | £3913 | £0.13 | £2052 | 42356 | £0.33

Heat transport in PW

H2 | +£000 | £002 | 4003 - - - - - -
A1FI - - - +£000 | £001 | £002 | £000 | £002 | £0.05

B1 - - - +£000 | £002 | £003 | £000 | £002 | £0.02

and direction pattern. Thus, the weakening and strengthening of
the water mass flows affect the integrated VT intensity and di-
rection. This behavior is better observed through Figure 3, the
velocity profile at 25°S for the year 2000 of the climate exper-
iment and Figures 4A to 4F, the 2050-2000, 2050-2100 and
2100-2000 velocity profile anomalies, respectively, of the A1F
and B1 scenarios.

The features of greater intensity throughout the water column
are associated with the western boundary flows (Fig. 3). Accord-
ing to Rintoul (1991); Stramma & England (1999); Silveira et
al. (2000) and Silveira et al. (2004), four main water masses in-
fluence the western boundary current system of the region. They
are the Tropical Water (TW) — formed on the Tropical region of
the AO by intense warming and evaporation — and South Atlantic
Central Water (SACW) flowing southward, — originated mainly
at the Brazil-Malvinas Confluence (BMC) (Gordon, 1981), but
part of it may enter the SA by the AF-AA Passage from the In-
dian Ocean —which forms the Brazil Current (BC), the northward-
flowing AAIW, — originated on the east part of the Pacific Ocean

Brazilian Journal of Geophysics, Vol. 33(2), 2015

and on the Weddell Sea (Tomczak & Godfrey, 1994; Clarke et al.,
2001) and brought to the SA through the Drake Passage — which
forms the Intermediate Western Boundary Current (IWBC) and
the southward-flowing NADW, which transports large volumes
of water and forms the DBC. At greater depths, the AABW — in
the SA is originated from the Weddell Sea (Speer & Zenk, 1993;
Tomczak & Godfrey, 1994; Clarke et al., 2001) flows northward.

In the region closest to the American continents, a cell of BC
formed by TW and the SACW flows southward along the Brazil-
ian coast from the surface to a depth near 500 meters. Below the
BC, the IWBC (represented by the AAIW) flows northward. Below
the IWBC, the DBC (represented by the NADW) flows southward.
Below the NADW, the AABW flows northward.

In addition to these flows, we highlight the flows compris-
ing the remainder of the section and the adjacent regions of the
African continent at depths from the surface to approximately
1,000 meters. According to Stramma & England (go. c¢it), the
flow moving to the north occupying most of the section from the
surface to a depth close to 1,000 meters is associated with the
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Figure 3 — The velocity profile of the 25°S section in the year 2000 for the climate experiment. The thicker

lines represent locations of zero velocity.

Benguela Current (BgC). To the east of this current, there is an
intense and narrow flow to the south that occupies the surface
to a depth of approximately 500 meters. This flow may be as-
sociated with the flow that emanates from the Angola Gyre and
moves southward toward the 30°S parallel, which recirculates
and contributes to the Southern South Equatorial Current (SSEC)
(see Stramma & England's (gp. cit), Fig. 3). Gordon & Bosley
(1991), through hydrographic data, identified this tropical Gyre
centered near 13°S and 5°F and characterized it as a quasi-
stationary climatic feature.

Figure 5 represents the temperature-salinity diagram for the
region localized on the 25°S latitude between the longitudes
45°W and 27°W (the highlighted region in Fig. 3). The water
masses mentioned above are highlighted on this figure follow-
ing the thermohaline index presented on Table 5. It can be seen
that the T-S diagram exhibits the form of all the water masses
mentioned above, indicating that they are, indeed, present in the
western boundary region of the 25°S section. However, through
the thermonhaline index, it can be seen that the AABW is not rep-
resented in the water column, which indicates that it suffered
changes in its index.

To identify and quantify the changes in the velocity profile of
the 25°S section of the climate change scenarios in relation to
the climate experiment, the anomalies of these flows were calcu-
lated according to Eq. (3). The anomalies represent an increase or
decrease of the meridional velocity of this section relative to var-

ious times. Additionally, we estimated the anomalies of the year
2100 compared to 2050 for both climate change scenarios.

For flows moving northward (positive values), positive
anomalies indicate an increased velocity (red color), whereas
negative anomalies indicate a decreased velocity (blue color). In
contrast, for flows moving southward (negative values), negative
anomalies indicate an increased velocity (blue color) and positive
anomalies indicate deceleration (red color).

The A1FI 2050 anomaly for the climate change experiments
is depicted in Figure 4A. An intensive reduction of the BC cell
flow and intensification of the northward AAIW cell flow on the
western boundary, along with a reduction of the NADW flows, are
apparent. As a result, the southward VT integrated in the water
column for the A1FI scenario weakened (Table 3). In Figure 4B, —
the B1 2050 anomaly — the intense deceleration of the southward
BC cell and positive anomalies of the AAIW, NADW and AADW,
resulting in decrease on the southward flow and increase on the
northward flows, caused the flow direction change of the inte-
grated transport for the B1 experiment (Table 3), although a slight
decrease of the BgC northward flow and increase of the southward
BC flow closer to the coast is observed. The diminished strength
on the BC may dislocate the BMC northward, once the Malvinas
Current (MC) will progress further north and then the SACW
formation region will shift northward.

For 2100 anomaly for the A1FI experiment (Fig. 4C), the
increase of the southward VT integrated in the water column on
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Table 5 — Water masses thermohaline indexes found in the SA.

Water Temperature Salinity Depth
Reference
mass (°C) (ups) (m)
W Emilson (1961) >20° 36.0 0-200
SACW | Miranda (1985) | 6°<T<20° | 34.6<S<36.0 | 200-900
AAIW Sve;‘:;”f; &) g0 g | 342<5<346 | ~1000
NADW S"V(;ggg)ta" 3<T<d° | 346<5<350 | 1500-3000
American
Meteorological
AABW Society T<0.3° S<34.7 >4000
Tomczak &
Godfrey (1994)

the western boundary may have been caused by the increase of
the western part of the BC flow and decrease of the AAIW and

AABW flows. Additionally, an increase of the southward flow to

the east of the BgC is apparent. Once the BC strengthens, the

BMC is shifted southward, the Malvinas Current can't progress
much further and less AAIW enters the SA.

For the 2100 B1 experiment anomaly (Fig. 4D), the rever-

sal of the flow direction southward may have been concomitantly
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caused by the increase of the western part of the BC flow and the
decrease of the AAIW, AABW and BgC flows. Additionally, a de-
crease of the NADW flow and the flow to the east of the BgC is
observed, which prevents the southward flow from reaching the
intensity observed in 2000 (Table 3). The decrease of the south-
ward VT on 25°S may have an impact on the VT exported from
the SA through the AF-AA Passage, once the NADW is the mainly
responsible for the southward flow (Stramma & England, 1999).

Between 2050 and 2100, for the A1FI experiment (Fig. 4E),
the intensification of the southward flow of the integrated VT was
mainly caused by the decrease of the AABW and part of the BgC
flow, the increase of the BC flow on its western part, although there
is a decrease on the east part, and the increase of the flow to the
east of the BgC, despite the decrease of most of the NADW flow.
For the B experiment (Fig. 4F), although there is a weakening on
the NADW flow and on flow to the east of the BgC, an intense in-
crease of the BC flow and a weakening of the AAIW flow provided
the shift of the VT back southward.

Heat Transport

The HT analyses were calculated through the integrated velocity
and temperature profile through the zonal or meridional section
related to the amount of heat carried by the currents. The same
climate and climate change scenarios are displayed here. Figure
6 shows the integrated HT at each of the sections.

The HTs in Drake and AF-AA (Figs. 6A and 6B) flow to the east,
associated with the AACC flow. Atthe year 2000, the HT values for
these sections agree with previous works (Table 1). An increase
of the integrated HT occurs continuously until 2100. The increase
at the end of the experiments is approximately 24.52% in Drake
and 30.99% in AF-AA for the A1FI scenario and 10.97% in Drake
and 21.83% in AF-AA for the B1 scenario (Table 3). Despite the
decreasing VT at the end of the experiments, the HT has the op-
posite behavior. This is related to the greater amount of heat avail-
able to be transported, despite the evidence of a potential AACC
weakening.

Atthe 25°S section, for the entire time series, the HT is north-
ward reinforcing the role played by the SA exporting heat for the
NA. For the year 2000, the HT value is sometimes overestimated
when compared to previous works (Table 1), but other times the
value is in good agreement with them. It is important to observe
that despite being northward for the entire time series, the HT
decreases for both scenarios, with very high fluctuations, which
can be observed by the distance between the mean heat trans-
port for the year 2000 of the climate experiment and the climate
change scenarios (A1Fl and B1) values and also on Table 3. This
decrease results in reduced heat transfer to the NA, which may
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cause changes in the NADW area and rate formation (Schmitz &
McCartney, 1993). The decrease at the end of the experiments is
approximately 16.67% for the A1FI and 26.39% for the B1.

Taking the A1FI scenario as an example, if 0.12 PW is being
left behind by the 25°S section and only extra 0.06 PW is leaving
the SA through the AF-AA section, the remainder of heat must be
warming up the SA. In fact, that is exactly what happens. Figure
7 shows the integrated stored heat in the oceanic volume among
the three sections (Fig. 1). For both climate change scenarios, the
stored heat is observed to increase continuously until the end of
the time series. At the end, there is an increase, for the ATFI sce-
nario, of approximately 0.74 TW (1 TW =102 W). The differences
on the magnitude between the HT and the Stored Heat indicate that
the air-sea interactions are trying to achieve balance. At the end,
the increase is approximately 27.89% and 13.61% for the A1FI
and B1 scenarios, respectively.

DISCUSSIONS

This research aimed to analyze the HT and VT in three sections of
the South Atlantic Basin associated with the A1FI and B1 climate
change scenarios. The results of the CM2.1 were used in annual
averages from 2001 until 2100. The HT and VT results of the cli-
mate scenario (H2) were consistent with most of the previously
reported estimates with order of magnitude for the VT of 102 for
the Drake and AF-AA sections and 10~ for the 25°S section. For
the HT, the order of magnitude was 10° for the Drake and AF-AA
sections and 107" for the 25°S section. At the end of both climate
change experiments, the VT on Drake and AF-AA passages de-
creased, while the HT for these sections increased. For the 25°S
section, the VT increases at the end of the experiment for the
A1FI, while it decreases for the B1. For the HT in this section,
decrease for both climate change experiments is observed.

Figure 8A displays the 2050 integrated VT anomalies for the
A1FI and B1 experiments. The climate experiment indicates the
direction and value of the resulting integrated transport in the
water column for the year 2000. The increase of the transport in the
climate change experiments is shown by the arrow in the same di-
rection of the climate experiment, while the decrease is indicated
with an arrow in the opposite direction. The values quantify the
increase or decrease of this variation.

In the Drake and AF-AA sections, the integrated transports
flow to the east, which is in agreement with the scientific litera-
ture (Rintoul, 1991; Ganachaud & Wunsch, 2000; Assad et al.,
2009). However, a decrease for the A1FI experiment and an in-
crease for the B1 experiment are observed. In the 25°S section,
the integrated VT decreases for both experiments.
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Figure 8B displays the 2100 VT anomalies for the A1FI and
B1 experiments. In the Drake and AF-AA sections, a decrease in
the resulting VTs for both experiments are observed. This decrease
may be strongly linked to changes in the AABW flows in this re-
gion. Because the AABW can be transported to the east or west
(Cunningham et al., 2003), the decrease in the VT in these sec-
tions may be influenced by changes in the flow patterns of this
water mass. These flow pattern changes stem from changes in the
formation process due to the atmospheric CO, fluctuations char-
acteristic of the climate change scenarios used. In the 25°S sec-
tion, an increase in the VT for the A1FI experiment and a decrease
for the B1 experiment are observed. As mentioned previously,
this result may be associated with variations in the intensity of
the water mass flows in this section.

Figures 8C and 8D represent the HT anomalies in 2050 and

2100, respectively, for the A1FI and B1 experiments. In the Drake
and AF-AA sections, as observed previously, the integrated HTs
flow eastward and increase for both experiments and both anoma-
lies. This behavior is related to an increase basin temperature, as
seen previously by Lee etal. (2011).

In the 25°S section, for the B1 scenario, a decrease is ob-
served in the northward HT flow for both anomalies. For the A1FI
scenario, a slight increase is observed in the 2050 anomaly, but
this increase cannot be considered once the variance surpasses
the magnitude of the observed change. The behavior of the A1FI
scenario for this anomaly can be interpreted as with no change in
the HT. For the 2100 anomaly, there is a decrease of the north-
ward flow.

Here, we highlight some trends in the results. For the B1
experiment in 2050, the VT increases in the Drake section and
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whereas the B1 scenario is depicted in green. The red line represents the mean volume transport for the year 2000 of the climate experiment.

at 25°8S the flow reverses, indicating a possible connection be-
tween the flow that enters the SA and the flow directed northward
towards the NA. This connection may also be observed for the
same scenario in 2100, when the VT in the Drake and AF-AA
sections decrease and at 25°S, it flows back to the south. For
the A1FI scenario in 2100, the Drake and AF-AA sections VT de-
crease and the 25°S section VT increases southward.

It is also observed that the integrated 2050 VT flow at 25°S
for the B1 scenario is reversed, whereas the integrated HT de-
creases. This result indicates that the water column portion that
carries heat towards the NA is not the portion that strengthens
in 2050. Similarly, for the A1FI scenario in the same section and
year, the VT decreases and the HT dogs not change, indicating that
the portion that transports the heat towards the NA strengthened
or did not change.

The differences between the climate change scenarios behav-
ior are quite distinguishable. On the Drake and AF-AA passages,
the amplitude of HT increase is smaller for the B1 scenario than
for the A1FI, based on the HT time series (Fig. 6). The scenarios
have an opposite behavior for the 25°S section. On this section,
the amplitude of decrease is greater for the B1 scenario. These
sorts of differences between the climate change scenarios behav-
iors are also clear for the VT time series (Fig. 2). The fact that
the B1 scenario stabilizes its CO, concentrations at the end of the
study period and the A1FI scenario does not, seems to be the key
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for the differences seen between them. Also these differences are
responsible for changing circulation patterns, hence having the
ability to act on decision making.

The analysis revealed different behaviors for the VT and HT
and connections between the sections evaluated. Given the high
complexity of the climate system, it will be interesting to analyze
the other tipping point in 2080 (Figs. 2A and 2B) and the hole SA
basin.

CONCLUSIONS

This research analyzed the heat and volume transports changes
in three sections of the South Atlantic Basin associated with two
climate change scenarios. With the results presented here, it was
possible to obtain a preliminary vision of the altered greenhouse
gas emissions influence on the integrated HT and VT in the SA.
The integrated VTs in the Drake and AF-AA sections indicate
that the AACC behavior is characterized by an eastward flow. The
climate change scenario analysis for these sections conveyed a
decrease near 5% for the A1FI and 6% for the B1 at the end of
the experiments. For the 25°S section in 2000, the integrated
VT has a southward flow, which may be associated mainly with
the NADW flow on this region. However, other southward flows
contribute to this resultant flow. For the climate change experi-
ments, intensity and direction oscillations for the years 2050 and
2100 are apparent. These results are related to intensity variations
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and oscillations of the currents and water masses comprising the
water column of this section, which have different flow direc-
tions as illustrated in Figure 4. In the velocity profile anomalies
of this section, despite the NADW transport of large amounts of
water towards high latitudes in the SA, this water mass was not
responsible for the integrated VT changes.

The integrated HTs for the Drake and AF-AA sections increase
continuously. These increases are larger for the A1FI scenario in
AF-AA, which may be related to the integrated HT decrease at
25°S at the end of the experiments. This decrease may have
caused progressive heating in the region.

Based on the results, we conclude that at the end of the ex-
periments, there is a decrease in the water supply at 25°S due
to the integrated VT decrease in the Drake and AF-AA sections,
despite the warmer water. As a consequence, the northward in-
tegrated HT flow decreases. This pattern is more intense for the
B1 scenario. In fact, the 2100 VT in the Drake section of this
scenario decreases more intensively than in the A1FI. Conse-
quently, the HT at the 25°S section also decreases more inten-

sively for this scenario in 2100. This process may cause altered
patterns of formation in the NADW, which may trigger changes
in the MOC and the global climate patterns as Zheng & Giese
(2009) suggested that the ocean heat transport variability is de-
termined by the MOC.
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