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observations near 34.5°S
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The Atlantic Meridional Overturning Circulation (AMOC) drives northward
Meridional Heat Transport (MHT) and affects climate and weather patterns,
regional sea levels, and ecosystems. This study uses a methodology recently
applied in 22.5°S to estimate the strength and structure of the AMOC, MHT and
freshwater (FWT) transports at 34.5°S since 2005. For this, temperature and
salinity profiles from sustained observations were used in conjunction with
satellite and reanalysis data under two mapping methodologies: (i) an
optimized mapping and (i) a two-layer feed-forward neural network approach.
There is strong agreement between both methods for AMOC, MHT and FWT
estimates, thus showing the mapping methodologies are robust. In addition, the
AMOC variability estimate is significantly correlated with the monthly SAMBA
array data (correlation of 0.41). The mean AMOC transport of 17.0 + 1.6 Sv, a MHT
of 0.6 + 0.1 PW, and a FWT of -0.02 + 0.01 Sv are estimated between January
2005 and May 2023 at 34.5°S. The MHT and FWT are analyzed in terms of their
horizontal (Hhor and Fhor) and overturning contributions (Hov and Fov), and
vertical structures. The MHT is dominated by the overturning contribution
(correlation of 0.92), while the FWT is controlled by the overturning
contribution driven by the wind via Ekman transport at seasonal timescale, and
by horizontal contribution at longer timescales. Both horizontal heat (Hhor) and
freshwater (Fhor) components are mostly confined to the upper 500 m, with the
geostrophic Fov and Fhor offsetting each other between 50 m and 500 m, and
the Ekman Fov in the upper 50 m determining the negative FWT. Finally, the
estimated mean Fov of -0.15 Sv agrees with previous estimates that the AMOC
exports freshwater in the South Atlantic, and suggests that the AMOC is unstable.
Although a long-term trend in the Fov was not detected in the past 20 years,
there is a salinification trend (0.05 + 0.01 PSU/decade) in the upper 300 m near
34.5°S since 2005.
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1 Introduction

The Atlantic Meridional Overturning Circulation (AMOC)
represents one of the key components of the Earth's climate
system, influencing heat and freshwater distribution across the
Atlantic Ocean (Collins et al., 2019; Todd et al., 2019). Its role in
regulating climate, sea level, and the redistribution of heat,
freshwater, carbon and nutrients makes understanding its
behavior essential for climate predictions (Zhang and Delworth,
2006; Chang et al., 2008; Lopez et al.,, 2016; Johns et al., 2023;
Volkov et al., 2023). However, despite its significance, numerous
challenges persist in accurately modeling, observing and
quantifying the AMOC, and its derived quantities such as heat
(MHT) and freshwater (FWT) transports (Chidichimo et al., 2023;
Jackson et al., 2023).

The International Panel on Climate Change (IPCC) states that a
weakening of the AMOC by the end of the 21* century is very likely
(Collins et al., 2019; Fox-Kemper et al., 2021; Lee et al, 2021).
Recent studies using AMOC proxies and fingerprints suggest that a
decrease in the AMOC is underway (Caesar et al,, 2018, 2021; Zhu
and Liu, 2020; Zhu et al., 2023). Observations from various sources
show that the deep and abyssal transports may be slowing down and
becoming more buoyant with a warming trend (Campos et al., 2021;
Bilo et al., 2024), which points to a possible weakening of the water
mass formations at convection zones, one of the engines of the
AMOC. Currently, the only AMOC observing system that shows an
AMOC weakening is the RAPID array at 26.5°N (Johns et al., 2023).
However, the inherent complexities of AMOC, due to the
multiplicity of periodicities and latitudinal inhomogeneities,
combined with the short duration of the direct measurements
from RAPID and other mooring arrays, pose challenges in
inferring decadal to centennial AMOC changes. Additionally, the
instability of the AMOC fingerprints and their sensitivity to other
physical processes, as well as the inadequacy of some localized paleo
proxies to infer basin-scale ocean circulations, can induce a large
uncertainty in these estimates on long-term inferences of the
AMOC behavior (Kilbourne et al., 2022).

The FWT can be separated in overturning (Fov) and horizontal
(Fhor) contributions, and its overturning contribution in the South
Atlantic has been used as an indicator for AMOC stability (Drijthout
et al., 2011; Weijer et al., 2020; Chidichimo et al., 2023). A positive
(northward) Fov generally suggests a stable AMOC, whereas a
negative (southward) Fov implies an unstable AMOC. This
relationship stems from the salt-advection in the Atlantic basin,
which can operate under two scenarios (Rahmstorf, 1996): i) when
Fov is positive, freshwater imports into the Atlantic basin could lessen
in a potential AMOC weakening, resulting in a saltier basin and an
AMOC strengthening (stable AMOC case); ii) when Fov is negative,
the Atlantic basin exports freshwater, but reduced freshwater exports
during an AMOC weakening event would lead to a freshwater basin,
which would promote further weakening of the AMOC (unstable
AMOC case). While climate models tend to classify the AMOC as
stable, observations and ocean reanalysis tend to categorize the
AMOC as unstable (Liu et al., 2017).

Long-term trends in South Atlantic FWT could be a useful tool
for early detection of a possible AMOC shutdown (van Westen
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et al,, 2024). The Coupled Model Intercomparison Project Phase 6
(CMIP6) ensemble predicts an AMOC decrease of 34-45% until
2100 (Weijer et al., 2020). Earlier studies have focused on these early
signals for a possible AMOC weakening using FWT or salt content
anomalies (e.g., Zhu and Liu, 2020; Zhu et al.,, 2023). Zhu and Liu
(2020) suggested that anthropogenic warming could lead to an
increase in the South Atlantic salinity due to reduced basin-wide
salinity divergence caused by AMOC weakening, since results show
the reduction in salinity transport north of 34.5°S would be greater
than south of 34.5°S. On the other hand, other studies suggest that
the Fhor is the main driver at interannual FWT, rather than the
overturning component at 34.5°S (Mignac et al., 2019; Liu et al,,
2023). Mignac et al. (2019) used free-running models and ocean
reanalysis to demonstrate that in the South Atlantic, the AMOC is
not strongly associated with FWT due to the presence of Antarctic
Intermediate Water, which reduces salinity differences between the
AMOC branches. Their findings indicate that the primary control
over South Atlantic FWT is governed by zonal salinity differences in
the upper 300 m, which significantly affect Fhor. Given their
importance, more observational-based FWT estimates are
encouraged (Chidichimo et al., 2023). Therefore, the necessity for
continuous and accurate observations is evident to capture the full
spectrum of the AMOC's dynamics.

An optimal approach for expanding the observation system
remains undetermined (Frajka-Williams et al., 2023; Srokosz et al.,
2023), and several efforts are in place to fill the gaps of the AMOC
observing system, including in the South Atlantic. The longest AMOC
observing system in the South Atlantic is the South Atlantic
Meridional Overturning Circulation Basin-wide Array (SAMBA) at
34.5°S, which is based on Pressure Inverted Echo Sounders (PIES) on
both sides of the basin, and its most updated time series ranges from
2009 to 2017, with some gaps between 2010 and 2014. The SAMBA
array has evolved to include more than 20 moorings across the basin,
which has also increased the estimated AMOC variability at that
latitude (Kersale et al., 2021; Frajka-Williams et al., 2023) compared to
previous estimate (Meinen et al., 2018). Nonetheless, AMOC
variability from the SAMBA array estimates tends to be greater
than the estimates based on synthetic methods, inverse models, and
eXpendable BathyThermograph (XBT) measurements (Garzoli et al.,
2013; Dong et al,, 2015; Goes et al,, 2015; Majumder et al,, 2016;
Kersale et al., 2020, 2021; Cainzos et al., 2022; Baker et al., 2023;
Arumi-Planas et al., 2024). The SAMBA array estimates a monthly-
mean standard deviation for the AMOC of 11.35 Sv (Baker et al.,
2023), while other estimates are not higher than 3.48 Sv (Dong et al.,,
2015; Majumder et al., 2016; Cainzos et al., 2022; Arumi-Planas et al.,
2024). AMOC estimates from the SAMBA array have geostrophic
and Ekman components in phase (i.e., increasing total AMOC
variability) while synthetic estimates perceive both AMOC
components out of phase, leading to a decrease in variability on the
monthly-mean, interannual and seasonal signals (Dong et al., 2021;
Baker et al, 2023). Those differences are mainly observed on the
geostrophic component, where both barotropic and baroclinic
components have similar phase in SAMBA and are out of phase in
other products. Baker et al. (2023) suggest that those differences could
be partially explained by different methods of estimating the
barotropic velocity at the reference level.
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The typical processing delay in generating AMOC time series
from mooring-based observational array systems can extend up to
18 months post-recovery of instruments, which prevents the
monitoring and analysis of the AMOC in near-real timescales
(Srokosz et al., 2023), and can be subject to instrument density
changes due to operational costs. To fill gaps, expand in time, and
obtain a faster time series update, methods have been developed
that are based on statistical relationships between satellite altimetry
sea level and sustained hydrographic data to reconstruct the AMOC
in several latitudes (Willis, 2010; Dong et al., 2015; Majumder et al.,
2016). In a recent paper, Pita et al. (2024) developed a methodology
that instead used altimetry-derived sea level to optimize the
mapping of ocean profiles along a nominal transect across the
South Atlantic basin, which for the first time provided an AMOC
time series at 22.5°S from 2007 to 2023. This was possible due to the
high-resolution XBT data sampling at the western boundary, and
the Argo float data across the basin. The high-resolution XBT
measurements, Argo data, and trans-basin conductivity-
temperature-depth (CTD) section at 34.5°S make it another
candidate to use this low-cost observational method, which, if
validated, can complement the observations from the SAMBA
array at that latitude.

10.3389/fmars.2024.1474133

In this study, we estimate the AMOC, heat and freshwater
transports at 34.5°S using sustained observations calibrated with
satellite altimetry measurements. We compare the results with the
SAMBA array, and with another method based on machine
learning to shed light on the effect of mapping choices on the
AMOC estimates. These estimates allow us to understand the
vertical and zonal structure of the heat and freshwater transports
into the Atlantic Ocean, which has critical impacts on the stability
and prediction of AMOC variability.

2 Data and methods
2.1 In-situ profile data

Observational data from three high-density XBT transects:
AXO08 (Cape Town-New York), AX18 (Cape Town-Buenos Aires)
and AX25 (Cape Town-Antarctica), as well as Argo profiling floats
and CTD stations collected from 2005 to 2023 between 27.5°S and
40°S, are used to build a trans-basin transect at 34.5°S (Figure 1).
The XBT probes measure temperature (T) from the surface to
depths of about 800 m, the standard Argo floats measure T and
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FIGURE 1

Data distribution of Argo, XBT and CTD profiles between 2005 and 2023 for the South Atlantic Ocean (27.5°S and 40°S). The number of profiles
located in a 1° x 1° box centered at a specific coordinate along the reference transect (A). Histograms of data density in time (B) and space (C) as
well as profile location (D) are shown. Argo, XBT and CTD datasets are represented by colors blue, red and yellow, respectively.
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salinity (S) down to 2000 m, and CTD stations measure T and S for
the entire water column. The southern boundary (40°S) is selected
to avoid the signal from the subtropical front, which is known to be
the limit between the subtropical domain and the subantarctic
region (Chen et al., 2022).

The average temporal sampling frequency of the AX08 and
AX18 transects is 4 repetitions per year, while AX25 has 2 to 3
repetitions per year during austral summer months. The average
horizontal sampling ranges from 18 to 27 km. XBT data are
obtained from the NOAA/AOML database (XBT Network, 2024),
and the salinity profile corresponding to each XBT temperature
profile is derived using a seasonal regression method developed by
Goes et al. (2018). The delayed-mode Argo profile data (Argo, 2024)
used in this study are from the Global Argo Data Repository of the
National Centers for Environmental Information (NCEI). Only
adjusted Argo T-S profiles flagged as good or probably good are
used. The disparity found in some profiles, for which the available S
data were fewer than the T data, was circumvented by applying the
seasonal regression method (Goes et al,, 2018) to estimate S from
the Argo-measured T profiles.

To complete the profiles for the full water column, i.e., below
800 m for XBT data and below 2000 m for Argo data, T-S
climatology from NCEI World Ocean Atlas 2018 (WOA18) at
0.25° horizontal resolution is used, which is at monthly averages
between 800 and 1500 m, and seasonal averages below 1500 m
(Locarnini et al., 2019; Zweng et al., 2019; Garcia et al., 2019).
Monthly WOA18 data have 57 vertical levels from 0 to 1500 m, and
seasonal data have 112 vertical levels from 0 to 5500 m.

2.2 Auxiliary data

Daily sea level anomaly (SLA) data on a %° grid from a multi-
satellite altimetry mission, processed and distributed by the
Copernicus Marine and Environment Monitoring Service
(CMEMS; Pujol et al,, 2023), and %° gridded Daily Optimum
Interpolation Sea Surface Temperature (DOISST; Huang et al,
2020) were interpolated to the location of the in-situ T-S profiles
and used as inputs for machine learning algorithms
described below.

We use monthly SLA data from January 1993 to June 2023
from CMEMS (Pujol et al., 2016, 2023) for calibration of the
optimal interpolation parameters of the mapping method for the
scattered observations as well as for training and validating neural
networks. The 20-year mean dynamic topography (Mulet et al,
2021) is added to SLA to obtain the sea surface height fields. To
avoid time-varying biases during the mapping optimization phase,
linear trends are removed from the fields at each longitude of the
reference transect.

Monthly zonal wind stress data from the ERA5 atmospheric
reanalysis (Hersbach et al., 2020) are used to estimate the Ekman
component of the AMOC. ERA5 wind stress surface data are
available at a 0.25° horizontal grid since 1979 and are linearly
interpolated to the 34.5°S reference section for the period January
2005 to May 2023.
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A comparison with the T and S data from the Met Office Hadley
Centre “ENACT/ENSEMBLES” series version 4 (EN4, Good et al.,
2013) and the Ocean Reanalysis System 5 (ORAS5, Zuo et al., 2019)
from the European Centre for Medium-range Weather Forecast
(ECMWE) is performed along the reference transect. This
comparison allows us to understand how products with different
spatial resolutions, including AXMOC, observe upper ocean T and
S dynamics. Monthly T and S EN4 (ORAS5) products are provided
on 1° (1/4°) horizontal resolution and 42 (75) vertical levels from
January 2000 to December 2023 (January 2002 to December 2022).

The synthetic monthly AMOC and MHT time series from
Dong et al. (2021) are compared against optimal mapping and
neural network approaches (see section 2.3). In their methodology,
Dong et al. (2021) establish a linear relationship between isotherm
depths from in-situ temperature profiles and SLA from satellite
altimetry for T ranging between 3°C and 28°C. These linear
relationships are used to generate synthetic T profiles by
enforcing SLA at each longitude along the 34.5°S section. SST for
each synthetic profile is obtained from DOISST, and the
corresponding salinity profiles are inferred using the T/S
relationship from Goes et al. (2018). Geostrophic AMOC
transport is calculated with a reference level of 1000 m, based on
Argo-derived velocities (Lebedev et al., 2007). The Ekman
component of the AMOC is estimated using monthly mean wind
stress data from ERA5. To ensure zero net mass transport across the
section, a uniform velocity correction is applied across the section.

2.3 High-resolution T/S reference section
mapping methods

To reconstruct the AMOC at 34.5°S, we define a reference
section (AXMOC), crossing the basin from 60°W to 20°E. Along the
reference section, monthly gridded T-S profiles are produced with
1/4° spatial resolution from January 2005 to May 2023, on 140
depth levels (10 m intervals between 5-745 m, 50 m intervals
between 745-2000 m, and 100 m intervals between 2000-6000 m).
We developed two methods to map the observed data onto the
reference section: i) an optimal mapping (OM), which uses
weighted averages of the profiles given a temporal and a spatial
parameter (At and AR; respectively), optimized to minimize the root
mean square error (RMSE) between in-situ dynamic height and sea
surface height derived from satellite altimetry; and ii) a machine
learning algorithm, trained, evaluated and applied to ocean profiles
using additional predictor variables. Further details on the two
methodologies are given below.

2.3.1 Optimal mapping

The mapping method used to reconstruct T and S profiles along
the reference section consists of weighted averages (Goes et al,
2010, 2020; Pita et al, 2024) using a normalized separable
exponential function in space (AR) and time (At). Pre-defined
values for AR (0.25° 0.50° 1°, 3° and 5° radius) and At (30, 60,
90 and 180 days) were used, following the method of Pita
et al. (2024).
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The optimal T-S section was obtained by selecting the mapping
parameters AR and At locally that minimize the RMSE (used as a
cost function) between the absolute dynamic height and the sea
surface height data interpolated to the reference section
(Figure 1D). The absolute dynamic height of each parameter
subset was referenced to 1000 m, and the absolute geopotential
field from a blended Argo/altimetry climatology product was added
at this level, following a similar methodology for absolute dynamic
height calculation described by Goes et al. (2019), though using a
different reference level. During calibration, both datasets
(Altimetry and AXMOC) were detrended in time to avoid misfits
due to the mass and barotropic components of the variability in
altimetry data. For more information on OM, see Supplementary
Material (Supplementary Text S1).

2.3.2 Neural network

Two machine learning algorithms based on feed-forward neural
networks (NN; Beale et al., 2024) were created: one for the T field
(NN-) and the other for the S field (NNg). Both NN and NNg were
constructed using the “feedforwardnet” function and trained using
the “train” function from Version 14.4 of the Deep Learning Toolbox
for MATLAB (R2022a). Each NN had two hidden layers, with 20
neurons in the first layer and 10 neurons in the second layer. The NN
structure was chosen after some trials to balance computational cost
and algorithm performance. A similar NN structure was used for
global oxygen mapping (Sharp et al., 2023). The NNs were fed with
normalized profile position data (e.g., latitude, longitude, depth, year,
day of the year) as well as surface satellite data (SLA and SST,
interpolated to the profile position).

Considering the number of inputs (N, = 8), the number of nodes in
both hidden layers (N; = 20 and N, = 10) and the number of outputs for
each NN (Nj; = 1), according to Equation 1, the total trainable parameters
(P) of each NN is 401 (370 weights, and 31 bias components).

P =NyN;+N;N,+N,N;+(N;+N,+N3) (1)

Both NNs were trained using a Levenberg-Marquardt algorithm
and 80% of the available T and S profiles. During the training phase,
15% of the training data was reserved for testing the NN during training
epochs and the number of epochs available for training was set to 2000.
The same T and S profiles were used in the training phase for both NNs.

The effectiveness of the machine learning algorithm used to
estimate T and S sections was tested by comparing the output of the
NN (NNgyq) to the in-situ T and S data (Target) using the subset of
the remaining 20% of profiles (see Supplementary Figure S1). This
exercise was intended to evaluate the ability of the machine learning
scheme to reproduce measured data that was not included in
algorithm training. The RMSE between NNg,, and Target are
0.51°C and 0.07 PSU for T and S, respectively.

2.4 AMOC, MHT and FWT time series

The AMOC and MHT across the reference section are
calculated following published methodologies for the South
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Atlantic (e.g., Dong et al., 2015, 2021; Goes et al., 2015, 2020; Pita
et al., 2024). The AMOC is defined as:

¥ (2)= / W / iHv(x,z)dx dz 2)

where the AMOC streamfunction across a zonal section ()
is the integral of the meridional velocity (v; adjusted to ensure zero
net volume transport across the section) from the bottom (H) to
depth (z) and between the western (xy,) and eastern (xj)
boundaries. v consists of the sum of the meridional components
of the absolute geostrophic velocity and the Ekman velocity. The
AMOC intensity at any given time is defined at the streamfunction
maximum, and is generally located around 1000 m.

The MHT is defined as:

Xy 0
MHT = pocp/ / v(x,2)0(x,2)dx dz (3)
Xg -H

where p, is the mean water density (1025 kg m™>), ¢, is the
specific heat of the seawater (4187Jk 'K '), and @ is the potential
temperature along the section. Since the mass balance is enforced
across the section, the heat transport calculation is independent of
the reference temperature (Jayne and Marotzke, 2001) or can
otherwise be assumed to be 0°C (Johns et al, 2011, 2023; Dong
et al., 2015; 2021; Majumder et al., 2016; Kersale et al., 2021).

The FWT is defined as:

Xy 0
FWT = 1 / / v(x,2)(S — Sp)dx dz (4)
SO J xp -H

where the reference salinity S, is the mean section salinity
varying in time (mean of 34.76 + 0.001 PSU). By definition, the
freshwater transport is dependent on a reference salinity S,. Talley
(2008) selected S, based on the average salinity of multiple sections
analyzed. When multiple sections are used, the values for reference
salinity typically range from 34.7 to 35 (Rahmstorf, 1996; Weber
et al., 2007; Talley, 2008, Arumi-Planas et al., 2023).

The AMOC, MHT, and FWT are composed of geostrophic and
Ekman components. The geostrophic velocity field is computed from the
thermal wind equation, using the OM and NN T-S data. Sensitivity
experiments were performed for 4 different constraints. We tested two
levels of no-motion references at 1000 m and 3700 m, and two Argo-
based parking velocity products as references at 1000 m from Schmid
(2014) and Lebedev et al. (2007); Supplementary Figure S2). All methods
produce similar variability but different mean AMOC states. This
difference arises mainly from the western boundary, where the
barotropic component is more intense (Baringer and Garzoli, 2007).
Using Schmid (2014) product, the velocity at the western boundary
reaches up to -0.08 m/s, while using Lebedev et al. (2007) product, the
velocity reaches up to -0.02 m/s. Mean southward bottom velocity west
of 45°W reaches values up to -0.06 m/s, -0.02 m/s, -0.01 m/s and
-0.00 m/s using Schmid (2014); Lebedev et al. (2007), 1000 m and
3700 m as reference, respectively. Here, we adopted a temporally
constant and zonally varying Argo-based parking velocity product
(Schmid, 2014) as a reference level at 1000 m to represent the
barotropic velocity, since it produces mean AMOC strength similar to
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values published at 34.5°S (Dong et al., 2015; 2021; Meinen et al., 2018;
Kersale et al., 2020). Similar reference level was also adopted by previous
studies (e.g, Dong et al.,, 2015; 2021; Garzoli et al,, 2015; Majumder et al,,
20165 Vilela-Silva et al., 2023). A zero net volume transport constraint is
applied to the section at each month by adjusting the velocity field with a
constant, calculated from the integrated transport across the section
divided by the area of the section. This method is a classical approach to
estimate the AMOC and MHT (e.g., Dong et al., 2015, 2021; Goes et al,,
2015, 2020, Pita et al,, 2024). The geostrophic AMOC streamfunction is
estimated from the adjusted velocities (v, Equation 2), and its strength is
defined as the maximum value of ¥, at each timestep. The Ekman
component, estimated using the 1/4° monthly ERA5 reanalysis zonal
mean surface wind stress data (Hersbach et al,, 2020), is integrated to the
depth of the Ekman layer, which is considered to be 50 m deep. The
meridional Ekman velocity was considered as its zonal average across
34.5°S. The Ekman transport is compensated barotropically below 50 m
by ensuring the mass balance of the section. The AMOC, MHT, and
FWT represent the sum of Ekman and geostrophic components. The
time series of the AMOC, MHT, and FWT span from January 2005 to
May 2023.

The MHT and FWT can be separated into two components: the
meridional overturning component (Hov and Fov, respectively)
and the horizontal component (Hhor and Fhor, respectively). For
FWT the components are calculated as:

1 0
Fov=-o [ #li5) -5 d ®

Fhor = _Slo /:qV,(Z)S, (2) dz (6)

where the overbar and the brackets< > denote zonal integration
and zonal averaging, respectively, and v’ and S’ are deviations from
zonal means (Weber et al., 2007). For MHT the decomposition is
calculated similarly (Johns et al., 2011). The overturning components
of MHT and FWT are further divided into geostrophic (Hov, and
Fovg, respectively) and Ekman contributions (Hovg and Fovg,
respectively) by using the meridional components of the
geostrophic velocity and Ekman velocities instead of the total
meridional velocity on Equations 5, 6, therefore:

MHT = Hov + Hhor = Hov, + Hovg + Hhor (7)

FWT =Fov + Fhor = Fov, + Fovg, + Fhor (8)

The time series analyzed here are smoothed on a 3-month
temporal scale. The seasonal cycle is considered the monthly
averages of nearly two decades worth of data. The interannual
signals are obtained by applying a low-pass filter (13-month
gaussian filter) on the anomaly time series (without
seasonal cycle).

3 Results and discussion

Our results are structured into three subsections: an initial
comparison of the methods (OM and NN) and the analysis of
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AXMOC-derived time series for AMOC, MHT and FWT [AXMOC
data is compared against SAMBA array and synthetic estimates
(D35S; Dong et al., 2021) at 34.5°S]; the decomposition of MHT and
FWT into geostrophic and Ekman, and into overturning and
horizontal components and their distribution across the water
column; and finally an examination of potential long-term trends,
leveraging nearly two decades of data in our time series.

3.1 Method comparison and AMOC, MHT
and FWT estimates

Both OM and NN mapping methods yield similar AMOC,
MHT and FWT values (Figure 2). The correlation coefficients
between OM and NN are 0.72 for AMOC, 0.85 for MHT and
0.92 for FWT, with scatter plots closely aligning along the identity
line (x=y), indicative of the robustness and reliability of both
methods (Figures 2B, D, F). The AMOC variability (using
standard deviation as a proxy) is similar for both methods (4.28
Sv for OM and 4.21 Sv for NN) and for the MHT (0.20 PW for OM
and 0.19 PW for NN), and the same for the FWT (0.09 Sv for both
OM and NN) estimates. Given the similarity of the results presented
by both methods, the OM method will be used onwards to compare
to other estimates.

The mean (standard deviation) transport values derived from
AXMOC are 17.0 (4.3) Sv for AMOC, 0.6 (0.2) PW for MHT and
-0.02 (0.09) Sv for FWT between January 2005 and May 2023
(Figure 2; Table 1). The mapping uncertainty for the AMOC was
estimated as the standard error of the AMOC time series among all
the 20 hyperparameter subsets (i.e. varying At and AR). The
uncertainty for MHT and FWT was estimated the same way.
These uncertainties of the AMOC, MHT and FWT are +1.6 Sv, +
0.1 PW and +0.01 Sv, respectively. Several factors contribute to
uncertainties in the final AMOC, MHT, and FWT estimates,
beyond mapping errors. These include instrument error, data
padding, use of monthly averages, choice of reference level, and
the atmospheric data used in Ekman transport calculations.
Instrument errors are as follows: XBT probes have an error of
+0.2°C, while Argo floats have errors of +0.002°C for temperature
and £0.01 PSU for salinity. At 34.5°S, WOA18 T and S estimates
below 2000 m have standard errors of +0.08°C and +0.01 PSU,
respectively. These uncertainties in T and S profiles translate to
potential errors of +0.7 Sv in AMOC, + 0.01 PW in MHT, and
+0.003 Sv in FWT estimates. Previous studies highlight the
importance of selecting an appropriate reference level, as it is one
of the main sources of uncertainty for AMOC and MHT estimates
(Baringer and Garzoli, 2007; Goes et al.,, 2015, 2018), and
consequently for FWT estimates. In Section 2.4, we show that
different choices of reference level and velocity products yield
similar variability, but the chosen approach aligns more closely
with previous AMOC intensity estimates, whereas the others
underestimate the mean circulation. Baringer and Garzoli (2007)
also quantified uncertainties in MHT from hydrographic lines,
attributing +0.05 PW to reference level selection, + 0.04 PW to
Ekman transport, and £0.01 PW to unresolved shelf transport.
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Differences from optimal mapping (OM) and neural network (NN) methods. AMOC (Sv - A), MHT (PW - C) and FWT (Sv - E) time series at 34.5°S for
both methods and respective regression plots (B, D, F respectively) are presented. Black (gray) lines represent OM (NN). SAMBA (red line) AMOC and
D35S (blue lines) AMOC and MHT time series are shown (A, C). The correlation coefficients between OM and NN are 0.72 for AMOC (B), 0.85 for

MHT (D) and 0.92 for FWT (F).

There is a strong agreement between the AXMOC with SAMBA
and Dong et al. (2021) estimates at 34.5°S (D35S; Figure 2A). The
mean (standard deviation) AMOC for the SAMBA array estimate is
17.3 (5.4) Sv. For the period covered by the SAMBA observations,
the mean (standard deviation) AMOC of the AXMOC and D35S
are 17.0 (4.0) Sv and 17.0 (3.1) Sv, respectively (Table 1). Both
SAMBA and D35S estimates present mean AMOC values similar to
that from the AXMOC (within the estimated mapping uncertainty
of +1.6 Sv). The RMSE between AXMOC and SAMBA is 5.0 Sv and
the correlation is 0.41. Additionally, the RMSE between AXMOC
and D35S is 3.9 Sv and the correlation is 0.45. Between SAMBA and
D35S, the RMSE is 4.7 Sv and the correlation is 0.42. For the entire
study period between January 2005 and May 2023, the D35S
AMOC mean value (standard deviation) is 17.3 (3.2) Sv, which is
similar to the one derived from AXMOC; however, its variability is
weaker accounting for approximately 70 to 80% of the AMOC
variability (using standard deviation as a proxy) observed by the
AXMOC dataset.

Previous studies have shown that between 20°S and 25°S, the
Ekman component of the AMOC is southward, opposite to the
geostrophic component (Dong et al., 2015, 2021; Pita et al., 2024).
At 34.5°S, however, both the Ekman and geostrophic AMOC
components are positive, i.e. northward (Figure 3A). This
difference in the Ekman transport direction is due to the
influence of the easterly trade winds near 22°S, and the influence
of the westerlies south of 30°S (Supplementary Figure S3). MHT
and AMOC are highly correlated (see Supplementary Figure S4 -
correlation of 0.91 on the interannual signal), as observed in the
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previous studies for the South Atlantic (Dong et al., 2015;
Majumder et al, 2016; Pita et al., 2024). Notably, an AMOC
weakening between 2008 and 2011 in the AXMOC is also
observed in SAMBA (Figure 2A). This weakening is driven by
anomalies in the geostrophic component (Figure 3A). The
interannual AMOC variability is dominated by the geostrophic
component, (correlation of 0.92), while the Ekman component
plays a minor role (correlation of 0.25). Similar results are also
observed for the MHT (FWT), where the correlation of total
transport with the geostrophic signal is 0.83 (0.75) and 0.44
(0.64) with the Ekman component (see Supplementary Figures
54, S5). The correlation between the total MHT/FWT and their
respective Ekman components is greater than for the AMOC
components, possibly because non-linearities in the product
between the velocity and T/S, which are more significant in the
upper ocean and within the surface Ekman layer. For the seasonal
cycle, the AMOC, MHT and FWT align closely with the Ekman
component, and the geostrophic component appears out-of-phase,
particularly in the first half of the year (Figure 3). This is consistent
with patterns noted in synthetic MHT estimates (Dong et al., 2021)
but different to the SAMBA estimates (Baker et al., 2023). However,
the SAMBA array has yet to incorporate recently acquired data,
with its last updated AMOC time series dating back to 2017 (Baker
et al,, 2023) and the limited temporal range for the SAMBA could
lead to significant uncertainties, especially on the seasonal cycle
(Goes et al., 2015; Chidichimo et al., 2023).

For the FWT, the predominance of wind-driven forcing on the
seasonal variability is also observed (Figure 3F). The geostrophic
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TABLE 1 Mean and standard deviation (Std) values for Atlantic Meridional Overturning Circulation (AMOC), and its respective heat (MHT) and
freshwater (FWT) transports at 34.5°S.

AXMOC (January 2005 to D35S (January 2005 to May 2023) SAMBA
May 2023) (March 2009 to December 2010;
September 2013 to April 2017)
Mean (+ Uncertainty) Std Mean Std
AMOC (Sv) 170+ 1.6 43 17.1 32 17.3 5.4

AMOC, (Sv) 145 3.9 147 24

AMOC;; (Sv) 24 28 24 28

MHT (PW) 0.6+ 0.1 02 0.5 02

MHT, (PW) 0.4 02 03 02

MHT (PW) 0.1 02 0.2 0.1
Hov (PW) 0.7 02
Hov, (PW) 05 02
Hovg; (PW) 0.1 02
Hhor (PW) -0.1 0.1
FWT (Sv) -0.02 + 0.01 0.09
FWT, (Sv) 0.05 0.05
FWTE (Sv) -0.07 0.08
Fov (Sv) -0.15 0.08
Fov, (Sv) -0.08 0.05
Fovg (Sv) -0.07 0.08
Fhor 0.13 0.06

Geostrophic and Ekman components are represented by the subscripts ; and i, respectively. MHT and FWT are also described by their overturning (Hov and Fov, respectively) and horizontal
(Hhor and Fhor, respectively) contributions.
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FIGURE 3

AMOC (Sv - A, B), MHT (PW - C, D) and FWT (Sv - E, F) interannual signal (left) and associated seasonal cycles for 34.5°S (right) using the OM
method. Thin (thicker) lines represent 3-month smoothed (interannual) signals. Total (black), Ekman (red) and geostrophic (cyan) components are
presented. Shaded areas represent the standard error interval for each estimate.
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component represents only 27% of the peak-to-trough amplitude of
FWT, which is weak compared to 64% and 56% for AMOC and
MHT, respectively. This difference may be due to the fact that, for
FWT, seasonal signals of the geostrophic overturning and
horizontal components are of similar intensity but opposite in
phase, effectively reducing the seasonal peak-to-trough amplitude.
In contrast, for the MHT, the geostrophic overturning component
is much stronger than the horizontal component, leading to a more
pronounced seasonal variation (not shown, more details in
Section 3.2).

3.2 MHT and FWT decompositions

Both MHT and FWT are further decomposed into horizontal
(Hhor and Fhor, respectively) and overturning (Hov and Fov,
respectively) components (Figure 4). The Hov and Hhor
components of the MHT have mean values with opposing signs,
averaging 0.7 PW ( standard deviation of 0.2 PW) and -0.1 PW
(standard deviation of 0.1 PW), respectively (Table 1). These values
are similar to the ones reported by Dong et al. (2021). The MHT is
driven by the Hov component (correlation of 0.92, see
Supplementary Figure S4). While the seasonal MHT signal is
largely driven by the Ekman contribution to the overturning
component (Hovg, Figure 4C), the interannual MHT variability is
dominated by the geostrophic contribution to the overturning
component (Hov,) (correlation of 0.75; Figure 4B and
Supplementary Figure S4), followed by the wind-driven
contribution (correlation of 0.44). The Hhor component is not
significantly correlated with the MHT in either seasonal or
interannual timescales (Figure 4A, B).

10.3389/fmars.2024.1474133

The Fov and Fhor components of the FWT also have mean
values with opposing signs, averaging -0.15 Sv (standard deviation
0f 0.08 Sv) and 0.13 Sv (standard deviation of 0.06 Sv), respectively
(Table 1). Previous studies indicate that the interannual FWT
variability is dominated by the horizontal component instead of
the overturning component at 34.5°S (Mignac et al., 2019; Liu et al.,
2023). Our results indicate that the relative dominance of the
horizontal (Fhor) and overturning (Fov) components in
freshwater transport (FWT) depends on the frequency of the
signal analyzed. In addition, the decomposition of Fov into
geostrophic (Fovg) and Ekman (Fovg) contributions elucidates the
impact of the overturning component on the FWT (Figures 4D-F;
Supplementary Figure S5). On seasonal timescales, FWT is
predominantly controlled by Fov, particularly through its Ekman
contribution (Fovg), which is especially active from May to August
(Figure 4F). Fov, is out-of-phase with Fovg, and its small seasonal
variance is generally offset by Fhor, contributing to the reduced
amplitude of the seasonal signal in the FWT geostrophic
component (Figure 3F). On interannual timescales, FWT is
strongly correlated with Fovg (0.64) and Fhor (0.59), and has no
correlation with Fovg (<0.05). Notably, the opposing signals of Fhor
and the Fov, at these timescales, with an anticorrelation of -0.72,
likely dampen the overall FWT variability. Over longer periods,
Fhor becomes the primary driver of FWT anomalies, explaining
significant events such as the FWT minimum in 2008-2009 and the
maximum in 2016-2017 (Figure 4E). Thus, our findings suggest that
Fov, driven by Ekman dynamics, is central to seasonal FWT
variability, while Fhor governs interannual to decadal timescale
FWT anomalies.

Furthermore, a more detailed vertical structure of the MHT and
FWT and the contributions from horizontal and overturning
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magenta) contributions for the overturning component (Hov and Fov) are presented.
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components is presented in Figure 5. This was possible by
integrating the MHT and FWT components (Equations 3-6) at
100 m depth intervals, rather than integrating over the entire water
column. The following analyses are valid only when adopting a
potential temperature reference of 0°C and S, of 34.76 + 0.001 at
34.5°S. The overturning circulation influence on the MHT is depth-
dependent (Figure 5C; Supplementary Figure S6A). The Hhor
component is limited to the upper 500 m. For the MHT, the
geostrophic heat transport contributes to both overturning (Hov,)
and horizontal (Hhor) components, while Ekman heat transport
(MHTE) solely contributes to the overturning component
(Supplementary Figure S6C), since the horizontal component is
based on deviations from the mean field and we defined the Ekman
meridional velocity as a zonal mean across the section. MHT,
influences the upper 750 m, while MHT}, is confined at the Ekman
layer (50 m), which is compensated by a small constant barotropic
flow over depth (Figure 5E; Supplementary Figure S6C).
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The overturning component of the FWT (Fov) is negative in the
upper 500 m with a value of about -0.12 Sv at the surface, positive
between 500 m and 1000 m with a value of about 0.01 Sv, and it
becomes close to zero below 1200 m (Figure 5D). The horizontal
component (Fhor) is restricted to the upper 500 m with positive
values. Fov and Fhor tend to partially compensate each other in the
first 500 m, mostly in the geostrophic contributions, and the addition
of the Ekman contribution to Fov in the upper 50 m, breaks this
balance and drives the FWT southward (Figures 5D, F;
Supplementary Figure S6D). Below 500 m, where the Fhor
component and the Ekman contribution to the FWT are negligible,
the FWT is controlled by the Fov,. The magnitude of this flow below
500 m to the total FWT is small, which results in a small correlation
between Fovy and FWT (see Supplementary Figure S5).

Even though there is a weak correlation between FWT and the
AMOC (correlation of -0.2) at interannual timescales (see
Supplementary Figure S5), which suggests that circulation is not
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Time-averaged (2005-2023) Temperature (A) and Salinity (B) fields at 34.5°S. Decomposition of MHT and FWT in overturning and horizontal
contributions (C, D, respectively) as well as Ekman and geostrophic components (E, F, respectively) are represented in z levels (values integrated in
100 m intervals). Freshwater and heat transports are decomposed in overturning (Fov and Hov, respectively) and horizontal (Fhor and Hhor,
respectively) contributions. Note the change on the vertical axis to highlight upper ocean changes (0 - 1000 m). Integrals (cumulative transport) of

(C, F) are shown in Supplementary Figure S5.
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driving the variability of FWT, there is a significant correlation (-0.56)
between AMOC and Fov, which is mostly driven by the geostrophic
component. The lack of correlation between the AMOC and FWT is
because the Fov and Fhor components are anti-correlated (see
Supplementary Figure S5), and because the freshwater transport is
not only influenced by changes in circulation but also by changes in
overall salinity carried by the currents across 34.5°S. Indeed, different
products show basin-wide changes in both T and S (Figure 6). The
anomalies of the averaged upper 300 m T and S (T300 and S300,
respectively) show westward propagations across the basin, which are
more pronounced in the AXMOC and ORAS5 products (Figures 6A,
B, D, E). In contrast, EN4 is much smoother and also does not show
clear propagation (Figures 6G, H), a feature that is also found in other
observational products that do not use optimal mapping parameters
(Pita et al, 2024). Underlying this propagation, a low-frequency
basin-wide pattern is observed in both T and S, first with a positive
phase from 2005-2007, followed by a negative phase until 2016, and
strongly positive after that. The structure of this anomaly is more
clearly observed in the zonally averaged S and T anomalies across all
products (Figures 6C, F, I; T plots are not shown), which are largely

10.3389/fmars.2024.1474133

confined to the top 1,000 m of the water column. Between 2005 and
2010, there was a notable peak in freshening and cooling anomalies in
the upper 1,000 m, with rates of -0.02 + 0.01 PSU/year and -0.16 +
0.06°C/year, respectively. Since 2010, however, salinification and
warming trends have emerged in this layer, reversing the earlier
anomalies and leading to strong positive salinity and temperature
anomalies from 2017 onward, with rates of 0.01 + 0.04 PSU/year and
0.03 + 0.03°C/year, respectively.

Overall, our results indicate a significant positive salinity and
temperature trends in the upper 300 m at 34.5°S at a rate of 0.05 +
0.01 PSU/decade and 0.13 + 0.06°C/decade, similar to the trend
observed from ORAS5 (0.05 + 0.01 PSU/decade and 0.17 + 0.04°C/
decade) and EN4 data (0.06 + 0.02 PSU/decade and 0.10 + 0.04°C/
decade; Figures 6C, F, 1), calculated for the period between January
2005 and December 2023 (January 2005 and December 2022 for
ORAS5). The data presented here do not allow the identification of
the drivers of this large-scale T/S feature, which could be associated
with a natural oscillation or recent trend driven by factors such as
Agulhas leakage anomalies (de Ruijter et al., 1999; Liibbecke
et al., 2015).
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4 Conclusion

AMOC, MHT and FWT estimates are obtained by leveraging
Argo, XBT and CTD data at 34.5°S. The method presented in Pita
et al. (2024) was applied to 34.5°S and compared with a machine
learning neural network approach, which produced similar results,
as well as the AMOC observational array (SAMBA). Both optimal
mapping (used on AXMOC estimates) and neural network proved
to be robust mapping methods and presented similar AMOC, MHT
and FWT variabilities and mean states (Figure 2). The AXMOC
mapping errors were smaller than the standard deviation of each
estimate. The mean (standard deviation) calculated for the AMOC
between January 2005 and May 2023 was 17.0 = 1.6 Sv (4.3 Sv), 0.6
+ 0.1 PW (0.2 PW) for the MHT, and -0.02 + 0.01 Sv (0.09 Sv) for
the FWT (Table 1). The mean value of the AMOC strength is
critically dependent on the reference velocity applied to the section,
but the AMOC variability remains consistent across different
reference velocities (Supplementary Figure S2). Notably, our
analysis identified a pronounced weakening of the AMOC
between 2008 and 2011, driven primarily by geostrophic
anomalies. This period of weakening partly aligns with
observations from the SAMBA array, highlighting the critical role
of geostrophic flows in modulating AMOC variability (Figures 2
and 3). The AMOC variability estimated by the SAMBA array
(Baker et al., 2023) is notably higher than that of synthetic estimates
(Dong et al., 2015, 2021; Majumder et al., 2016). In this study, we
compared the AXMOC data with a synthetic estimate (D35S) and
found that AMOC variability from AXMOC estimates was 35%
greater than that of D35S during the period from January 2005 to
May 2023 (Table 1). Since our approach reconstructs T and S
profiles across the entire basin and the variability of our derived
transports align well with those from the SAMBA array, these
results suggest that AXMOC data could complement the SAMBA
array by reducing temporal and spatial gaps and enhancing its
estimates. In addition, the mapping procedure adopted here
minimizes the latitudinal variability in the XBT AX18 transect
caused by changes in ship line routes.

The estimated overturning and horizontal components of MHT
are in opposite directions, northward for the overturning (0.68 +
0.21 PW) and southward for the horizontal (-0.10 + 0.07 PW)
contribution (Figure 4). In addition, the dominance of the
overturning over the horizontal contribution for the total MHT
was observed on seasonal and interannual timescales. The
overturning contribution can be further decomposed into the
wind-driven (Ekman) and geostrophic contributions. We find
the Ekman contribution dominates the seasonal cycle, whereas
the geostrophic contribution drives the interannual variability. In
addition, the overturning component of the MHT is more intense
than its horizontal component and largely determines the MHT
structure throughout most of the water column when considering
the potential temperature reference of 0°C (Figure 5C).

There is an ongoing debate about the influence of AMOC on the
FWT anomalies. Mignac et al. (2019) suggest the AMOC stability is
driven by indirect Fhor feedbacks or Fov in the North Atlantic,
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instead of the Fov at 34.5°S. We agree partially with some studies
(e.g., Mignac et al., 2019; Liu et al., 2023) based on ocean reanalysis
and free-running models, which suggest that the FWT is driven by
the horizontal component instead of the overturning circulation in
the historical period. However, when decomposing the overturning
component of the FWT into Ekman and geostrophic contributions,
it is observed that the FWT anomalies are mostly driven by the
Ekman-induced overturning (Fovg) and horizontal (Fhor)
variability on seasonal and interannual-to-decadal timescales,
respectively, while the geostrophic contribution to the overturning
component (Fov,) plays a minor role in FWT in the period analyzed
(Figures 4D-F). The FWT overturning component (Fov) is
southward (-0.15 Sv) with a standard deviation of 0.08 Sv. The
mean Fov indicates an unstable AMOC, agreeing with previous
observational studies (Garzoli et al., 2013; Cainzos et al.,, 2022;
Arumi-Planas et al., 2024). In terms of the vertical structure of the
FWT components, Fhor is mostly confined to the upper 500 m, with
Fov, and Fhor offsetting each other between 50 m and 500 m, and
the Fovg in the upper 50 m determining the negative FWT. A caveat
of this analysis is that the freshwater transport and its structure is
dependent on the reference salinity value Sy. This value is not widely
agreed upon and may change over time. We use in our definition of
So the salinity of the bounding section instead of a regional or global
value, which is a better choice consistent with previous studies that
address this issue (e.g., Treguier et al., 2014; Tsubouchi et al., 2012).
Consequently, the vertical structures of MHT and FWT differ in
part because of the different choices of reference.

When analyzing upper ocean T and S dynamics, all three
products analyzed here, AXMOC, ORAS5 and EN4, show zonally
averaged upper 300 m salty and warm anomalies at 34.5°S starting
in 2017 (Figure 6), however, the westward wave propagations are
observed only by AXMOC and ORAS5 reanalysis, and it is not
visible in the EN4 gridded product. This highlights the need for
optimal mapping tools constrained by ocean dynamics in
observational products to resolve these features.

In the future, the South Atlantic could become saltier due to a
reduced salinity divergence caused by a weakening AMOC under
anthropogenic warming (Zhu and Liu, 2020). Studies have focused
on these early signals for AMOC anomalies using FWT or salt
content anomalies (e.g., Zhu and Liu, 2020; Zhu et al., 2023). Long-
term trends in the South Atlantic FWT are a useful tool for early
detection of a possible AMOC weakening (van Westen et al., 2024), as
the northward salinity transports would decrease in an AMOC
weakening scenario, leading to a salinity increase in the South
Atlantic (Zhu et al., 2023). Salinity trends are also recognized as a
proxy for an intensifying global water cycle under climate change
(Durack and Wijftels, 2010; Durack et al., 2012). The salinification of
the basin could disrupt ocean stratification, promoting vertical
mixing that could promote water mass changes in the basin.
Additionally, this change could result in a negative halosteric sea
level trend, partially offsetting sea level rise (Llovel et al, 2019).
However, given that our time series are not long enough to analyze
centennial trends, it is challenging to separate the effects of
anthropogenic influence on the salinification and warming of the
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South Atlantic from those driven by atmospheric and circulation
changes. In the context of climate change, long-term salinity trends in
the subtropical Atlantic Ocean may be influenced by a combination
of atmospheric factors, circulation changes, heaving of isopycnals and
anthropogenic factors (Sathyanarayanan et al., 2021).
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