
1. Introduction
The mean climate in the North Atlantic region is largely impacted by the presence of one of the major components 
of the global climate system: the Atlantic Meridional Overturning Circulation (AMOC; e.g., Rahmstorf, 2002). 
In a zonally averaged view, the circulation pattern associated with the AMOC can be divided into a shallow 
northward branch, a deep southward branch (North Atlantic Deep Water; NADW), and another northward branch 
close to the ocean floor consisting of Antarctic Bottom Water (AABW) which are best described as the vertically 
integrated meridional transport across a certain latitude including thermohaline and wind-driven transport com-
ponents. Within the shallow branch of the AMOC, that is, the return flow in the upper ∼1,200 m, large amounts of 
heat, salt, and biogeochemical tracers (e.g., oxygen or carbon) are transported from the South Atlantic through the 
tropics to the subpolar North Atlantic and Arctic Ocean where the conversion of warm and salty water into colder 
and fresher deep waters constitutes the downward limb of the overturning circulation (Johns et al., 2011; Lozier 
et al., 2019; Zhang & Thomas, 2021). One likely consequence of global warming is a decline of the meridional 
volume transport associated with the AMOC (e.g., Hoegh-Guldberg et al., 2018), although the strength of this 

Abstract The upper-ocean circulation of the tropical Atlantic is a complex superposition of thermohaline 
and wind-driven flow components. The resulting zonally and vertically integrated upper-ocean meridional 
flow is referred to as the upper branch of the Atlantic Meridional Overturning Circulation (AMOC)—a major 
component and potential tipping element of the global climate system. Here, we investigate the tropical part 
of the northward AMOC branch, that is, the return flow covering the upper 1,200 m, based on Argo data and 
repeated shipboard velocity measurements. The western boundary mean circulation at 11°S is realistically 
reproduced from high-resolution Argo data showing a remarkably good representation of the volume transport 
of the return flow water mass layers when compared to results from direct velocity measurements along a 
repeated ship section. The AMOC return flow through the inner tropics (11°S–10°N) is found to be associated 
with a diapycnal upwelling of lower central water into the thermocline layer of ∼2 Sv. This is less than half 
the magnitude of previous estimates, likely due to improved horizontal resolution. The total AMOC return 
flow at 11°S and 10°N is derived to be similar in strength with 16–17 Sv. At 11°S, northward transport is 
concentrated at the western boundary, where the AMOC return flow enters the inner tropics at all vertical levels 
above 1,200 m. At 10°N, northward transport is observed both at the western boundary and in the interior 
predominantly in the surface and intermediate layer indicating recirculation and transformation of thermocline 
and lower central water within the inner tropics.

Plain Language Summary The Atlantic Meridional Overturning Circulation (AMOC) is one of 
the major components of the global climate system. In the upper 1,200 m, the northward branch of the AMOC 
transports large amounts of heat, salt, and biogeochemical tracers across the equator from the South Atlantic 
through the tropics to the North Atlantic. In this study, we show that a realistic reconstruction of the upper-
ocean circulation at the southern hemisphere western boundary—a bottleneck for the AMOC—is possible 
based on high-resolution Argo float data, further enabling transport and pathway estimates for the upper and 
intermediate water mass layers of the inner tropical Atlantic (11°S–10°N). At 11°S, the northward AMOC 
branch is largely concentrated at the western boundary, whereas, at 10°N, it preferably exits the inner tropics 
through the western boundary, but also through the interior basin after recirculating in the equatorial current 
system. When crossing the inner tropics, the water masses forming the AMOC return flow change their 
characteristics and the associated upwelling of water into the subsurface layer is found here to be less than half 
as large as previously estimated, likely due to improved horizontal resolution.
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decline is still under vigorous scientific debate. Therefore, the AMOC is considered a potential tipping element 
of the Earth's future climate (e.g., Lenton et al., 2008).

Direct measurements of the AMOC strength at different locations throughout the Atlantic Ocean have not been 
able to provide evidence of such a global warming-induced weakening during the observational period covering 
the last 20–30 years (Fu et al., 2020; Moat et al., 2020; Worthington et al., 2021). It is believed that multidecadal 
variability in combination with comparably short observational time series complicates the detection of possible 
long-term AMOC trends. Nevertheless, recently, Caesar et al. (2021) inferred a rapid AMOC weakening since 
the mid-20th century from various proxy indicators. In another recent study by Boers (2021) it is suggested that 
the AMOC decline argued by Caesar et al. (2021) could be an indication of the AMOC transitioning into a weak 
circulation mode further fueling the ongoing debate about observed trends, long-term variations and internal 
variability of the AMOC.

For the last two decades, several international efforts have established continuous measurements of the different 
AMOC components (Frajka-Williams et al., 2019) with trans-basin mooring arrays at selected latitudes in the 
subpolar (OSNAP; Lozier et al., 2019) and in the subtropical North (RAPID-MOCHA; Cunningham et al., 2007) 
and South Atlantic (SAMBA; Meinen et al., 2018). More confined mooring arrays are used to monitor the deep 
southward branch in the subtropical (Line W from 2004 to 2014; Toole et al., 2017) and tropical North Atlantic 
(16°N/MOVE; Send et al., 2011) or the deep western boundary current (DWBC) and the North Brazil Undercur-
rent (NBUC) in the tropical South Atlantic (11°S/TRACOS; Herrford et al., 2021; Hummels et al., 2015; Schott 
et al., 2005). Due to the discrete nature of mooring arrays, a coherent picture of the AMOC pathways has been 
generally limited to model simulations (e.g., Bower et al., 2019; Rühs et al., 2019; Speich et al., 2001) and to 
schematic views based on limited direct observations (Schott et al., 1998; Stramma & England, 1999; Stramma 
& Schott, 1999).

One promising advancement for the global hydrographic data coverage is the continuing effort of the Argo pro-
gram (Argo, 2000). With a concurrent operation of about 4,000 floats, each providing one hydrographic profile 
of the upper 2,000 m every 10 days (Wong et al., 2020), the accumulated data has reached a point where the 
prospects and limitations of reconstructing the large-scale upper-ocean geostrophic mean circulation deserve 
further attention. Previous studies already demonstrated that by assimilating Argo data in model simulations 
the representation of the AMOC and, for instance, its associated heat transport is greatly improved (e.g., Dong 
et al., 2011). In this study, we explore the ability of Argo float data to reproduce the observed mean upper-ocean 
circulation in a case study for the western boundary circulation at 11°S, where, in addition to the moored velocity 
array, repeated ship sections of current velocity have been collected over the last 20 years providing a reliable 
reference (Hummels et al., 2015; Schott et al., 2005).

The western boundary circulation at 11°S is a complex and depth-dependent superposition of contributions from 
(a) the thermohaline circulation (THC) and (b) the wind-driven shallow overturning circulations, known as the 
Subtropical Cells (STCs), as well as of (c) the western boundary compensation of the interior ocean Sverdrup 
balance (Schott et al., 2005). In particular, the equatorward NBUC at the western boundary of the tropical South 
Atlantic, which is the dominant pathway for the AMOC return flow at these latitudes, is composed of all three 
transport components at thermocline level (da Silveira et al., 1994; Hummels et al., 2015; Stramma et al., 1995).

In a zonal average, the STCs consist of poleward Ekman transport in the surface layer, subduction of water 
in the subtropics, equatorward geostrophic flow at thermocline level and equatorial and eastern boundary up-
welling (Figure 1). The superposition of the THC on the STC circulation is known to cause an interhemispher-
ic asymmetry in equatorward thermocline layer transports (see Figure 1) in which the southern hemisphere 
STC is strengthened and the northern hemisphere STC circulation is weakened (e.g., Fratantoni et al., 2000; 
Hazeleger & Drijfhout, 2006; Schott et al., 2004). Consequently, changes of the Atlantic THC are expected 
to have implications for the upper-ocean heat content and freshwater distribution by impacting the observed 
asymmetry of the STCs (Chang et al., 2008). Variations in the STC strength are suggested to modulate sea 
surface temperature on decadal time scales (Rabe et al., 2008, Tuchen et al., 2020) as well as to contribute to 
long-term transport variance of the equatorial zonal current system. For the tropical thermocline, the STCs 
represent an important ventilation mechanism (Luyten et al., 1983) with consequences for the lateral oxygen 
ventilation (Brandt et al., 2021).



Journal of Geophysical Research: Oceans

TUCHEN ET AL.

10.1029/2021JC018115

3 of 21

Estimates of the STC strength are often carried out along 10°N and 10°S due to the presence of shallower over-
turning cells (i.e., the tropical cells) closer to the equator (e.g., Molinari et al., 2003; Perez et al., 2014) and due 
to the bifurcation of the westward branches of the subtropical gyres further poleward (e.g., Schott et al., 2004; 
Tuchen et al., 2019). Therefore, water entering the STC/thermocline layer equatorward of these latitudes through 
diapycnal transport from deeper levels, as part of the overall tropical upwelling of the AMOC return flow (see 
Figure 1), has been estimated as the residual of horizontal transport divergence/convergence in the surface layer 
and STC/thermocline layer (e.g., Tuchen et al., 2019; Zhang et al., 2003). Hence, STC transport uncertainties, 
which especially arise at the western boundary where observations are rather sparse, can project onto this re-
sidual and lead to upwelling estimates with large uncertainties (Tuchen et al., 2019). Observational estimates 
of the overall tropical upwelling associated with the AMOC return flow are rare since they require closed zonal 
trans-Atlantic sections in order to calculate the transformation rates of the individual water mass layers (e.g., Lux 
et al., 2001; Roemmich, 1983). Roemmich (1983) estimated a diapycnal upwelling of 6 Sv (1 Sv = 106�3�−1 ) 
into the STC/thermocline layer from two zonal ship sections carried out in the 1950s along 8°N/S, whereas Lux 
et al. (2001) even estimated a downwelling from the thermocline layer into the lower layers. Clearly, an accurate 
description of the STCs depends on the accuracy of the upwelling of the AMOC return flow when crossing the 
tropics. Therefore, one aim of this study is to quantify the diapycnal mean transport of lower central water into the 
STC/thermocline layer with high-resolution Argo data and to compare it with previous estimates.

This study is organized as follows: Section 2 provides an overview of the used data sets. In Section 3, the meth-
ods to derive the individual transport components are described. In Section 4, Argo-derived western boundary 
transports are compared to and validated by transports from a repeated ship section at the western boundary along 
11°S. Building up on the realism of the reconstructed transports, we derive an estimate of the tropical diapycnal 
transports between the individual layers that participate in the AMOC return flow in Section 5. Section 6 provides 
an overview of the mean transports and pathways of the AMOC return flow derived from a combination of Argo 

Figure 1. Schematic of the zonally averaged circulation of the upper-ocean tropical Atlantic highlighting the superposition 
of the wind-driven Subtropical Cells (STCs) and the northward branch of the thermohaline circulation (THC). Easterly 
trade winds at the ocean surface (gray crosses) induce poleward Ekman transport (gray arrows) within the surface layer 
(blue shaded). At subtropical latitudes, water is subducted (blue arrows) into the STC/thermocline layer (beige shaded) and 
transported back to the tropics following geostrophic contours (black arrows). The STCs are closed by equatorial and eastern 
boundary upwelling (green arrows). Note that the surface layer also experiences equatorward geostrophic transport (black 
arrows) partly compensating the Ekman transport. The THC with its partial tropical upwelling into the STC/thermocline 
layer and into the surface layer is indicated schematically by the yellow arrows; water mass transformation associated with 
diapycnal transports by black whirls.
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float data, satellite wind speed data and current velocity data from additional ship sections along 5°S, 35°W, and 
23°W. The presented results are discussed in Section 7 followed by our conclusions in Section 8.

2. Data
Hydrographic profiles from Argo floats are provided by the Roemmich & Gilson Argo climatology (Roemmich 
& Gilson, 2009) as gridded means with a horizontal resolution of either 1/6° (hereafter called ARGO-HR) or 1° 
(hereafter, called ARGO-LR) both including Argo float observations from 2004 to 2018. A detailed description 
of the ARGO-LR climatology is given by Roemmich and Gilson (2009) and updated versions are regularly pro-
vided. The ARGO-HR mean is based on a weighted least squares fit to the nearest 33 Argo profiles (instead of the 
nearest 100 Argo profiles as for the monthly resolved ARGO-LR climatology). ARGO-LR has already been used 
to estimate parts of the Atlantic STC mean circulation (Tuchen et al., 2019) and STC transport variability (Tuchen 
et al., 2020) also pointing to limitations at the western boundary when compared to ship-based and moored ve-
locity data at 11°S. ARGO-HR has been used in combination with expendable bathythermograph (XBT) profiles 
and moored velocity data to reconstruct the East Australian Current (Zilberman et al., 2018). Here, we use an 
updated version of the ARGO-HR product used in Zilberman et al. (2018), and compare it to ship section data 
taken at the Atlantic Ocean western boundary at 11°S. These data include a total of 12 individual ship sections 
with a reasonable coverage of the different seasons (see Figure S1 in Supporting Information S1) in order to de-
rive a representative mean section of meridional/along-shore velocity (Figure 2). A more detailed description of 
the velocity data is provided by Schott et al. (2005) covering the measurements between 2000 and 2004 and by 
Hummels et al. (2015) for the ongoing resumption of the measurements since 2013.

The shipboard velocity sections at 11°S are derived from a weighted combination of full-depth lowered acoustic 
Doppler current profiler (LADCP) data at discrete stations and two simultaneously operating vessel-mounted 
ADCPs (vmADCP) with a frequency of 38 and 75 kHz, respectively, for the upper part of the water column. Ad-
ditional mean ship section data at 5°S (15 individual sections from 1990 to 2019), 35°W (16 individual sections 
from 1990 to 2006) and 23°W (27 individual sections from 2000 to 2018) have been derived analogously by 
merging LADCP (if available) and vmADCP data. Zonal velocity data from the meridional sections along 35°W 
and 23°W will be used here to highlight the observed mean zonal pathways of the AMOC return flow within the 
tropical current system (see Figure 3 for an overview map including the location and extent of the described ship 
sections). Current velocities derived from shipboard measurements typically do not cover the upper 10–20 m and 
are often extrapolated to the surface. Here, velocities in the upper 10 m are replaced by the gridded mean surface 
current velocities at 1/4° horizontal resolution derived from satellite-tracked surface drifting buoys (Laurindo 
et al., 2017) that were horizontally interpolated to the resolution of the individual ship sections.

Figure 2. Mean meridional (east of 34.2°W) and alongshore (west of 34.2°W, rotated clockwise by 36°) velocity at 11°S 
from 12 individual acoustic Doppler current profiler sections (2000–2019). Solid thick lines represent neutral density surfaces 
and separate the different water masses according to Table 1. The gray solid lines mark intervals of 0.1 ��−1 .
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As described in detail in the next section, the geostrophic transport component can be inferred from hydrographic 
profiles provided by Argo observations. However, the wind-driven transport component in the surface layer must 
be accounted for separately. Here, we are using satellite-based wind speed data from the Advanced Scatterometer 
(ASCAT) to derive Ekman transports. ASCAT provides weekly averaged data on a horizontal grid with a reso-
lution of 1/4° since March 2007 from which we calculated a mean wind speed field including data of the fully 
covered years from 2008 to 2020 (Ricciardulli & Wentz, 2016).

3. Methods
The upper-ocean circulation consists of geostrophic and wind-driven flow components which can be separately 
derived to approximate the total flow field. The geostrophic flow component is inferred from hydrographic data 
provided by Argo float observations. From vertical profiles of conservative temperature and absolute salinity, the 
dynamic height anomaly at each grid point is calculated from which the meridional (𝐴𝐴 𝐴𝐴𝑦𝑦 ) and zonal (𝐴𝐴 𝐴𝐴𝑥𝑥 ) gradients 
are used to derive the zonal (𝐴𝐴 𝐴𝐴𝑔𝑔 ) and meridional (𝐴𝐴 𝐴𝐴𝑔𝑔 ) relative geostrophic velocity component, respectively:

𝑢𝑢𝑔𝑔 = −
𝑝𝑝𝑦𝑦

𝜌𝜌0 𝑓𝑓
 (1)

𝑣𝑣𝑔𝑔 =
𝑝𝑝𝑥𝑥

𝜌𝜌0 𝑓𝑓
 (2)

Here, 𝐴𝐴 𝐴𝐴0 denotes a reference density (1,024 ���−3 ) and f the local Coriolis parameter. As a reference, we apply a 
level of no motion at 1,200 m which is the approximate interface between the two main branches of the AMOC 
(e.g., Herrford et  al.,  2021), separating intermediate waters from deep waters. Hydrographic data from AR-
GO-HR are available at each grid point down to 2,000 m. Hence, a topographic mask is applied to blank out those 
geostrophic velocity values at the coastal boundaries that are, unrealistically, located below the bottom depth. We 
have tested the sensitivity of our results to the choice of reference level and find only small changes in meridional 
velocity when, for instance, applying 1,000 m, 1,100 m or 1,300 m instead (Figure S2 in Supporting Informa-
tion S1). Similarly, when repeating the transport calculation for ARGO-HR with reference levels varying from 
1,000 m to 1,300 m, the standard error of the mean of net northward transports across 10°N (10°S) is found to be 
1.7 Sv (1.0 Sv), mainly arising from uncertainties at intermediate level (not shown). In another sensitivity test, we 
find that the observed diapycnal transport of lower Central Water (CW) into the STC/thermocline layer between 
11°S and 10°N is altered only slightly ranging from 1.4 to 2.0 Sv, when applying different reference levels of no 
motion for the geostrophic velocities (see Figure S3 in Supporting Information S1). The resulting mean sections 
of absolute meridional geostrophic velocity for both ARGO-HR and ARGO-LR along 10°N and 11°S are shown 
in Figure 4. Both products show a northward western boundary current which, however, is more pronounced and 
deeper reaching in ARGO-HR both at 11°S and 10°N (Figures 4a and 4b). At 10°N, the southward retroflection 
of the northward western boundary current between 55°W and 50°W is present in both means but clearly strong-
er in ARGO-HR (Figure 4b). It should be noted that the western boundary mean circulation at 10°N consists of 
a continuous northward western boundary current and the rectification of northward propagating North Brazil 
Current rings (NBC rings) that are shed from the retroflection (Johns et al., 1998; Schott et al., 1998).

Zonal (𝐴𝐴 𝐴𝐴𝑔𝑔𝑔𝑔𝑔 ) and meridional (𝐴𝐴 𝐴𝐴𝑔𝑔𝑔𝑔𝑔 ) geostrophic transports across meridional and zonal sections (see Figure 3) are 
derived by integrating the absolute geostrophic flow within vertical (z) and either zonal (x) or meridional (y) 
boundaries:

��,� = ∫

�2

�1
∫

�2

�1

�� dydz (3)

��,� = ∫

�2

�1
∫

�2

�1

�� dxdz (4)

where, the lower vertical boundary 𝐴𝐴 𝐴𝐴2 is marked by the depth of the 27.7 ���−3 neutral density surface (𝐴𝐴 𝐴𝐴𝑛𝑛 ) and 𝐴𝐴 𝐴𝐴1 
by the surface. These boundaries define the vertical extent of the AMOC return flow including the four different 
water mass layers described in Table 1: surface layer, STC/thermocline layer, lower Central Water (CW) layer 
and Antarctic Intermediate Water (AAIW) layer. Although we generally follow the definitions for water mass 
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layers from Hummels et al. (2015), we choose to separate the surface and the 
STC/thermocline layer by a depth-based boundary level following Tuchen 
et  al.  (2019). This definition has no consequence for the mean transports 
and pathways of the overall AMOC return flow but allows us to separate 
the surface layer from the geostrophic STC/thermocline layer. The surface 
layer additionally contains a wind-driven transport component that must be 
accounted for separately. From wind speed data provided by the ASCAT mis-
sion (Ricciardulli & Wentz, 2016) the horizontal wind stress vector (𝐴𝐴

⇀

𝝉𝝉  ) at 
each grid point is estimated via Bulk formula:

⇀
�= �air ��

⇀
� |

⇀
� |

 (5)

where, 𝐴𝐴 𝐴𝐴𝑎𝑎𝑎𝑎𝑎𝑎 is the density of air (1.22 ���−3 ), 𝐴𝐴 𝐴𝐴𝐷𝐷 is the drag coefficient (here 
assumed to be a constant value of 0.0013) and 𝐴𝐴

⇀

𝒖𝒖 the horizontal ocean surface 
wind speed vector. The horizontal wind stress components force the horizon-
tal Ekman transport (𝐴𝐴

⇀

𝑴𝑴𝒆𝒆 ) that is defined component-wise as:

��,� = − ��
�0�

��,� =
��
�0�

 (6)

where, a zonal (meridional) wind stress excites a meridional (zonal) Ekman transport. Both Ekman and geostrophic 
transport estimates are functions of the Coriolis parameter that vanishes close to the equator, where, as a conse-
quence, neither the geostrophic nor the Ekman balance holds and transport estimates largely rely on cross-equatorial 
shipboard observations as, for instance, along 35°W or 23°W (Figure 3) and on surface drifter data.

The derivation of diapycnal transports between 11°S and 10°N is based on the assumption of a closed volume 
that is laterally bounded by the South American and African coast and bounded at depth by the interface between 
AAIW and NADW, that is, the 27.7 ���−3 neutral density surface. Under the assumption that within these bound-
aries and between 11°S and 10°N volume is conserved and by accounting for a small net freshwater supply at the 
surface due to precipitation, evaporation and river runoff of about 0.3 Sv (Dai & Trenberth, 2003), we estimate a 
net divergence/convergence from the individual water mass layer transports at both sections that has to be com-
pensated for by the layer below (see Section 5).

4. The Western Boundary Circulation at 11°S Derived From Argo Observations
In a first step, geostrophic velocity and transport data from both Argo products are compared to shipboard obser-
vations at 11°S. As previous studies have pointed to limitations of the low-resolution Argo product (ARGO-LR) 
at the western boundary (Tuchen et al., 2019, 2020) it is of particular interest to assess how well the high-reso-
lution Argo product (ARGO-HR) represents well-observed circulation features. For this purpose, velocity data 
from a repeated ship section at the western boundary at 11°S serve as a valuable reference (Figure 2). Vertical 
profiles of meridional velocity are interpolated to neutral density space and vertically integrated within density 
bins of 0.01 ���−3 and zonally integrated within the boundaries of the ship section between the western boundary 
and 32°W. The resulting vertical profiles of western boundary meridional transport across 11°S from both Argo 
products and from ship section data are shown in Figures 5a and 5c. From ship-based current velocity data, the 
horizontal AMOC branches are characterized by maximum northward transports in the lower central water to 
intermediate water layer, depicting the shallow return flow of the AMOC within the NBUC, and by maximum 
southward transports in the deep-water layer associated with the DWBC. Below the DWBC, the AABW layer is 
associated with northward transport close to the bottom. In the following, due to the limitation of Argo float data 
to the upper 2,000 m of the water column, the layers below this range, that is, a large fraction of the NADW layer 
and the AABW layer, are not further investigated.

In comparison to the vertical profile of meridional transport from the mean ship section, the ARGO-LR transport 
profile shows a considerable underestimation of the transport in the northward return flow layers (Figure 5a). 
This discrepancy between ARGO-LR and ship-based transports at the western boundary at 11°S has already been 

Water mass layer Vertical boundaries (𝐴𝐴 𝜸𝜸
𝒏𝒏
 )

Surface layer Surface to Ekman depth

STC/thermocline layer Ekman depth to 26.3

Lower CW 26.3–26.8

AAIW 26.8–27.7

NADW 27.7–28.135

AABW 28.135–bottom

Note. Definitions are given for the surface layer, Subtropical Cell (STC)/
thermocline layer, lower Central Water (CW), Antarctic Intermediate Water 
(AAIW), North Atlantic Deep Water (NADW) and Antarctic Bottom Water 
(AABW) following Hummels et al. (2015).

Table 1 
Vertical Boundaries of the Individual Water Mass Layers Based on Neutral 
Density Surfaces (𝐴𝐴 𝐴𝐴𝑛𝑛 ) or on Ekman Depth (Climatological Mean Depth at 
Which the Meridional Velocity Reverses Its Sign Derived From ECMWF 
ORA-S4; See Also Tuchen et al., 2019, e.g., at 11°S: ∼60 m)
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Figure 3. Bathymetry and schematic representation of the key surface (solid red arrows) and subsurface (dotted red arrows) currents and circulation components in the 
tropical upper Atlantic Ocean including the South Equatorial Current (SEC), North Brazil Undercurrent (NBUC), North Brazil Current (NBC), central South Equatorial 
Current (cSEC), Equatorial Undercurrent (EUC), northern South Equatorial Current (nSEC), North Equatorial Counter Current (NECC), North Brazil Current (NBC) 
rings and the North Equatorial Current (NEC). This schematic is based on the diagrams by Schott et al. (2002) and Dengler et al. (2004). Solid white lines indicate 
where current velocity measurements along repeated ship sections are available (11°S, 5°S, 35°W, and 23°W). Gray-and-white lines mark sections at which absolute 
geostrophic velocities are derived from hydrographic Argo float data. Both zonal sections are divided into a western boundary, an interior, and an eastern boundary 
subsection following Tuchen et al. (2020). Two boxes (denoted by A and B) are enclosed by different combinations of Argo and ship sections to estimate the transport 
budgets shown in Figure 11.

Figure 4. Absolute meridional geostrophic velocity sections derived from the Roemmich & Gilson Argo means along (a), (c) 11°S and (b), (d) 10°N for the (a), (b) 
1/6° horizontal resolution product (ARGO-HR) and (c), (d) the 1° horizontal resolution product (ARGO-LR). Solid thick lines represent neutral density surfaces and 
separate water masses according to Table 1. A reference level of no motion at 1,200 m is applied (approximating the 27.7 ���−3 isopycnal).
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noted for the STC layer by Tuchen et al. (2019). In contrast, the vertical profile of meridional transport derived 
from ARGO-HR is generally in good agreement with the ship-based meridional transport profile and the overall 
vertical structure of meridional transport is well reproduced. However, the maximum northward transport which 
is associated with the core of the NBUC is slightly shallower in ARGO-HR where it is observed within the lower 
CW layer.

Although a comparable observational reference is not available for the western boundary in the tropical northern 
hemisphere, we still observe a substantial increase of northward transport at the western boundary at 10°N when 
using ARGO-HR instead of ARGO-LR indicating a general underestimation of western boundary transports 
in the lower-resolved Argo product. Nevertheless, both ARGO-HR and ARGO-LR agree on a similar vertical 
structure at the western boundary at 10°N with maximum northward transport observed within the AAIW layer. 
The absence of northward transport at thermocline level at the northern hemisphere tropical western boundary 
has already been noted in the observational analysis of Wilson and Johns (1997) and by the model experiments of 

Figure 5. (a), (c) Western boundary (WB) and (b), (d) interior mean meridional volume transport within 0.01 ���−3 neutral density bins from Argo data at 11°S 
(reddish) and 10°N (greyish) derived at different resolutions and from western boundary shipboard velocity data at 11°S (yellow). The western boundary at 11°S 
(10°N) is defined as west of 32°W (50°W) while the interior at 11°S (10°N) is defined as eastward of 32°W (50°W) and westward of 9°E (20°W). Note that both axes 
change below a neutral density of 27.7 ���−3 (marking the interface between the upper and the lower branch of the AMOC). Individual water mass layers are generally 
separated by isopycnals (black dashed-dotted lines) except for the lower boundary of the surface layer which is originally defined as a depth (see Table 1) and, here, 
converted into neutral density space marked by the red (gray) dashed-dotted line for 11°S (10°N). The standard error of the mean envelope is given for the monthly 
varying ARGO-LR and ship-based transports for each density bin.
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Jochum and Malanotte-Rizzoli (2001). Note here, that the surface layer transports derived from ARGO-HR and 
ARGO-LR in Figures 5a and 5b do not include an Ekman component. Total layer transports including geostroph-
ic and Ekman transport components for the surface layer will be presented and discussed in more detail below.

Away from the western boundary, the analysis of meridional transports observed in the interior and eastern 
boundary part of the zonal sections at 11°S and 10°N only shows small differences between ARGO-HR and 
ARGO-LR transports in the upper 1,200 m at both latitudes (Figures 5b and 5d and S4 in Supporting Informa-
tion S1). The importance of using higher horizontal resolution data to realistically resolve the vertical structure of 
the observed circulation applies exclusively to the western boundary. In order to compare total transports of the 
individual water mass layers, the vertical profiles of meridional transport are integrated within the vertical extent 
of the return flow layers as defined in Table 1 (Figure 6). In the surface layers, the meridional Ekman transport 
is also included, which opposes the surface layer meridional geostrophic transport at both latitudes (see also 
Figure 1). In all four layers (surface, STC/thermocline, lower CW, AAIW), meridional transports at the western 
boundary at 11°S derived from ARGO-HR and meridional transports derived from the mean ship section are in 
good agreement. This is not the case for meridional transports derived from ARGO-LR that largely underestimate 
the observed transports especially below the surface layer. In total, a northward transport of 21.8 (21.5 𝐴𝐴 ±  2.2) 
Sv is observed by ARGO-HR + Ekman (mean ship section) entering the inner tropics (here defined as between 
11°S and 10°N) at the western boundary at 11°S. Although previous studies provide observational evidence for 
the direct throughflow of southern hemisphere waters along the western boundary (Bourlès et al., 1999; Schott 
et  al.,  1998), a considerable fraction of these waters follow a more complex pathway of recirculation within 
the tropical zonal current system before eventually leaving the inner tropics which will be further discussed in 
Section 6.

At the western boundary at 10°N (westward of 50°W), most of the observed northward transport is accomplished 
through northward Ekman transport within the surface layer and by northward geostrophic transport within the  

Figure 6. Meridional layer transports at the western boundary across (a) 11°S and (b) 10°N according to the definitions of Table 1. An Ekman transport contribution 
(green bars) is added to the surface layer as well as net transports for each data set including Ekman and geostrophic transports at the bottom. Positive (negative) values 
represent northward (southward) volume transport. The standard error of the mean is given for the monthly varying ARGO-LR, the weekly varying Ekman and the ship 
section transport estimates.
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AAIW layer (Figure 6b). Interestingly, the STC/thermocline layer and lower CW layer hardly show any meridional 
net transports. This is likely a consequence of the retroflection of the NBC that compensates northward transports 
close to the western boundary in these layers and/or that these water masses are supplied to the tropical zonal 
current system before even reaching the western boundary at 10°N. A total of 12.3 Sv (ARGO-HR + Ekman) is 
leaving the inner tropics at the western boundary at 10°N. Before further investigating the observed mean trans-
ports and pathways, we first focus on the diapycnal transports of the individual water masses within the AMOC 
return flow from entering to leaving the tropical and equatorial current system between 11°S and 10°N.

5. Diapycnal Transport Within the Tropical AMOC Return Flow
The AMOC return flow enters the inner tropics predominantly at the western boundary (see Figures 6a and 9a). 
In total, we find an AMOC return flow of 16.4 Sv (16.8 Sv) across 11°S (10°N) based on ARGO-HR geostrophic 
transports and satellite-derived Ekman transports (Figure 7). At 10°N, only about 60% of the observed northward 
transport of the AMOC return flow is leaving the inner tropics through the western boundary pathway. Clearly, 
the passage of a considerable fraction of the return flow through the tropical Atlantic is more complex and likely 
involves recirculation in the inner tropics which favors mixing and transformation of water mass properties by a 
prolonged residence time within the equatorial current system. Building up on the validation of ARGO-HR in the 
previous section, this data set is further explored in this section to investigate the tropical upwelling of the AMOC 
return flow between 11°S and 10°N.

Based on the zonal sections of meridional geostrophic velocity along 11°S and 10°N derived from both Argo 
products and complemented by Ekman transport in the surface layer, an analysis of diapycnal transports within 

Figure 7. Meridional layer transports across the zonal sections at 11°S (left panel) and 10°N (right panel) and associated diapycnal transports (Sv) in between these 
latitudes (middle panel). The overall net transports for each data set, including Ekman and geostrophic transports, are given at the bottom of both panels. Positive 
(negative) values represent northward (southward) volume transport. The volume balances (squares; positive (negative) values indicate a convergence (divergence) 
of volume) and resulting diapycnal transport estimates (arrows) are given for the high-resolution (gray) and the low-resolution (black) Argo product based on the 
assumption of volume conservation within each individual water mass layer (see text for more detail). The surface layer volume budget also includes the freshwater 
supply due to precipitation, evaporation and river runoff (blue square) according to Dai and Trenberth (2003). The standard error of the mean is given for the monthly 
varying ARGO-LR and the weekly varying Ekman transport estimates.
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the inner tropics is carried out as follows: under the assumption that each vertical layer of the AMOC return flow 
(see Table 1) conserves its volume (taking into account precipitation, evaporation and river runoff to the upper 
layer volume budget), the vertical exchange rates, that is, diapycnal transports, between the water mass layers are 
derived. Figure 7 shows the meridional transport components (integrated from the western to the eastern bound-
ary of the basin) across 11°S and 10°N and for ARGO-HR and ARGO-LR. In the surface layer, the meridional 
Ekman transport across these sections derived from the 2008–2020 ASCAT mean wind stress is included. At 
11°S, the vertically integrated transport is found to be about zero for the ARGO-LR product which is in large 
disagreement with a northward AMOC return flow transport of 16.4 Sv observed in ARGO-HR. For each layer, 
the sum of all meridional transport components across the southern hemisphere section and across the northern 
hemisphere section yields either a transport divergence depicted by negative values or a transport convergence 
depicted by positive values.

For instance, in the surface layer and for ARGO-HR a net transport divergence of 11.8 Sv arises from the sum 
of 8.5 Sv geostrophic transport convergence and 20.3 Sv Ekman transport divergence, and is complemented by 
0.3 Sv freshwater supply due to precipitation, evaporation and river runoff (Dai & Trenberth, 2003). This net 
divergence of transport must be compensated for by upwelling from the underlying layer, which is the STC/
thermocline layer showing a transport convergence of 9.6  Sv largely driven by the pronounced equatorward 
transport across 11°S of the southern hemisphere Subtropical Cell. Interestingly, in a zonal average the northern 
hemisphere Subtropical Cell is close to being absent which is a consequence of the compensation of southward 
transport in the retroflection area by northward transport at the western boundary. In fact, equatorward transport 
associated with the northern hemisphere STC flow tends to cross 10°N in the vicinity of the retroflection (Tuchen 
et al., 2019). After supplying the required 11.5 Sv to the surface layer, the STC/thermocline layer exhibits a vol-
ume deficit of 1.9 Sv that must be upwelled from the lower CW layer. Notably, the ARGO-HR and ARGO-LR 
analyses show an increasing discrepancy of the estimated diapycnal transports with depth (Figure 7). Here, we are 
particularly interested in the diapycnal upwelling rate of lower CW into the STC/thermocline layer that has been 
previously estimated to be of the order of 6 Sv (Roemmich, 1983). In this study, we find a diapycnal transport of 
1.9 Sv (ARGO-HR) which is about a third of the previously estimated transformation rate that is often mentioned 
in STC estimates to account for the diapycnal transport between the latitudes of estimation. A comparable di-
apycnal transport as observed by Roemmich (1983) is estimated when using ARGO-LR (5.8 Sv) suggesting that 
sparse horizontal resolution, which is especially crucial at the western boundary, could lead to such high trans-
port estimates. However, the observed upwelling estimate from ARGO-LR is a direct consequence of unrealistic 
horizontal transports especially at 11°S.

6. Mean Transports and Pathways of the Tropical AMOC Return Flow
The previous sections emphasized the role of the western boundary for the AMOC return flow as the dominant 
pathway to enter the inner tropical Atlantic. However, the question arises where and how the AMOC return flow 
exits the inner tropics in terms of preferred vertical layers and longitudes. First, we extend the presented analysis 
of western boundary water mass layer transports to the interior and eastern boundary subsections along 11°S and 
10°N (Figures 8 and 9). The interior part along 10°N is dominated by northward Ekman transport in the surface 
layer that is only slightly reduced by southward geostrophic transport (Figure 8b). At thermocline level, the north-
ern hemisphere STC shows close to zero equatorward transport when not including longitudes within the NBC 
retroflection. In the lower CW and AAIW layer, both ARGO-HR and ARGO-LR show northward transports. 
When combined with the upper layer transports, a net northward transport of 8.5 Sv (ARGO-HR) is observed for 
the interior part of the 10°N section.

Across the interior part of the 11°S section, a strong southward Ekman transport of about 9.7 Sv is partially bal-
anced by equatorward geostrophic transports in the surface and STC/thermocline layer (Figure 8a) in accordance 
with STC dynamics (Schott et al., 2004). As a consequence, a net southward transport of 3.4 Sv (ARGO-HR) is 
observed. The eastern boundary regions at 11°S and 10°N are generally dominated by southward geostrophic and 
Ekman transports of smaller magnitudes (Figure 9). Interestingly, the AAIW layer is the main component of the 
observed 4.0 Sv (ARGO-HR) of southward transport at the eastern boundary at 10°N. At the eastern boundary 
at 11°S, southward transports are small in all layers and add up to 2.0 Sv (ARGO-HR) further emphasizing the 
dominating role of the western boundary as a bottleneck for northward net transports associated with the AMOC 
return flow.
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The pathways of the AMOC return flow after entering the inner tropics are further elucidated by additional cur-
rent velocity data from repeated ship sections along 5°S (Figure 10a), 35°W (Figure 10b), and 23°W (Figure 10c) 
that all represent averages from at least 15 individual sections of shipboard velocity measurements from different 
years and seasons (see Figure 3 for a map of these sections). At 5°S, an intensified western boundary current is 
observed when compared to 11°S, characterized by a total northward transport of 25.3 𝐴𝐴 ±  1.8 Sv across the zonal 
extent of the ship section and from the surface to 1,200 m. Similarly, the 35°W zonal velocity section, which is 
based on the shipboard velocity measurements described in Hormann and Brandt (2007) and Eden and Deng-
ler (2008), shows a pronounced and deep-reaching western boundary current (Figure 10b). The 35°W section 
covers both the western boundary current system at the southernmost part of the meridional section where it 
reaches the continental shelf and the equatorial zonal current system away from the coastal areas.

Both cross-equatorial sections at 35°W and 23°W reveal main features of the equatorial current system, that is, a 
pronounced eastward Equatorial Undercurrent (EUC) in the thermocline to lower central water layer flanked by 
the central and northern branches of the SEC at the surface, and the intermediate current system between 400 and 
1,000 m with alternating zonal currents. The alternating structure of the zonal currents are indicative of a large 
zonal exchange of mass across the equatorial Atlantic and within the AMOC return flow layer.

As further shown below, the eastward transport of thermocline and lower central water mainly manifests in the 
EUC, whereas intermediate water is dominantly transported westward within the EIC. Also, when dividing the 
23°W section into two subsections north and south of 2°N (not shown) we observe westward transport north of 
2°N while the southern subsection shows increased eastward transport, highlighting the role of the EUC in trans-
porting and exchanging thermocline and lower central water from the western boundary towards the eastern part 
of the basin. On its eastward path the EUC shoals significantly (e.g., Johns et al., 2014) partly contributing to the 
zonally averaged upwelling within the upper layers of the AMOC return flow. These upwelled waters are then 
transported away from the equator mainly by poleward Ekman transport in the surface layer.

Figure 8. Meridional layer transports across the interior part of (a) 11°S and (b) 10°N according to the definitions of Table 1. An Ekman transport contribution (green 
bars) is added to the surface layer as well as net transports for each data set including Ekman and geostrophic transports at the bottom. Positive (negative) values 
represent northward (southward) volume transport. The standard error of the mean is given for the monthly varying ARGO-LR and the weekly varying Ekman transport 
estimates.
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To highlight the transport pathways of the individual water mass layers within the tropical AMOC return flow 
and to summarize their transport contributions, we examine the mass budgets within two particular domains (in-
dicated by boxes A and B in Figure 3). Both boxes are bounded by a combination of ARGO-HR and repeated ship 
sections. If available, we use velocity data from repeated ship sections (in combination with surface drifter ve-
locities as described in Section 3) and fill gaps in data coverage by geostrophic velocity data from ARGO-HR (in 
combination with wind-driven Ekman transports). For each box and layer, the incoming and outgoing transports 
across the individual surrounding sections are presented in Figure 11. Here, we combined the upper three layers 
(surface, STC/thermocline and lower CW) to focus on the differences between the upper-ocean (Figure 11a) and 
the intermediate layer (Figure 11b). At the western boundary, both layers are dominated by a northward transport 
across 11°S and further increased northward transport across 5°S where about 4–5 Sv are recirculated southward 
farther offshore in both layers, respectively. Through the southern part of the 35°W section waters continue to 
flow north- and westward. However, within the upper layers at 35°W away from the boundary, the flow is domi-
nated by the eastward EUC which reduces the net westward transport across 35°W to 6.8 Sv. In fact, dividing the 
net transport through the 35°W section into its eastward and westward transport contributions (23.0 Sv eastward, 
29.8 Sv westward) reveals a substantial zonal exchange of water masses within the upper layers. In these layers, 
a large part of the net north- and westward flowing water masses is retroflected back south- and eastward at the 
western boundary after crossing the equator to supply the North Equatorial Counter Current (NECC) and EUC as 
indicated by large eastward transports across the 23°W section of 28.9 Sv.

Overall, in combination with observed westward transports of 20.4 Sv, we find a net eastward transport of 8.5 Sv 
across the upper layers at 23°W. This is in contrast to the intermediate level at which we observe a net westward 
transport of 7.4  Sv across 23°W dominated by the Equatorial Intermediate Current (EIC) that is partly sup-
plied by southward transport across the eastern boundary at 10°N and by recirculation of the flanking eastward 
intermediate currents. In total, we observe 30.1 Sv of westward transport and 22.7 Sv of eastward transport at 
intermediate level at 23°W indicating a substantial zonal exchange of mass.

Figure 9. Meridional layer transports across the eastern part of (a) 11°S and (b) 10°N according to the definitions of Table 1. An Ekman transport contribution (green 
bars) is added to the surface layer as well as net transports for each data set including Ekman and geostrophic transports at the bottom. Positive (negative) values represent 
northward (southward) volume transport. The standard error of the mean is given for the monthly varying ARGO-LR and the weekly varying Ekman transport estimates.
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Based on these transports, the most important pathways for the upper-ocean layer and the intermediate layer are 
highlighted schematically in Figure 11: in the upper-ocean, water enters the inner tropical Atlantic at the western 
boundary where it flows northward across 5°S and north-westward across 35°W. At 10°N, one part continues 
northward while another substantial part retroflects back southeastward and, in combination with the western 
boundary route of the northern hemisphere STC, supplies the eastward equatorial surface and subsurface cur-
rents along which these waters lose their density and upwell. Eventually, poleward Ekman transports remove 
these waters from the equatorial region at the surface. At intermediate level, AAIW enters the tropics at the 
western boundary at 11°S as well. Across 5°S, a partial recirculation of AAIW occurs, but the majority continues 
north-westward along the western boundary as observed at 35°W and also further north at 10°N. Away from the 
western boundary, the equatorial intermediate current system, and especially the EIC, transports and recirculates 
large amounts of intermediate water across the tropical Atlantic. A small portion of intermediate water is supplied 
through the eastern boundary at 10°N which could be partly of southern hemisphere origin indicating a cross-ba-
sin pathway of AAIW north of 10°N.

Finally, we summarize the presented transports for the combined upper-ocean and intermediate layers and provide 
an overview of the preferred AMOC return flow pathways based on ARGO-HR and shipboard velocity measure-
ments (Figure 12). Here, geostrophic velocities from ARGO-HR are depth-averaged over the whole return flow 

Figure 10. Mean ship section of (a) meridional velocity across 5°S, and zonal velocity across (b) 35°W and (c) 23°W. The 
mean ship section across 5°S is an average of 15 individual sections between 1990 and 2019 (see Table S6 in Supporting 
Information S1). The mean ship section across 35°W is an average of 16 individual sections between 1990 and 2006 as 
described by Hormann and Brandt (2007) and Eden and Dengler (2008) (see Table S7 in Supporting Information S1). The 
mean ship section across 23°W is an average of 27 individual sections between 2000 and 2018 (see Table S8 in Supporting 
Information S1). Solid thick lines represent neutral density surfaces and separate water masses according to Table 1. Dashed 
contours mark the zero-velocity line. The most important currents are marked in the figure: The North Brazil Current (NBC), 
South Equatorial Undercurrent (SEUC), central South Equatorial Current (cSEC), northern South Equatorial Current (nSEC), 
Equatorial Undercurrent (EUC), North Equatorial Counter Current (NECC), Southern Intermediate Counter Current (SICC), 
Equatorial Intermediate Current (EIC), Northern Intermediate Counter Current (NICC), and the Deep Western Boundary 
Current (DWBC).
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layer (surface to 27.7 ���−3 ) to illustrate the net geostrophic flow at each grid point. The most prominent circulation 
feature is the continuous northward western boundary current fed by the bifurcation of the South Equatorial Current 
between 15°S and 20°S. After crossing the equator, the return flow weakens and partially retroflects southeastward 
to supply the eastward surface and subsurface currents shown in Figures 10b and 10c. The western boundary current 
continues across the 10°N section and part of it enters the Caribbean seas. The overview in Figure 12 also includes 
the net meridional transport (Ekman + geostrophy) at each subsection (Western boundary [WB], interior [INT], 
eastern boundary [EB]) of the 11°S and 10°N ARGO-HR sections as well as total transports across the ship section 
at 5°S (meridional) and at 35°W and 23°W (both zonal). Additionally, the transports of ARGO-HR (+Ekman) along 
10°N, 5°S and 35°W used for the analysis in Figure 11 are also shown. The role of the wind-driven transport com-
ponent is especially pronounced along the interior subsection at 10°N where Ekman flow is the main component 
of the observed net northward transport, as well as along the interior subsection at 11°S where Ekman transport 
overcompensates the equatorward transport associated with the southern hemisphere STC.

7. Discussion
The presented results provide a first estimate of the mean transports, pathways and diapycnal transports of the 
AMOC return flow derived from a combination of Argo float data and shipboard velocity measurements. Here, 
we explore an updated version of the Argo data used in Zilberman et  al.  (2018) and show that it allows to 
realistically reconstruct the Atlantic Ocean western boundary circulation at 11°S as observed by shipboard veloc-
ity measurement along repeated sections (see Section 4).

The basin-wide intertropical exchange of mass associated with the northward flow of the upper branch of the 
AMOC has previously been described for the tropical Atlantic in studies based either on a limited number of 

Figure 11. Schematic of boxes A (green shaded) and B (gray shaded) both introduced in Figure 3 and associated incoming 
and outgoing transports (in Sv) for (a) the upper-ocean layer consisting of the surface layer, Subtropical Cell/thermocline 
layer and lower CW layer and (b) the Antarctic Intermediate Water layer specified in Table 1 from ARGO-HR sections (red 
lines) and ship sections (black lines). Here, the South American and African coastlines are schematically represented by 
the green lines. ARGO-HR transports in (a) also include the Ekman transport component. Transports across 5°S include an 
uncertainty range being the standard error of the mean. To highlight the zonal exchange across the meridional ship sections of 
35°W and 23°W the net transports are divided into eastward (red box) and westward (blue box) transport contributions. The 
inferred pathways of both layers are schematically indicated by the shaded gray arrows.
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in-situ measurements (Lux et  al.,  2001; Roemmich,  1983) or on ocean circulation models (e.g., Fratantoni 
et al., 2000; Malanotte-Rizzoli et al., 2000). From high-resolution (1/6°) Argo data and ASCAT wind stress, we 
derive a net northward transport of 16.4 Sv across 11°S, and 16.8 Sv across 10°N when considering both Ekman 
and geostrophic transport components over the full vertical extent of the AMOC return flow layer (see Table 1 
and Figure 12) which is in very good agreement with, for instance, the results of Lumpkin and Speer (2007) who 
estimated a northward transport of 16.2 𝐴𝐴 ± 3.0 Sv across 11°S. In contrast, Roemmich (1983) observed a net north-
ward transport of about 10 Sv across four zonal sections at 8°N/S and 24°N/S. However, the transport estimates 
by Roemmich (1983) are based on individual ship sections carried out in the 1950s whereas the presented results 
of this study describe a mean estimate based on Argo observations between 2004 and 2018. Therefore, it is likely 
that the results of Roemmich (1983) are seasonally biased since AMOC transports show a substantial seasonal 
variability at tropical latitudes (e.g., Herrford et al., 2021). The results of Lux et al. (2001) are based on an inverse 
model from hydrographic measurements along two zonal sections at 7.5°N and 4.5°S. They find a northward 
transport of South Atlantic Water mainly through the NBUC of about 33 Sv. While such high transports are pos-
sible, the observed average northward transport of the NBUC based on ship section data is estimated to be about 
26 Sv (Hummels et al., 2015). When extending the region farther offshore to include the offshore recirculation 
of the NBUC by using the full zonal extent of the ship section data used in Hummels et al. (2015), the mean 
transport is reduced to 21.5 𝐴𝐴 ±  2.2 Sv.

From basin-wide zonal ship section data, the diapycnal transports between the individual layers can be estimated 
(see Section 5). Between 11°S and 10°N about 11.8 Sv of thermocline waters are upwelled into the surface layer 
(Figure 8) which is larger than the value of 7.5 Sv estimated by Lux et al. (2001) for the upwelling between 7.5°N 
and 4.5°S. The upwelling is directly linked to the observed Ekman divergence which varies between different 
wind products and for estimates at different latitudes. We find that 1.9 Sv of lower central water is upwelled into 

Figure 12. Mean geostrophic flow field within the Atlantic Meridional Overturning Circulation return flow layer (surface 
to 27.7 ���−3 isopycnal). Meridional velocities are represented by the shading and the horizontal flow is indicated by 
the arrows. Given in the squares are total meridional transports across 11°S and 10°N (yellow-gray lines) at the western 
boundary, in the interior ocean and at the eastern boundary in Sv as well as across selected zonal and meridional ship sections 
(gray lines). Red (blue) values indicate northward/eastward (southward/westward) transport. Total transports across ARGO-
HR sections are the sum of geostrophic transport (Tg) and Ekman transport (TEk) as indicated in the tables.
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the STC/thermocline layer which constitutes part of the tropical upwelling of the AMOC return flow and has to 
be considered in estimates of the STC circulation. Previously, the tropical upwelling of the AMOC return flow 
was estimated to be about three times larger (Roemmich, 1983) than the upwelling presented in this study.

In general, South Atlantic Water enters the upper inner tropical Atlantic via the western boundary current, that 
is, the NBUC/NBC at all layers above 1,200 m. In agreement with results from ship section data, we derive from 
ARGO-HR data a northward western boundary transport of 21.8 Sv mainly in the thermocline, lower central 
water and intermediate layer. Further north, the NBUC is supplied by westward surface currents and the current 
core shoals to form the surface-intensified NBC at around 5°S. From shipboard velocity data at 5°S, a mean 
northward transport of 25.3 𝐴𝐴 ±  1.8 Sv is estimated which is somewhat underestimated by Argo data (not shown). 
Farther downstream, Schott et al. (2003) estimated a westward transport of 23.2 Sv in the upper 1,200 m across 
35°W. The differences between the results of Schott et al. (2003) and a westward transport of 20.6 Sv, presented 
in this study, can be attributed to a new evaluation of the 35°W section data (Eden & Dengler, 2008) including 
additional sections and by the implementation of surface drifter velocities.

After crossing the equator, the NBC becomes unstable beyond ∼7°N and sheds northwestward propagating NBC 
rings (Garzoli et al., 2003, 2004; Johns et al., 2003). However, there is also evidence for a steady western bound-
ary current in addition to the NBC rings (Garzoli et al., 2003). As a consequence, the net mass exchange across 
10°N is believed to be accomplished by both a steady western boundary current and northwestward migrating 
NBC rings. Johns et al. (2003) found a generation of six rings per year with an annual mean eddy transport of 
about 9 Sv. By using the Argo mean, a separation between northward transport due to a steady western boundary 
current and northward transport due to the rectification of northwestward propagating NBC rings is not possible. 
In agreement with Zhang et al. (2003) we find a surface layer transport of 3–4 Sv across the western boundary at 
10°N that is mainly driven by northward Ekman transport. At thermocline level, Zhang et al. (2003) observed a 
southward western boundary transport of about 3 Sv across 10°N. Here, we find a net transport of close to zero 
both for the thermocline and the lower central water layer. This discrepancy might be due to the data coverage 
close to the western boundary, where insufficient sampling could lead to an absence or underrepresentation of 
the northward steady western boundary current and, hence, could be biased toward southward transport due to the 
retroflection farther offshore. However, this disparity deserves further attention in another study.

The western boundary pathway marks the so-called direct route of the AMOC return flow for crossing the inner 
tropics. A more indirect route is described by a rather complex recirculation of South Atlantic Water within the 
equatorial zonal current system. When becoming unstable, the NBC is retroflected southeastward and dominantly 
supplies surface and thermocline/central water to the NECC and EUC, respectively (e.g., Hazeleger et al., 2003). 
In fact, we observe close to zero northward transport in these layers across the western boundary at 10°N in 
accordance with model results (Jochum & Malanotte-Rizzoli,  2001). The observational study of Wilson and 
Johns (1997) showed that a maximum of 6–8 Sv of South Atlantic water enters the Caribbean Sea through the 
southern passages predominantly in the surface layer, while the presented results show a northward transport of 
about 3 Sv in the surface layer, but a large inflow of intermediate water. One explanation for this disparity could 
be the role of the indirect route of the AMOC return flow that carries mainly surface water northward across 
10°N where these waters join the westward North Equatorial Current (NEC) and reach the southern passage to 
enter the Caribbean Sea as also speculated by Wilson and Johns (1997). However, a main finding of their study 
and this work is that more observations and research are needed on the northern hemisphere pathways between 
the retroflection area and the Caribbean Sea. In total, a northward transport of 12.3 Sv is leaving the inner tropics 
through the western boundary at 10°N which represents about 60% of the observed northward transport at 11°S. 
Another 8.5 Sv is observed crossing 10°N in the interior.

8. Conclusions
In this study, the capability of hydrographic data from Argo floats to realistically reproduce the mean character-
istics of the western boundary current in the tropical Atlantic Ocean has been demonstrated in a case study for 
the western boundary circulation at 11°S and then further applied to the tropical Atlantic to analyze the diapycnal 
transports of the AMOC return flow when crossing the tropics and its associated mean pathways and transports. 
We conclude the following key points:
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1.  High-resolution Argo data is necessary (a) to reconstruct the vertical structure of the western boundary cir-
culation at 11°S and (b) to derive comparable transport estimates of the particular water mass layers within 
the AMOC return flow as observed by repeated ship section data. A horizontal resolution of 1/6° shows sub-
stantial improvements in representing the meridional transport at all vertical layers in comparison to the same 
Argo mean with a coarser horizontal resolution of 1°.

2.  The observed tropical upwelling of the thermohaline circulation within the AMOC return flow layer from the 
lower CW layer into the STC/thermocline layer is estimated to be 1.9 Sv which is about a third of the previous 
estimate by Roemmich (1983). This diapycnal transport estimate has implications for STC estimates that are 
usually calculated at 10°N/S and rely on an estimate of the amount of water entering this layer in between these 
latitudes from below. The difference to earlier estimates is attributed to the improved horizontal resolution.

3.  For the first time, an observational view of the mean pathways of the AMOC return flow in the inner tropical 
Atlantic is inferred from a combination of Argo float observations, shipboard velocity measurements and 
satellite wind data. At 11°S, 21.8 Sv enter the inner tropics through the western boundary of which a consid-
erable fraction (12.3 Sv) also leaves the tropics through western boundary pathways at 10°N which is often 
called the direct route of the return flow. The indirect route describes the recirculation and transformation of 
southern hemisphere water within the western boundary current system and the equatorial Atlantic zonal cur-
rent system, for example, the NECC and the EUC. Mainly through upwelling and northward Ekman transport, 
about 8.5 Sv exit the inner tropics through the interior pathway along 10°N.

The presented results provide a mean description of the tropical AMOC return flow. However, a time series of 
the geostrophic AMOC transport components from high-resolution Argo data to derive trends and long-term 
variability remains a challenge. The indirect route of the AMOC return flow bears a potential for providing a 
transport time series because only the western boundary circulation depends on high-resolution Argo float data 
while interior geostrophic transport estimates from lower-resolved Argo data, which are available on a monthly 
basis, are in good agreement with results from high-resolution Argo data.

The inferred transport values provide a valuable reference of tropical AMOC estimates against which model 
simulations could be validated and compared. The observed upwelling of the thermohaline circulation is not 
negligible in STC estimates, but also not as large as previously estimated from single zonal ship sections. A better 
description of the preferred pathways of the AMOC return flow in terms of zonal range and vertical layers is 
important for understanding the propagation of advective AMOC signals across the tropics and the equator which 
could be different for the particular water mass layers. It is further pointed out that the Argo program provides a 
fundamental data base for such studies and that the continuation of Argo float observations is needed to provide 
a spatially coherent representation of the observed upper-ocean circulation. Similarly, the ongoing observational 
efforts in collecting ship section data particularly across western boundary currents and the equator provide a 
valuable reference and need to be maintained.

Data Availability Statement
Hydrographic data from the Roemmich-Gilson Argo climatology are available and regularly updated under http://
sio-argo.ucsd.edu/RG_Climatology.html. Here, we used the latest version of the climatological means for the 
period 2004–2018 (updated 17 January 2020). These data were collected and made freely available by the In-
ternational Argo Program and the national programs that contribute to it (http://www.argo.ucsd.edu, http://argo.
jcommops.org). The Argo Program is part of the Global Ocean Observing System. C-2015 ASCAT data are 
produced by Remote Sensing Systems and sponsored by the NASA Ocean Vector Winds Science Team. Data are 
available at www.remss.com. Near-surface current data from surface drifting buoys are available at https://www.
aoml.noaa.gov/phod/gdp/mean_velocity.php. Here, we used version 3.06 released on 16th of November 2020 and 
accessed on 9th of August 2021. Ocean reanalysis data from ECMW-ORA-S4 can be accessed via ftp://ftp-icdc.
cen.uni-hamburg.de/EASYInit/ORA-S4/monthly_1x1/. The presented mean zonal velocity section along 35°W 
is based on the individual sections described in Hormann and Brandt  (2007) and shown in Eden and Deng-
ler (2008). Most current velocity measurements at 11°S, 5°S, 35°W, and 23°W used in this study are available 
through the world data center PANGAEA collected under: https://doi.pangaea.de/10.1594/PANGAEA.937809. 
A complete list of research cruises and data sources is provided in the Tables S5, S6, S7, and S8 in Supporting 
Information S1. In order to better facilitate the reproducibility of the results, we are also providing the mean 
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current velocity sections along 11°S, 5°S, 35°W, and 23°W derived from shipboard measurements via zenodo 
(Tuchen et al., 2022): https://doi.org/10.5281/zenodo.5772272. Further information is given in the Supporting 
Information S1.
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