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Abstract. The circulation in the Atlantic Ocean is marked by the complex system of pathways of the Atlantic Meridional 

Overturning Circulation (AMOC). These currents change meridionally due to the interaction with nearby water masses. 10 

Hydrographic data provide the opportunity to characterize these currents for the whole water column with high-resolution 

data over the last thirty years. Moreover, inverse methods enable the quantification of absolute zonal transports across these 

sections, determining the strength of each current at a certain latitude in terms of mass, heat and freshwater, as well as their 

transport-weighted temperature and salinity. Generally, no changes can be found among decades for each of the currents in 

terms of transport or their properties. In the South Atlantic, the circulation describes the subtropical gyre affected by several 15 

recirculations. There are nearly 61 Sv entering from the Southern and Indian Oceans at 45°S. The South Atlantic subtropical 

gyre exports northward 17.0 ± 1.2 Sv and around 1 PW via the North Brazil Current and -55 Sv southward at 45°S into the 

Antarctic Circumpolar Current. In the north Atlantic, most of the transport is advected northward via the western boundary 

currents, which reduce in strength as they take part in convection processes in the subpolar North Atlantic, reflected also in 

the northward progress of mass and heat transport. Deep layers carry waters southward along the western boundary, 20 

maintaining similar values of mass and heat transport until the separation into an eastern branch crossing the mid-Atlantic 

ridge in the south Atlantic. Abyssal waters originating in the Southern Ocean distribute along the South Atlantic mainly 

through its western subbasin, flowing northward up to 24.5°N, subjected to an increasing trend in their temperature with 

time. 
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1 Introduction 60 

The Atlantic Ocean is connected by its meridional overturning circulation (AMOC), which can be considered as two 

overturning cells that meet at deep layers. The upper cell consists of upper warm, saline waters that are transported 

northward and, eventually, get colder, fresher and denser and travel southward in deep layers. This cell is balanced by the 
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lower cell of the AMOC, in which the southward deep layers are returned northward by the abyssal layers (Caínzos et al., 

2022; Kersalé et al., 2020). This proves to be a remarkable characteristic of the Atlantic Ocean, since it maintains a net 65 

northward transport of heat across all latitudes, contrasting to the southward heat transport appearing in other oceans in the 

subtropical gyre of the southern hemisphere (Ganachaud and Wunsch, 2003; Jayne and Marotzke, 2001; Forget and Ferreira, 

2019). 

The complex system of currents making up the AMOC has been often oversimplified, despite the multiple pathways 

connecting the different elements of the AMOC (Bower et al., 2019). Lagrangian studies have provided very useful insights 70 

of ocean currents, firstly on the surface and then for the full water column, mapping the spatial structure of the ocean 

circulation as they naturally drift (Bower et al. 2019, Davis et al., 1992). However, most of these measurements are currently 

limited to the top-most 2000 m since this is the maximum depth of the Argo profiles. Deep-Argo profilers could provide in 

the future a continuous quantification of the ocean below 2000 m (Foppert et al., 2021; Johnson et al., 2015, 2019). 

Moreover, data from mooring arrays at key locations have provided continuous measurements over the last years and could 75 

be useful to quantify currents at these chosen latitudes (Lozier et al., 2017; Cunningham et al., 2007; Johns et al., 2011; 

Kanzow et al., 2006; Hummels et al., 2015; Meinen et al., 2013; Kersalé et al., 2020). A combination of these international 

arrays has evolved into synthetic observational time series of the AMOC (McCarthy et al., 2020). However, with the earlier 

starting date of these arrays being the 2000s, the time series are sometimes too short to study variability and lack the 

necessary spatial resolution to fully resolve the structure or variability of currents. Therefore, ship-based observing systems 80 

are the only current alternative to study the full-water column of the ocean at periodic intervals that allow us to expand back 

into the 1990s.  

Repeat hydrographic sections have been made available since the 1950s with the efforts of the International Geophysical 

Year. Near the end of the twentieth century, continuous basin-scale measurements were emphasized under the World Ocean 

Circulation Experiment (WOCE) and, later, the Global Ocean Ship-Based Hydrographic Investigations Program (GO-SHIP; 85 

Talley et al., 2016). Full-depth water column, high-resolution measurements of temperature and salinity enable the 

computation of geostrophic velocity for each hydrographic station pair relative to an assumed level of no motion. Inverse 

modelling provides a useful tool in computing the absolute geostrophic velocity (Wunsch, 1996). Moreover, it enables the 

estimation of meridional property transports from high-resolution hydrographic data, accompanied by uncertainties obtained 

along the inverse solutions (Ganachaud and Wunsch, 2003; Macdonald and Wunsch, 1996; Fu et al., 2020; Lumpkin and 90 

Speer, 2007). 

Ganachaud and Wunsch (2000) have previously provided a globally consistent circulation scheme using WOCE sections for 

the global ocean using inverse modelling. Furthermore, they also described the regional aspects of that circulation 

(Ganachaud and Wunsch, 2003). Their suggested circulation in the Atlantic Ocean agrees with estimates from other global 

and regional studies spanning over the previous 30 years. Their solutions rely on the assumption that large-scale quantities 95 

are close to the time mean. The remaining uncertainties are dominated by oceanic variability in the density and other 

properties, which mainly originated from a lack of measurements and large seasonality. 
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Caínzos et al. (2022) have published updated estimations of the AMOC, heat and freshwater transports across the Atlantic 

Ocean using WOCE and GO-SHIP sections for the last thirty years. The solutions were obtained using inverse models, one 

for each of the last three decades – 1990 to 1999, 2000 to 2009 and 2010 to 2019. For that study, the authors focused on the 100 

possible changes of the AMOC at each latitude available in each model. The results show no changes in the AMOC for all 

sections analysed over the whole Atlantic for the last thirty years for either mass, heat or freshwater.  

In this study, we will describe the horizontal circulation in each section and try to quantify the strength of surface, deep, and 

abyssal currents in the Atlantic Ocean as well as their changes over the last three decades. Additionally, we have also 

investigated the changes in heat and freshwater content and their transformation across latitudes. Throughout the text, we 105 

first describe the hydrographic data and the methodology applied to them in Section 2. We then describe the properties of the 

currents present for all latitudes in Section 3, dividing them into surface, deep and bottom currents. These currents are 

discussed in this study following the direction of their flow, from their origin to their destination, to be able to compare how 

they might change on their way. However, the currents in the figures are depicted from north to south. 

2 Data and methods 110 

2.1 Hydrographic data 

We have compiled zonal hydrographic sections for the last three decades (1990-99, 2000-09, 2010-19) as part of WOCE and 

GO-SHIP programs. The selected sections span the whole Atlantic basin, from 45°S to 53°N+58°N in the first decade and 

from 30°S to 53°N+58°N for the last two decades (Figure 1). Deviations of some stations from the nominal latitude appear 

mostly over the western and eastern boundaries and over the platform, correcting the track line to a perpendicular angle to 115 

the main current. Only three sections appear in all three decades: 30°S, 24.5°N and the northernmost sections (at an average 

latitude of 55°N) divided into the western (53°N) and eastern (58°N) basins. Table 1 summarizes the chosen sections and 

their characteristics, as well as the period when data were collected. Vertical sections for temperature and salinity for each 

cruise are available in the Supporting Information of Caínzos et al. (2022). 

We have identified the main water masses in these sections and defined a reference level of no motion located at the 120 

interface between the southward flowing North Atlantic Deep Water (NADW) and the northward Antarctic Bottom Water 

(AABW), following Caínzos et al. (2022), Hernández-Guerra et al. (2019) and McDonagh and King (2005). This neutral 

density (γn) reference layer is used in the thermal wind equation to estimate geostrophic velocities and transports. The value 

of the reference layer for each section is specified in Table 1. If any pair of stations fail to reach this value of neutral density, 

then the deepest common level is used instead of the reference layer. This usually happens over the continental slope, and the 125 

velocity in the triangular section below this level is taken to be constant and equal to the velocity at the lowest common 

level. 

The water column is divided into 11 layers defined by isolines of the same neutral density selected according to the presence 

of different water masses (Hernández-Guerra et al., 2019; Talley, 2008). The Ekman transport is estimated using the 



5 
 

National Center for Environmental Prediction and National Center for Atmospheric Research (NCEP–NCAR) surface winds. 130 

We compute the Ekman transport for the time of the cruise and include it in the first layer of each section. If outcropping is 

found at the surface, we measure the percentage of each layer at the surface and then associate these different weights to the 

Ekman transport for each outcropping layer. 

2.2 Inverse model 

Applying geostrophy to each pair of hydrographic stations, we obtain relative velocities referenced to a supposed level of no 135 

motion. However, in truth this reference level has a velocity different from zero. Inverse models have been widely used to 

determine the unknown geostrophic reference velocities for each hydrographic station pair. The most basic constraints 

applied to inverse models are based on the continuity equation, either in mass, heat and/or salinity content (Wunsch, 1978, 

1996). The inverse model equations are represented in matrix form as: 

𝐀𝐛 + 𝐧 = −𝐘,            (1) 140 

where 𝐀 is a M × N matrix, there N is the total number of unknowns and M is the number of transport constraints (or 

equations), 𝐛 is a column vector of length N containing the unknowns of the system, and 𝐧 is a column vector of length M 

that includes the noise of each constraint. 𝐘 is a column vector of length M with the initial transports and externally imposed 

mass transports. 

The inverse model used here is the same as in Caínzos et al. (2022). For each decade, the inverse model links boxes between 145 

adjacent sections from south to north. For a single box, we have conserved mass and salinity content. Mass is conserved for 

the whole box for all station pairs of both sections and considers the Ekman corrections for each section. Moreover, to define 

the continuity of mass transport for each single layer, conservation of each layer was imposed between both sections, with 

Ekman correction in the outcropping layers. Regional constraints, based on direct current measurements and topographic 

features, are applied to each section, despite having different station pairs and neutral density layers affected. In addition to 150 

mass conservation, we have also constrained the salinity content of each single section. Using salinity allows for changes in 

freshwater across the section while still conserving mass. The system of unknowns includes the velocities at the reference 

level and the adjustment of the Ekman transport in the first layer. The same model configuration is used for each model, so 

that differences in the model solution are attributable to changes in circulation. Further in-depth descriptions of the reference 

level, a priori estimates and uncertainties, and sensitivity tests applied to these inverse models appear in the Supporting 155 

Information of Caínzos et al. (2022). 

The Gauss-Markov estimator is applied to solve this highly underdetermined system of equations (Wunsch, 1996) with a 

minimum error variance solution from the initial estimates of the unknowns - the velocities at the reference level (b) and the 

adjustments to the Ekman transport (∆TEk). To solve it, we first need a priori estimates and uncertainties that give an initial 

approximation to the actual value. Despite obtaining similar results, this study provides smaller uncertainties than other 160 
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global inverse solutions (Ganachaud, 2003) and decadal studies (Fu et al., 2020). This was achieved by using physical 

constraints with a simpler model with only the velocities at the reference level and the Ekman adjustments as unknowns.  

However, we have to be aware that there are some limitations associated with inverse modeling of hydrographic data, as 

inverse models with single-section snapshots are presumably subject to aliasing (Frajka-Williams et al., 2019; Wunsch and 

Heimbach, 2006). Therefore, each inverse solution could be interpreted as representative of a relatively short time interval 165 

(Fu et al., 2020) or could give information of monthly variations of the AMOC (Bryden et al., 2005b). Ganachaud (2003a) 

refer to their estimates as time-average transoceanic transports with realistic uncertainties, although they acknowledge the 

temporal sampling problem inherent to the discrete sampling of hydrographic data. Therefore, the validity of hydrographic 

data to reconstruct climatological estimates is an open debate. 

Moreover, inverse models are able to resolve the circulation satisfactorily in most regions, except at subpolar latitudes where 170 

the barotropic component of the current is strong and the velocity at the reference level from the inverse model does not take 

into account this barotropic velocity (Álvarez et al., 2002). Therefore, mass transports in these regions can be 

underestimated. This issue could be resolved with the use of LADCP/SADCP direct velocity measurements capturing this 

barotropic component, but these data are not often available (Hernández-Guerra and Talley, 2016; Casanova-Masjoan et al., 

2018; Arumí-Planas et al., 2022; Lherminier et al., 2007, 2010; Holliday et al., 2018). 175 

2.3 Adjusted transports 

Using the results from the inverse model we can obtain the absolute velocity, considering adding the adjustments to the 

velocities at the reference level (b) to the geostrophic velocity between each pair of stations, 𝑣𝑟. The adjusted mass transport 

(TM) can be computed integrating the absolute velocity over an area A defined by a certain horizontal and vertical extension:  

𝑇𝑀 = ∫ 𝜌 (𝑣𝑟 + 𝑏) 𝑑𝐴,          (2) 180 

where 𝜌 is the density. Heat transport (TH) can be computed as  

𝑇𝐻 = ∫ 𝑐𝑝 𝜃 𝜌 (𝑣𝑟 + 𝑏) 𝑑𝐴,          (3) 

where cp is the heat capacity of sea water and θ is the potential temperature.  

The freshwater flux (FW) has been estimated as the freshwater divergence, which represents the difference between the total 

freshwater flux and the volume flux through the Bering Strait (Caínzos et al., 2022; McDonagh et al., 2015; Bryden et al., 185 

2011):  

𝐹𝑊 =  −
𝑇𝑖

𝑀𝑆′
 
 
−∫ 𝜌 𝑆′ (𝑣𝑟+𝑏) 𝑑𝐴

𝑆0
 ,         (4) 

where Ti
M is the interbasin mass transport, i.e., across the Bering Strait (-0.8 Sv), S’ is the salinity anomaly and S0 is the 

area-weighted section average. 

The longitudinal extension of each current has been defined based on the eastward accumulated horizontal mass transport, 190 

defining the chosen station pairs with a consistent slope in the accumulated horizontal mass transport. The vertical extension 
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is ascribed with the net mass transport integrated over the chosen station pairs with the same flow direction. In this study, we 

have focused on the main currents, restricted to certain longitudinal and vertical regions. Therefore, no mass transport 

balance can be obtained only from these main features of the circulation. The mass balance within a transoceanic section 

could be obtained after accounting for the transport over the ocean interior. 195 

3 Results and discussion 

This study uses a combination of hydrographic sections taken over the course of thirty years to describe the intricate network 

of currents that make up the AMOC throughout the Atlantic basin. With the results from the inverse models, we can measure 

the main important currents that flow along the Atlantic Ocean. Here we assess their transport in terms of mass (Figure 2), 

heat (Figure 3), and freshwater transport (Figure 4). 200 

3.1 Boundary and surface currents 

3.1.1 Malvinas Current 

The Malvinas Current (MC) is a cold and nutrient-enriched current originating from a northernmost branch of the northward 

Antarctic Circumpolar Current (ACC) known as the Subantarctic Front that enters the South Atlantic as part of the cold-

fresher water route (Bower et al., 2019). It keeps flowing along the continental shelf of Argentina colliding at ~39°S with the 205 

warmer and saltier southward Brazil Current (BrC), and then both currents turn offshore (Artana et al., 2018; Legeckis and 

Gordon, 1982; Garzoli, 1993; Vivier and Provost, 1999a; Goni et al., 1996). The MC is observed as a northward transport of 

37.2 ± 2.0 Sv at 45°S over the platform and slope of the 1990-99 inverse solutions (Figure 2), extending 109 km from the 

coast to 58.6°W (Figure 5 l, m and Table 2). The current, extending from the surface up to 1200 m, flows more intensely 

along the layer between 27.23 and 27.58 kg m-3 (~650 m), carrying 19.2 ± 1.5 Sv, representing over 50% of its total strength. 210 

The MC transports equatorward 0.54 ± 0.02 PW of heat (Figure 3) and 0.07 ± 0.01 Sv of freshwater (Figure 4), carrying 

waters with mean transport-weighted (TW) salinity of 34.265 and temperature of 3.66°C. 

The mass transport estimation coincides with the 24-year mean transport of 37.1 ± 2.6 Sv at 41°S from in situ current 

velocity and satellite altimetry from Artana et al. (2018). They have also found no significant trend in the MC transport, with 

larger annual standard deviations mainly associated with smaller mean transports. Earlier estimations using direct velocity 215 

measurements at the same location also agree with these results, manifesting the high variability of the MC: 41.5 Sv with a 

standard deviation of 12 Sv for December 1993 to June 1995 (Vivier and Provost, 1999b) and 34.3 Sv for December 2001 to 

February 2003 (Spadone and Provost, 2009). Other estimations from inverse solutions using hydrographic data have found 

slightly larger results (45 ± 7 Sv by Maamaatuaiahutapu et al., 1998; 42.7 ± 6.5 Sv by McDonagh and King, 2005). Further 

south, at 51ºS, the Subantarctic Front has also shown large interannual variability, carrying 32.6 Sv in 1999 while 17.9 Sv in 220 

2010 (Pérez-Hernández et al., 2017), being the former consistent with our MC estimates. 
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This section is subjected to the presence of fronts designated by large-scale features of the ACC (Figures 2, 3 and 4; Orsi et 

al., 1995; Sokolov and Rintoul, 2009). The subtropical front marks the northernmost presence of subantarctic waters and can 

be found at 45°S (Smythe-Wright et al., 1998) extending over 463 km between 15.0°W and 10.1°W (Figure 5 m and Table 

2), occupying a large part of the barotropic water column (up to ~3000 m deep). Across this front, there is a net southward 225 

mass transport of -55.5 ± 5.6 Sv, effectively removing -1.09 ± 0.07 PW of heat and -0.14 ± 0.03 Sv of freshwater out of the 

South Atlantic. 

3.1.2 Brazil Current 

The westward South Equatorial Current bifurcates when it reaches the continental shelf off Cape São Roque (Figure 1), 

dividing into the northward flowing North Brazil Current (NBrC) and the southward western boundary Brazil Current (BrC), 230 

carrying warm subtropical water (Stramma et al., 1990).  

At 19°S (Figure 5 c, d and Table 2), the BrC transports southward -19.7 ± 1.3 Sv of water (Figure 2) in an approximate 

barotropic pattern up to 27.84 kg m-3, spanning down to roughly 1500 m depth, and extending 37 km from the coast to 

37.1°W. The heat transport carried out by this current is -0.79 ± 0.05 PW (Figure 3), while maintaining a northward flux of 

0.06 ± 0.03 Sv of freshwater (Figure 4) for the 1990-99 solutions. The BrC at this latitude is followed up by a narrow 235 

recirculation between 36.7°W and 36.4°W over a similar depth range, transporting northward 19.3 ± 2.1 Sv of mass 

transport, 0.67 ± 0.08 PW of heat transport and 0.06 ± 0.04 Sv of freshwater flux.  

The BrC at 24°S (Figure 5 f, g and Table 2) is manifested as a narrow current with a recirculation of almost the same 

magnitude, followed by another southward flowing current occupying a larger horizontal extension toward the ocean 

interior. The BrC occupies a longitudinal extent of 25 km from the coast to 40.8°W in 2000-09 and 47 km from the coast to 240 

40.6°W in 2010-19. The vertical extension of the BrC at 24°S is reduced, reaching the γn interface of 27.00 kg m-3 (depth of 

~500 m). The transports decrease compared to 19ºS for mass (-4.7 ± 0.4 and -12.0 ± 0.7 Sv; Figure 2), heat (-0.39 ± 0.02 

and -0.88 ± 0.04 PW; Figure 3), with no significant changes in the northward flux of freshwater (0.04 ± 0.01 and 0.16 ± 0.01 

Sv; Figure 4) for both the solutions of models including data from 2000-09 and 2010-19, respectively. These southward 

transports of mass are consistent with the results of -9.6 Sv, -8.6 Sv and -7.3 ± 0.9 Sv from Stramma, (1989), Garzoli et al. 245 

(2013) and Arumí-Planas et al. (2022 submitted), respectively, although a previous inverse solution at this latitude has found 

slightly lower values (-5.8 ± 0.1 Sv, Evans et al. 2017). At this latitude appears a recirculation 136 and 43 km eastward of the 

BrC, reaching depths of ~700 m. This current recirculates a large part of the BrC transport, with 8.9 ± 1.4 and 10.5 ± 0.9 Sv 

of northward mass transport for each decade, 0.57 ± 0.09 and 0.70 ± 0.05 PW of heat transport and southward freshwater 

fluxes (-0.03 ± 0.03 and -0.07 ± 0.02 Sv).  250 

The Brazil Current at 30°S gets broader, extending 443 km from the coast to 42.9°W, from 282 km from 46.3°W to 43.6°W 

and 122 km from the coast to 46.5°W in each decade. Moreover, the BrC deepens its lower interface (27.23 kg m-3), reaching 

slightly larger depths for the inverse solutions containing sections from 1990-99 and 2000-09, and a similar depth for those 

within 2010-19 (678, 735 and 505 m). The BrC at this latitude presents similar structures for the first two decades (Figure 5 
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i, j and Table 2), with a decreasing southward transport among each cruise and a sharp decrease for the last one (-26.7 ± 1.6, 255 

-22.2 ± 1.5 and -9.5 ± 0.7 Sv for the 1990-99, 2000-09 and 2010-19 solutions, respectively; Figure 2). Similar tendencies 

appear for both heat transport (-1.63 ± 0.09, -1.31 ± 0.08 and -0.64 ± 0.04 PW; Figure 3) and freshwater flux (0.16 ± 0.02, 

0.09 ± 0.02 and 0.05 ± 0.01 Sv; Figure 4). At this latitude, the strengthening of the BrC is counteracted by a recirculation 

occurring eastward of the BrC, redirecting northward over half of the current (16.4 ± 1.9, 15.9 ± 2.0 and 13.2 ± 1.4 Sv of 

mass transport, 0.85 ± 0.07, 0.80 ± 0.08 and 0.76 ± 0.07 PW of heat transport and -0.16 ± 0.03, -0.14 ± 0.03 and -0.06 ± 0.02 260 

Sv of freshwater). The combination of BrC and its recirculation increased from 24°S to this latitude, agreeing with the 

estimations of Peterson and Stramma (1991) that indicate an intensification of 5% per 100 km south of 24°S. This southward 

intensification has been corroborated with results from hydrography (Stramma, 1989; Garzoli et al., 2013) and a combination 

of Argo floats and satellite altimetry (Schmid and Majumder, 2018). At a latitude close to 27°S, the northern branch of the 

intermediate circulation moves westward from the eastern boundary until it encounters the South American continental 265 

margin. At this point, the intermediate flow breaks into two branches, one veering equatorward and flowing against the BrC 

north of 27°S, which may result in the reduced BrC at 24°S, and the other feeding the BrC with a stronger net southward 

transport in intermediate layers at 30°S (Legeais et al., 2013; Boebel et al., 1999; Valla et al., 2018). 

The BrC at 19°S presents TW temperatures of 10.21°C and salinities of 35.113, which increases on its way southward to 

24°S (21.03 and 18.64°C for the 2000-09 and 2010-19 decades and 36.340 and 36.066). The values for the recirculation at 270 

24°S are slightly reduced compared with BrC (16.17 and 16.69°C and 35.617 and 35.785). Properties at 30°S appear to 

decrease among the first decades for both TW temperature (15.47 and 14.96°C) and TW salinity (35.611 and 35.558), with 

an increase for the last decade on both TW temperature and salinity (16.99°C and 35.900, respectively). The recirculation at 

30°S presents values lower than those of the BrC at the same latitude (TW temperatures of 13.09, 12.75 and 14.54°C and 

TW salinities of 35.300, 35.248 and 35.271). 275 

3.1.3 Benguela Current System 

The northward Benguela Current System (BeC) is the relatively strong eastern boundary current of the South Atlantic 

subtropical gyre, with a varying longitudinal extension (Wedepohl et al., 2000). The BeC can be first identified at cape 

Agulhas (located at 34.8°S, 20.0°E) for the 45°S section (Figure 5 m, n and Table 2), extending from 2.9°E to the coast 

over 1335 km in the horizontal and 650 m in the vertical, up to a γn of 27.23 kg m-3. The BeC reaches the southern tip of the 280 

African continent transporting 24.0 ± 2.3 Sv of mass, 1.19 ± 0.11 PW of heat and -0.07 ± 0.02 Sv of freshwater (Figures 2, 3 

and 4). At this latitude, the BeC carries water with TW temperatures of 12.53°C and TW salinities of 35.057. 

The BeC at 30°S (Figure 5 j, k and Table 2) occupies narrower extensions (~310 km) from ~11.5°E to the coast, 

influencing the first 500 m of the water column, maintaining the same γn lower interface of 27.23 kg m-3. The BeC carries 

similar mass transports of 12.1 ± 1.2, 12.1 ± 1.2, and 13.5 ± 1.0 Sv for all three cruises included in the solutions for the 1990-285 

99, 2000-09 and 2010-19 decades, respectively, accompanied by 0.60 ± 0.05, 0.61 ± 0.06 and 0.67 ± 0.05 PW of heat 

transport. The freshwater flux carried southward by the BeC appears to increase for the last decade (-0.02 ± 0.01, -0.02 ± 
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0.01 and -0.05 ± 0.01 Sv). Garzoli et al. (1996) studied the time evolution of the BeC at 30°S and found large variability for 

the transport and velocity records due to the passage of Agulhas rings, with a mean transport of 16 Sv, comparable to our 

estimations.  290 

At 24°S the BeC extends over ~90 km, from ~8.9°E to the coast (Figure 5 g, h and Table 2), maintaining similar vertical 

structures from the surface up to ~550 m deep for γn
 of 27.23 kg m-3. However, different transports appear (8.7 ±1.3 and 4.6 

± 0.8 Sv for mass; 0.44 ± 0.06 and 0.25 ± 0.04 PW for heat), significantly weaker than those at 30°S. 

Our results from 30°S and 24°S manifest the strong variability of the Benguela Current, with no clear pattern (Figures 2, 3 

and 4). At 19°S, the BeC presents the same narrow extension as in 24°S (113 km) from 8.1°E to the coast, whilst reaching in 295 

the vertical from the surface up to 500 m (Figure 5 d, e and Table 2). There is a slight reduction at 19°S, reaching values of 

2.3 ± 1.2 Sv for mass transport, 0.13 ± 0.05 PW of heat transport and null freshwater flux, with no continuity north of 19°S.  

The BeC is fed by subtropical thermocline waters from the Indian and South Atlantic Oceans, as well as saline, low-oxygen 

tropical Atlantic water and cooler, fresher subantarctic water (Garzoli and Gordon, 1996; Garzoli et al., 1996). Model studies 

have found that around most of the transport entering the South Atlantic via the Agulhas leakage carries waters from the 300 

Indonesian Throughflow and the south of Australia (Durgadoo et al., 2017). Thus, the BeC at 30°S advects waters with TW 

temperatures of 12.66, 12.75 and 12.66°C and TW salinities of 34.998, 35.071 and 35.102 for each decade, respectively. 

Similar values are maintained for the 24°S sections, with TW temperatures of 12.69 and 13.94°C and TW salinities of 

35.019 and 35.096 for the last two decades. Both TW temperature and salinity increase for waters of the BeC reaching 19°S 

(14.06°C and 35.262, respectively). 305 

3.1.4 South Equatorial Current 

The South Equatorial Current (SEC) is a broad current flowing westward toward the Brazilian shelf, where it bifurcates at 

Cape São Roque (Figure 1), with one branch heading north as the North Brazil Current (NBrC) and the other, weaker, 

southward as the BrC. 

The SEC at 30°S occupies the first ~700 m of the water column, at depths above 27.23 kg m-3, occupying large extensions of 310 

~2700 km between 18.4°W and 8.5°E for the cruise included in the 1990-99 solution, 19.0°W and 7.6°E for the cruise in 

2000-09 and 19.8°W and 9.0°E for the recent cruise included in the solution for 2010-19 (Figure 5 j and Table 2). The SEC 

net northward transports of mass (16.9 ± 1.9, 14.6 ± 2.1 and 15.9 ± 1.9 Sv; Figure 2) and heat (0.86 ± 0.09, 0.76 ± 0.10 and 

0.80 ± 0.09 PW; Figure 3) show similar values among realizations, with null values for the freshwater flux. 

At 24°S the SEC has become slightly shallower, with depths of ~625 m for the 27.23 kg m-3 γn interface. However, on its 315 

way northwestward, it has expanded horizontally, occupying now longitudinal extensions of ~3300 km between 24.2°W and 

7.4°E for the cruise within 2000-09 and 26.1°W and 7.6°E for the one within 2010-19 (Figure 5 g and Table 2). The 

transports associated to the SEC are similar to those at 30°S, with stable values of 16.5 ± 1.7 and 16.5 ± 1.6 Sv for mass 

transport, 1.00 ± 0.10 and 1.04 ± 0.10 PW for heat transport (Figures 2 and 3). The values at 19°S show a SEC reaching 

depths of ~515 m for the same 27.23 kg m-3 lower interface, while maintaining a similar horizontal extent (~3200 km) over 320 
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longitudes 23.2°W and 7.0°E (Figure 5 d and Table 2). The mass transport at this latitude has decreased significantly (9.0 ± 

1.9 Sv), accompanied by a reduction in heat transport (0.60 ± 0.11 PW). 

The salinities present in the South Atlantic are subject to the intense surface evaporation in the region between 8°S and 25°S. 

The SEC starts carrying waters at 30°S with TW temperatures of 12.85, 13.22 and 12.70°C and TW salinities of 35.060, 

35.142 and 35.179. Those properties increase on its way northwestward, reaching at 24°S TW temperatures of 15.35 and 325 

15.94°C and TW salinities of 35.451 and 35.537 for the last two decades. At 19°S, the SEC carries waters with TW 

temperature of 16.90°C and TW salinity of 35.644. 

3.1.5 North Brazil Current 

The northward North Brazil Current (NBrC) carries warm water from the south Atlantic along the coast of Brazil, across the 

equator, and into the northern hemisphere, acting as a conduit for cross-equatorial transport of upper ocean waters as part of 330 

the AMOC. This northward branch of the SEC can be found at 11°S (Figure 5 a, b and Table 2), sampled in the 1990-99 

decade, extending from the coast to 34.7°W over 130 km. Its vertical structure presents two maximums in the circulation, 

with a surface layer from the surface to 26.14 kg m-3 (~203 m) and a subsurface layer from 26.45 to 27.00 kg m-3 (~400 to 

~500 m), carrying 5.0 ± 0.4 and 5.7 ± 0.3 Sv, respectively. The total equatorward transport is 17.0 ± 1.2 Sv of mass and 0.98 

± 0.05 PW of heat, associated with a southward freshwater flux of -0.19 ± 0.03 Sv (Figures 2, 3 and 4). The strong current 335 

estimated agrees with the 15-month mean value of 16 ± 2 Sv obtained by Garzoli et al. (2004) from Inverted EchoSounders 

(IES) and are slightly lower than the Argo-based solutions of Tuchen et al. (2022) of 21.8 Sv. The NBrC presents higher TW 

temperatures (14.59°C) and salinities (35.509) than the ones found at 19°S for the BrC.  

3.1.6 Florida Current 

The Florida Current (FC) stretches over ~70 km from the Florida Straits up to Cape Hatteras (Figure 1), sourcing mainly 340 

from the Loop Current coming from the Gulf of Mexico (Maul and Vukovich, 1993) and, to a lesser extent, from the Antilles 

Current (AC), transporting warm waters northward (Figure 6 h and Table 2) in a water column of ~600 m deep. The FC 

shows different values of mass transport across time (34.5 ± 0.3, 32.1 ± 0.3 and 31.3 ± 0.3 Sv for the cruises within 1990-99, 

2000-09 and 2010-19 decades, respectively; Figure 2), also manifested in its heat transport (2.70 ± 0.02, 2.43 ± 0.02 and 

2.31 ± 0.02 PW; Figure 3), combined with their TW temperature (19.84, 19.16 and 18.65°C). The freshwater flux associated 345 

to the FC, although not as important as the heat transport, also presents relatively high southward values (-0.17 ± 0.01, -0.09 

± 0.01 and -0.14 ± 0.01 Sv; Figure 4), associated with quite stable values of TW salinity (36.120, 36.201 and 36.098), with 

differences of less than 0.1. 

Our results can be compared with the nearly continuous monitoring of the FC transport since 1982 at 27°N from submarine 

cable measurements, which yields an average transport of 31.8 ± 0.1 Sv (Piecuch, 2020), with decadal values of 32.5 ± 1.2 350 

Sv for 1990-99, 32.4 ± 1.0 Sv for 2000-09 and 31.9 ± 0.6 Sv for 2010-19 for the 95% percentile. These results agree with the 

FC transports estimated from the inverse models although the value for the cruise carried out during 1990-99 is slightly 
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larger. Its mean seasonal cycle has a 3.3-Sv annual periodicity, with maxima in mid-July and minima in mid-January 

(Atkinson et al., 2010), linking its variability to the North Atlantic Oscillation (Baringer and Larsen, 2001) coupled with a 

long-term weakening (Piecuch, 2020). 355 

3.1.7 Antilles Current 

In the western coast of the subtropical North Atlantic, the Antilles Current (AC) flows northward and then northwestward 

around the Bahamas Islands (Figure 1) before joining the FC and Gulf Stream (GS). The AC at 24°N occupies the first ~700 

m of the water column, from the surface to 27.23 kg m-3, but presents different longitudinal extensions among cruises (125 

km from Cape Hatteras to 74.3°W in 1990-99, and ~38 km from Cape Hatteras to 76.4°W and 76.7°W in 2000-09 and 2010-360 

19, respectively). 

The values of mass transport for the AC show similar values for the first two cruises and a sharp decrease for the most recent 

estimation (12.8 ± 1.0, 13.2 ± 0.4 and 7.5 ± 0.3 Sv), with a similar pattern for its heat transport (0.98 ± 0.07, 0.97 ± 0.03 and 

0.56 ± 0.02 PW) as shown in Figure 6 g, h and Table 2. The decreasing values in heat transport can be attributed to a 

combination of a reduction in mass transport as well as in TW temperature (18.59, 18.23 and 18.05°C). The freshwater flux 365 

of the AC presents low values (-0.04 ± 0.01, -0.02 ± 0.01 and -0.02 ± 0.01 Sv), associated to similar TW salinities among 

decades (36.258, 36.377 and 36.359). 

Our results show relatively strong values for the AC (Figures 2 and 3), similar to the values obtained by Hernández-Guerra 

et al. (2014). However, historical estimations place the average AC transport in a range between 2-12 Sv (Lee et al., 1996; 

Olson et al., 1984; Schmitz et al., 1992; Schmitz and McCartney, 1993). More recently, a combination of different 370 

observation systems at 26.5°N from 2005 to 2015 shows a relatively weak AC of 4.7 Sv with a daily standard deviation of 

7.5 Sv (Meinen et al., 2019), with transports varying between -15 and 25 Sv (Johns et al., 2008), despite presenting a rather 

weak seasonal component (Meinen et al., 2019).  

3.1.8 Canary Current 

The Canary Current (CC) is the relatively weak eastern boundary current of the North Atlantic subtropical gyre, linking the 375 

Azores Current with the North Equatorial Current (Pérez-Hernández et al., 2013; Casanova-Masjoan et al., 2020; Comas-

Rodríguez et al., 2011). The CC flows along the first ~750 m of the water column (Pérez-Hernández et al., 2013; Hernández-

Guerra et al., 2017; Casanova-Masjoan et al., 2020) from the surface to 27.23 kg m-3 and with a width over ~270 km (Figure 

6 h, i and Table 2). The different geographical position of the stations at this boundary for the cruise carried out during 

1990-99 prevents from obtaining values directly comparable to the other estimates. At these latitudes there is a point of 380 

inflection in the accumulated mass transport denoting the start of the CC, from non-significant values to negative mass 

transport. This current transports southward -5.1 ± 0.9, -6.1 ± 1.4 and -4.8 ± 0.7 Sv of mass (Figure 2), -0.34 ± 0.06, -0.40 ± 

0.08 and -0.32 ± 0.05 PW of heat (Figure 3) and 0.01 ± 0.01, 0.03 ± 0.01 and 0.01 ± 0.01 Sv of freshwater (Figure 4). 
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Moreover, this current carries waters with TW temperatures lower than its western counterpart (16.57, 16.59 and 16.86°C) 

and similar high TW salinities (36.283, 36.313 and 36.372). 385 

The CC has an average transport of -3.0 ± 1.0 Sv with a seasonal amplitude of 1.4 ± 0.7 Sv (Machín et al., 2006; Pérez‐

Hernández et al., 2023). The CC varies seasonally not only in intensity but also in position, migrating from its easternmost 

location in spring to its westernmost point in fall. Our estimations are nearly double the results obtained by Hernández-

Guerra et al. (2014) for the same cruises of 2.1 ± 0.9 Sv for 1992 and 2.3 ± 1.1 Sv for 2011 between the eastern boundary 

and 20°W, or the 2.9 ± 0.8 Sv of Machin et al. (2006). Nevertheless, most of the previous CC observations have taken place 390 

in fall when the transports have been observed to be as high as -6.2 ± 0.6 Sv with a northward recirculation in the Lanzarote 

Passage (Pérez-Hernández et al., 2013; Hernández-Guerra et al., 2017). 

East of the CC, the Lanzarote Passage presents a unique dynamic, with its own pattern of variability that has been related to 

the seasonal amplitude of the AMOC (Pérez‐Hernández et al., 2015; Vélez-Belchí et al., 2017; Pérez‐Hernández et al., 

2023). Our results for the cruises carried out during 2000-09 and 2010-19 have found -1.0 ± 0.6 and -1.8 ± 0.6 Sv over ~70 395 

km, respectively, carrying waters with similar TW temperature and salinity. These values correspond to the spring-summer 

estimates for the Lanzarote passage flow of -0.81± 1.48 Sv estimated with nine years of mooring data (Casanova-Masjoan et 

al., 2020; Fraile-Nuez et al., 2010). 

3.1.9 Gulf Stream 

The strong Gulf Stream (GS) brings warm water from the Gulf of Mexico into the North Atlantic subtropical gyre including 400 

water from the FC and AC (Figures 2 and 3). After the GS turns offshore from the continental shelf at Cape Hatteras, the 

mass transport carried by the GS nearly doubles at a rate of 8 Sv every 100 km, with large variations in space and time 

(Johns et al., 1995; Hogg and Johns, 1995; Frankignoul et al., 2001). The section at 36°N sampled during the 2000-09 

decade can detect its strength along the coast, occupying the first ~900 m of the water column (up to 27.84 kg m-3) and with 

a horizontal extension over ~250 km from 71.7°W to 69.1°W. The GS has a strong northward transport of 74.9 ± 1.7 Sv for 405 

mass and 4.56 ± 0.11 PW for heat, as well as strong southward freshwater flux of -0.82 ± 0.04 Sv (Figure 6 e, f and Table 

2). McDonagh et al. (2010) found similar values of 67.2 ± 17.2 Sv for the GS transport at 36°N, and Rossby et al. (2014) 

detected no significant trends in the strength of the GS surface transport over the last 20 years using direct measurements. 

Almost half of the northward transport associated to the GS is recirculated southward, up to 64.8°W (387 km east to the east 

of the GS). This recirculation of the GS brings southward -35.4 ± 8.7 Sv of mass transport and -2.29 ± 0.18 PW of heat 410 

transport, with an opposing freshwater flux of 0.19 ± 0.05 Sv.  

The GS presents high TW temperature (15.42°C), but not as high as for the FC and AC, and a similar value of TW salinity 

(36.014) compared with FC and AC. 
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3.1.10 North Atlantic Current 

The North Atlantic Current (NAC) is a variable wind-driven body of warm water covering a large part of the eastern 415 

subpolar North Atlantic (SPNA) on its way to the Nordic Seas. The NAC represents the bulk of the GS after its branch point 

and subsequent separation from the coast (Figure 2). The NAC at 47°N is located between 49.6°W and 44.4°W for the 

1990-99 cruise and between 42.9°W and 39.0°W for the 2010-19 cruise, due to the difference in the geometry of the two 

cruises, reaching similar depths of 838 and 982 m from 26.45 to 27.23 kg m-3, respectively. The mass transports for NAC at 

47°N are consistent with those of the net GS system after considering its recirculation, the small contribution that 420 

recirculates within the subtropical gyre (see Canary Current) and the -1.9 ± 2.3 Sv and -1.3 ± 2.1 Sv that sink between the 

24°N and 47°N sections for each decade, respectively (Caínzos et al., 2022). Thus, the NAC transports 33.4 ± 2.9 and 28.2 ± 

1.5 Sv in the solutions for the 1990-99 and 2010-19 decades, respectively (Figure 6 c, d and Table 2). The main mass 

transport is subsuperficial with a mass transport of 21.7 ± 2.0 and 17.3 ± 0.8 Sv in the layer between 26.45 (~200 m) and 

27.23 kg m-3 (~400 m) in 1990-99 and 2010-19, respectively. Meinen and Watts (2000) using current meter moorings and 425 

IES attributed a much higher value of 146 ± 13 Sv for the NAC at 42°N for the whole water column, located close to our 

hydrographic section at 47°N carried out during 1990-99. A more recent study combining altimetry and Argo data 

reconstructed the transports of NAC from 1993 to 2016 between 40°N and 53°N, attributing values between 35 and 50 Sv 

along 47°N between 45°W and 37°W (Stendardo et al., 2020). Our estimations for heat transport are lower than those of the 

GS (1.79 ± 0.14 and 1.18 ± 0.05 PW, respectively), due to the reduction in the TW temperature (13.53 and 10.59°C) on its 430 

way northward. The freshwater flux has also been reduced (-0.22 ± 0.04 and -0.09 ± 0.02 Sv), resulting from the lower 

values in TW salinity (35.722 and 35.368). 

The NAC flows northeastward and reaches the section at 58°N (Figure 6 a, b, Figure 7 f and Table 2). At this latitude, the 

NAC extends longitudinally between 21.7°W and 14.1°W, 22.8°W and 13.2°W and 21.1°W and 10.1°W for each of the 

three cruises within the 1990-99, 2000-09 and 2010-19 decades, respectively, with a vertical extension from the surface to 435 

27.84 kg m-3 (~1000 m). The strength of the current has been largely reduced at this point, with net mass transports of 5.2 ± 

3.7, 5.4 ± 2.7 and 6.7 ± 1.6 Sv (Figure 2) and heat transport of 0.19 ± 0.13, 0.20 ± 0.10 and 0.25 ± 0.05 PW (Figure 3). This 

corresponds to a 20 to 25-Sv reduction in the transport of the NAC crossing the SPNA, with near a fifth part corresponding 

to a sink in these latitudes (3.8 ± 3.1 Sv between 47°N and 55°N, 4.8 ± 2.7 Sv between 36°N and 55°N and 4.0 ± 2.4 Sv 

between 47°N and 55°N (Caínzos et al., 2022).  440 

Stendardo et al. (2020) found an average value of 2.5 Sv for the NAC at this latitude, which is slightly lower than our 

estimations. Moreover, recent glider sections from July 2014 to August 2016 along 58°N from 21°W to 15°W (Houpert et 

al., 2018) over the Rockall Trough branch have provided a year mean absolute geostrophic mass transport of 5.1 ± 1.0 Sv, 

with 6.7 ± 0.9 Sv for summer and 2.8 ± 1.7 Sv for winter, comparable to our estimations at 58°N. 
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 The freshwater flux at this latitude is almost negligible (0.03 ± 0.02, 0.00 ± 0.01 and -0.01 ± 0.01 Sv). Both TW temperature 445 

and salinities have become colder and fresher, with quite stable values for both properties (9.12, 9.27 and 9.29°C for the TW 

temperature and 35.290, 35.347 and 35.292 for the TW salinity). 

3.1.11 East Reykjanes Ridge Current, Irminger Current and East Greenland Current 

The surface currents on the eastern part of the northernmost section, at the nominal latitude of 58°N, are an important link 

between the Arctic Ocean and the North Atlantic Ocean via their upper circulation (Figure 1). Within the Iceland Basin, the 450 

NAC flows cyclonically turning southwestward and flowing along the Reykjanes Ridge flank as the East Reykjanes Ridge 

Current (ERRC), that then turns anticyclonically around and across the ridge (Pollard et al., 2004). Thus, upon entering the 

Irminger Sea, the Irminger Current (IC) flows northward along the western flank of the Reykjanes Ridge carrying warm, 

saline Atlantic waters. Petit et al. (2019) have described the along-stream evolutions of the structure and properties of the 

ERRC and IC. They found interconnections between both flows governed by the complex bathymetry of ridges and basins. 455 

The ERRC runs along the eastern side of the Reykjanes Ridge and Iceland over ~80 km, exporting waters southward in the 

upper layers up to 27.84 kg m-3 (~1000 m deep), with relatively high values of TW temperature and salinity (Figure 7 e, g 

and Table 2). We have found low values of mass transport for the southward flowing ERRC (-3.2 ± 2.2, -1.8 ± 1.4 and -2.0 

± 0.8 Sv for each cruise, respectively; Figure 2). Using repeated ship-based measurements along the Greenland-Portugal 

OVIDE line, Daniault et al. (2016) have estimated the decadal mean circulation for the North Atlantic over 2002-2012, with 460 

values for the ERRC transport slightly larger than ours (-4.1 ± 0.6 Sv). The associated heat transport is quite small (-0.10 ± 

0.07, -0.06 ± 0.04 and -0.06 ± 0.02 PW; Figure 3), and the freshwater flux is null (0.00 ± 0.01 Sv for all cases; Figure 4). 

The TW temperatures (8.14, 8.45 and 7.79°C) and salinities (35.131, 35.070 and 35.082) are slightly lower than those of 

NAC. 

On the other side of the Reykjanes Ridge, the ~300 km-wide IC transports waters from the SPNA toward the Arctic Ocean in 465 

the upper ~700 m, with a shallowing of the 27.84 kg m-3 isopycnal (Figure 7 d, g and Table 2). The northward transport of 

mass (5.0 ± 2.7, 4.7 ± 1.9 and 6.1 ± 1.2 Sv; Figure 2) agrees with the result obtained by Daniault et al. (2016; 4.8 ± 1.1 Sv) 

and Sarafanov et al. (2012; 5.6 ± 0.4 Sv). Casanova-Masjoan et al. (2020) obtained 3.04 ± 0.23 Sv for the Irminger current 

around Iceland, of which 2.24 ± 0.23 Sv flow north as part of the North Icelandic Irminger Current (NIIC). However, other 

studies have attributed IC transports in the range of 9-12 Sv (Våge et al., 2011b; Lherminier et al., 2010; Bacon, 1997). 470 

There is also a northward transport of heat (0.13 ± 0.06, 0.15 ± 0.05 and 0.17 ± 0.03 PW), although with null values for the 

freshwater flux. The values of TW temperature (6.37, 8.12 and 6.91°C) and salinity (34.991, 35.105 and 35.019) are, again, 

slightly lower than those from the ERRC. 

Flowing southward along the eastern coast of Greenland, the East Greenland Current (EGC) exports cold and fresh water 

from the Arctic into the SPNA (Figure 7 c, g and Table 2). The values of net southward mass transport are small but 475 

strengthen with time (-0.4 ± 0.6, -1.6 ± 1.8 and -3.3 ± 1.0 Sv; Figure 2), with almost null heat transports (-0.01 ± 0.01, -0.04 

± 0.04 and -0.06 ± 0.02 PW; Figure 3) and null freshwater flux (Figure 4). We have found variable transports for the EGC, 
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relatively weaker than previous estimations (-3.8 ± 0.3 Sv from Daniault et al., 2016; -5.4 ± 0.7 from Sarafanov et al., 2012; 

and -3.5 ± 0.5 Sv le Bras et al., 2018). The TW temperatures (5.94, 6.60 and 4.42°C) and salinities (34.938, 34.826 and 

34.560) show the lower values found in the upper layers of the 58°N section.  480 

3.1.12 Upper West Greenland Current and upper Labrador Current 

The EGC turns northwest at the southern tip of Greenland, entering the Labrador Sea and originating the upper West 

Greenland Current (uWGC) at 53°N. The uWGC varies horizontally, ranging from the coast to 49.0°W (67 km), 49.9°W 

(164 km) and 47.4°W (75 km) for each decade, as well as vertically (from the surface to 262, 1232 and 788 m). The waters 

entering the Labrador Sea have a small but variable net transport for mass (1.3 ± 0.4, 1.6 ± 1.0 and 3.4 ± 1.0 Sv; Figure 2), 485 

with an intensification for the last cruise studied (Figure 7 b, g and Table 2). These values are lower than the average 

transports of uWGC estimated previously: 3.8 ± 0.9 Sv (Myers et al., 2007) at Cape Farewell; 3.2 ± 2.3 Sv and 5.5 ± 3.9 Sv 

at Cape Farewell and Cape Desolation, respectively (Myers et al., 2009) and 4.6 Sv at both Cape Farewell and Cape 

Desolation (Gou et al., 2022). More recent estimations have situated the upper transport via the eastern basin of the Labrador 

Sea in 11.1 ± 5.0 Sv (Pacini et al., 2020). The values for heat (0.01 ± 0.01, 0.03 ± 0.02 and 0.05 ± 0.02 PW; Figure 3) and 490 

freshwater (0.01 ± 0.01, 0.00 ± 0.01 and 0.04 ± 0.01 Sv; Figure 4) transports are negligible except for the last estimate. 

These values can reflect the mean value obtained from seven decades of high-resolution coupled ice-ocean model results, 

with mean annual fluxes between 99 and 162 mSv (Florindo-López et al., 2020). The TW temperatures (2.74, 4.62 and 

3.57°C) and salinities (34.126, 34.857 and 34.332) have yet again become colder and fresher. 

The net export of the water formed in the Labrador Sea is through its southwestern border, as part of the Labrador Current 495 

(LC). The net transport can be divided into the upper and deep layer, setting the interface at a neutral density of 27.84 kg m-3, 

up to a depth of ~400 m. The upper LC extends from 54.3°W to 54.1°W, 54.8°W to 54.1°W and 54.2°W to 52.1°W, 

occupying 26, 80 and 151 km. The upper layers of the LC transport out of the Labrador basin -2.1 ± .05, -1.2 ± 0.4 and -1.6 

± 0.4 Sv of mass transport (Figure 2), with null values for either heat or freshwater flux (Figure 7 a, g and Table 2). This 

southward export is lower than estimations from mooring data (-6.3 ± 0.2 Sv 10-year mean by Fischer et al., 2010; -8.3 ± 0.5 500 

Sv 17-year mean by Zantopp et al., 2017) and hydrographic sections (-6.3 Sv mean over 1996-2003 by Li and Lozier, 2018). 

The TW temperatures in this upper layer are very cold (0.45, 0.98 and 0.22°C), associated with low salinities (33.569, 

33.630 and 33.455). 

3.2 Deep currents 

3.2.1 Iceland-Scotland Overflow Waters and Denmark Strait Overflow Waters 505 

The deep layers of the east part of the northernmost section (at 58°N) constitute the overflow waters, divided into the 

Iceland-Scotland Overflow Waters (ISOW) and the Denmark Strait Overflow Waters (DSOW). The ISOW flows between 

the Scottish and Icelandic platforms, exporting water from the Arctic into the Atlantic from ~2100 m to the bottom of the 
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water column. The longitudinal extension of the ISOW is similar for all decades (335 km from 28.9 to 23.3°W, 567 km from 

33.9 to 24.6°W and 416 km from 31.3 to 24.4°W for the cruises carried out during 1990-99, 2000-09 and 2010-19, 510 

respectively; Figure 7 l, m and Table 3). There is a net southward transport of -10.8 ± 6.5, -9.6 ± 5.3 and -10.0 ± 3.0 Sv of 

mass across those longitudes (Figure 2), accompanied by a southward transport of heat (-0.13 ± 0.09, -0.11 ± 0.07 and -0.12 

±0.04 PW; Figure 3). Our results can be overestimated due to the low values of southward transport for both EGC and 

ERRC. Previous estimations for ISOW are considerably weaker than our results. García-Ibáñez et al. (2015) built an inverse 

model for the SPNA discussing the contributions from source water masses, estimating for deep layers -1.4 ± 1.0 Sv of 515 

ISOW being exported out of the eastern North Atlantic. Moreover, using an array of current meters deployed as part of the 

OSNAP program, Johns et al. (2021) have determined a mean southward flow of ISOW along the eastern flank of the 

Reykjanes Ridge of -5.3 ± 0.4 Sv between 2014-2018. The TW temperatures (3.07, 3.04 and 3.08°C) and salinities (34.943, 

34.944 and 34.958) are quite stable among decades. 

The DSOW has been divided into two main paths, flowing along the boundaries of the Irminger Sea. The DSOW flowing at 520 

the western side of the Reykjanes Ridge (eastern boundary of Irminger Sea) extends ~110 km between 37.2°W and 36.1°W, 

37.8°W and 35.9°W and 37.7°W and 35.3°W for each inverse solution, respectively (Figure 7 k, m and Table 3). This path 

of the DSOW exports between ~2500 m and the bottom layers -3.7 ± 8.2, -2.4 ± 8.0 and -0.9 ± 4.6 Sv of mass transport per 

decade (Figure 2), with low associated heat transports (-0.05 ± 0.10, -0.03 ± 0.10 and -0.02 ± 0.06 PW; Figure 3). The TW 

temperatures are slightly higher than those of ISOW (3.28, 3.50 and 4.27°C), but with lower salinities except for the last 525 

estimate (34.886, 34.908 and 34.955).  

The western branch of the DSOW extends over ~180 km from the coast and from ~2000 m to the bottom of the water 

column. This current flowing along the western boundary of the Irminger Sea (Figure 7 j, m and Table 3) has a slightly 

stronger export of water southwards (-4.9 ± 7.8, -5.5 ± 6.8 and -6.2 ± 4.9 Sv; Figure 2), with similarly low values of heat 

transport (-0.04 ± 0.10, -0.05 ± 0.09 and -0.06 ± 0.07 PW; Figure 3) and null freshwater flux (Figure 4). The TW 530 

temperatures (2.29, 2.45 and 2.54°C) are lower than on the western boundary of the Irminger Sea, while maintaining similar 

TW salinities (34.904, 34.911 and 34.915).  

The combined values for both paths of DSOW exceed the year-long mean total volume transport of DSOW upstream of our 

section. Hydrographic sections over different summers at the Denmark Strait yielded -4.9 ± 0.5 Sv southward (Brearley et 

al., 2012), while mooring arrays at the northern part of the Denmark Strait estimated -3.54 ± 0.16 Sv (Harden et al., 2016), 535 

similar to results from downstream the sill (3.4 Sv with a standard deviation of 1.4 Sv, Jochumsen et al., 2012). This increase 

in DSOW southward of the Denmark Strait may respond to the entrainment of water from the Irminger Current, nearly 

doubling the volume transport carried by the DSOW (Koszalka et al., 2013; Dickson et al., 2008). 

3.2.2 Deep West Greenland Current and deep Labrador Current 

Analogously to the uWGC, there is a northward deep transport entering the Labrador Sea via its eastern boundary, the deep 540 

West Greenland Current (dWGC) occupying ~220 km from the coast to the interior of the Labrador Sea and flowing along 
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the lower part of the water column (from ~3500 m to the bottom). This current carries into the Labrador basin 5.4 ± 1.0, 5.8 

± 1.1 and 8.8 ± 1.5 Sv of mass transport (Figure 2) for the cruises within 1990-99, 2000-09 and 2010-19, respectively 

(Figure 7 i, m and Table 3). This last value is comparable with the 8.3 ± 2.8 Sv found by Pacini et al. (2020) using high-

resolution moorings from 2014 to 2018 deployed as part of OSNAP. The increase in transport for the last estimate is also 545 

evident for heat transport (0.04 ± 0.01, 0.04 ± 0.01 and 0.07 ± 0.01 PW; Figure 3), with null freshwater flux (Figure 4). The 

dWGC is slightly colder (TW temperatures of 1.84, 1.93 and 2.04°C) and saltier (TW salinities of 34.900, 34.888 and 

34.908) than the uWGC, with lower temperature and salt content than the western branch of the DSOW. 

Deep layers export most of the LC out of the Labrador Sea through its western boundary. It is a relatively narrow current, 

extending over 364, 89 and 424 km, with its upper vertical interface ranging from 2615, 1956 and 2314 m deep to the bottom 550 

for each decade. This outflow of mass transport increases with time (-5.2 ± 0.9, -8.4 ± 3.9 and -11.4 ± 6.8 Sv; Figure 2), 

although not significantly, due to the high variability associated to the deep LC, expressed with the large values of 

uncertainties, around half of the mean value (Figure 7 h, m and Table 3). However, other studies have found stronger deep-

water transports: 26 ± 5 Sv from two years of direct current observations and moored current-meter array (Fischer et al., 

2004), updated to 30 ± 3 Sv for the 10-year mean (Fischer et al., 2010) and an average of 30.2 ± 6.6 Sv over the past 17 555 

years from moorings and shipboard station data (Zantopp et al., 2017). These differences may arise due to the strong 

barotropic component observed for this current that inverse solutions fail to resolve. Heat is also exported out of the 

Labrador Sea via deep layers, with values of -0.04 ± 0.01, -0.07 ± 0.05 and -0.11 ± 0.09 PW for each decade (Figure 3), 

respectively. Freshwater fluxes remain almost negligible. The TW temperatures and salinities are warmer (1.92, 2.24, 

2.37°C) and saltier (34.900, 34.893 and 34.911) than for upper layers, with values similar to those of the western DSOW. 560 

3.2.3 Deep Western Boundary Current 

The Deep Western Boundary Current (DWBC) mainly follows the western border of the Atlantic Ocean. The DWBC at 

47°N lies below the neutral density of 27.84 kg m-3 (~2800 m to the bottom) and occupies a similar longitudinal extension to 

the upper northward NAC (~280 km) (Figure 8 a, b and Table 3). The DWBC flows southward at 47ºN with a mass 

transport of similar magnitude (-30.1 ± 10.4 and -37.5 ± 5.7 Sv for the cruises carried out during 1990-99 and 2010-19, 565 

respectively; Figure 2). These values for the DWBC exceed the -17.5 Sv estimated by Fischer et al. (2015) at Grand Banks 

with ADCP velocities. The DWBC at this latitude also transports a southward heat transport (-0.31 ± 0.13 and -0.34 ± 0.07 

PW; Figure 3) with null values of freshwater flux. The DWBC presents TW temperatures of 2.64 and 2.30°C and TW 

salinities of 34.922 and 34.909.  

The DWBC at 36°N (Figure 8 c, d and Table 3) gets wider, occupying 406 km from the coast to 67.3°W while flowing 570 

along similar depth levels (from ~2682 m to the bottom). The net mass transport of -34.5 ± 8.7 Sv is southward (Figure 2), 

similar to the estimate for the 2000-09 decade at 47°N, associated with -0.29 ± 0.10 PW of heat transport (Figure 3), in 

agreement with the 10-year mean of -29.59 ± 2.08 Sv from the mooring line W. The values for the TW properties are quite 

similar to those at 47°N (2.13°C for TW temperature and 34.906 for TW salinity). 
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The presence of Antarctic Bottom Water (AABW) at 24.5°N constitutes a deep boundary for the vertical extension of the 575 

DWBC, that is, therefore, restricted to neutral densities between 27.84 and 28.23 kg m-3 (from ~2500 m to ~5500 m deep). 

At this latitude, we find even wider (and varying) horizontal extensions of the DWBC, ranging between 1062, 601 and 1663 

km for each decade, from the coast to 62.7°W, 56.9°W and 54.6°W (Figure 8 e, f and Table 3). The strength of the DWBC 

has decreased when it reaches this latitude, with mass transports of -23.8 ± 10.8, -18.3 ± 9.8 and -30.4 ± 7.3 Sv for each 

cruise, respectively (Figure 2). These values, with their relatively large uncertainties, coincide with the IES-derived 580 

transport from Meinen et al. (2004; -25 ± 9 Sv), and with the mooring array estimations from Johns et al. (2008; -26.5 Sv), as 

well as inverse solutions using hydrography from Hernández-Guerra et al. (2014; -22.1 ± 4.2 for the 1992 cruise and -20.1 ± 

3.7 Sv for the 2011 cruise). The heat transport is also reduced (-0.27 ± 0.11, -0.22 ± 0.10 and -0.33 ± 0.07 PW; Figure 3), 

while the freshwater remains negligible. The TW properties become warmer (2.88, 3.10 and 2.72°C) and saltier (34.954, 

34.963 and 34.941) on its way south. West of the DWBC there is a recirculation that carries water northward at deep layers, 585 

previously estimated to be around 13 Sv using current metre moorings (Bryden et al., 2005a) and 8 Sv from CTD and 

LADCP profiles (Biló and Johns, 2020), despite the poorly defined zonal extent of the circulation.  

The distribution of AABW into the South Atlantic constitutes a deep boundary for the vertical extension of the DWBC, that 

is shifted upwards between neutral densities of 27.58 and 28.15 kg m-3. At 11°S for the cruise carried out during the 1990-99 

decade, the DWBC flows as a narrow jet along the coast up to 35.1°W (~88 km wide), extending from ~1323 to ~2561 m in 590 

the water column (Figure 8 g, h and Table 3). This deep southward flow transports -17.3 ± 2.2 Sv of mass (Figure 2), -0.23 

± 0.03 PW of heat (Figure 3) and 0.02 ± 0.01 Sv of freshwater (Figure 4). Hummels et al. (2015) found similar values of 

DWBC transport from shipboard and moored observations (-17.5 ± 1.7 Sv), while previous studies using hydrographic 

sections and ADCP velocity measurements have obtained much stronger southward transports (-35.5 ± 14.7 Sv; Schott et al., 

2005). While the TW temperature has increased on its way south (3.39°C), the DWBC has become fresher (TW salinity of 595 

34.902).  

The DWBC at 19°S for the cruise contained in the 1990-99 solution has extended horizontally to a width of 168 km (from 

the coast to 35.8°W) and deepened (between 1493 and 3370 m). The deep current at this latitude has increased its southward 

mass transport to -20.8 ± 7.2 Sv (Figures 2, 8 i, j and Table 3), as well as heat (-0.25 ± 0.09 PW; Figure 3). The water mass 

has become colder but saltier, with a TW temperature of 2.98°C and TW salinity of 34.927. 600 

On its way southward, the DWBC gets wider until reaching values of 808 and 967 km at 24°S for the cruises carried out 

during 2000-09 and 2010-19, respectively, while occupying similar vertical depths (from ~1400 to ~3000 m) (Figure 8 k, l 

and Table 3). At 24°S, the DWBC transports -29.0 ± 9.0 and -27.5 ± 7.1 Sv of mass southward for the cruises within the 

2000-09 and 2010-19 models (Figure 2), respectively, with a more intense DWBC than in other inverse solutions (Arumí-

Planas et al. 2022, submitted). This deep transport has increased with respect to 19°S, not only in mass but also in heat (-0.33 605 

± 0.10 and -0.32 ± 0.08 PW; Figure 3), with an almost null freshwater flux (0.02 ± 0.01 and -0.02 ± 0.01 Sv; Figure 4). At 

this latitude, the DWBC gets colder but also fresher, with TW temperatures of 2.92 and 2.91°C and TW salinities of 34.891 

and 34.786.  
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When the DWBC reaches 30°S, its location presents certain variability, ranging between 443, 282 and 833 km wide, and 

between depths of 1336 to 2177 m, 1674 to 2861 m and 1368 to 2580 m in 1990-99, 2000-09 and 2010-19, respectively 610 

(Figure 8 n, o and Table 3). However, the strength of the southward deep current is quite similar to the values at 24°S, and 

they are quite stable among decades. The net mass transports of the DWBC at 30°S are -26.6 ± 5.1, -25.9 ± 5.0 and -27.9 ± 

1.9 Sv for each cruise (Figure 2), significantly higher than previous estimations of -16.1 ± 5.1 Sv using hydrography 

(Hernández-Guerra et al., 2019). The heat transports associated to the DWBC at this latitude remain similar with time (-0.32 

± 0.06, -0.32 ± 0.06 and -0.32 ± 0.02 PW; Figure 3), with almost null freshwater fluxes (0.02 ± 0.01, -0.01 ± 0.02 and 0.01 ± 615 

0.01 Sv; Figure 4). The TW temperatures have increased (3.06, 3.11 and 2.93°C), while reducing the values of the TW 

salinities (34.820, 34.830 and 34.840). 

The southernmost section of our study, at 45°S, manifests the presence of a narrow DWBC (162 km) from 57.8°W to 

55.8°W (Figure 8 q, r and Table 3), occupying a significant larger part of the water column (~717 to ~3352 m). There is a 

strong DWBC transport of -49.1 ± 7.0 Sv for mass, -0.53 ± 0.07 PW for heat and -0.20 ± 0.04 Sv for freshwater. The DWBC 620 

at this latitude has gotten colder (TW temperature of 2.73°C) and fresher (TW salinity of 34.265). 

3.2.4 Deep Eastern Boundary Current 

The change in the orientation of the Brazilian coast after Cape São Roque (Figure 1) results in a division of the main DWBC 

that originates an eastern branch that crosses the Mid Atlantic Ridge (MAR). In our hydrographic sections, the separate 

branch of the DWBC lies on the eastern side of the MAR at 24°S, and it has been denominated the Deep Eastern Boundary 625 

Current (DEBC; Arhan et al., 2003; Bower et al., 2019; Garzoli et al., 2015; Stramma and England, 1999).  

The DEBC at 24°S covers a horizontal range of ~420 km and a vertical range between ~1400 and ~4100 m for the cruise 

carried out during the 2000-09 decade and ~1400 and ~5100 m for the one during the 2010-19 decade. The mass transport 

carried out by the DEBC at 24°S for the both cruises is quite variable, with net mass transports of -13.7 ± 5.5 and -9.7 ± 6.1 

Sv, respectively (Figures 2, 8 l, m and Table 3), not significantly different than the estimation from Arumí-Planas et al. 630 

(2022, submitted) of -16.3 ± 4.7 Sv. The heat transport values are quite similar (-0.14 ± 0.05 and -0.12 ± 0.06 PW; Figure 3) 

despite the variable mass transports, due to the differences in the TW temperatures (2.59 and 3.03°C). The TW salinities 

have values of 34.829 and 34.786 with a null value of freshwater flux. 

At 30°S the DEBC occupies a smaller part of the water column, between ~2500 and ~3800 m deep, with a horizontal 

extension of ~900 km wide (Figure 8 o, p and Table 3). This southward flow exhibits similar values of mass transport 635 

among decades (-8.3 ± 4.6, -9.7 ± 3.5 and -8.6 ± 3.4 Sv for each of the three cruises carried out within the 1990-99, 2000-09 

and 2010-19 decades, respectively; Figure 2), reproduced for heat transport (-0.08 ± 0.05, -0.09 ± 0.03 and -0.08 ± 0.03 PW; 

Figure 3). Hernández-Guerra et al. (2019) found similar values for the 2003 and 2011 cruises (-8.2 ± 5.6 Sv and -12.7 ± 5.5 

Sv, respectively), comparable with the IES reconstruction of -12 Sv from Kersalé et al. (2019). The values for the TW 

properties remain quite stable in time, for both temperature (2.48, 2.44 and 2.31°C) and salinity (34.828, 34.833 and 34.852).  640 
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The 45°S section exhibits the presence of a narrower (415 km) DEBC for the 1990-99 solution, from 10.9°E to 14.6°E 

(Figure 8 r, s and Table 3). There is a reduction in the southward transport of mass (-6.4 ± 6.3 Sv; Figure 2) and heat (-0.06 

± 0.06 PW; Figure 3) compared with the values at 30°S, carrying waters with TW temperature of 2.22°C and TW salinity of 

34.860. 

3.3 Bottom currents 645 

3.3.1 Antarctic Bottom Water 

The Antarctic Bottom Water (AABW) originates in the Southern Ocean and reaches the Atlantic Ocean as the densest water 

mass, distributing along the ocean bottom on its way northward. At 45°S, the AABW enters the Atlantic Ocean west of the 

MAR between 57.4ºW and 17.4°W, from ~3800 m to the bottom for the cruise carried out during the 1990-99 decade, 

introducing a net mass transport of 4.7 ± 1.7 Sv (Figure 2) of cold (TW temperature of 0.41°C) and relatively fresh (TW 650 

salinity of 34.697) water (Figure 9 m, n and Table 4). No heat or freshwater transport is associated to the AABW. Previous 

studies using the same hydrographic section have found similar net inputs from the AABW at the Argentine Basin (5.6 ± 1.0 

Sv by McDonagh and King, 2005 and 5.6 ± 0.9 Sv by Naveira Garabato et al., 2014). East of the MAR, there is another 

contribution from the Southern Ocean to the South Atlantic basin (Figure 9 n, o and Table 4). However, including its 

recirculation, the net transport yields a southward -0.9 ± 1.6 Sv of water slightly warmer and saltier (TW temperature of 655 

1.18°C and TW salinity of 34.777). Therefore, the total net transport of bottom waters at 45°S introduces 3.8 ± 1.7 Sv into 

the Atlantic basin. 

The AABW continues its way to the north and reaches 30°S west of the MAR between 45.7°W and 17.7°W, 45.7°W and 

19.0°W and 45.4°W and 18.2°W for the cruises solved within the 1990-99, 2000-09 and 2010-19 models, respectively 

(Figure 9 j, k and Table 4), occupying the water column at depths below ~3500 m. The net strength of the Western AABW 660 

has reduced at this point, with quite stable values in time for mass transport (3.9 ± 1.3, 3.3 ± 1.3 and 3.5 ± 1.5 Sv; Figure 2). 

The TW temperatures (0.46, 0.71 and 0.55°C) and salinities (34.722, 34.750 and 34.730) of this water mass at this latitude 

west of the MAR have increased, after being mixed with the water masses above while flowing northward, with marked 

higher values for the cruise obtained during the 2000-09 period. The eastern AABW yields non-significant values for the 

mass transport at any decades (-0.3 ± 1.0, 0.1 ± 1.0 and 0.5 ± 0.9 Sv; Figure 9 k, l and Table 4), due to the blockage of 665 

northward flowing AABW by the Walvis Ridge (Figure 1). As a result, the net total transport across bottom layers is 

dominated by the western subbasin (3.5 ± 1.2, 3.4 ± 1.4 and 4.1 ± 1.5 Sv). Results from previous studies attribute similar 

albeit slightly stronger AABW northward transports at 30°S, with 5.4 ± 1.4 Sv (McDonagh and King, 2005) and 5.2 ± 1.1 Sv 

(Naveira Garabato et al., 2014) for the 1992-93 cruise and 6.5 ± 1.9 Sv and 8.3 ± 2.1 Sv for the 2003 and 2011 cruises, 

respectively (Hernández-Guerra et al., 2019).  670 

The AABW at 24°S occupies smaller horizontal extensions west of the MAR, from 38.0°W to 17.0°W (2138 km) and from 

38.0°W to 14.8°W (2362 km) for the cruises carried out during the 2000-09 and 2010-19 decades, respectively (Figure 9 g, 
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h and Table 4). At this latitude, the upper level of the AABW has deepened to ~4550 m. The values for the last two 

estimates at 24°S show weaker AABW mass transports west of the MAR (0.5 ± 2.3 and 1.9 ± 2.0 Sv; Figure 2). The eastern 

basin shows similar values to the western basin, with inputs of 1.0 ± 2.0 and 0.3 ± 1.4 Sv (Figure 9 h, i and Table 4). The 675 

total AABW transports (1.5 ± 1.4 and 2.2 ± 1.5 Sv) yield lower results than other inverse solutions for the 2009 cruise (2.6 ± 

0.5 Sv; Evans et al., 2017) and 2018 cruise (6.6 ± 1.6 Sv; Arumí-Planas et al., 2022 submitted).  

Following its way northward along the South American coast, the AABW at 19°S can be found between 37.4°W and 

19.2°W (1914 km wide) in the horizontal and between ~4260 m and the bottom of the ocean (Figure 9 e, f and Table 4). At 

this latitude, no eastern contribution can be found and the AABW is restricted west of the MAR. The AABW at 19°S shows 680 

similar values of mass transport (1.9 ± 1.4 Sv; Figure 2) for the first estimate to the total values at 24°S for the cruises 

obtained during the following decades (2000-09 and 2010-19). 

The AABW at 11°S appears between 35.2°W and 17.0°W, occupying ~1900 km in the horizontal, and in the vertical from 

4377 m to the bottom of the water column (Figure 9 c, d and Table 4). The strength of the AABW flow at 11°S remains 

mainly unchanged (1.2 ± 1.2 Sv of mass transport; Figure 2). Using a combination of shipboard measurements and mooring 685 

arrays, Schott et al. (2005) have estimated a mean northward transport of 2.7 ± 2.9 Sv over 2000-04, which yield similarly 

non-significant values. 

The last section where we can observe the presence of the AABW is 24.5°N, with relatively large horizontal extensions 

(75.5°W to 54.7°W, 76.8°W to 53.7°W and 76.9°W to 52.3°W of 2103, 2322 and 2474 km wide, respectively) with very 

small mass transports (0.1 ± 0.9, 0.7 ± 0.9 and 0.3 ± 1.3 Sv; Figure 2) for the cruises carried out during 1990-99, 2000-09 690 

and 2010-19 (Figure 9 a, b and Table 4). Comparable non-significant northward mass transports are obtained by 

Hernández-Guerra et al. (2014) for 1992 (1.4 ± 1.8 Sv) and 2011 (1.1 ± 1.8 Sv). The combination of shipboard 

measurements and the RAPID mooring array yield similar weak AABW transports, with mean values of 1.0 Sv (McCarthy 

et al., 2015) and stronger ranges of 2.2-3.7 Sv (Frajka-Williams et al., 2011). 

4 Summary and conclusions 695 

The complex system of currents throughout the Atlantic basin that constitute the AMOC has been described in this study 

using repeated hydrographic sections over the last thirty years. Inverse methods enable quantifying not only the AMOC, but 

also the strength and properties associated with the most significant currents flowing along the Atlantic Ocean, attending to 

their transports of mass, heat, and freshwater for different vertical and horizontal ranges. 

Surface currents in the subtropical basins of the Atlantic Ocean describe the wind-driven gyre circulation, with stronger 700 

poleward western boundary currents compensated by equatorward flow in the ocean interior and weaker eastern boundary 

currents occupying a larger longitudinal extension (Figure 2).  Near 61 Sv of upper waters from surface, thermocline and 

intermediate layers enter the Atlantic basin from the Southern and Indian Oceans at the southern boundary of our study area. 

The cold and fresh water route of the MC (37.2 ± 2.0 Sv) carries more water than the eastern warm and salty water route 
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connecting the Atlantic with the Indian Ocean (24.0 ± 2.3 Sv). However, the flow of the MC retroflects and joins again the 705 

ACC east of 20ºW together with a contribution from the South Atlantic subtropical gyre (-55.5 ± 5.6 Sv). The input from the 

Indian Ocean is divided into two nearly steady branches at 30°S, the SEC (15.8 ± 3.4 Sv on average for the whole period) 

and the BeC (12.5 ± 2.0 Sv on average for the whole period). Mass transports for both currents decrease on their way 

northward to 19°S, lowering to 2.3 ± 1.2 Sv and 9.0 ± 1.9 Sv, respectively. The complex system of currents of the South 

Atlantic subtropical gyre is oversimplified in Figure 2. All together suggests not only a northward flow of the BeC and SEC, 710 

but also a large east-to-west contribution towards the BrC (ca. 2 to 7 Sv) between 24°S and 30°S. In this location a widening 

of the SEC is also observed (Figure 2). In the solutions for the cruises obtained during the 2000-2009 decade, this east-to-

west contribution seems to be feeding the southward transport of the BrC at 30°S, while the circulation is harder to infer for 

the other periods. The 11°S section marks the end of the South Atlantic subtropical gyre where the NBrC transports 

northward 17.0 ± 1.2 Sv. Nearly half of the transport of this current finds its source on the northwestward SEC (9.0 ± 1.9 715 

Sv).  

In the northern hemisphere, both the FC and the AC carry northward warm waters from the equatorial area. These currents 

have decreased their transport ca. 4 Sv in the last estimate. The GF transport increases by 29.6 ± 1.8 Sv from 24ºN to 36ºN 

(Figure 2). At 36ºN, the GS carries 74.9 ± 1.7 Sv, of which -35.4 ± 3.0 Sv recirculates southward. The GS at this latitude 

feeds both the North Atlantic subtropical and subpolar gyres. A nearly steady transport of 5.3 ± 1.8 Sv (average transport for 720 

the three decades) recirculates southward on the CC closing the subtropical loop. Between 24°N and 55°N, there is a sink to 

deeper layers of over 5 Sv, with the remaining transport flowing northward on the NAC contributing to the SPNA (Caínzos 

et al., 2022). Part of this flow enters on the Arctic basin through the Iceland-Scotland Ridge, of which about 2 Sv recirculates 

through the gyre and a roughly average of 5.3 ± 3.5 Sv contributes to the NIIC. The EGC connects the Arctic Basin surface 

waters with those within the SPNA. Interestingly, both the EGC and its downstream continuations on the Labrador Sea 725 

(uWGC and LC) show increasing transports that double from the first to the last cruise. This behaviour supports the 

observations of an “Atlantification” of the Arctic Basin (Polyakov et al., 2020, 2017). The low values found for the ERRC 

and EGC transports as well as the overestimations of the ISOW can be explained by the inability of the inverse model to 

reproduce currents with a strong barotropic component. 

The southward flow in deep layers enters the Atlantic basin at the northernmost section via the ISOW and DSOW (Figure 730 

2). The stable ISOW (10.1 ± 8.9 Sv on average) carries southward relatively more water than the combined pathways of the 

DSOW (8.6 ± 11.3, 7.9 ± 1.05 and 7.1 ± 6.7 Sv). The net DSOW manifest decreasing values, but the large uncertainties 

mask any possible significant trend. Deep currents in the Labrador basin flow cyclonically, with a null net transport out of 

the Labrador Sea for the first decade and over 2.5 Sv for the 2000-09 and 2010-19 decades. 

On its way south, deep layers show the continuity of the DWBC Current throughout the basin (Figure 2). At 47°N, the 735 

DWBC conveys an average transport of 33.8 ± 11.9 Sv southward after turning westward at Flemish Cap (Figure 1). The 

DWBC maintains similar strength at 36°N and then reduces at 24°N, where different values appear for each decade. There is 

a reduction in the estimation for the cruise obtained in 2000-09, followed by a recovery in the last cruise included in the 
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2010-19 period. The DWBC reaches 11°S carrying -17.3 ± 2.2 Sv southward, increasing by 17% its transport as it 

approaches 19°S. South of this latitude, the DWBC separates into a western branch flowing along the western boundary and 740 

an eastern branch that crosses the MAR towards the eastern basin (Figure 2). At 24°S, the DWBC has increased to an 

average value of -28.3 ± 11.4 Sv, similar to the mean transport at 30°S (-26.8 ± 7.4 Sv) This increase could be associated to 

an upward vertical flux from abyssal to deep layers between 24°S and 24°N for the cruises included in the 2000-09 and 

2010-19 decades of 0.8 and 1.9 Sv, respectively. The export of deep transport through the western basin at 45°S rises by 

almost 50% to -49.1 ± 7.0 Sv. The eastern branch, the DEBC, suffers a reduction in its strength on its way south. From a 745 

mean value of -11.7 ± 8.2 Sv at 24ºS, the DEBC is reduced to -8.9 ± 7.5 Sv at 30ºS by 24%. The net export at 45°S via the 

eastern basin results in -6.4 ± 6.3 Sv (after a 28% reduction), corresponding to a 12% of the total deep outflow at the 

southern boundary of the Atlantic. 

Abyssal layers are mainly confined to the South Atlantic, with a stronger net northward input via the western basin (Figure 

2). East of the MAR, the northward transport of AABW is recirculated, describing a clockwise gyre in abyssal layers up to 750 

24°S. On the western basin, the AABW flows northward, from 4.7 ± 1.5 Sv at 45°S to a mean value of 3.6 ± 2.4 Sv at 30°S, 

decreasing by 23%. West of the MAR at 24ºS, the AABW exhibits different values in different decades with a significant 

reduction compared to the estimates at 30°S. The northward mass transport of 1.2 ± 1.2 Sv at 11°S reaches 24°N with almost 

negligible values (0.4 ± 1.8 Sv on average). AABW is not detected north of 24°N. We found no significant changes in 

transport. However, we can observe a warming trend with time in the TWT, not accompanied by freshening of the abyssal 755 

waters. Recent publications have found evidence of this increase in AABW temperature with steady and significant rates 

around 0.02°C decade-1 using different datasets and periods of time (Chidichimo et al., 2023; Johnson et al., 2020; Meinen et 

al., 2020; Campos et al., 2021; Zenk and Morozov, 2007; Herrford et al., 2017).  

The heat transport introduced in the South Atlantic by the warm and salty water route of the Agulhas leakage is 1.19 ± 0.11 

PW, distributed along the eastern basin. This heat transport is divided into the contributions for the BeC and SEC, both 760 

reducing its heat transport northward (Figure 3). The cold and fresh water route, instead, only transports, 0.54 ± 0.02 PW 

northward, with a southward heat transport toward the Southern Ocean via ACC of -1.09 ± 0.07 PW. The BrC carries heat 

between 19°S and 30°S along the western boundary, with higher values at 30ºS. As a result, the South Atlantic exports 

roughly 1 PW to the northern hemisphere carried by the NBrC. The northward transport of heat in upper layers of the North 

Atlantic is mainly achieved by the strong heat transported by the FC (2.48 ± 0.03 PW on average) that increases to 4.56 ± 765 

0.11 PW in the GS at 36°N. The convection processes in the SPNA result in a decrease of heat transport to 1.79 ± 0.14 and 

1.18 ± 0.05 PW for the NAC at 47°N. In deep layers, the DWBC carries roughly -0.3 PW southward, starting at 47°N from 

the Grand banks throughout the North Atlantic and the South Atlantic up to 24°S (Figure 3). The DWBC continues carrying 

around -0.3 PW southward along the western boundary until 45°S, where the net transport of heat via deep layers increases 

to -0.53 ± 0.07 PW due to the strong values of the MC. At 24°S, the DEBC carries almost half of the estimate for the 770 

DWBC, introducing an average of -0.13 ± 0.08 PW into the eastern subbasin. This heat transport reduces southward, with a 

net export at the southernmost boundary of -0.06 ± 0.06 PW. 
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The freshwater flux is confined to upper layers (Figure 4), with a transport into the South Atlantic via the MC of 0.07 ± 0.01 

Sv, counteracted by the -0.07 ± 0.02 Sv of the BeC. However, the ACC exports double of these values towards the Southern 

Ocean. The BrC carries freshwater northward, while the BeC shows, northward of 45°S, non-significant values of freshwater 775 

flux along the eastern boundary. In the South Atlantic, the overturning component of the freshwater flux (the baroclinic 

transport due to the zonally averaged vertical-meridional circulation) has been identified as a possible indicator of the 

stability of the AMOC (Dijkstra, 2007; Weijer et al., 2019; Rahmstorf, 1996). Assessing and monitoring the freshwater 

budget in the South Atlantic is an important tool in determining whether the Atlantic Ocean behaves with a monostable or 

bistable regime. The negative or positive sign of this overturning freshwater flux (either due to a southward or northward 780 

transport of freshwater in the southern boundary of the Atlantic Ocean, respectively) informs of the net precipitation or 

evaporation (respectively) over the basin. 

 In the North Atlantic, there is mainly a southward freshwater flux along the eastern basin. In general, we cannot find any 

pattern of change of strength of the currents with time, with similar estimations obtained for the different decades. No 

changes in TW properties have been observed either. 785 

Acknowledgments 

This study was supported by the SAGA project (RTI2018-100844-B-C31) funded by the Ministerio de Ciencia, Innovación 

y Universidades of the Spanish Government. This article is a publication of the Unidad Océano y Clima from the 

Universidad de Las Palmas de Gran Canaria, a R&D&I CSIC-associate unit. We thank the chief scientists and teams that 

collected all the data for the zonal sections: P. Saunders, T. Müller, G. Siedler, G. Parrilla, A. Sy, J. Lazier, M. Bersch, Y. 790 

Yoshikawa, B. King, S. Cunningham, G. Harrison, G.-J. Brummer, M. Baringer, A. Macdonald, D. Kieke and P. Holliday. 

This work has been completed as part of V.C. work at IOCAG, in the doctoral program in Oceanography and Global 

Change. V.C. and C. A.-P. acknowledge the Agencia Canaria de Investigación, Innovación y Sociedad de la Información 

(ACIISI) grant program of “Apoyo al personal investigador en formación” TESIS2019010015 and TESIS2021010028, 

respectively. D. S.-T. acknowledges the Ministerio de Universidades grant program of “Formación de Profesorado 795 

Universitario” FPU20/02211. 

Data Availability Statement 

Hydrographic data were collected from the CCHDO website (https://cchdo.ucsd.edu) in the frame of International WOCE 

and GO-SHIP projects.  The Florida Current cable and section data are made freely available on the Atlantic Oceanographic 

and Meteorological Laboratory web page (www.aoml.noaa.gov/phod/floridacurrent/) and are funded by the DOC-NOAA 800 

Climate Program Office - Ocean Observing and Monitoring Division. Florida Current daily mean transport from year 2000 

until present is available at https://www.aoml.noaa.gov/phod/floridacurrent/data_access.php and historical data from 1982 to 

https://cchdo.ucsd.edu/
http://www.aoml.noaa.gov/phod/floridacurrent/
https://www.aoml.noaa.gov/phod/floridacurrent/data_access.php


26 
 

1998 at https://www.aoml.noaa.gov/phod/floridacurrent/historical_data.php, of which we have used the used data from 1990 

to 1998. The daily mean u and v-wind components of NCEP/NCAR reanalysis winds were collected from 

https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.pressure.html. Results from the inverse solutions can be provided upon 805 

request. 

 

References 

Álvarez, M., Bryden, H. L., Pérez, F. F., Ríos, A. F., and Rosón, G.: Physical and biogeochemical fluxes and net budgets in 

the subpolar and temperate North Atlantic, J Mar Res, 60, 191–226, 2002. 810 

Arhan, M., Mercier, H., and Park, Y. H.: On the deep water circulation of the eastern South Atlantic Ocean, Deep Sea Res 1 

Oceanogr Res Pap, 50, 889–916, https://doi.org/10.1016/S0967-0637(03)00072-4, 2003. 

Artana, C., Ferrari, R., Koenig, Z., Sennéchael, N., Saraceno, M., Piola, A. R., and Provost, C.: Malvinas current volume 

transport at 41°S: A 24 yearlong time series consistent with mooring data from 3 decades and satellite altimetry, J Geophys 

Res Oceans, 123, 378–398, https://doi.org/10.1002/2017JC013600, 2018. 815 

Arumí-Planas, C., Hernández-Guerra, A., Caínzos, V., Vélez-Belchí, P., Farneti, R., Mazloff, M. R., Mecking, S., Rosso, I., 

Schulze Chretien, L. M., Speer, K. G., and Talley, L. D.: Variability in the meridional overturning circulation at 32°S in the 

Pacific Ocean diagnosed by inverse box models, Prog Oceanogr, 203, 102780, 

https://doi.org/10.1016/j.pocean.2022.102780, 2022 (submitted). 

Atkinson, C. P., Bryden, H. L., Hirschi, J. J. M., and Kanzow, T.: On the seasonal cycles and variability of Florida Straits, 820 

Ekman and Sverdrup transports at 26°N in the Atlantic Ocean, Ocean Science, 6, 837–859, https://doi.org/10.5194/os-6-837-

2010, 2010. 

Bacon, S.: Circulation and fluxes in the North Atlantic between Greenland and Ireland, J Phys Oceanogr, 27, 1420–1435, 

https://doi.org/10.1175/1520-0485(1997)027<1420:cafitn>2.0.co;2, 1997. 

Baringer, M. O. N. and Larsen, J. C.: Sixteen years of Florida Current Transport at 27° N, Geophys Res Lett, 28, 3179–3182, 825 

https://doi.org/10.1029/2001GL013246, 2001. 

Bersch, M., Yashayaev, I., and Koltermann, K. P.: Recent changes of the thermohaline circulation in the subpolar North 

Atlantic, Ocean Dyn, 57, 223–235, https://doi.org/10.1007/s10236-007-0104-7, 2007. 

Biló, T. C. and Johns, W. E.: The Deep Western Boundary Current and Adjacent Interior Circulation at 24°–30°N: Mean 

Structure and Mesoscale Variability, J Phys Oceanogr, 50, 2735–2758, https://doi.org/10.1175/JPO-D-20-0094.1, 2020. 830 

Boebel, O., Davis, R. E., Ollitrault, M., Peterson, R. G., Richardson, P. L., Schmid, C., and Zenk, W.: The intermediate 

depth circulation of the western South Atlantic, Geophys Res Lett, 26, 3329–3332, https://doi.org/10.1029/1999GL002355, 

1999. 

https://www.aoml.noaa.gov/phod/floridacurrent/historical_data.php
https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.pressure.html


27 
 

Bower, A., Lozier, S., Biastoch, A., Drouin, K., Foukal, N., Furey, H., Lankhorst, M., Rühs, S., and Zou, S.: Lagrangian 

Views of the Pathways of the Atlantic Meridional Overturning Circulation, J Geophys Res Oceans, 124, 5313–5335, 835 

https://doi.org/10.1029/2019JC015014, 2019. 

le Bras, I. A., Straneo, F., Holte, J., and Holliday, N. P.: Seasonality of Freshwater in the East Greenland Current System 

From 2014 to 2016, J Geophys Res Oceans, 123, 8828–8848, https://doi.org/10.1029/2018JC014511, 2018. 

Brearley, J. A., Pickart, R. S., Valdimarsson, H., Jonsson, S., Schmitt, R. W., and Haine, T. W. N.: The East Greenland 

boundary current system south of Denmark Strait, Deep Sea Research Part I: Oceanographic Research Papers, 63, 1–19, 840 

https://doi.org/10.1016/j.dsr.2012.01.001, 2012. 

Bryden, H. L., Johns, W. E., and Saunders, P. M.: Deep western boundary current east of Abaco: Mean structure and 

transport, J Mar Res, 63, 35–57, https://doi.org/10.1357/0022240053693806, 2005a. 

Bryden, H. L., Longworth, H. R., and Cunningham, S. A.: Slowing of the Atlantic meridional overturning circulation at 25° 

N, Nature, 438, 655–657, https://doi.org/10.1038/nature04385, 2005b. 845 

Bryden, H. L., King, B. A., and McCarthy, G. D.: South Atlantic overturning circulation at 24°S, J Mar Res, 69, 39–56, 

https://doi.org/10.1357/002224011798147633, 2011. 

Caínzos, V., Hernández‐Guerra, A., McCarthy, G. D., McDonagh, E. L., Cubas Armas, M., and Pérez‐Hernández, M. D.: 
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Figure 1: Map of the zonal sections in each decade for the inverse model. Each section is accompanied by its nominal latitude, with 
colours representing the combination of cruises used for each decade, blue for 1990-1999, orange for 2000-2009, and green for 
2010-2019. The main geographical features are included in the figure. 
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Figure 2: Circulation in the upper, deep and abyssal layers in the Atlantic Ocean for mass transport (Sv). The background arrows 
represent the circulation of the main currents in the text, in red for surface layers, purple for deep and blue for abyssal. At each 1225 
section, the mass transports (in Sv) for each current appear in a box, with values in blue for the solutions for the 1990-1999 model, 
orange for 2000-2009 model solutions, and green for 2010-2019 model solutions. Surface currents include Antilles Current (AC), 
Benguela Current (BeC), Antarctic Circumpolar Current (ACC), Brazil Current (BrC), Canary Current (CC), East Greenland 
Current (EGC), East Reykjanes Ridge Current (ERRC), Florida Current (FC), Gulf Stream (GS), Irminger Current (IC), 
Labrador Current (LC), Malvinas Current (MC), North Atlantic Current (NAC), North Brazil Current (NBrC), South Equatorial 1230 
Current (SEC) and Upper West Greenland Current (uWGC). Deep currents are comprised of Deep Eastern Boundary Current 
(DEBC), Deep West Greenland Current (dWGC), Deep, Western Boundary Current (DWBC), Denmark Strait Overflow Water 
(DSOW), Iceland-Scotland Overflow Water (ISOW) and Labrador Current (LC). Abyssal layers are configured by the 
distribution of Antarctic Bottom Water (AABW). 
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Figure 3: Same as Figure 2 but for heat transport (PW). 
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Figure 4: Same as Figure 2 but for freshwater transport (Sv) in upper layers 
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Figure 5: South Atlantic currents at different latitudes and decades. Net mass transport (Sv) per layer defined between neutral 
density interfaces for North Brazil Current (NBrC) at 11°S (a), Brazil Current (BrC) at 19°S (c), 24°S (f) and 30°S (i), for the 
Benguela Current System (BeC) at 19°S (e), 24°S (h), 30°S (k) and 45°S (n) and for Malvinas Current (MC) at 45°S (l). The 
transport per layer is computed using the stations and layers specified in Table 2. The longitudinal ranges of the currents at each 1250 
latitude appear on the top of the middle panel. Different colours denote the use of the model solutions in blue for 1990-1999, 
orange for 2000-2009, and green for 2010-2019. The middle panels show the eastward accumulated horizontal mass transport (Sv) 
for upper layers for the 11°S (b), 19°S (d), 24°S (g), 30°S (j) and 45°S (m) sections. 
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Figure 6: Surface currents in the north Atlantic at different latitudes and decades. Net mass transport (Sv) per layer defined 
between neutral density interfaces for the northward North Atlantic Current (NAC) at 47°N (a) and 53°N+58°N (c), Gulf Stream 
(GS) at 36°N (e), Antilles Current (AC) at 24.5°N (g) and for the southward Canary Current (CC) at 24.5°N (i). The transport per 
layer is computed using the stations and layers specified in Table 2. The longitudinal ranges of the currents at each latitude appear 1260 
on the top of the middle panel. Different colours denote the use of the model solutions in blue for 1990-1999, orange for 2000-2009, 
and green for 2010-2019. The right panels show the eastward accumulated horizontal mass transport (Sv) for upper layers for the 
58°N (b), 47°N (d), 36°N (f) and 24.5°N (h) sections. 
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Figure 7: Upper and deep currents in the subpolar North Atlantic at 53°N+58°N for the three decades. Net mass transport (Sv) per 
layer defined between neutral density interfaces at 53°N+58°N for upper layers: upper Labrador Current (LC; a), upper West 
Greenland Current (uWGC; b), East Greenland Current (EGC; c) Irminger Current (IC; d), East Reykjanes Ridge Current 
(ERRC; e) and North Atlantic Current (NAC; f), as well as for deep layers: deep Labrador Current (LC; h), deep West Greenland 1270 
Current (dWGC; i), west and east Denmark Strait Overflow Waters (DSOW; j and k) and Iceland-Scotland Overflow Waters 
(ISOW; l). The transport per layer is computed using the stations and layers specified in Tables 2 and 3. The longitudinal ranges 
of the currents at each latitude appear on the top of the middle panel. Different colours denote the use of the model solutions in 
blue for 1990-1999, orange for 2000-2009, and green for 2010-2019. The panels below the vertical net transport show the eastward 
accumulated horizontal mass transport (Sv) at 53°N+58°N for upper (g) and deep (m) layers. 1275 
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Figure 8: Deep boundary currents of the Atlantic at different latitudes and decades. Net mass transport (Sv) per layer defined 
between neutral density interfaces for Deep Western Boundary Current (DWBC) at 47°N (a), 36°N (c), 24.5°N (e), 11°S (g), 19°S 1280 
(i), 24°S (k), 30°S (n) and 45°S (q) and for Deep Eastern Boundary Current (DEBC) at 24°S (m), 30°S (p) and 45°S (s). The 
transport per layer is computed using the stations and layers specified in Table 3. The longitudinal ranges of the currents at each 
latitude appear on the top of the middle panel. Different colours denote the use of the model solutions in blue for 1990-1999, 
orange for 2000-2009, and green for 2010-2019. he middle panels show the eastward accumulated horizontal mass transport (Sv) 
for deep layers for the 47°N (b), 36°N (d), 24.5°N (f), 11°S (h), 19°S (j), 24°S (l), 30°S (o) and 45°S (r) sections. 1285 
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Figure 9: Abyssal currents in the Atlantic at different latitudes and decades. Net mass transport (Sv) per layer defined between 
neutral density interfaces for the Antarctic Bottom Water (AABW) West of the MAR at 24.5°N (a), 11°S (c), 19°S (e), 24°S (g), 1290 
30°s (j), and 45°S (m), and East of the MAR at 24°S (i), 30°s (l), and 45°S (o). The transport per layer is computed using the 
stations and layers specified in Table 4. The longitudinal ranges of the currents at each latitude appear on the top of the middle 
panel. Different colours denote the use of the model solutions in blue for 1990-1999, orange for 2000-2009, and green for 2010-
2019. The middle panels show the eastward accumulated horizontal mass transport (Sv) for upper layers for the 24.5°N (b), 11°S 
(d), 19°S (f), 24°S (h), 30°s (k), and 45°S (n) sections. 1295 
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