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ABSTRACT

The upper limb of the Atlantic Meridional Overturning Circulation (AMOC) brings shallow interocean contributions to replenish

the North Atlantic export of deepwaters. It is primarily formed in the southern South Atlantic where the converging entrainment

of Pacific and Indian Ocean waters meet and incorporate into the South Atlantic subtropical gyre (SASG) following a northward

advection across the basin up to the western boundary. Here, the human-induced response of AMOC and SASG near-surface

pathways are illustrated according to CESM1 Large Ensemble simulations from 1920 to 2100, where future projections derive

from the most aggressive (yet most realistic) scenario in assumed fossil fuel use and greenhouse gas emissions. It is shown

that the AMOC upper limb weakens not because less waters are being apported from the adjacent ocean basins — but

because they are being mostly directed to recirculate in the anticlockwise SASG, turning back southward after reaching the

South Atlantic western boundary.

Introduction

From the southeastern corner of the South Atlantic towards the subpolar North Atlantic, the upper limb of the Atlantic

Meridional Overturning Circulation (AMOC) flows along shallow pathways to feed deepwater formation in order to meet mass

conservation constraints, as part of the Global Overturning Circulation1–4.

Both changes in the amount of contributions from the Indian "warm water"5–7 or the Pacific "cold water"8, 9 routes — the

two contrasting main sources for the near-surface upper limb flow of the AMOC10–12 —, or changes in how these water masses

are circulated and transformed within the South Atlantic itself13–15, might influence deepwater convection and therefore affect

overturning variability and strength16–19.

The northward AMOC upper limb takes place in the upper ∼1000-1500 m of the ocean, and therefore strongly interacts

with major wind-driven current systems such as the subtropical gyres and the circumpolar current, prior to arriving at deep water

formation areas20. More specifically, waters from the cold water route enter the southwestern South Atlantic basin through

the Drake Passage (DP) with the Antarctic Circumpolar Current (ACC) and merge into the South Atlantic Current (SAC),

delimiting the South Atlantic subtropical gyre (SASG)21 to the south. By reaching the eastern corner of the basin, the flow

meets with contributions from the Agulha’s Leakage (AL) — the warm water route. From there on, a blend of cold and warm

water routes is incorporated into the northwestward anticyclonic loop of the SASG22: the Benguela Current - southern South

Equatorial Current (BeC-sSEC) system, until reaching the South American coast, at the South Atlantic western boundary.

Up to this point, the overturning circulation return flow is superposed to the wind-driven subtropical gyre circulation in the

South Atlantic, meaning that the AMOC upper limb and the SASG are coupled large-scale circulation features, which decouple

when the zonal sSEC flow is forced to bifurcate23 at the northern boundary of the SASG, originating two opposing western

boundary currents: the poleward Brazil Current (BC), closing the subtropical gyre circulation, and the equatorward North Brazil

Undercurrent - North Brazil Current (NBUC-NBC) system, continuing to the upper ocean return flow of the AMOC24–26.

Even though the AMOC is a highly non-linear system27 and its response to human-induced global warming is far from

being fully resolved28–51, the majority of the current generation climate models project a future AMOC decline52, 53.

At the same time, systematic wind-related changes54 have been reported in upper ocean gyre circulations55–61 of both the

Pacific62–68 and Indo-Atlantic69–73 basins, linked to a spin-up and poleward expansion of the Southern Hemisphere Supergyre

(SHSG)74–79 – an interbasin feature that represents the connectivity between all three southern subtropical gyres, linking

the South Pacific, South Atlantic and Indian oceans80. These changes are also uncertain, owning to the opposing effects of

increasing CO2 and ozone recovery after 200081, that are further complicated by chaotic natural climate variability — which



might reinforce or weaken ongoing trends, or either combine to even out dominant changes82.

Still, recent studies have described ongoing Southern Hemisphere (SH) ocean circulation changes in association to shifted

wind-patterns83–91, suggesting that the poleward intensification of SH surface westerlies is projected to continue in the future

under a high emission scenario in spite of the projected stratospheric ozone recovery, once future trends will likely be dominated

by the increasing CO2 effect92, 93. It is concluded with medium confidence that western boundary currents and subtropical gyres

have shifted poleward since 1993 in response to a poleward shift of the multi-basin scale wind stress curl, due to anthropogenic

global warming48, 53.

In a time when human activity is forcing significant changes to the Earth system, a comprehensive understanding of the

interplay between different climate components is needed. Both the SASG and the AMOC upper limb are influenced by wind

and buoyancy forcings interacting in non-linear ways within the South Atlantic basin. Therefore, variations in the subtropical

gyre circulation may reflect variations in the upper limb flow structure and vice-versa. The potential slowdown of the modern

and future AMOC is likely to extend all the way into the South Atlantic94, while, at the same time, AMOC anomalies observed

in the North Atlantic can either be of local origin or originate upstream in the South Atlantic and beyond95, 96.

This study investigates how upper-ocean circulation changes are communicated along the South Atlantic basin, from up- to

downstream the pathways which compose the AMOC upper limb and the SASG. Our goal is to assess how integrated changes

in high-latitude overturning and hemispheric-scale atmospheric forcing are to be reflected along these main circulation routes,

according to the simulation results of the Community Earth System Model Large Ensemble (CESM1- LE97) under the high-end

Representative Concentration Pathway 8.5 (RCP8.5) scenario for future projections — the one which accounts for the largest

additional amount of energy in Earth’s climate system by 2100, relative to pre-industrial levels98. Beyond natural, random

climate variability, the resulting climate change response is represented by the CESM1-LE 40-member ensemble mean, yielding

a spatio-temporal pattern of simulated and projected changes in the large-scale South Atlantic circulation.

We find a projected end of 21st century circulation change pattern which features a stronger and southward-shifted SASG

circulation, at the expense of a weakened northward advection downstream the AMOC upper limb — in which interocean

contributions are not diminished, as commonly speculated. The alterations in flow redistribution are also accompanied by

structural changes in the SASG spatial configuration, which are heterogeneous across the zonal-depth plane. Besides potentially

compromising the subtropical gyre transport of mass, heat, nutrients and carbon across boundaries, these results might translate

into changes in fundamental thermohaline properties involved in the Global Overturning Circulation — a system which dictates

how the ocean affects the global climate, redistributing important properties such as carbon and heat.

Results

Projected large-scale circulation changes

The pathways which compose the AMOC upper limb and the SASG circulation are pictured through the mean horizontal flow

field, represented by superposing vectors in Figure 1 and their projected change is depicted by the background color shading,

indicating where the mean flow tends to strengthen (red) or weaken (blue). Following the up- to downstream flow direction,

increasing current velocity trends are found from the DP region into the South Atlantic via the Malvinas Current (MC), and

then to the east marking an intensified SAC up to ∼20◦W; past this longitude, eastward flows are characterized by a complex

interplay between the SAC to the north and the ACC to the south10, 99, 100 – where the southern ACC transport seems to be

favored. Even though the southward Agulhas Current (AC) is marked with decreasing trends all along the eastern coast of

Africa, its portion that leaks westward directly into the South Atlantic presents increasing trends that extend up to the opposite

side of the basin along ∼37◦S, building up to the southern end of the BC flowing southward off the South American coast.

The total broad westward flow crossing the South Atlantic basin – from the basin interior to the SASG northern boundary –

brings the sSEC waters that eventually spread out meridionally along the South American coast, feeding into the equatorward

NBUC and the poleward BC. These diverging western boundary flows display opposing trends straddling the sSEC bifurcation

region: while the poleward BC is projected to strengthen, the NBUC exhibits conspicuous negative trends – which expand

downstream the AMOC upper limb, all the way into the subpolar North Atlantic.

Changes in up- to downstream ocean current transports

The derived volume transport of ocean currents in specific locations confirm the aforementioned change pattern, further

revealing complementary details concerning these circulation changes (Figure 2; the vertical profiles associated with boxes and

transects are shown in Figure S1). Hereafter, the volume transport trends associated with numbered boxes and transects in

Figure 2 are described. The values (mean and trends) associated with all time series displayed in Figure 2 are shown in Table

S1. From the Pacific to the Indian sector, across boxes (1-3), eastward transports north (south) of the dashed lines decrease

(increase) (Figures S2, S3, S4), suggesting an intensification of southerly flows, which are associated with the circumnavigating

ACC.
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The southward transport across box (4) decreases continuously, consistent with the recent spin-up of the South Pacific

subtropical gyre (SPSG)62, 63, 67, 75, in that less waters escape from the diffuse SPSG southeastern boundary to leak eastward

towards the South American coast, joining the flow through the DP. Based on mass-conservation principles, a spinned-up

SPSG would increase the anticyclonic gyre transport, advecting more waters to the north at the eastern boundary, and therefore

shedding less waters to the east at the southeastern base of the gyre, before closing the anticlockwise circulation loop. This

result also provides indirect evidence for the reported SHSG spin-up86.

Volume transports through the DP (5,6) and into the South Atlantic along the MC route (7,8,9) all increase. The BC at

its final portion (10) has a strong westward component due to the coastline orientation – which is also projected to increase.

The Brazil-Malvinas confluence (BMC) originates the SAC (11) – represented by the eastward (red) core amidst the westward

(blue) MC and BC (9 and 10, respectively) – which strengthens exponentially along the 21st century. This is due to the fact that

both the increased MC and BC transports add up to form an even stronger SAC.

The sSEC is considered the zonal extension of the BeC, which defines the northern limb of the SASG and is associated with

the origins of both the northward NBUC and southward BC101–103. There is evidence for a multi-banded sSEC101, 104, and here

we define the sSEC as the westward flow between ∼10◦-40◦S, partitioned between southern, central and northern branches

(Figure 2 - transects 13, 16 and 17, respectively).

The AL increase (12) is transmitted further to the west (13 - southern sSEC), while westward transports north of that

respectively show no trend at all (16 - central sSEC) or even undergo a steady decrease (17 - northern sSEC). The westward

flows through (13) and (16) are more likely to feed the southward BC, which also increases at its initial portions (15,14). The

westward flows through (17), in turn, are likely to feed the northward NBUC-NBC system – which undergoes a substantial

decrease (18-20).

Time series (21-24) refer to meridional transports across the entire Atlantic basin zonal extension, from sections 34◦S to

26.5◦N (transbasin vertical profiles shown in Figures 3a-d). However, time series (21a-24a) account only for northward flows

(discounting southward returning flows), different from time series (21b-24b), which represent classic AMOC streamfunctions

in the depth space. Interestingly, among (21a,b-24a,b), only time series (21a) – i.e., northward transports across 34◦S – does not

follow a decreasing trend. The reason is that, at this latitude, the northward component of the strengthened AL-BeC-sSEC

system acts to sustain these transbasin transports – hampering a zonally integrated transport decrease. However, waters flowing

northward across 34◦S do not reach any further – at least not up to 24.5◦S (22a) (see Figures 3a,b for reference) –, because they

are being mostly recirculated within the SASG, promptly feeding the southern (and to a lesser degree, the central) sSEC south

of ∼24.5◦S, prior to turning poleward and contributing to strengthen the BC flow.

The temporal evolution of zonally integrated meridional (both north- and southward) velocity anomalies along depth is

shown in Figures 3e-h – revealing a generalized slow-down of the AMOC upper limb from 2000s on, for all sections. Since

at 6.5◦S and 26.5◦N the AMOC upper limb flow is concentrated within the western boundary NBUC and Gulf Stream (GS),

respectively – which have their cores lying in the upper ∼500 m (Figures 3c,d) –, the decreasing anomalies are centered above

this layer in both these sections (Figures 3g,h). Whereas the 34◦S and 24.5◦S AMOC sections display widespread decreasing

anomalies over the whole water column (Figures 3e,f). This owns to three reasons: i) the weakened northward AMOC upper

limb flow is found spread across the basin interior at 34◦S and 24.5◦S, contributing to sharpen negative anomalies along all

depths; ii) the strengthened southward BC is a deep current near 34◦S (Fig. 3a)105 – contributing to deepen negative anomalies;

iii) while near 24.5◦S the BC is considered rather weak and shallow (Fig. 3b)106, since it lies above the NBUC, which is shown

to be weakening. In sum, at 34◦S and 24.5◦S the deep negative anomalies represent both the slow-down of the AMOC upper

limb across the basin and the intensified BC, overall; while at 6.5◦S and 26.5◦N, shallower and intense negative anomalies are

mostly associated with the decreased NBUC and GS transports along the western boundary. A shoaling of the AMOC upper

limb is also illustrated (gray contours in Figures 3e-h). It shrinks to depths shallower than 1 km past ∼2050.

SASG structural changes

The SASG change pattern is also depicted by an EOF analysis of the detrended zonal velocity anomalies (Figures 4a,b). The

black thick contour delimits the region where the mean flow is westward-oriented (Figure 4a). A pattern reversal is observed

straddling the transition from the historical period (1920-2005) to RCP8.5 projections (2006-2100) (Figure 4b), where until

∼2000 the AL-BeC-southern/central sSEC-BC system (contained within the blue shading) follows a weakening while the outer

portion of the AL and the northern sSEC undergo a strengthening (red shading). However, from ∼2025 on, the opposite occurs,

confirming the projected strengthening of the southern SASG portion as opposed to a weakening of the westward transports

at its northern boundary (also shown in Figures 1 and 2). It also elucidates the Agulhas system change pattern, suggesting a

projected narrowing of the AL into the South Atlantic basin interior.

Concerning the north and south spreading of the waters brought by the AL-BeC-sSEC system across the South American

coast (Figure 4c), along the northward NBUC (red shading) and southward BC (blue shading), the development of southward

anomalous flows is observed both to the north and south of the mean sSEC bifurcation region (Figure 4d), further supporting
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the projected BC strengthening and NBUC/AMOC upper limb weakening. Diffuse and weak anomalies emerge from the

2000s on, confined to the nothern- and southernmost ends of the NBUC and BC, respectively. After ∼2050, the NBUC/BC

anomalies spread meridionally, converging towards each other, indicating that the NBUC (BC) is projected to gradually weaken

(strengthen) across its whole extension, up to its site of origin, near the sSEC bifurcation.

At the southwestern South Atlantic (Figure 5a), there is a remarkable southward displacement projection of the zero-zonal-

velocity line (which marks the transition from sSEC westward flows to the north and SAC eastward flows to the south) (Figure

5a-f). This meridional shift is generally more pronounced at the upper layers, but it is also extended in depth (Figure 5b-d).

Dynamically, it can be interpreted in terms of a projected shift in the direction of the westward flow passing to the north: while

it used to be more northwestward-oriented, it tends to follow a straighter zonal route towards the western boundary in the future

– directly feeding the southern end of the BC.

The SASG northernmost limit close to the western boundary, represented by the sSEC bifurcation latitude (SBL) (black

circle in Figure 2b), is projected to migrate northward instead, with a meridional shift that is conversely less (more) pronounced

at upper (deeper) layers (Figure 6), implying a less inclined "bowl-shape"– which is typical of wind-driven subtropical gyres,

globally – limiting the SASG to the north. The values associated with the northward migration of the SBL (Figure 6) and the

southward migration of the zero zonal velocity line at the SASG center (Figure 5) are displayed in Table S2.

The northward displacement of the SBL is in agreement with the BC strengthening and NBUC weakening23, 88, and it

suggests that even though the northern sSEC does not decrease at a rate comparable to that of the NBUC, the westward sSEC

flow is being unfairly distributed, favoring the southward BC and therefore recirculating in the SASG — meaning that even

central and northern portions of the sSEC which are generally prone to feed the northward NBUC are actually being relocated

to turn southward in their majority.

However, at the SASG center (30◦-10◦W), the sSEC system shifts southward entirely – at its southern as well as at its

northern, bowl-shaped, boundary (Figure S5a). The temporal evolution of raw (Figure S5b) and anomalous (Figure S5c) zonal

velocities averaged over the upper 985-m, evidences the strengthening of the sSEC at its southernmost portion, while the SAC

actually weakens near the zero zonal velocity line, and strengthens south of ∼42◦S. In sum, the sSEC system is retracting and

weakening at its northern limb and expanding to the south (Figure S5d and S5a).

Essentially, with respect to SASG structural changes, the SASG northern limb expands equatorward and poleward at the

western boundary, since its northern limit shifts northward (according to the SBL - Figure 6) and its southern limit shifts

southward (Figure 5). But these shifts are depth-dependent: while the SBL shift is more pronounced in depth (Figure 6), the

zero zonal velocity line shift is more pronounced in the upper layers (Figure 5). While, far from the western boundary, at the

SASG center between 30◦-10◦W, the whole sSEC system flowing along the northern boundary shifts southward. In other words,

the SASG northern limb is projected to change its structure non-homogeneously across the zonal-depth plane – characterizing a

vertically tilted latitudinal expansion of its western portion and a systematic southward shift of its central portion.

The NBUC is the main conduit for the AMOC upper limb downstream the sSEC bifurcation, and its lower base is also

projected get shallower, progressively from ∼24◦S to ∼7◦S (Figure 6a) – in accordance with the shallowing trend for the

AMOC upper limb across all transbasin sections (Figures 3e-h).

Sea surface height (SSH) anomalies also corroborate the observed changes inferred from the horizontal velocity fields

(Figure S6). A spinned-up subtropical gyre circulation is associated with increased SSH values88 – which are observed right at

the region where the AL-BeC-central/southern sSEC-BC system strengthens. North of that, negative SSH anomalies mark the

region at the northern boundary of the SASG and at the NBUC region – where the horizontal flows are weakened. A southward

displacement of the SASG southern boundary is also demonstrated by zero SSH line. In this case, the shift extends across the

basin, up to the Indian sector, supporting the SHSG poleward expansion.

Discussion

We have described a projected scenario of South Atlantic upper-ocean circulation externally-forced changes, involving the

interplay between AMOC upper limb and SASG pathways. The CESM1-LE simulates an AMOC decline over the 21st century,

which is in line with the prediction of most last-generation CMIP5 and CMIP6 models107–109. While the majority of efforts to

understand the AMOC dynamics and variability are still focused on the North Atlantic, our results provide modeling evidence

for upstream circulation changes, taking place in the South Atlantic basin – where the AMOC upper limb is primarily originated

through the incorporation of interocean waters into the SASG circulation.

It is suggested that even though the Pacific and Indian contributions to form the AMOC upper limb are not projected to

decrease in the future, changes in the dynamics of wind-related circulation systems may cause the bulk of cold- and warm

water routes to be either lost to the ACC system continuing eastward to exit the South Atlantic basin, or to recirculate into a

deformed SASG – which displays a spinned-up southwestern core (AL-BeC-central/southern sSEC-BC system) in contrast

with a weak circulation at its northern boundary (northern sSEC) that translates into a pronounced decline in strength of the

northward AMOC upper limb (through the NBUC-NBC system, primarily). The SASG spatial structure is also projected to
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change non-homogeneously across the meridional-depth plane, with a tilted expansion of its western portion and a systematic

southward drift of its central portion.

The results here presented are in fair agreement with recent simulation and observational results reported in the literature.

For instance, the CESM1-LE projected change pattern in the Agulhas system (Figure 1) resembles one recently found with

CMIP5/CMIP6 simulations91 – where a projected decrease in the AC is shown, whereas the AC extension intensifies. Here, the

southwestward transport at the AC extension region also weakens, but the westward AL component strengthens. These authors

also support a projected strengthening of the poleward BC and weakening of the cross-equatorial NBUC-NBC transport (see

their Figure 191). A projected weakening of the AC transport in a warming climate was also recently reported110. In accordance

with our results, it has been shown that a simulated wind-driven increase in the AL happens along with a strengthening of the

SASG, which leads to a favored recirculatory route at the SBL, resulting in less AL waters feeding into the NBC as part of

the AMOC upper limb11, 73. A projected intensification of the AL, linked via interior pathways to an even greater increase in

the BC strength (40%) was found using CMIP5 model simulations87, along with a decrease in the northern South Atlantic

basin interior and in the northward NBC transport along the AMOC upper limb; besides a southward shift of the BMC at the

southwestern SASG boundary. Based on observational data, a significant southward migration of the SASG southern boundary

along 1993-2018 is found89 – although the authors do not find trends in gyre size or strength. The strengthening of the SPSG is

supported by various studies62, 63, 67, 75, with an increase of the equatorward transport in its eastern portion, inferred from Argo

and hydrographic data64. A generalized strengthening of subtropical gyres in all three SH oceans (i.e. the SHSG) has been

reported since 1993, using observational data and results from an ocean state estimate86. From reanalysis products, satellite

observations and CMIP5 model simulations, a strengthening and poleward shift of global western boundary currents was

found84 (except for the GS, which is expected to weaken along with the AMOC upper limb) – which was also attributed to

wind-driven changes in response to positive annular mode-like trends.

It is now well documented that global warming and anthropogenically forced changes to the Earth system are already

underway and projected to continue. The ocean surface temperature response to greenhouse warming is expected to be

modulated by large-scale atmospheric and oceanic circulation dynamics, which are likely to change significantly in the future

as well, with unknown consequences for regional climate variability over continental areas and marine ecosystems111. In turn,

these threats have the potential to trigger large socioeconomic implications112.

The North Atlantic deep water formation associated with the AMOC is probably the most relevant tipping point of the

climate system, meaning that small changes in its structure can trigger large and long-term widespread consequences113, 114.

The northward ocean heat transport accomplished by the AMOC upper limb115, 116 affects Atlantic multidecadal variability and

further impacts many important climate phenomena, including Atlantic hurricane activity, U.S. drought frequency, European

temperature/precipitation as well as Sahel/Indian monsoon and northeast Brazil rainfall117–122. It also influences Arctic sea-ice

extent123, 124 and the oceanic uptake of heat and carbon125–130. More than 30% of the total CO2
131 and 90% of the heat132

added to the atmosphere by human activities since the beginning of the industrial revolution have been taken up by the oceans,

and the mechanisms that are part of the overturning circulation are largely responsible for these compensations, directly133–137

or even indirectly138.

In turn, the upper ocean circulation changes associated with altered SASG dynamics might also translate into a series of

climatic and ecosystemic impacts. Since subtropical gyres are responsible for redistributing heat between the equator and high

latitudes, anomalous heat transports in the ocean might increase the occurrence of marine heatwaves139, 140 and also affect

air temperatures over land. Besides, anomalous moist transport by the subtropical ocean may also influence drought/excess

precipitation events over adjacent continental areas. Variations in the strength of the SASG are associated with variations in the

strength of the South Atlantic Subtropical High (SASH) over the ocean surface141–143, which induces phase shifts in the South

Atlantic Subtropical Dipole (SASD) – the dominant mode of coupled ocean-atmosphere variability in the South Atlantic144.

The SASD is linked to sea surface temperature variations and heat flux anomalies that can influence South American and

southern African climate variability, causing rainfall and temperature changes145, 146.

Moreover, changes in the transport of SASG boundary currents might affect the redistribution of heat147, dissolved gases

and biogeochemical tracers148, 149, pollutants150, plastic debris151, 152, nutrients147 and alter species dispersal (such as in the

case of eggs and larvae)153 – affecting surface primary productivity154, altering the distribution of marine species155, 156 and

impacting regional fisheries in meaningful ways157, 158. As intensified western boundary currents transport more heat poleward,

"tropicalisation" of marine communities is induced – meaning that warm-water species shift their distribution towards the poles

in response to warming. This is already causing profound shifts in dominant foundation species and associated ecological

communities159.

The results here presented should be interpreted with due caution, as they are obviously limited by the fidelity of the model

employed. Studies using independent models as well as observation-based and proxy data are highly desirable for confirming

our findings.
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Methods

The Community Earth System Model Large Ensemble Project

The numerical results of the National Center for Atmospheric Research (NCAR) Community Earth System Model (version

1) Large Ensemble Project (CESM1-LE) are used97. The CESM1-LE represents a community resource for studying climate

change in the presence of internal climate variability. It includes a 40-member ensemble of fully-coupled CESM1 simulations

for the period of 1920-2100. Each member is subject to the same radiative forcing scenario (historical up to 2005 and RCP8.5

thereafter), but begins from a slightly different initial atmospheric state (created by randomly perturbing temperatures at the

level of round-off error).

All the simulations are derived from the CMIP5 version of the CESM160. The horizontal resolution is at approximately

1° in all model components. The experiment includes a multi-century control integration followed by a transient integration

(ensemble member 1) which started at year 402 of the control and was integrated for 251 years under historical forcing

(1850-2005). Next, the protocol for running projections in CMIP5 models is applied. The projection scenario used in these runs

was established by the IPCC, and is referred to as the RCP8.5 scenario, for 2006-2100. The additional ensemble members were

initialized from ensemble member 1 at January 1920 with the round-off level perturbations applied to the air temperature field.

To make meaningful interpretations about past to future South Atlantic overturning circulation trends, a deeper understanding

of the competing roles of natural climatic variability and forced change is required. Since different models have different

sensitivities to an identical set of radiative forcings161, 162, they end up generating exclusive sequences of internal variability –

making this inherent uncertainty undersampled by multimodel ensembles. Here, the use of a single-model “large ensemble”

eliminates structural differences inherent to multi-model ensembles, allowing the spread across the ensemble to be entirely

attributed to the internal variability of the modeled climate system.

For each ensemble member, temporal trends in any variable can be separated into two parts: (1) the forced trend that is

common across all ensembles, and (2) the unforced, or internal trend, that occurs only in that ensemble member. The ensemble

mean averages out natural climate variability and thus represents the forced response.

The results shown here represent the ensemble mean of the 40-full-forcing members for the historical period (1920-2005,

20TR) and future climate change projections (2006-2100, RCP8.5).

Data Analysis

Prior to averaging CESM1-LE members, annual means were obtained from the original monthly mean data set in order to

remove higher-frequency variability in which we are not particularly interested in. Since the focus of this study is on the

upper-ocean pathways of South Atlantic circulations, nearly all analysis concern the upper 985-m depth, using the original

model depth levels for vertical integrations. Vertical profiles are shown up to 3-5 km for reference.

The volume transports time series were obtained by horizontally and vertically integrating the zonal (u) or meridional (v)

velocities along model grid cells. When calculating positive (negative) velocities, i.e. northward or eastward (southward or

westward), only positive (negative) values are considered, in order to avoid adjacent counterflow interference, with the exception

of MOC streamfunction time series. Transport time series are derived for individual zonal/meridional coordinates (transects) or

for zonal/meridional ranges (boxes); in the latter case, the transport time series corresponding to each coordinate within the

selected range was first obtained, then these individual time series were averaged to represent the mean transport across a wider

range only if they were considered to have very similar low-frequency variability and, mainly, long-term trends. Thus, the

transport time series associated with boxes express low-frequency signals and changes that are common to all transects which

compose the respective box, for simplification.

All volume transports are vertically integrated up to 985-m, with the exception of MOC streamfunction time series, which

are vertically integrated up to the lower limit of the northward AMOC upper limb in each time step (i.e., up to the depth of

transition between northward and southward velocities). The absolute magnitude of the horizontal velocities is defined by√
u2 + v2, applied to each grid-point of the domain.

Anomalies are derived with respect to the 1920-1970 base period, corresponding to the first 50 years of the historical period

(20TR), when climate change signals were relatively modest. Zonal-meridional maps and meridional-depth profiles of "linear

trends" correspond to the total trend with respect to the 1920-2100 period. 1920-1970 / 2080-2100 differences are shown,

aiming at demonstrating the contrast between a period before greenhouse gas emissions became to increase exponentially and a

projected period in the late 21st century which reflects the future changes expressed by the high-end RCP8.5 scenario. For the

Empirical Orthogonal Function (EOF) analysis, linearly detrended anomalies with respect to the 1920-1970 base period are

used (the linear trends were removed from each grid-point prior to the EOF analysis). The EOF analysis is used to extract the

dominant pattern of variability in the zonal flow field of the SASG.

Statistical significance of long-term trends were estimated with the non-parametric Mann-Kendall test163, 164. The linear

relations between time series were quantified using the Pearson’s correlation coefficient165. All the correlations shown are

statistically significant at the 99% confidence level, inferred from a t-test.
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Figure 1. Ocean currents getting faster (red) / slower (blue) along the 20th-21st centuries Superposing vectors:

1920-2100 mean horizontal velocities (upper 985-m average), giving a perspective of the mean flow intensity and direction;

Background shading: 1920-2100 total trends of the absolute magnitude (defined by
√

u2 + v2, applied to each grid-point of the

domain) of the corresponding horizontal velocity anomalies with respect to the 1920-1970 base period. Black (gray) vectors are

plotted over regions where the absolute velocity magnitude is above (below) the mean value (0.035 m.s-1), for reference; gray

vectors are scaled by a factor of 50, in comparison with black vectors. Red (blue) indicates regions where velocity magnitudes

tend to increase (decrease).
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Figure 2. Changes in volume transports along 1920-2100 Mean zonal (a) and meridional (b) velocity fields over

1920-2100, averaged in the upper 985-m of the ocean. In both panels, red represents positive (eastward/northward), while blue

represents negative (westward/southward) velocities. Dotted gray contours indicate the zero zonal/meridional velocity line. The

regions where zonal and meridional volume transports were derived are shown through boxes and transects, whose colors and

numbers correspond to those on panels (c-e) and on Figure S1. The volume transport time series (c, d ,e) are integrated in the

upper 985-m layer (slightly above 1-km) across transects and boxes (in this case, representing the mean transport along

cross-sectional ranges of the boxes). Only MOC streamfunction time series (time series 21b-24b) are vertically integrated up to

the depth of transition between north- and southward zonally integrated meridional velocities. Vertical profiles associated with

each box/transect are shown in Figure S1. When deriving eastward/northward (westward/southward) volume transports, only

positive (negative) velocity values are taken into account, to avoid counterflow interference – with exception of MOC

streamfunction time series (21b-24b). Panels (c-e) are standardized in length and their y-axis varies in 1-Sverdrup intervals (1

Sv = 106 m3.s−1). The legends indicate the value corresponding to the first time-step (year of 1920) in each time series (t1).

The gray dashed vertical line marks the transition from the historical (1920-2005) to the RCP8.5 (2006-2100) period.
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Figure 3. Projected weakening of the AMOC upper limb from 34◦S to 26.5◦N. (a-d) Transbasin meridional velocity

profiles (1920-2100 mean) at 34◦S, 24.5◦S, 6.5◦S and 26.5◦N, respectively. Red (blue) represents mean northward (southward)

velocities. (e-h) Hovmoller diagrams of zonally integrated meridional velocity anomalies along transbasin sections

corresponding to (a-d). Blue (red) represents negative/southward (positive/northward) anomalies. The gray filled contour marks

the 1920-2100 evolution of the zero meridional velocity line that delimits the lower limit of the AMOC upper limb. The upper

100-m of Hovmoller diagrams are not shown since it reflects near-surface dynamics within the Ekman layer, which are out of

our scope.
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Figure 4. Changes in the distribution of zonal and meridional SASG flows. (a) Spatial pattern of the leading EOF (75.8%

of total variance) of linearly detrended zonal velocity anomalies (1920-1970 base period) during 1920-2100 within the upper

985-m of the South Atlantic subtropical gyre (delimited by the 1920-2100 mean zero zonal velocity line – black filled contour).

(b) Corresponding dimensionless amplitude, or Principal Component (PC), time series. (c) 1920-2100 mean, upper 985-m,

meridional velocities along the South Atlantic western boundary, showing the north-south distribution of the western boundary

currents, for reference. (d) Hovmoller diagram of anomalous meridional velocities averaged over the western boundary layer

(within a 6◦-longitude band off the South American coast), corresponding to the meridional extension in (c).
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Figure 5. | Poleward shift of the central SASG | 1920-2100 mean zonal velocities (background colors): (a) at the

zonal-meridional plane, averaged over the upper 985-m; (b-e) and along depth at 40◦W, 30◦W, 20◦W and 5◦W, respectively.

(a-e) The mean zero zonal velocity line is shown for: 1920-2100 (black filled contour), 1920-1970 (blue dotted contour) and

2080-2100 (red dotted contour); gray filled contours show its annual evolution along 1920-2100. Vertical dashed lines in (a)

correspond to the locations where vertical profiles are shown in (b-e) as well as to where time series of the zero zonal velocity

line were derived at 100-m depth – shown in (f). The value corresponding to the first time step (1920) of each time series is

indicated, while the y-axis varies in 0.2◦-latitude intervals (increasing from south to north). The gray dashed vertical line

indicates the transition from the historical (1920-2005) to the RCP8.5 (2006-2100) period.
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Figure 6. | Equatorward shift of the sSEC bifurcation latitude at the SASG northwestern boundary | (a) 1920-2100

mean meridional velocities averaged over the western boundary layer (<4◦ from the South American coast). Positive (negative)

values indicate northward (southward) flows associated with the NBUC (BC). The bifurcation of the sSEC is represented by the

zero meridional velocity line, shown for the mean periods of 1920-2100 (black filled contour), 1920-1970 (blue dotted contour)

and 2080-2100 (red dotted contour); gray filled contours show its annual evolution along 1920-2100. (b) Time series of the

sSEC bifurcation latitude at different depths. The value corresponding to the first time step (1920) of each time series is

indicated, while the y-axis varies in 0.2◦-latitude intervals (increasing from south to north). The gray dashed vertical line

indicates the transition from the historical (1920-2005) to the RCP8.5 (2006-2100) period.
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