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Highlights

	•In this paper, a combination of new available data and two different products of the OFES model are analyzed.

	•The joint analysis provides for the first time evidence of the two main passages of the recently ventilated NADW in the South Atlantic.

	•It is concluded that the NADW follows two different pathways south of 5°S.

	•The main pathway (~71%) is southward in the DWBC flowing along the coast of South America.

	•A smaller portion (~22%) flows eastward towards the interior of the basin.




Abstract
The pathways of recently ventilated North Atlantic Deep Water (NADW) are part of the lower limb of the Atlantic Meridional Overturning Circulation (AMOC). In the South Atlantic these pathways have been the subject of discussion for years, mostly due to the lack of observations. Knowledge of the pathways of the AMOC in the South Atlantic is a first order prerequisite for understanding the fluxes of climatically important properties. In this paper, historical and new observations, including hydrographic and oxygen sections, Argo data, and chlorofluorocarbons (CFCs), are examined together with two different analyzes of the Ocean general circulation model For the Earth Simulator (OFES) to trace the pathway of the recently ventilated NADW through the South Atlantic. CLIVAR-era CFCs, oxygen and salinity clearly show that the strongest NADW pathway in the South Atlantic is along the western boundary (similar to the North Atlantic). In addition to the western boundary pathway, tracers show an eastward spreading of NADW between ~17 and 25°S. Analyzed together with the results of earlier studies, the observations and model output presented here indicate that after crossing the equator, the Deep Western Boundary Current (DWBC) transports water with the characteristics of NADW and a total volume transport of approximately 14 Sv (1 Sv=106 m3 s−1). It crosses 5°S as a narrow western boundary current and becomes dominated by eddies further south. When this very energetic eddying flow reaches the Vitória-Trindade Ridge (~20°S), the flow follows two different pathways. The main portion of the NADW flow continues along the continental shelf of South America in the form of a strong reformed DWBC, while a smaller portion, about 22% of the initial transport, flows towards the interior of the basin.





Introduction
The role of the southward flowing Deep Western Boundary Current (DWBC) as a primary pathway for the cold, lower limb of the Atlantic Meridional Overturning Circulation (AMOC) has been well documented in the North Atlantic Ocean (e.g. Molinari et al., 1998; Schott et al., 2004; Johns et al., 2008; Meinen et al., 2012)1. However the pathways and variability of the DWBC as the lower limb of the overturning circulation in the South Atlantic Ocean are less well established. Much of what is known about the deep flows in the South Atlantic has been inferred from the merging of hydrographic sections in the region. They are used to trace the North Atlantic Deep Water (NADW), the main water mass carried by the DWBC. For example, Reid's (1989) maps of geopotential anomaly of the 3000 db surface with respect to the 3500 db surface indicate that part of the NADW from the DWBC flows to the interior near 25°S producing eastward tongues of high salinity and oxygen extending close to the Mid-Atlantic Ridge. Reid's analysis of salinity, oxygen, phosphate, and silica also suggests eastward flow towards the interior.
There are few direct observations of the DWBC in the South Atlantic. A two year-long velocity and temperature time series from a moored array, shipboard observations, and model simulations previously suggested that the southward flowing DWBC breaks up into eddies before reaching 8°S (Dengler et al., 2004). They reported that between 8°S and 16°S, the transport of NADW into the South Atlantic Ocean is accomplished by southeastward migrating eddies, rather than by a continuous flow. Direct current meter observations by Schott et al. (2005) supported the idea that a mean DWBC exists at 5°S and dissolves into a sequence of deep eddies between 5°S and 11°S. Hogg and Owens (1999) analyzed observations collected from Lagrangian floats launched as part of the Deep Basin Experiment. They concluded that the line of sea mounts that extends eastward from the South American coast just south of 20°S rising to depths of 2000 m or less at places, (known as the Vitória-Trindade Ridge), interrupts the southward-flowing DWBC and is the location for significant eddy exchange into the interior. Their float trajectories provided little indication of a continuation of the DWBC flowing southward beyond the Vitória-Trindade Ridge, although a single float trajectory did return to the western boundary south of 20°S.
Further south, direct current measurements (Muller et al., 1998) and geostrophic current estimates (Zangenberg and Siedler, 1998) have hinted at the existence of a DWBC along the continental slope between 20°S and 28°S, with a southward transport that ranges between 2 and 10 Sv (1 Sv=106 m3 s−1). This might suggest the presence of at least a portion of the DWBC along the western boundary south of the Vitória-Trindade Ridge. A more recent study (Meinen et al., 2012) used data from a line of four pressure equipped inverted echo sounders (PIES) as well as hydrographic and dissolved oxygen (O2) measurements to study the DWBC along 34.5°S on the South American continental shelf/slope. These data have confirmed the presence of a DWBC with water mass characteristics of NADW (elevated oxygen and salinity) at 34.5°S.
On the other side of the Atlantic basin at 30°S, hydrographic sections have also been used to show southward flow of water with characteristics of NADW along the eastern boundary and a mean transport of 3 Sv (Arhan et al., 2003). These observations are consistent with a portion of the NADW perhaps having followed an interior pathway over to the eastern boundary. Because of the paucity of observations to date, the details of this interior pathway are still quite uncertain.
Enhancements to the suite of measurements made during hydrographic cruises over the past decades allow for these hydrographic data to yield more information on ocean pathways than were previously possible. For example, hydrographic sections of salinity and dissolved oxygen from the WOCE Atlas Volume 3, Atlantic Ocean (http://www-pord.ucsd.edu/whp_atlas/atlantic/sections.htm) show clear evidence of water with the NADW characteristics (i.e., low temperature, T~3 °C, and high salinity, S>34.8 psu, water with high levels of dissolved oxygen, O2>240 μmol kg−1) along the western boundary at 11°S, 19°S, and 30°S (Koltermann et al., 2011). The NADW can also be traced by looking for waters with high concentrations of chlorofluorocarbons (CFCs) (Fine et al., 2002); recently ventilated NADW carries an elevated CFC concentration because it has been more recently in contact with the atmosphere than the older waters at the same depths that were last in contact with the atmosphere before the measurable CFC transient (~1960s). The high CFC NADWs flow equatorward from the high latitude North Atlantic in the DWBC (e.g., Fine and Molinari, 1988) and along the equator (Weiss et al., 1985). Wanninkhof et al. (2010) analyzed repeat observations from the meridional Atlantic section A16 along ~25°W from Iceland to 56°S. The composite quasi-meridional sections from the 2003 and 2005 A16 cruises for salinity, apparent oxygen utilization, total dissolved inorganic carbon, nitrate, and silicate show that water masses with NADW properties are present at 20°S in the center of the basin (~25°W).
Numerical models have also been used to improve our understanding of the spreading of the NADW into the South Atlantic. Speich et al. (2007) computed trajectories of the particles that represent the southward flow of NADW at 44°N in the North Atlantic (i.e., characterized by a potential density anomaly greater than 27.7 kg m−3). Trajectories were computed in a coarse-resolution ocean general circulation model (2° uniform zonal resolution, and meridional resolution that varies from 0.5° at the equator to 2° cos(ϕ) poleward of the tropics). This coarse resolution Lagrangian simulation shows NADW flowing southward along the coast of South America in the DWBC to approximately 45°S, after which it flows into the interior towards the east. Although analysis of a global eddy-permitting (nominal horizontal resolution of 0.25°) Parallel Ocean Climate Model (POCM) by Matano and Beier (2003) similarly demonstrated the main pathway for the DWBC is along the coast of South America, there were also some indications of another pathway flowing into the interior along approximately 27°S.
More recently, van Sebille et al. (2012) utilized the output from the global high-resolution (0.1° horizontal resolution) Ocean general circulation model For the Earth Simulator (OFES) model to study the NADW pathways in the South Atlantic. They found 3.6 Sv of NADW crossing eastward at about 25°S underneath the trajectory followed by the Agulhas rings that detach from the Agulhas Retroflection and then slowly drift northwestward along the so-called Agulhas ring corridor. They analyzed the velocity and density fields of the last 27-years of output from a 57-year (1950–2006) run of the OFES model and found that the decay of the Agulhas rings, and their forward tilt with depth, results in a southward velocity of 1–2 cm/s across isolines of planetary vorticity in the deep waters. The associated stream function pattern yields a deep circulation transporting about 4 Sv of NADW from the DWBC eastward at 25°S to the southern tip of Africa. The pathway of the DWBC and how it reforms along the western boundary south of 25°S were not the objective of the analysis conducted by van Sebille et al. (2012), and will be analyzed in detail in what follows using the OFES model and available observations.
Previous modeling and observational work has shown that important water mass transformations occur in the South Atlantic (e.g., Garzoli and Matano, 2011, and references therein). For example, transformations occur in the very energetic regions near the boundaries such as the Brazil–Malvinas Confluence and the Cape Basin (Provost et al., 1999, Lumpkin and Speer, 2007, Jullion et al., 2010, Garzoli and Matano, 2011, Rimaud et al., 2012). These water mass transformation regions will both influence and be influenced by the pathways of the DWBC as it flows through the South Atlantic, and the transformations will have important impacts on the AMOC. The stability of the AMOC has been shown to be directly related to meridional salt fluxes between the South Atlantic and other ocean basins (e.g., Drijfhout et al., 2011; Bryden et al., 2011; Garzoli et al., 2013). Developing a detailed knowledge and understanding of the pathways of the lower limb of the AMOC will therefore be crucial for quantifying the fluxes of heat, fresh water, and CO2 through the South Atlantic and for assessing the stability of the AMOC.
The objective of this paper is to utilize existing and recent hydrographic and tracer data sets, a new gridded subsurface Argo data product (Schmid, 2014), and Eulerian and Lagrangian analyzes from the high-resolution OFES model, to extend the previous work conducted by van Sebille et al. (2012) and to learn more about the western boundary and interior pathways of the NADW in the South Atlantic. Furthermore the transports associated with these pathways will be quantified and will demonstrate the strength of the flow along the western boundary pathway, which has historically been underestimated.



Section snippets
Pathways based on hydrographic and CFC tracers
The recently ventilated NADW carried by the lower limb of the AMOC is characterized by low temperature (~3 °C), high salinity (S>34.8 psu), and high levels of dissolved oxygen (O2>240 μmol kg−1). This NADW flows southward at neutral density levels between 27.9 and 28.1 kg m−3 in the South Atlantic near 35°S (Schmitz and McCartney, 1992, Meinen et al., 2012, Preu et al., 2013). Inspection of the CTD sections collected during the WOCE experiment at 11°S, 19°S and 30°S (Koltermann et al., 2011) show
The Ocean General Circulation Model for the Earth Simulator (OFES)
Even with the improved data sets currently available for this study (updated hydrographic data, Argo float drift velocities), the data that can be used to study NADW pathways in the South Atlantic is still fairly limited. As such, a high quality ocean model can provide valuable circulation information. OFES is a massively parallelized implementation of version 3 of the NOAA/GFDL Modular Ocean Model (MOM3) run by the Japan Agency for Marine-Earth Science and Technology (JAMSTEC). The model
Discussion and conclusions
Lagrangian and Eulerian analysis of the OFES model, validated against hydrographic/tracer, XBT, Argo and PIES data, provides a description of the pathways of the DWBC as it flows through the South Atlantic, carrying NADW southward as the lower limb of the AMOC. From the Eulerian model analysis, it is estimated that approximately −13.9 Sv of water crosses 5°S flowing southward into the South Atlantic in a layer limited by the neutral density surfaces 27.9 and 28.1 kg m−3. These density levels
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	Surface ocean biogeochemistry and deep ocean circulation control relationships between nutrient-type trace metals (Cd, Ni, Cu, and Zn) and nutrients in the South Atlantic Ocean near the subtropical front
2024, Geochimica et Cosmochimica Acta

Show abstract
The ocean region along the latitude of 40°S in the South Atlantic, characterized by enhanced primary productivity, forms a transition zone between the nutrient replete but iron depleted Southern Ocean, and the nitrate and iron depleted Subtropical Gyre. Here, we present distributions of nutrient-type dissolved and particulate trace metals (dTMs and pTMs) including cadmium (Cd), nickel (Ni), copper (Cu), and zinc (Zn) in the South Atlantic from the GEOTRACES GA10 cruises. Phytoplankton uptake, riverine and atmospheric inputs shaped dTM and pTM concentrations in surface waters (dCd 27.8 ± 36.0 pmol kg−1, n = 222; dCu 0.732 ± 0.429 nmol kg−1, n = 222; dNi 3.38 ± 0.52 nmol kg−1, n = 219; dZn 0.332 ± 0.398 nmol kg−1, n = 214). Subsurface nutrients and dTMs (dCd 563 ± 184 pmol kg−1, n = 335; dCu 1.819 ± 0.773 nmol kg−1, n = 334; dNi 6.19 ± 1.06 nmol kg−1, n = 330; dZn 3.71 ± 2.10 nmol kg−1, n = 333) were controlled by the mixing of Antarctic origin waters and North Atlantic Deep Waters (NADW) with negligible contributions from local remineralization. Dissolved and particulate TMs in the Argentine Basin showed elevated concentrations towards the seafloor because of benthic inputs. Direct hydrothermal inputs of dTMs and pTMs to deep waters were not observed along the transect. The Cd-Cu-Zn-phosphate stoichiometries of Antarctic origin waters were set by a combination of dynamic physical circulation and preferential uptake of Cd, Cu, and Zn relative to phosphate in surface waters because of a dominance by diatoms in the Southern Ocean. Water mass mixing subsequently produced convoluted dCu-P and dZn-P relationships and apparent linear dCd-P and dNi-P relationships in the South Atlantic. More importantly, endmember characteristics of Antarctic waters and NADW are largely fixed in their formation regions in high latitude oceans. Therefore, the highly dynamic high latitude oceans are key regions that supply nutrients and TMs at specific ratios to low latitude oceans via the thermohaline circulation. Changes to processes in the high latitude oceans may have consequences for marine primary productivity downstream, and hence the global carbon cycle.




	Energetics of eddy–mean flow interactions in the deep western boundary current off the northeastern coast of Brazil
2023, Deep-Sea Research Part I: Oceanographic Research Papers

Show abstract
Thirty-six years output of a 1/10° eddy-resolving Ocean General Circulation Model are used to analyze the energetics of eddy–mean flow interactions in the Deep Western Boundary Current (DWBC) region of the tropical South Atlantic between 5°S and 16°S. The DWBC flow has a coherent structure between 5°S and 8°S but breaks up into a train of eddies downstream of a region of strong bathymetric curvature at 8°S. In the train of eddies area, the seasonal cycle of eddy kinetic energy (EKE) exhibits poleward phase propagation from May to September. The connection between the seasonal cycle of mean kinetic energy and EKE indicates an intensification of the downstream eddy field associated with enhanced upstream mean flow. The magnitudes of the baroclinic conversion and vertical eddy density flux terms are small in the DWBC core layer depth but somewhat elevated 500 m above and below the core. Eddy processes, including eddy generation and propagation, are accompanied by high EKE and large barotropic conversion. While in the global ocean baroclinic conversion is thought to dominate the energy transfer to EKE, our results suggest that barotropic energy conversion is the primary source of EKE and modulates its variability in the DWBC region of the deeper ocean.




	Holocene palaeoceanographic history of the western South Atlantic
2022, Journal of South American Earth Sciences

Show abstract
Although the circulation of the western South Atlantic tightly controls the meridional heat and salt transport, our knowledge about its long-term past changes is still fragmented and sparse. While many studies focused their attention on the last glacial and deglaciation periods, Holocene studies mostly lack of an integrated analysis from the subtropical and midlatitude regions. The analysis of selected regionally distributed palaeoceanographic records along the western South Atlantic between 27° and 39°S reveals that, although weaker in amplitude than the dramatic shifts of the last glacial cycle, the Brazil-Malvinas Confluence region showed substantial changes throughout the Holocene. The shift in the location of both southern and northern source waters in the Atlantic implied a strengthening of the Southern Atlantic Meridional Overturning Circulation since the Mid-Holocene. This, together with the progressive southward displacement of the Brazil-Malvinas Confluence confirms the progressive weakening of the Atlantic Meridional Overturning Circulation towards the preindustrial times.




	Middle to late pleistocene palaeoceanography inferred from ridge-furrow structures on the continental slope offshore Angola
2021, Marine Geology
Citation Excerpt :
Despite shifting directions, the bottom-current regime in the region is generally recognised to flow along the margin toward the south/southeast and is guided by the seafloor topography (Arhan et al., 2003; Garzoli et al., 2015; Jatiault et al., 2018). The domination of the southeastward flow is from the AAIW and NADW components of the thermohaline circulation driven by the SICC (Fig. 2) (e.g., Arhan et al., 2003; Garzoli et al., 2015; Jatiault et al., 2018). In the study area investigated here, two mooring stations were previously deployed to capture the current profile through the water column (Jatiault et al., 2018) (Fig. 1a).



Show abstract
3D seismic reflection data have been used to map 784 enigmatic ridge-furrow structures in water depths of 0.8–1.7 km offshore Angola. The structures are characterised by asymmetric ridges with intervening furrows, typically <0.5–5.5 km long, with a sinuous to bifurcating planform. The furrows are well-imaged on seismic profiles, and range from 60 to 80 m in width, up to 10 m in amplitude, and 0.1–1 km in wavelength. The furrow sets aggrade in a downslope direction and occur in arrays that have an internally consistent direction that is either parallel, or slightly diverging or converging. Two alternative origins are considered: (1) furrows that are dominantly erosional scours formed from seafloor-incising currents flowing parallel to the furrows, with the ridges a by-product of the erosion, or (2) the ridge-furrows are bottom-current generated dune-type sediment waves. The latter interpretation allows us to reconstruct a key component of the deepwater bottom-currents regime along this continental margin from the Middle Pleistocene to the present-day. The most likely transport agent responsible for the interpreted sediment waves is a palaeo-bottom-current regime with a flow direction toward the west-southwest/south-southwest, the same direction of the sediment wave migration. The palaeo-bottom currents would then be expected to have a very specific flow regime with 1 < Frmax < 2 and may originate from longshore currents cascading off the shelf, Congo Canyon distal overflows, breaking internal waves or a combination of these processes.




	Water column poly-aromatic hydrocarbon anomalies measured with submersible gliders in the Angolan natural oil seepage province
2021, Deep-Sea Research Part I: Oceanographic Research Papers
Citation Excerpt :
Deep-water circulation along the Angolan coast is influenced by the North Atlantic Deep Water flowing slowly (~2 cm/s; Lynn, 1971) to the south at 2000 m depth (Stramma and England, 1999; Arhan et al., 2003). It also corresponds to the eastern retroflection of the Deep Western Boundary Current (Garzoli et al., 2015). The study area lies in the South Atlantic Oxygen Minimum Zone (OMZ) in relation with the Northern Benguela Upwelling System (Schmidt and Eggert, 2016).



Show abstract
Fluorescence sensors mounted on unmanned underwater gliders open new ways of investigation to detect dissolved hydrocarbons in seawater. A glider was deployed for 20 days to monitor biogeochemical and physical signals associated with natural hydrocarbon seepages within the first 700 m in the Angolan waters. The glider was equipped with fluorometers (MiniFluo-UV) to measure the concentrations of polycyclic aromatic hydrocarbons (PAH) of interest, i.e. naphthalene, phenanthrene, fluorene and pyrene. A continuous PAH-like signal detected within the 70 m layer below the sea surface is associated with high chlorophyll concentration in the deep chlorophyll maximum. Vertical PAH-like anomalies forming either strong spikes or diffuse columns down to 700 m are observed at the exact location of oil seep sites identified on Synthetic Aperture Radar satellite images. An ~200 m thick layer of enhanced PAH-like concentration, topped by a thermo/pycnocline identified at 280–300 m water depth, is measured in concomitance with the decrease in oxygen concentration. The concomitance of these signals suggests that lower oxygen concentrations induce a preservation of hydrocarbons within the eastern Atlantic oxygen minimum zone. Even if the absence of in-situ measurements limits the understanding of physical and biogeochemical processes affecting PAH concentrations, the measurements conducted at the edges of the OMZ suggests a relationship with microbial activity and organic matter dynamics in this layer. The results presented here show that gliders equipped with PAH sensors represent a promising means for monitoring hydrocarbons in the oceans, especially when they are coupled with other systems (i.e. Synthetic Aperture Radar).




	On climate and abyssal circulation in the Atlantic Ocean during late Pliocene marine isotope stage M2, ∼3.3 million years ago
2020, Quaternary Science Reviews

Show abstract
Marine Isotope Stage (MIS) M2, 3.3 Ma, is an isolated cold stage punctuating the benthic oxygen isotope (δ18O) stratigraphy of the warm Piacenzian interval of the late Pliocene Epoch. The prominent (∼0.65‰) δ18O increase that defines MIS M2 has prompted debate over the extent to which it signals an early prelude to the rhythmic extensive glaciations of the northern hemisphere that characterise the Quaternary and raised questions about the forcing mechanisms responsible. Recent work suggests that CO2 storage in the deep Atlantic Ocean played an important role in these events but detailed reconstructions of deep ocean chemical stratification are needed to test this idea and competing hypotheses. Here we present new records of the Nd isotope composition of fish debris and δ13C and B/Ca ratios of benthic foraminifera from the northwest and southeast Atlantic Ocean. Our novel geochemical data show that, in contrast to major Quaternary glaciations such as MIS 2 (∼21 ka) and MIS 100 (∼2.52 Ma), the deep North Atlantic Ocean was weakly chemically stratified during MIS M2. We show that Southern Component Water incursion into the Atlantic Ocean was limited to the deep South Atlantic basin during MIS M2 and peaked well before (∼10-15-kyr) the atmospheric CO2 minimum. Our findings imply that the deep Atlantic Ocean was not the principle sink of CO2 sequestered from the atmosphere during MIS M2, implicating a different CO2 storage deep-water reservoir mechanism, presumably Southern Component Water incursion into the Pacific Ocean. Weak chemical stratification in the deep Atlantic Ocean during MIS M2 relative to MIS 100 and 2 suggests comparatively active Atlantic meridional overturning circulation. That suggestion is consistent with the warmth of the high latitude North Atlantic during MIS M2 – surface water temperatures cooled during M2 but only close to Holocene values. Our findings may help to explain the paucity of evidence for extensive early glaciation of the northern hemisphere during M2 but leave open the possibility of ice sheet advance on Antarctica.
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