
1.  Introduction
The redistribution of heat and the supply of nutrients and carbon into the deep ocean are achieved by the over-
turning of a northward-flowing upper limb of warm and salty water and a southward lower limb of relatively cold 
and fresh water (Bower et al., 2019; Srokosz et al., 2012). This process, that extends from the Southern Ocean to 
the northern North Atlantic, known as the Atlantic Meridional Overturning Circulation (AMOC), is an important 
factor in climate variability—possible changes in its strength could affect profoundly the climate of maritime and 
continental Europe (Buckley & Marshall, 2016; Pillar et al., 2016). As a result, there have been numerous efforts 
to determine the past, present, and future state of the AMOC and its associated transport of mass, heat, and fresh-
water through the Atlantic (Caesar et al., 2018; Caínzos et al., 2022; Fraser & Cunningham, 2021; Ganachaud 
& Wunsch, 2000; Lumpkin & Speer, 2007; Macdonald & Wunsch, 1996; Rahmstorf et al., 2015; Talley, 2008).

The AMOC has been quantified with hydrographic data since the 1990s under the World Ocean Circulation 
Experiment (WOCE) and, later, the GO-SHIP programs (Talley et al., 2016). These programs have allowed to 
carry out cross-basin zonal sections every 5–10 years enabling the study of the overturning strength at different 
latitudes and different decades (Bryden et al., 2011; Hernández-Guerra et al., 2014; McDonagh & King, 2005). 
Hydrographic data provide the opportunity to use observational data that reflect long-term variability of the 
whole water column.

One of the most used methods to determine circulation from hydrography is inverse modeling (Wunsch, 1996), 
which has enabled the study and comparison of hydrographic sections conducted at different times (Bryden 
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et  al.,  2005; Caínzos et  al.,  2022; Fu et  al.,  2018,  2020; Hernández-Guerra et  al.,  2019; Hernández-Guerra 
& Talley, 2016; Koltermann et al., 1999). Inverse methods provide an estimation of the absolute geostrophic 
velocity field of one or several enclosed oceanic boxes bounded by hydrographic sections and ocean boundaries 
(Wunsch, 1996). They are based on the thermal wind and continuity equations conserving, primarily, mass, but 
also other properties such as salt, heat or nutrients.

Inverse solutions from single-section snapshots are presumably subject to aliasing (Frajka-Williams et al., 2019; 
Wunsch & Heimbach, 2006), since they correspond to the time when data are collected. Therefore, the validity 
of hydrographic data to reconstruct climatological estimates has been debated. Thus, we have focused our efforts 
in two hydrographic sections, in the North Atlantic at 24.5°N and in the South Atlantic at 30°S, to investigate the 
significance of the results of inverse models using single sections and verify the aliasing on the data. We have 
also used results from inverse models applied to multiple sections distributed in space and time to infer their rele-
vance in decadal variations. For this purpose, results from an ocean general circulation model (OGCM) at these 
latitudes have been compared with the inverse model estimations.

2.  Data and Methods
In the North Atlantic, the section at 24.5°N (A05) has been occupied repeatedly, as one of the key latitudes 
monitoring the AMOC. We have selected all seven cruises at 24.5°N, from 1992 to 2020 at different times of 
the year (Figure 1a). Of all sections, only the 1992 cruise occurred in boreal summer, and 2004 in boreal spring, 
with the rest sampled during boreal winter (Table S1 in Supporting Information S1). Inverse box models are 
applied to each single section to calculate the adjusted mass transport per neutral density layer for each pair of 
stations. The initial choice of the geostrophic reference layer is at the neutral density of 28.15 kg m −3, the inter-
phase between the southward North Atlantic Deep Water and the northward Antarctic Bottom Water (Caínzos 
et al., 2022; Hernández-Guerra et al., 2014, 2019). The inverse model constraints mass transport for the whole 
section and includes regional constraints using previous measurements at different longitudes and depth ranges 
as described by Hernández-Guerra et al. (2014). Error estimates are obtained as part of the solution of the inverse 
model, solved by the Gauss-Markov method. A more in-depth description of configuration of the inverse model 
appears in Text S1 in Supporting Information S1. After mass transport is adjusted with the inverse model, we 
estimate both the meridional heat transport (MHT) and meridional freshwater transport (MFT) across the section 
following Joyce et al. (2001).

Hernández-Guerra et al. (2019) analyzed two different realizations of the South Atlantic subtropical gyre at 30°S 
(A10), in 2003 and 2011 carried out during austral spring (Figure 2a). For this study, we have also added the 
previous realization in 1992–1993, sampled in austral summer (Table S1 in Supporting Information S1). The 
single section inverse models for 30°S apply the same regional constraints as in Hernández-Guerra et al. (2019), 
described in Text S2 in Supporting Information S1.

Additionally, we have used the results from the inverse models of Caínzos et al.  (2022), combining different 
zonal sections over the Atlantic Ocean carried out in different months and years for each of the last three decades. 
Originally, only three sections are available at both latitudes, one for each of the last three decades. However, the 
24.5°N section has been monitored more regularly and we have been able to obtain seven results using all the 
sections available. The configuration of the original multiple-section inverse models for 1992, 2004, and 2011 
for each of the decades has been applied, maintaining the same configuration so that changes in circulation can 
be attributed to changes in hydrography. The configuration of these multiple-section inverse models has been 
summarized in Text S3 in Supporting Information S1.

The Ekman transport is estimated using the National Center for Environmental Prediction and National Center 
for Atmospheric Research (NCEP–NCAR) surface winds. We compute the Ekman transport for the time of the 
cruise and include it in the outcropping layers of each section. Hernández-Guerra and Talley (2016) have found 
no difference between the use of Ekman for the time of the cruise and longer-time averages. The Ekman transport 
at the time of the cruise is included as part of the initial conditions of the inverse models that then is corrected 
as part of the inverse solution, yielding an adjustment of the Ekman transport for each section for either single or 
multiple section models.

Furthermore, we have included the simulation from an OGCM to compare with hydrographic data (Tables S2 
and S3 in Supporting Information S1). The OM4 ocean-sea ice model (Adcroft et al., 2019; Tsujino et al., 2020) 

 19448007, 2023, 11, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

L
103412 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [09/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Geophysical Research Letters

CAÍNZOS ET AL.

10.1029/2023GL103412

3 of 11

developed by the Geophysical Fluid Dynamics Laboratory (GFDL) uses version six of the Modular Ocean Model 
(GFDL-MOM, hereafter). The simulation follows the OMIP2 protocol and uses the JRA55-do forcing data set 
v1.4.0 (Tsujino et al., 2018). It is based on the hydrostatic primitive equations formulated in their generalized 
vertical coordinate form. GFDL-MOM is a free-running model with no data assimilation and a horizontal reso-
lution of 1/4° and 50 vertical levels, providing monthly averages over the 1958–2018 period. Mass, heat, and 
freshwater transports were computed at 24.5ºN and 30ºS for the entire simulation, and then integrated over the 
11 layers defined by the neutral density interfaces of Hernández-Guerra et al.  (2019), the same as used with 

Figure 1.  Estimates at 24.5°N from inverse solutions and RAPID and GFDL-MOM time series. (a) Map of the zonal 
sections included at 24.5°N, with station positions for the A05 cruises in 1992, 1998, 2004, 2010, 2011, 2015–2016, and 
2020. Monthly time series at 24.5°N (in gray) obtained with GFDL-MOM of (b) Atlantic Meridional Overturning Circulation 
(AMOC), (c) Meridional Heat Transport (MHT) and (d) Meridional Freshwater Transport. Included in subplots (b–d) appear 
the estimates from the single-section inverse box models in red, and the decadal estimates following Caínzos et al. (2022) 
in blue. The decadal averages for 1990–1999, 2000–2009, and 2010–2019 for each estimate appear as the blue dashed lines. 
AMOC and MHT estimates from the RAPID array time series are shown for comparison in green in subplots (b) and (c), 
respectively.
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the hydrographic data. Error from the OGCM estimates were computed as the standard error of the mean over 
the  time being averaged. We have chosen the free-running GFDL-MOM model to perform the analysis to prevent 
finding positive results due to the presence of the observational data used in this study assimilated in the model. 
The analysis performed with GFDL-MOM has been replicated using two additional OGCMs, described in Text 
S4 (Figures S1–S4 and Tables S4–S6) in Supporting Information S1.

Figure 2.  Estimates at 30°S from inverse solutions and SAMBA and GFDL-MOM time series. (a) Map of the zonal sections 
included at 30°S, with station positions for the A10 cruises in 1992–1993, 2003, and 2011. Monthly time series at 30°S 
(in gray) obtained with GFDL-MOM of (b) Atlantic Meridional Overturning Circulation (AMOC), (c) Meridional Heat 
Transport and (d) Meridional Freshwater Transport. Included in subplots (b–d) appear the estimates from the single-section 
inverse box models from Hernández-Guerra et al. (2019) in red, and the decadal estimates following Caínzos et al. (2022) 
in blue. The decadal averages for 1990–1999, 2000–2009, and 2010–2019 for each estimate appear as the blue dashed lines. 
AMOC estimates from the SAMBA array time series is shown for comparison in green in subplot (b).
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Moreover, we have used data based, among others, on mooring observations, to validate OGCM solutions. The 
North Atlantic subtropical gyre at 24.5°N has been closely monitored since the year 2004 with the RAPID/
MOCHA/WBTS array (hereafter RAPID; Cunningham et al., 2007; Johns et al., 2011), providing a long-term 
estimate of the AMOC at this latitude (Figures 1b and 1c). The South Atlantic Meridional Overturning Circula-
tion Basin-wide Array program (hereafter SAMBA; Figure 2b; Kersalé et al., 2020) offers an additional record of 
the AMOC in the South Atlantic at a latitude close to 30°S (34.5°S).

Finally, to eliminate the impact of the variation in mean strength between observations and numerical models, we 
have used anomalies. Using the average value for each available cruise realization at each latitude for both inverse 
models with single and multiple sections, the anomalies for the inverse solutions at 24.5°N and 30°S can be esti-
mated. Inverse models at 24ºN yield mean AMOC values of 13.8 ± 1.2 Sv and 15.4 ± 0.5 Sv, mean MHT values 
of 0.92 ± 0.06 PW and 0.97 ± 0.03 PW, and mean MFT values of −0.217 ± 0.041 Sv and −0.180 ± 0.039 Sv 
with single and multiple sections, respectively. At 30°S, the AMOC mean values are 15.0  ±  0.3  Sv and 
17.2 ± 0.3 Sv, the mean MHT are 0.36 ± 0.02 PW and 0.42 ± 0.02 PW, and the mean MFT are 0.233 ± 0.020 Sv 
and 0.186 ± 0.023 Sv for inverse solutions from single sections and from a combination of multiple sections, 
respectively. The anomalies for GFDL-MOM for both sections are computed by subtracting the average value for 
the whole time series (13.0 Sv for AMOC, 0.79 PW for MHT, and −0.062 Sv for MFT at 24.5°N and 13.6 Sv 
for AMOC, 0.39 PW for MHT, and 0.116 Sv for MFT at 30°S). Lastly, the anomalies for RAPID and SAMBA 
were computed similarly to GFDL-MOM, yielding mean values of 16.9 Sv for AMOC and 1.20 PW for MHT for 
RAPID and 14.6 Sv for the SAMBA AMOC.

3.  Results
3.1.  Meridional Overturning Circulation From Single Sections

The strength of the AMOC is computed as the maximum in the zonally integrated and vertically accumulated 
mass transport. We have studied the intensity of the AMOC at 24.5°N and 30°S for the last 30 years using the 
available hydrographic data, GFDL-MOM values and mooring arrays (Figures 1b and 2b).

The hydrographic section at 24.5ºN has been occupied on seven occasions (Figure 1). The inverse solutions from 
individual sections present similar values of the AMOC except for the first cruise, with estimates of 19.1 ± 2.6, 
12.7 ± 3.0, 14.2 ± 3.4, 13.2 ± 2.9, 13.2 ± 2.2, 12.8 ± 3.2, and 11.0 ± 3.8 Sv for the 1992, 1998, 2004, 2010, 
2011, 2015–2016, and 2020 cruises, respectively (Table S2 in Supporting Information S1). On the other hand, we 
have validated the AMOC time series from GFDL-MOM with the estimates from the RAPID array. The absolute 
values present differences in their mean value (16.9 and 13.0 Sv for RAPID and GFDL-MOM, respectively), with 
a Root Mean Squared Error (RMSE) of 5.2 Sv. However, when comparing the anomalies, the variability agrees 
over the period 2004–2020 with a reduced RMSE of 2.4 Sv, lower than their standard deviations (3.4 and 3.3 Sv 
for RAPID and GFDL-MOM), and an R 2 correlation of 0.6 (Figure 1b, green and gray lines). To compute the 
agreement on interannual time scales, we have applied a low-pass Butterworth filter with a 1-year cut-off period 
for both RAPID and GFDL-MOM (Figure S5 in Supporting Information S1). For these filtered signals we have 
also obtained relatively large values of R 2 of 0.7.

In the South Atlantic, all three computations of AMOC from hydrographic data at 30°S present relatively 
similar inverse solutions (Table S2 in Supporting Information S1), with values of 15.8 ± 1.3, 13.2 ± 1.3, and 
16.1 ± 1.4 Sv for the 1992–1993, 2003, and 2011 cruises, respectively. We have also used the nearby SAMBA 
array at 34.5°S to validate the data from GFDL-MOM in the South Atlantic at 34.5°S. When comparing the abso-
lute values of SAMBA (standard deviation of 5.4 Sv) with GFDL-MOM at 34.5°S (standard deviation of 3.1 Sv) 
we find a RMSE of 5.4 Sv that is not greatly reduced when using the anomalies (RMSE of 5.2 Sv) with a low R 2 
of 0.1 (Figure S6b in Supporting Information S1, green and gray lines).

We have compared the AMOC anomalies from these single-section inverse models with the GFDL-MOM contin-
uous time series at both latitudes (Table 1). At 24.5°N, the comparison yields RMSE values of 1.8 Sv for the 
anomaly estimates for the time of the cruise and 2.4 Sv for the decadal GFDL-MOM anomalies, both lower than 
the standard deviation for GFDL-MOM (3.3 Sv). At 30°S, GFDL-MOM estimates show a good agreement with 
the inverse solutions for the time of the cruise with a RMSE of 0.9 Sv, and a higher RMSE of 1.4 Sv for the 
decadal anomalies, again lower than GFDL-MOM standard deviation (3.2 Sv). Thus, in both cases, the RMSE for 
decadal averages are larger than for the values at the time of the cruise, indicating that the decadal averages offer 
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worse results than the estimates at the time of the cruise as obtained by Atkinson et al. (2012), Frajka-Williams 
et al. (2019), and Wunsch and Heimbach (2006). Similar results appear when comparing with data-assimilating 
OGCMs (Figures S1–S4 and Tables S4–S6 in Supporting Information S1).

3.2.  Meridional Heat Transport From Single Sections

The radiative heating from the sun, absorbed mainly in the tropics, is redistributed along the Atlantic. In general, 
the net northward MHT presents higher values closer to the equator (Caínzos et al., 2022), with a large part of 
the heat transport due to its baroclinic component, that comprises the zonally averaged meridional circulation 
(Bryden & Imawaki, 2001).

The MHT for each cruise carried out at 24.5°N are 1.37 ± 0.15, 0.94 ± 0.16, 0.98 ± 0.19, 0.63 ± 0.16, 0.94 ± 0.12, 
0.82 ± 0.17, 0.76 ± 0.21 PW for the 1992, 1998, 2004, 2010, 2011, 2015–2016, and 2020 cruises, respectively 
(Table S2 in Supporting Information S1). Similar to the AMOC, the RAPID array monitors the variability of 
MHT at 24.5°N (Bryden et al., 2020; Johns et al., 2011; McCarthy et al., 2015), with an average of 1.19 PW and 
a standard deviation of 0.27 PW for the period 2004–2018 (Figure 1c). The comparison between GFDL-MOM 
estimations and the RAPID values yields RMSE of 0.5 PW for the absolute values, with a reduced error when 
using anomalies (RMSE of 0.2 PW), in the order of their standard deviations (0.27 PW for RAPID and 0.24 PW 
for GFDL-MOM). The correlation between GFDL-MOM and RAPID MHT anomalies is relatively strong, as 
expected from the high correlation in AMOC, with an R 2 of 0.7.

The average net heat transport across 30°S for the whole water column is 0.31 ± 0.08, 0.32 ± 0.07, 0.45 ± 0.08 PW 
for the 1992–1993, 2003, and 2011 cruises, respectively (Table S2 in Supporting Information S1). Unfortunately, 
no values of MHT are available for comparison between GFDL-MOM and the SAMBA array (Figure 2c) as 
carried out at 24.5°N.

Analogously to AMOC, we have compared the single section inverse model results to the GFDL-MOM estimates 
of MHT anomalies for the time of the cruise and for decadal averages (Table 1). At 24.5°N, we find slightly lower 
values of RMSE for the time of the cruise estimates than for decadal averages (0.18 and 0.19 PW, respectively) 

GFDL-MOM cruise GFDL-MOM decadal

24.5°N

  Single-section inverse model RMSE AMOC (Sv) 1.8 2.4

RMSE MHT (PW) 0.18 0.19

RMSE MFT (Sv) 0.220 0.280

  Multiple-section inverse model RMSE AMOC (Sv) 3.9 1.5

RMSE MHT (PW) 0.19 0.15

RMSE MFT (Sv) 0.277 0.267

30°S

  Single-section inverse model RMSE AMOC (Sv) 0.9 1.4

RMSE MHT (PW) 0.05 0.07

RMSE MFT (Sv) 0.180 0.193

  Multiple-section inverse model RMSE AMOC (Sv) 2.9 2.6

RMSE MHT (PW) 0.09 0.07

RMSE MFT (Sv) 0.084 0.104

Note. For reference, at 24.5°N, GFDL-MOM presents a standard deviation of 3.3 Sv for AMOC, 0.24 PW for MHT and 
0.202 Sv for MFT. At 30°S, the standard deviations for AMOC, MHT, and MFT are, respectively, 3.2 Sv, 0.18 PW, and 
0.093 Sv. Lower values of RMSE appear in bold.

Table 1 
Root Mean Squared Errors (RMSE) for 24.5°N and 30°S for the Anomalies of Atlantic Meridional Overturning Circulation 
(AMOC, in Sv), Meridional Heat Transport (MHT, in PW) and Meridional Freshwater Transport (MFT, in Sv) Comparing 
the Values From the Single-Section Inverse Models of This Study and the Multiple-Section Inverse Model Solutions as in 
Caínzos et al. (2022) With GFDL-MOM Values for Both the Time of the Cruise and the Decadal Averages
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both in the range of standard deviation for GFDL-MOM (0.24 PW). Similarly, at 30°S, the time of cruise esti-
mates from GFDL-MOM MHT anomalies have an RMSE of 0.05  PW, lower than the 0.07  PW of decadal 
averages. Both these values are included in the standard deviation for GFDL-MOM (0.18 PW). Therefore, as 
for AMOC, the inverse solutions from single sections are closer to the values at the time of the cruise than the 
decadal averages.

3.3.  Meridional Freshwater Transport From Single Sections

The freshwater flux can be understood as the non-salt part of the mass transport (McDonagh et al., 2015) result-
ing from the balance between precipitation, evaporation and river runoff (Figures 1d and 2d). At 24.5°N, the 
solutions from the inverse box models are −0.456 ± 0.254, −0.100 ± 0.097, −0.265 ± 0.048, −0.017 ± 0.038, 
−0.246 ± 0.027, 0.024 ± 0.001, and −0.457 ± 0.001 Sv for the 1992, 1998, 2004, 2010, 2011, 2015–2016, 
and 2020 cruises, respectively. The inverse solutions of MFT for 30°S are 0.446 ± 0.080, 0.176 ± 0.080, and 
0.077 ± 0.081 Sv for the 1992–1993, 2003, and 2011 cruises, respectively (Table S2 in Supporting Information S1).

We have also compared the MFT anomaly estimates from the single-section inverse models with the GFDL-
MOM anomaly estimates for the time of the cruise and the decadal averages (Table 1). As for AMOC and MHT, 
lower RMSE appears when comparing with the time of the cruise (0.220 Sv at 24.5°N and 0.180 Sv at 30°S) than 
with the decadal averages (0.280 Sv at 24.5°N and 0.193 Sv at 30°S). At 24.5°N, the standard deviation of GFDL-
MOM (0.202 Sv) is larger than the RMSE values, while at 30°S the standard deviation is lower (0.093 Sv).

3.4.  Comparison With Decadal Values Using Multiple Section Inverse Models

Caínzos et al. (2022) have already estimated the AMOC, MHT, and MFT for 24.5°N and 30°S with an inverse 
model spanning the whole Atlantic Ocean basin with sections carried out in different years within the decades 
1990–1999, 2000–2009, and 2010–2019. We have compared these estimates with GFDL-MOM values at the 
time of the cruise and decadal averages for AMOC, MHT, and MFT, to check whether solutions from several 
sections yield different results than those from single section inverse box models (Table 1).

At 24.5°N, the AMOC estimates from multiple sections are 17.7 ± 1.3, 14.1 ± 1.3, 14.8 ± 1.5, 15.5 ± 1.3, 
17.2 ± 1.2, 13.6 ± 1.4, and 14.8 ± 1.5 Sv, for the 1990–1999, 2000–2009, and 2010–2019 decades using the 
1992, 1998, 2004, 2010, 2011, 2015–2016, and 2020 sections, respectively (Table S3 in Supporting Informa-
tion S1). These values present a lower RMSE when comparing with GFDL-MOM estimates of AMOC anomaly 
for the decadal averages (1.5 Sv) than for the time of the cruise (3.9 Sv), thus indicating that the solutions from 
Caínzos et al. (2022) are better represented by GFDL-MOM decadal averages.

The relatively stable results of AMOC from Caínzos et al. (2022) of 17.6 ± 1.0, 16.4 ± 1.1, and 17.6 ± 1.3 Sv 
for 1990–1999, 2000–2009, and 2010–2019, respectively (Table S3 in Supporting Information S1), appear also 
for GFDL-MOM at 30°S. Thus, the multiple-section inverse solutions from Caínzos et al. (2022) are better repre-
sented by the GFDL-MOM decadal averages of AMOC anomalies (RMSE of 2.6 Sv) than by the time of the 
cruise values from GFDL-MOM (RMSE of 2.9 Sv).

MHT displays a similar behavior to AMOC (Table S3 in Supporting Information S1), with lower RMSE (Table 1) 
when comparing MHT anomaly estimates from multiple sections and GFDL-MOM for the decadal averages 
(0.15 PW at 24.5°N and 0.07 PW at 30°S) than for the time of the cruise (0.19 PW at 24.5°N and 0.09 PW at 
30°S).

MFT presents contradicting results between both latitudes (Table 1; Table S3 in Supporting Information S1). At 
24.5°N, MFT anomaly estimates from multiple-section inverse models are in better agreement with the decadal 
averages from GFDL-MOM (RMSE of 0.267 Sv) than with the values for the time of the cruise (RMSE of 
0.277 Sv). Nonetheless, at 30°S lower RMSE appear when comparing the solutions from the inverse models with 
GFDL-MOM estimates for the time of the cruise (0.084 Sv) than with decadal averages (0.104 Sv).

4.  Discussion and Conclusions
An enormous amount of effort has gone into comprehending the variability of the AMOC on various timescales, 
appearing mostly on timescales from seasonal, intra-annual, interannual to decadal. The mechanisms underlying 
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these variations are highly dependent on the region of study. In the subtropics, wind forcing dominates AMOC 
variability at higher frequencies, with contributions from buoyancy forcing at lower frequencies. The subpolar 
North Atlantic, in contrast, is dominated by low-frequency variability forced by buoyancy and wind. Both modes 
of variation of the AMOC are linked to the North Atlantic Oscillation, which is the main source of atmospheric 
variability in the North Atlantic (Jackson et al., 2022; Johnson et al., 2019).

The timescales and meridional coherence of AMOC variability are still up to debate. Observations have consist-
ently found no significant trends for the AMOC over long timescales (Caínzos et  al.,  2022; Fu et  al.,  2020; 
Le Bras et al., 2023; Worthington et al., 2021), marking the disconnection with results from model projections 
and proxy reconstructions. Using ensembles of coupled models from CMIP5 and CMIP6, Weijer et al. (2020) 
have found a consistent decline in the strength of the AMOC over the 21st century in response to anthropogenic 
climate change. However, this AMOC simulation can be affected by model biases due to misrepresentation of 
processes such as mixing by mesoscale eddies, transports in narrow boundary currents, mixing in overflows, deep 
convection, and atmosphere–ocean feedbacks.

This study can be considered as a valuable assessment for developing inverse box models using hydrographic 
sections, which is one of the few approaches available to estimate ocean circulation. However, we cannot assume 
that the estimations from inverse models correspond to the time-average values. Several studies have understood 
inverse solutions obtained from hydrographic sections as snapshots of the circulation at the time of the cruise. We 
have been working on understanding the adjustment of the inverse model on the use of single or multiple sections, 
and whether those solutions can represent the time of the cruise or a longer period. As we have seen in the results 
from single-section inverse models, hydrographic data from a single section captures the variability at the time of 
the cruise. Thus, the circulation obtained from these models represent the seasonal variability.

We have first compared the AMOC solutions from inverse box models of single sections at two key latitudes (24.5°N 
and 30°S) in the Atlantic Ocean with estimations from GFDL-MOM for the last 30 years. However, the availability of 
only three surveys at 30°S result in less meaningful statistics, which is also true for multiple-section inverse solutions.

Concurrently, at 24.5°N, we have validated AMOC and MHT from GFDL-MOM estimations against the continuous 
measurements of the RAPID array from 2004 to 2019, finding a good agreement between them in terms of anoma-
lies. At 30°S we have used the available AMOC time series from the SAMBA array at the close latitude of 34.5°S, 
yielding lower convincing results than at 24.5°N, presumably due to the different latitudes in both measurements.

The comparison of AMOC, MHT, and MFT between single section inverse solutions and estimates for the time of 
the cruise from GFDL-MOM provides consistent results, depicted by the lower RMSE values (1.8 Sv, 0.18 PW and 
0.220 Sv at 24.5°N and 0.9 Sv, 0.05 PW and 0.180 Sv at 30°S for AMOC, MHT, and MFT anomalies, respectively) 
than for the GFDL-MOM decadal estimations (Table 1). Furthermore, when comparing inverse solutions from combi-
nations of multiple hydrographic sections carried out in different seasons and years, GFDL-MOM decadal averages 
result in a better agreement (1.5 Sv and 0.15 PW at 24.5°N and 2.6 Sv and 0.07 PW at 30°S for AMOC anomalies) 
than using values for the time of the cruise (3.9 Sv and 0.19 PW at 24.5°N and 2.9 Sv and 0.09 PW at 30°S).

Differences in inverse box model solutions emerge at both latitudes depending on whether single or multiple 
sections are used (Tables S2 and S3 in Supporting Information S1). The inverse model estimates the velocity 
at the reference level for each pair of stations from the equations specified in the model. In a single section, the 
continuity equation applies only to the net transport across the section. However, for box models with several 
sections, the continuity equation applies to the box specified by different sections, establishing a relationship 
between the transport of water advected from one section to the next, for the whole column and for each of 
the layers in which the water column is divided. As a result, there is an influence of one section onto the other 
and vice versa, forcing the model to adjust the velocities at the reference level at each section to a solution 
that satisfies all the conditions applied to all sections. By creating a composite of multiple sections, no single 
section is representative of the year/month when sampled and, thus, is more representative of the mean circulation 
(Ganachaud & Wunsch, 2000; Lumpkin & Speer, 2007; Macdonald & Wunsch, 1996; Reid, 1989, 1994).

Data Availability Statement
Hydrographic data were collected from the CCHDO website (https://cchdo.ucsd.edu) in the frame of Interna-
tional WOCE and GO-SHIP projects for each cruise: A10 1993 (https://cchdo.ucsd.edu/cruise/06MT22_5), A10 
2003 (https://cchdo.ucsd.edu/cruise/49NZ20031106), A10 2011 (https://cchdo.ucsd.edu/cruise/33RO20110926), 
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A05 1992 (https://cchdo.ucsd.edu/cruise/29HE06_1), A05 1998 (https://cchdo.ucsd.edu/cruise/31R-
BOACES24N_2), A05 2004 (https://cchdo.ucsd.edu/cruise/74DI20040404), A05 2010 (https://cchdo.
ucsd.edu/cruise/74DI20100106), A05 2011 (https://cchdo.ucsd.edu/cruise/29AH20110128), A05 2015 
(https://cchdo.ucsd.edu/cruise/74EQ20151206), and A05 2020 (https://cchdo.ucsd.edu/cruise/740H20200119). 
The Florida Current cable and section data are made freely available on the Atlantic Oceanographic and Mete-
orological Laboratory web page (www.aoml.noaa.gov/phod/floridacurrent/) and are funded by the DOC-NOAA 
Climate Program Office—Ocean Observing and Monitoring Division. Florida Current daily mean transport 
from year 2000 until present is available at https://www.aoml.noaa.gov/phod/floridacurrent/data_access.php 
and historical data from 1982 to 1998 at https://www.aoml.noaa.gov/phod/floridacurrent/historical_data.php, of 
which we have used the used data from 1990 to 1998. The daily mean u and v-wind components of NCEP/NCAR 
reanalysis winds were collected from https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.pressure.html. MOM 
model is a free software distributed under GPLv2 and is part of an open-source community. A central repository 
is hosted on GitHub (https://github.com/NOAA-GFDL/MOM6). ECCO data were obtained as part of the work of 
ECCO Consortium, Fukumori, I., Wang, O., Fenty, I., Forget, G., Heimbach, P., and Ponte, R. M. (13 May 2021), 
ECCO Central Estimate (Version 4 Release 4). Retrieved from https://ecco-group.org/products-ECCO-V4r4.htm. 
GLORYS global ocean model outputs were provided by the Copernicus Marine Environment Monitoring Service 
(CMEMS) (http://marine.copernicus.eu/services-portfolio/access-to-products/). Data from the RAPID-MOCHA 
program are funded by the U.S. National Science Foundation and UK Natural Environment Research Council. 
AMOC data from the RAPID-MOCHA are freely available at https://rapid.ac.uk/rapidmoc/rapid_data/datadl.
php (https://doi.org/10/d3z4) and heat transports at https://mocha.rsmas.miami.edu/mocha/results/index.html 
(https://doi.org/10/gwqg). The SAMOC International web page hosts the MOC and MHT values from Meinen 
et al. (2018) at https://www.aoml.noaa.gov/phod/SAMOC_international/documents/MOC_TotalAnomaly_and_
constituents.asc.
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1 Unidad Océano y Clima, Instituto de Oceanografía y Cambio Global, IOCAG, Universidad de Las 

Palmas de Gran Canaria, ULPGC, Unidad Asociada ULPGC-CSIC, Canary Islands, Spain. 

2 The Abdus Salam International Centre for Theoretical Physics (ICTP), Trieste, Italy 

3 Scripps Institution of Oceanography, University of California San Diego, La Jolla, CA, USA 

  

 

Contents of this file  

 

Texts S1 to S4 

Figures S1 to S5 

Tables S1 to S7 

 

 

  



 

 

2 

 

Text S1. Description single-section inverse model 24.5°N 

 

CONSERVATION EQUATIONS 

The inverse model described here is adapted from Hernández-Guerra et al. (2014). The inverse 

box model for a single section takes the following matrix form: 

(
eAt,1 ⋯  eAt,n 1

eAreg ⋯ eAreg 0
)

(

 

bA1
⋮
bAn
∆TAEk)

 = (
yAt + TAEk
yAreg

), 

where n is the number of station pairs for section A, q is the number of layers, b are the reference 

velocities for each station pair, ∆TEk is the Ekman transport correction, e is mass and y refers to mass 

transport. 

The first equation included is the total conservation for the whole section (denoted with subindex 

t). This equation applies to all station pairs and considers the Ekman correction in the first layer. The 

following equations are the regional constraints as described below, with different station pairs and 

neutral density layers affected. 

 

REFERENCE LEVEL AND VELOCITIES 

The reference level of section A05 (24.5°N) is situated in the interphase between NADW and 

AABW, at 28.15 kg m-3 for the 1992, 1998, 2004 and 2010 cruises and at 28.04 kg m-3 for the 2011, 

2015-16 and 2020 cruises (Yao Fu et al., 2018; Hernández-Guerra et al., 2014). 

 

A PRIORI ESTIMATES AND UNCERTAINTIES 

The Gauss-Markov method solves this system of equations with a minimum error variance solution 

from the initial estimates of the unknowns (the velocities at the reference level, b, and the corrections to 

the Ekman transport, ∆TEk; Wunsch, 1996). To solve it, we first need a priori estimates and uncertainties 

that give an initial approximation to the actual value. The preliminary variance of the adjusted velocity 

at the reference level is 8 cm2 s-2 for the station pairs closer to coast, where shear is stronger and 4 cm2 

s-2 in the deepest stations. The initial estimates for the mass transport are 0.36 Sv2 (the square of the 

uncertainty of the Bering Strait transport, -0.8 ± 0.6 Sv) for the net mass transport across the sections. 

The regional constraints applied to each inverse model at 24.5°N are specified in the table below: 

 

 

Mass constraints Long Stations Layers Constraint value (Sv) Adjusted value (Sv) 

Florida Strait Current      

1992 Coast-79.2°W 1:10 1:6 29.2 ± 2.5 29.3 ± 0.1 

1998 Coast-79.2°W 1:8 1:6 34.2 ± 2.3 34.2 ± 0.2 

2004 Coast-79.2°W 1:8 1:6 31.9 ± 3.0 31.9 ± 0.3 

2010 Coast-79.2°W 1:11 1:6 28.5 ± 3.0 28.3 ± 0.1 

2011 Coast-79.2°W 1:13 1:6 28.7 ± 3.0 28.7 ± 0.1 

2015-16 Coast-79.2°W 1:13 1:6 31.3 ± 2.5 31.3 ± 0.2 

2020 Coast-79.2°W 1:11 1:6 33.1 ± 2.0 33.1 ± 0.2 

      

Antilles Current      
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1992 75.5-72.6°W 11:16 1:6 6.0 ± 8.1 21.6 ± 2.2 

1998 76.9-76.2°W 9:18 1:6 6.0 ± 8.1 -15.9 ± 4.1 

2004 76.9-76.3°W 9:17 1:6 6.0 ± 8.1 14.7 ± 3.8 

2010 76.9-76.1°W 12:23 1:6 6.0 ± 8.1 14.9 ± 0.7 

2011 77.1-75.6°W 14:32 1:6 6.0 ± 8.1 20.3 ± 0.9 

2015-16 76.9-76.4°W 14:22 1:6 6.0 ± 8.1 5.1 ± 0.5 

2020 76.9-76.3°W 12:22 1:6 6.0 ± 8.1 4.7 ± 0.5 

      

DWBC      

1992 75.5-68.0°W 11:23 6:9 -26.5 ± 13.6 -28.2 ± 7.9 

1998 76.7-75.1°W 13:24 6:9 -26.5 ± 13.6 15.8 ± 0.6 

2004 76.9-75.3°W 9:23 6:9 -26.5 ± 13.6 -13.7 ± 3.8 

2010 75.3-71.7°W 27:38 7:9 -26.5 ± 13.6 -15.4 ± 5.1 

2011 77.1-71.5°W 14:44 6:9 -26.5 ± 13.6 -15.3 ± 5.1 

2015-16 76.9-75.5°W 14:21 6:9 -26.5 ± 13.6 -6.4 ± 1.4 

2020 76.9-76.8°W 12:17 6:8 -26.5 ± 13.6 -1.8 ± 0.5 

 

 

 

 

Text S2. Description single-section inverse model 30°S 

 

CONSERVATION EQUATIONS 

The results from the inverse box modes at 30°S have been obtained from Hernández-Guerra et 

al. (2019). The matrix form of the inverse model has the form: 

(
eAt,1 ⋯  eAt,n 1

eAreg ⋯ eAreg 0
)

(

 

bA1
⋮
bAn
∆TAEk)

 = (
yAt + TAEk
yAreg

), 

where n is the number of station pairs for section A, q is the number of layers, b are the reference 

velocities for each station pair, ∆TEk is the Ekman transport correction, e is mass and y refers to mass 

transport. 

The first equation included is the total conservation for the whole section (denoted with subindex 

t). This equation applies to all station pairs of and considers the Ekman correction in the first layer. The 

following equations are the regional constraints as described below, with different station pairs and 

neutral density layers affected. 

 

REFERENCE LEVEL AND VELOCITIES 

The choice for reference level is at the interphase between the southward flowing North Atlantic 

Deep Waters (NADW) and the northward flowing Antarctic Bottom Waters (AABW), which lies in the 

neutral density surface of 28.15 kg m-3 (Hernández-Guerra et al., 2019; McDonagh et al., 2015). 

 

A PRIORI ESTIMATES AND UNCERTAINTIES 
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The Gauss-Markov method solves this system of equations with a minimum error variance solution 

from the initial estimates of the unknowns (the velocities at the reference level, b, and the corrections to 

the Ekman transport, ∆TEk; Wunsch, 1996). To solve it, we first need a priori estimates and uncertainties 

that give an initial approximation to the actual value. The preliminary variance of the adjusted velocity 

at the reference level is 8 cm2 s-2 for the station pairs closer to coast, where shear is stronger and 4 cm2 

s-2 in the deepest stations. The initial estimates for the mass transport are 0.36 Sv2 (the square of the 

uncertainty of the Bering Strait transport, -0.8 ± 0.6 Sv) for the net mass transport across the sections. 

The regional constraints applied to each inverse model at 30°S are described in the table below. 

Note that the constraint imposed for the Brazil Basin is the value used historically, although it has been 

recently reported that may be overestimated (Finucane & Hautala, 2022). 

 

Mass constraints Long Stations Layers Constraint value (Sv) Adjusted value (Sv) 

Vema Channel      

1992-93 39.5-38.5°W 21:24 9:11 4.0 ± 0.4 3.8 ± 0.4 

2003 40.0-38.0°W 20:25 9:11 4.0 ± 0.4 3.8 ± 0.4 

2011 39.8-38.0°W 22:27 9:11 4.0 ± 0.4 4.0 ± 0.4 

      

Brazil Basin      

1992-93 44.8-17.0°W 12:61 9:11 6.9 ± 1.8 6.4 ± 2.1 

2003 44.8-15.7°W 12:63 9:11 6.9 ± 1.8 6.4 ± 2.0 

2011 45.4-16.0°W 10:64 9:11 6.9 ± 1.8 6.6 ± 2.4 

      

Walvis Ridge N      

1992-93 9.0°W-1.1°E 73:86 9:11 0 ± 1 -0.3 ± 1.0 

2003 7.3°W-1.1°E 75:86 9:11 0 ± 1 -0.3 ± 1.0 

2011 7.4°W-1.1°E 76:91 9:11 0 ± 1 -0.2 ± 0.9 

      

Walvis Ridge S      

1992-93 2.8-12.2°E 89:101 9:11 0 ± 1 -0.2 ± 1.1 

2003 2.3-13.1°E 88:105 9:11 0 ± 1 -0.1 ± 1.2 

2011 2.0-13.1°E 93:115 9:11 0 ± 1 0.0 ± 1.2 

      

Brazil Current      

2003 Coast-45.4°W 1:11 1:7 -40.8 ± 5.0 -38.9 ± 2.1 

2011 Coast-46.5°W 1:7 1:5 -12.7 ± 5.0 -10.4 ± 0.8 

      

Benguela Current      

2003 11.8°E-Coast 101:110 1:7 27.4 ± 5.0 26.3 ± 2.4 

2011 11.3°E-Coast 112:119 1:7 22.7 ± 5.0 22.6 ± 2.5 

 

 

 

Text S3. Description multiple-section inverse models 
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CONSERVATION EQUATIONS 

The inverse model for each decade links boxes between contiguous sections, from South to North. 

For each single box, the matrix form of the inverse model equation has the following form: 

 

(

 
 
 
 
 
 
 
 
 
 
 
 
 

eAt,1 ⋯  eAt,n eBt,1 ⋯ eBt,m 1 1

eAreg ⋯ eAreg 0 ⋯ 0 0 0

0 ⋯ 0 eBreg ⋯ eBreg 0 0

eA1,1 ⋯ eA1,n eB1,1 ⋯ eB1,n 1 1

eA2,1 ⋯ eA2,n eB2,1 ⋯ eB2,n 0 0

⋮ ⋱ ⋮ ⋮ ⋱ ⋮ 0 0
⋮ ⋱ ⋮ ⋮ ⋱ ⋮ ⋮ ⋮

eAq−1,1 ⋯ eAq−1,n eBq−1,1 ⋯ eBq−1,n 0 0

eAq,1 ⋯ eAq,n eBq,1 ⋯ eBq,n 0 0

sAt,1 ⋯ sAt,n 0 ⋯ 0 (
sA1

eA1
) 0

0 ⋯ 0 SBt,1 ⋯ SBt,m 0 (
sB1

eB1
)
)

 
 
 
 
 
 
 
 
 
 
 
 
 

(

 
 
 
 
 
 

bA1
⋮
bAn
bB1
⋮
bBm
∆TAEk
∆TBEk)

 
 
 
 
 
 

=

(

 
 
 
 
 
 
 
 
 
 
 
 

yAt + yBt + TAEk + TBEk
yAreg
yBreg

yA1 + yB1 + TAEk + TBEk
yA2 + yB2

⋮
⋮

yAq−1 + yBq−1
yAq + yBq

zt + TAEk · (
sA1

eA1
)

zBt + TBEk · (
sB1
eB1
)

)

 
 
 
 
 
 
 
 
 
 
 
 

, 

 

where n is the number of station pairs for section A, m is the number of station pairs for section B, q is 

the number of layers, b are the reference velocities for each station pair, ∆TEk is the Ekman transport 

correction, e is mass, s is salt, y is mass transport and z is the salt transport. 

The first equation included in each box is the total conservation for the whole box (denoted with a 

t for total). This equation applies to all station pairs of A and B and consider both Ekman corrections in 

the first layer. The following equations are the regional constraints applied to section A, with different 

station pairs and neutral density layers affected (Supporting Information Table S7). Similarly, regional 

equations for section B are found in subsequent files. The following 11 (q layers) equations correspond 

to the conservation of each layer between both sections with Ekman correction in the outcropping layers.  

In addition to mass conservation, we have also constrained the salinity content of each single 

section A and B (last two equations). Using salinity instead of mass allows for changes in freshwater 

across the section while still conserving mass. The salinity transport constrained is 26.0 Sv, resulting 

from a Bering Strait mass transport of 0.8 Sv with an average salinity of 32.5. For mass conservation, 

the Ekman parameter used was 1. For salinity conservation, this parameter is expressed as the average 

ratio between salt and mass at the outcropping layer. 

No other properties are conserved in these models. Heat and salt are largely dependent on mass 

and do not increase the rank of the matrix, therefore failing to add information to the system. The use of 

property anomalies increases the noise in the system solutions and does not provide a better solution 

to the inverse model. Top-to-bottom silica conservation has been applied in inverse models when the 

solution presented large imbalances on the silica budget as in the Indian Ocean (Robbins & Toole, 

1997). In the Atlantic Ocean, and specifically in these inverse models, the models already provide 

solution that satisfy the conservation of silica within each box. Therefore, we do not include these extra 

equations in the matrix as it would not increase the rank of the matrix or reduce the size of the 

uncertainties. The solutions come from a highly undetermined system of equations. The system 

unknowns include the velocities at the reference level and the adjustment to the Ekman transport in the 

first layer. The Gauss-Markov estimator is applied to solve these matrices (Wunsch, 1996). 
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REFERENCE LEVEL AND VELOCITIES 

In the South Atlantic, the general choice for reference level is the interphase between the 

southward flowing North Atlantic Deep Waters (NADW) and the northward flowing Antarctic Bottom 

Waters (AABW), which lies in the neutral density surface of 28.15 kg m-3 (Hernández-Guerra et al., 

2019; E. L. McDonagh et al., 2015). Section A08 (11°S) in the decade of 1990-99 has basin-specific 

reference levels between 27.58 and 28.10 kg m-3 (Speer et al., 1996). In the North Atlantic subtropical 

gyre, the reference level of section A05 (24.5°N) is situated in the interphase between NADW and 

AABW, at 28.15 kg m-3 for the 1990-99 and 2000-09 decades and at 28.04 kg m-3 for the last decade 

(Yao Fu et al., 2018; Hernández-Guerra et al., 2014). Section A02 (47°N) for the 1990-99 decade 

presents a reference level at 28.15 kg m-3 at the interphase between NADW and AABW, whereas for 

the decade of 2010-19 it is at the interphase between the MOC upper and lower limb at 27.84 kg m -3 

(Ganachaud, 1999). At A03 (36°N), the reference level at the interphase between NADW and AABW is 

at a neutral density of 28.04 kg m-3 (McDonagh et al., 2010). The northernmost sections at 55°N 

(AR07W+AR07E) show better results when choosing the reference level at the interphase between the 

MOC upper and lower limb, which lies at 27.84 kg m-3 (Holliday et al., 2018; Lozier et al., 2019). 

 

A PRIORI ESTIMATES AND UNCERTAINTIES 

The Gauss-Markov method solves this system of equations with a minimum error variance solution 

from the initial estimates of the unknowns (the velocities at the reference level, b, and the corrections to 

the Ekman transport, ∆TEk; Wunsch, 1996). To solve it, we first need a priori estimates and uncertainties 

that give an initial approximation to the actual value. The preliminary variance of the adjusted velocity 

at the reference level is 8 cm2 s-2 for the station pairs closer to coast, where shear is stronger and 4 cm2 

s-2 in the deepest stations. The initial estimates for the mass transport are 9 Sv2 for the net mass 

transport between two sections, therefore allowing for compensation within each box. For layer 

conservation, the variance is between 13 and 1 Sv2, decreasing towards deeper layers. The salinity 

uncertainties are computed as the square of the uncertainty of the Bering Strait transport (0.6 Sv) times 

the square of the ration between the total salt transport and the mass transport of each section. 

Despite obtaining similar results, this study provides smaller uncertainties than other global inverse 

solutions (Ganachaud, 2003b) and decadal studies (Fu et al., 2020). This was achieved by using a 

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

Some of the weaknesses of the inverse model are related to the accurate calculation of the 

geostrophic transport before the inverse model. We have assumed linear bottom topography between 

the deepest common level of each station to compute the transport of each bottom triangle. There are 

uncertainties associated to this approximation, in the order of 1 Sv, but can increase in areas of 

boundary currents along sloping topography (Ganachaud, 2003a; McDonagh et al., 2008; Robbins & 

Toole, 1997). 

The Ekman transport can also be an issue when adjusting the geostrophic transport in surface 

layers. We believe that the geostrophic calculation of each section is balanced by the Ekman transport 

for the time of the cruise. There is an adjustment for the instantaneous response of this wind forcing on 

the upper layers. Using the Ekman transport of the time of the cruise we remove the effect of the 

seasonal or monthly variability in upper layers. In any case, the Ekman transport is adjusted in the 

inverse model. 

 

MULTIPLE CONFIGURATIONS FOR EACH INVERSE MODEL 
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Instead of obtaining three values for the multiple-section inverse models at 24.5°N, we have 

computed all possible composites using the seven available sections at this latitude. Therefore, we have 

added to the three solutions published by Caínzos et al. (2022) four more values. 

For the first decade, 1990-99, the original inverse model included the 1992 cruise. We have now 

applied the same model configuration of that decade for the 1998 cruise. For the second decade, we 

have included the 2010 section, modifying from the original configuration with the 2004 cruise. For the 

last decade, the original configuration including the cruise carried out in 2011 was also computed with 

the 2015-16 and 2020 cruises. The table below summarizes the sections used for each inverse model. 

 

Section Latitude Year Cruise ID Country 

A11 30-45°S 1992 74DI19921222 UK 

A10 30°S 1992-93 06MT19921227 DE 

A09 19°S 1991 06MT19910210 DE 

A08 11°S 1994 06MT19940329 DE 

A05 24.5°N 
1992 
1998 

29HE19920714 
31RBOACES24N_2 

SP 
US 

A02 40-50°N 1993 06GA19930612 DE 

AR07W 55-60°N 1990 18DA90012 CA 

AR07E 55-60°N 1991 74AB62 UK 

     

A10 30°S 2003 49NZ20031106 JA 

A095 24°S 2009 740H20090307 UK 

A05 24.5°N 
2004 
2010 

74DI20040404 
74DI20100106 

UK 
UK 

A03 36°N 2005 74AB20050501 UK 

AR07W 55-60°N 2005 18HU20050526 CA 

AR07E 55-60°N 2007 64PE20070830 NE 

     

A10 30°S 2011 33RO20110926 US 

A095 19°S 2018 740H20180228 UK 

A05 24.5°N 
2011 

2015-16 
2020 

29AH20110128 
74EQ20151206 
740H20200119 

SP 
UK 
UK 

A02 40-50°N 2013 06M220130509 DE 

AR07W 55-60°N 2014 74JC20140606 UK 

AR07E 55-60°N 2014 74JC20140606 UK 

 

The 1990-99 inverse model has 112 equations with 643 unknowns for the 1992 cruise and 663 for 

the 1998 cruise; the 2000-09 model has 83 equations with 506 unknowns for the 2004 cruise and 515 

for the 2010 cruise; and the 2010-19 inverse model has 82 equations with 584 unknowns for the 2011 

cruise, 551 for the 2015-16 cruise and 547 for the 2020 cruise. The difference in the number of 

unknowns arise from the different number of pair of stations for each cruise, each associated to an 

unknown velocity at the reference level. 
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The only regional constraints affected by the change in the 24.5°N cruise are the values of the 

Florida Strait transport, which presents small variations, mainly included within their uncertainties: 31.8 

± 3.5, 34.2 ± 3.0, 31.9 ± 3.3, 28.5 ± 3.3, 31.3 ± 3.4, 31.3 ± 3.4 and 33.1 ± 3.4 Sv for the 1992, 1998, 

2004, 2010, 2011, 2015-16 and 2020 cruises, respectively. 

 

 

Text S4. Additional use of OGCMs 

 

To complement the use of OGCMs in our study, we have employed two additional numerical models.  

 

ECCOv4r4 (Estimating the Circulation and Climate of the Ocean Version 4 Release 4; ECCO, hereafter) 

is a data-assimilating model produced by the Jet Propulsion Laboratory. ECCO provides monthly data 

from 1992 to 2017 with a 1° horizontal resolution (Forget et al., 2015; Fukumori et al., 2017) and 50 

vertical levels with varying resolution. ECCOv4r4 assimilates a variety of ocean observations, including 

satellite altimetry, sea surface temperature (SST) and salinity (SSS), in situ hydrography, ocean mass 

from satellite gravity and sea-ice concentration. By using its adjoint, ECCO iteratively optimizes surface 

atmospheric state and internal parameters to fit multiple sources of observations within expected 

uncertainties, producing a state estimate of the ocean that fits observations and is dynamically 

consistent. 

 

GLORYS12V1 (GLORYS, hereafter) is a global ocean reanalysis developed by the Copernicus Marine 

Environment Monitoring Service (CMEMS), released in January 2019, covering the period from 1993 to 

2018. The “Nucleus for European Modelling of the Ocean” (NEMO) ocean model is used to generate 

the reanalysis, driven at the surface by the ECMWF ERA-Interim reanalysis. It assimilates along track 

altimeter measurements (sea level anomaly), SST, sea ice concentration, and in situ temperature and 

salinity vertical profiles. Additionally, it employs a 3D-Var scheme to adjust large-scale temperature and 

salinity biases. The monthly gridded datasets are displayed on a 1/12° grid with 50 standard vertical 

levels (Drévillon et al., 2018; Lellouche et al., 2018). 

 

Analogously to the analysis performed using GFDL-MOM, we have also computed the anomalies of 

AMOC, MHT and MFT for ECCO and GLORYS. ECCO anomalies were obtained using mean values of 

12.9 Sv, 0.76 PW and -0.041 Sv at 24.5°N and 12.1 Sv, 0.32 PW and 0.128 Sv at 30°S for AMOC, MHT 

and MFT, respectively. For GLORYS, the anomalies for AMOC, MHT and MFT were computed using 

mean values of 15.1 Sv, 0.88 PW and 0.229 Sv at 24.5°N and 20.7 Sv, 0.53 PW and 0.097 Sv at 30°S, 

respectively.  



 

 

9 

 

 

Figure S1. Estimates at 24.5°N from inverse solutions and RAPID and ECCO time series. a) Map of the 

zonal sections included at 24.5°N, with station positions for the A05 cruises in 1992, 1998, 2004, 2010, 2011, 

2015-16 and 2020. Monthly time series at 24.5°N (in grey) obtained with ECCO of (b) AMOC anomaly, (c) 

MHT anomaly and (d) MFT anomaly. Included in subplots (b-d) appear the estimates from the single-section 

inverse box models in red, and the decadal estimates following Caínzos et al. (2022) in blue. The decadal 

averages for 1990-99, 2000-09, 2010-19 for each anomaly estimate appear as the blue dashed lines. AMOC 

and MHT anomaly estimates from the RAPID array time series are shown for comparison in green in subplots 

(b) and (c), respectively. 
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Figure S2. Estimates at 30°S from inverse solutions and SAMBA and ECCO time series. a) Map of the 

zonal sections included at 30°S, with station positions for the A10 cruises in 1992-93, 2003 and 2011. Monthly 

time series at 30°S (in grey) obtained with ECCO of (b) AMOC anomaly, (c) MHT anomaly and (d) MFT 

anomaly. Included in subplots (b-d) appear the estimates from the single-section inverse box models from 

Hernández-Guerra et al. (2019) in red, and the decadal estimates following Caínzos et al. (2022) in blue. 

The decadal averages for 1990-99, 2000-09, 2010-19 for each anomaly estimate appear as the blue dashed 

lines. AMOC anomaly estimates from the SAMBA array time series is shown for comparison in green in 

subplot (b). 
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Figure S3. Same as Figure S1 but using GLORYS. 
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Figure S4. Same as Figure S2 but using GLORYS. 
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Figure S5. Agreement on interannual scales for 24.5°N between RAPID and GFDL-MOM for 

AMOC and MHT. Time series of RAPID (blue lines) and GFDL-MOM (red lines) for AMOC (a) and MHT 

(b) anomalies. Bold lines represent the 2nd order Butterworth-filtered signals with a 1-year cut-off period 

to remove any subannual frequencies. Thin lines show the monthly values of each record. The filtered 

signal for AMOC presents a standard deviation of 2.1 Sv for RAPID and 1.8 Sv for MOM. On the other 

hand, the filtered signal for MHT shows a standard deviation of 0.15 PW for the RAPID signal and 0.12 

PW for GFDL-MOM. For these signals, the correlation coefficient (R2) presents relatively large values, 

indicating also strong correlation between RAPID and GFDL-MOM (0.7 for MOC and 0.6 for MHT) on 

interannual timescales. 
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Figure S6. Estimates at 34.5°S from SAMBA and GFDL-MOM time series. a) Map of the zonal section 

included at 34.5°S. Monthly time series at 34.5°S (in grey) obtained with GFDL-MOM of (b) AMOC, (c) 

MHT and (d) MFT. AMOC estimates from the SAMBA array time series is shown for comparison in 

green in subplot (b).  
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Table S1. Zonal sections used for each latitude. 

 

Section Year Date Country Chief Scientist 

24.5°N 1992 14 Jul - 15 Aug Spain G. Parrilla 

 1998 23 Jan - 24 Feb United States D. S. Bitterman & K. Lee 

 2004 04 Apr - 10 May United Kingdom S. Cunningham 

 2010 06 Jan - 18 Feb United Kingdom B. King 

 2011 28 Jan - 14 Mar Spain A. Hernández-Guerra 

 2015-16 06 Dec - 22 Jan United Kingdom B. King 

 2020 19 Jan - 01 Mar United Kingdom A. Sánchez-Franks 

     

30°S 1992-93 27 Dec - 31 Jan Germany T. Müller 

 2003 06 Nov - 05 Dec Japan Y. Yoshikawa 

 2011 26 Sep - 31 Oct United States M. Baringer & A. Macdonald 
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Table S2. Time of cruise averages at 24.5°N and 30°S for AMOC (in Sv), MHT (in PW) and MFT (in 

Sv) and their anomalies. In this table we are comparing the results from the single sections and the 

GFDL-MOM values for the time of the cruise. 
 

 Cruise Single section 

Absolute value 

Single section 

Anomaly 

GFDL-MOM 

Absolute value 

GFDL-MOM 

Anomaly 

24.5°N      

AMOC 1992 19.1 ± 2.6 5.4 ± 2.9 18.1 ± 1.3 5.1 ± 1.3 

(Sv) 1998 12.7 ± 3.0 -1.1 ± 3.2 10.1 ± 1.4 -2.9 ± 1.4 

 2004 14.2 ± 3.4 0.4 ± 3.6 12.7 ± 0.8 -0.4 ± 0.8 

 2010 13.2 ± 2.9 -0.6 ± 3.1 8.7 ± 3.6 -4.3 ± 3.6 

 2011 13.2 ± 2.2 -0.5 ± 2.5 8.3 ± 4.2 -4.7 ± 4.2 

 2015-16 12.8 ± 3.2 -1.0 ± 3.4 10.6 ± 3.6 -2.4 ± 3.6 

 2020 11.0 ± 3.8 -2.7 ± 3.9 - - 

      

MHT 1992 1.37 ± 0.15 0.45 ± 0.17 1.13 ± 0.09 0.33 ± 0.09 

(PW) 1998 0.94 ± 0.16 0.02 ± 0.17 0.64 ± 0.09 -0.16 ± 0.09 

 2004 0.98 ± 0.19 0.06 ± 0.20 0.73 ± 0.05 -0.06 ± 0.05 

 2010 0.63 ± 0.16 -0.29 ± 0.17 0.46 ± 0.20 -0.33 ± 0.20 

 2011 0.94 ± 0.12 0.02 ± 0.13 0.54 ± 0.25 -0.25 ± 0.25 

 2015-16 0.82 ± 0.17 -0.11 ± 0.18 0.70 ± 0.25 -0.09 ± 0.25 

 2020 0.76 ± 0.21 -0.16 ± 0.22 - - 

      

MFT 1992 -0.456 ± 0.254 -0.239 ± 0.257 -0.321 ± 0.103 -0.212 ± 0.103 

(Sv) 1998 -0.100 ± 0.097 0.117 ± 0.105 0.065 ± 0.087 0.174 ± 0.087 

 2004 -0.265 ± 0.048 -0.048 ± 0.086 -0.161 ± 0.050 -0.052 ± 0.050 

 2010 -0.017 ± 0.038 0.199 ± 0.056 0.171 ± 0.171 0.281 ± 0.171 

 2011 -0.246 ± 0.027 -0.029 ± 0.049 0.063 ± 0.295 0.173 ± 0.295 

 2015-16 0.024 ± 0.001 0.240 ± 0.041 0.056 ± 0.175 0.166 ± 0.175 

 2020 -0.457 ± 0.001 -0.240 ± 0.041 - - 

      

30°S      

AMOC 1992-93 15.8 ± 1.3 0.7 ± 1.4 14.0 ± 1.6 0.4 ± 1.6 

(Sv) 2003 13.2 ± 1.3 -1.8 ± 1.4 12.2 ± 1.2 -1.4 ± 1.2 

 2011 16.1 ± 1.4 1.1 ± 1.5 13.6 ± 0.2 0.1 ± 0.2 

      

MHT 1992-93 0.31 ± 0.08 -0.05 ± 0.08 0.38 ± 0.09 -0.02 ± 0.09 

(PW) 2003 0.32 ± 0.07 -0.04 ± 0.07 0.27 ± 0.02 -0.12 ± 0.02 

 2011 0.45 ± 0.08 0.09 ± 0.08 0.44 ± 0.04 0.05 ± 0.04 

      

MFT 1992-93 0.446 ± 0.080 0.213 ± 0.080 0.127 ± 0.056 0.020 ± 0.056 

(Sv) 2003 0.176 ± 0.080 -0.057 ± 0.080 0.192 ± 0.033 0.085 ± 0.033 

 2011 0.077 ± 0.081 -0.156 ± 0.081 0.077 ± 0.046 -0.030 ± 0.046 
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Table S3. Decadal averages at 24.5°N and 30°S for AMOC (in Sv), MHT (in PW) and MFT (in Sv) 

and their anomalies. In this table we are comparing the results from the multiple-section inverse 

estimates from Caínzos et al. (2022) and the decadal averages from GFDL-MOM. 
 

 Decade Multiple sections 

Absolute value 

Multiple sections 

Anomaly 

GFDL-MOM 

Absolute value 

GFDL-MOM 

Anomaly 

24.5°N      

AMOC 1990-99 (92) 17.7 ± 1.3 2.3 ± 1.4 13.6 ± 0.3 0.6 ± 0.3 

(Sv) 1990-99 (98) 14.1 ± 1.3 -1.3 ± 1.4 13.6 ± 0.3 0.6 ± 0.3 

 2000-09 (04) 14.8 ± 1.5 -0.6 ± 1.5 13.1 ± 0.3 0.1 ± 0.3 

 2000-09 (10) 15.5 ± 1.3 0.1 ± 1.4 13.1 ± 0.3 0.1 ± 0.3 

 2010-19 (11) 17.2 ± 1.2 1.8 ± 1.3 11.8 ± 0.3 -1.2 ± 0.3 

 2010-19 (15) 13.6 ± 1.4 -1.8 ± 1.5 11.8 ± 0.3 -1.2 ± 0.3 

 2010-19 (20) 14.8 ± 1.5 -0.6 ± 1.6 11.8 ± 0.3 -1.2 ± 0.3 

      

MHT 1990-99 (92) 1.32 ± 0.08 0.35 ± 0.09 0.82 ± 0.02 0.02 ± 0.02 

(PW) 1990-99 (98) 0.97 ± 0.08 -0.00 ± 0.08 0.82 ± 0.02 0.02 ± 0.02 

 2000-09 (04) 0.97 ± 0.09 -0.00 ± 0.10 0.80 ± 0.02 0.01 ± 0.02 

 2000-09 (10) 0.74 ± 0.08 -0.23 ± 0.08 0.80 ± 0.02 0.01 ± 0.02 

 2010-19 (11) 1.13 ± 0.07 0.16 ± 0.07 0.74 ± 0.03 -0.06 ± 0.03 

 2010-19 (15) 0.81 ± 0.09 -0.16 ± 0.09 0.74 ± 0.03 -0.06 ± 0.03 

 2010-19 (20) 0.87 ± 0.09 -0.11 ± 0.10 0.74 ± 0.03 -0.06 ± 0.03 

      

MFT 1990-99 (92) -0.350 ± 0.197 -0.170 ± 0.201 -0.127 ± 0.019 -0.017 ± 0.019 

(Sv) 1990-99 (98) -0.113 ± 0.089 0.068 ± 0.097 -0.127 ± 0.019 -0.017 ± 0.019 

 2000-09 (04) -0.236 ± 0.049 -0.055 ± 0.063 -0.119 ± 0.015 -0.010 ± 0.015 

 2000-09 (10) -0.068 ± 0.027 0.113 ± 0.048 -0.119 ± 0.015 -0.010 ± 0.015 

 2010-19 (11) -0.348 ± 0.162 -0.167 ± 0.167 -0.057 ± 0.024 0.053 ± 0.024 

 2010-19 (15) 0.007 ± 0.001 0.187 ± 0.039 -0.057 ± 0.024 0.053 ± 0.024 

 2010-19 (20) -0.155 ± 0.001 0.025 ± 0.039 -0.057 ± 0.024 0.053 ± 0.024 

      

30°S      

AMOC 1990-99 17.6 ± 1.0 0.4 ± 1.1 13.6 ± 0.3 0.0 ± 0.3 

(Sv) 2000-09 16.4 ± 1.1 -0.9 ± 1.1 13.6 ± 0.3 0.1 ± 0.3 

 2010-19 17.6 ± 1.3 0.4 ± 1.3 13.6 ± 0.3 0.1 ± 0.3 

      

MHT 1990-99 0.36 ± 0.06 -0.07 ± 0.06 0.39 ± 0.02 0.00 ± 0.02 

(PW) 2000-09 0.41 ± 0.06 -0.01 ± 0.06 0.40 ± 0.02 0.01 ± 0.02 

 2010-19 0.50 ± 0.07 0.08 ± 0.07 0.38 ± 0.02 -0.01 ± 0.02 

      

MFT 1990-99 0.281 ± 0.069 0.095 ± 0.069 0.113 ± 0.009 0.007 ± 0.009 

(Sv) 2000-09 0.193 ± 0.112 0.007 ± 0.112 0.107 ± 0.009 0.001 ± 0.009 

 2010-19 0.085 ± 0.095 -0.012 ± 0.095 0.097 ± 0.009 -0.009 ± 0.009 
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Table S4. Time of cruise averages at 24.5°N and 30°S for AMOC (in Sv), MHT (in PW) and MFT (in 

Sv) and their anomalies for the additional OGCMS used for comparison (ECCO and GLORYS). 
 

 Cruise ECCO 

Absolute value 

ECCO 

Anomaly 

GLORYS 

Absolute value 

GLORYS 

Anomaly 

24.5°N      

AMOC 1992 17.0 ± 0.6 4.1 ± 0.6 - - 

(Sv) 1998 10.7 ± 2.9 -2.3 ± 2.9 14.1 ± 2.6 -1.0 ± 2.6 

 2004 13.1 ± 0.9 0.1 ± 0.9 15.6 ± 1.8 0.5 ± 1.8 

 2010 7.2 ± 1.2 -5.7 ± 1.2 11.7 ± 0.1 -3.4 ± 0.1 

 2011 10.8 ± 1.6 -2.1 ± 1.6 12.5 ± 2.2 -2.5 ± 2.2 

 2015-16 10.1 ± 1.6 -2.8 ± 1.6 12.2 ± 0.1 -2.9 ± 0.1 

 2020 - - - - 

      

MHT 1992 1.01 ± 0.06 0.25 ± 0.06 - - 

(PW) 1998 0.60 ± 0.25 -0.16 ± 0.25 0.88 ± 0.19 -0.00 ± 0.19 

 2004 0.76 ± 0.06 -0.00 ± 0.06 0.83 ± 0.12 -0.05 ± 0.12 

 2010 0.29 ± 0.11 -0.47 ± 0.11 0.47 ± 0.07 -0.42 ± 0.07 

 2011 0.57 ± 0.15 -0.19 ± 0.15 0.71 ± 0.13 -0.18 ± 0.13 

 2015-16 0.70 ± 0.15 -0.06 ± 0.15 0.71 ± 0.01 -0.17 ± 0.01 

 2020 - - - - 

      

MFT 1992 -0.183 ± 0.052 -0.093 ± 0.052 - - 

(Sv) 1998 0.020 ± 0.169 0.109 ± 0.169 0.164 ± 0.181 0.007 ± 0.181 

 2004 -0.090 ± 0.046 -0.001 ± 0.046 0.118 ± 0.151 -0.039 ± 0.151 

 2010 0.092 ± 0.093 0.181 ± 0.093 0.557 ± 0.093 0.400 ± 0.093 

 2011 -0.076 ± 0.049 0.014 ± 0.049 0.238 ± 0.112 0.081 ± 0.112 

 2015-16 -0.034 ± 0.080 0.056 ± 0.080 0.292 ± 0.010 0.135 ± 0.010 

 2020 - - - - 

      

30°S      

AMOC 1992-93 11.2 ± 0.1 -0.8 ± 0.1 20.4 ± 0.4 -0.3 ± 0.4 

(Sv) 2003 10.4 ± 0.2 -1.7 ± 0.2 19.1 ± 1.0 -1.7 ± 1.0 

 2011 11.9 ± 0.9 -0.2 ± 0.9 20.4 ± 1.1 -0.3 ± 1.1 

      

MHT 1992-93 0.26 ± 0.01 -0.06 ± 0.01 0.49 ± 0.08 -0.05 ± 0.08 

(PW) 2003 0.22 ± 0.04 -0.10 ± 0.04 0.44 ± 0.03 -0.10 ± 0.03 

 2011 0.33 ± 0.05 0.01 ± 0.05 0.54 ± 0.04 0.00 ± 0.04 

      

MFT 1992-93 0.158 ± 0.002 0.030 ± 0.002 0.110 ± 0.061 0.008 ± 0.061 

(Sv) 2003 0.148 ± 0.024 0.019 ± 0.024 0.147 ± 0.040 0.045 ± 0.040 

 2011 0.089 ± 0.014 -0.039 ± 0.014 0.009 ± 0.049 -0.093 ± 0.049 
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Table S5. Decadal averages at 24.5°N and 30°S for AMOC (in Sv), MHT (in PW) and MFT (in Sv) 

and their anomalies for the additional OGCMS used for comparison (ECCO and GLORYS). 

 

 Decade ECCO 

Absolute value 

ECCO 

Anomaly 

GLORYS 

Absolute value 

GLORYS 

Anomaly 

24.5°N      

AMOC 1990-99 (92) 13.8 ± 0.3 0.9 ± 0.3 13.9 ± 0.4 -1.2 ± 0.4 

(Sv) 1990-99 (98) 13.8 ± 0.3 0.9 ± 0.3 13.9 ± 0.4 -1.2 ± 0.4 

 2000-09 (04) 13.2 ± 0.2 0.3 ± 0.2 15.8 ± 0.3 0.7 ± 0.3 

 2000-09 (10) 13.2 ± 0.2 0.3 ± 0.2 15.8 ± 0.3 0.7 ± 0.3 

 2010-19 (11) 11.7 ± 0.2 -1.2 ± 0.2 15.2 ± 0.3 0.1 ± 0.3 

 2010-19 (15) 11.7 ± 0.2 -1.2 ± 0.2 15.2 ± 0.3 0.1 ± 0.3 

 2010-19 (20) 11.7 ± 0.2 -1.2 ± 0.2 15.2 ± 0.3 0.1 ± 0.3 

      

MHT 1990-99 (92) 0.81 ± 0.02 0.05 ± 0.02 0.86 ± 0.02 -0.02 ± 0.02 

(PW) 1990-99 (98) 0.81 ± 0.02 0.05 ± 0.02 0.86 ± 0.02 -0.02 ± 0.02 

 2000-09 (04) 0.76 ± 0.01 0.00 ± 0.01 0.91 ± 0.02 0.03 ± 0.02 

 2000-09 (10) 0.76 ± 0.01 0.00 ± 0.01 0.91 ± 0.02 0.03 ± 0.02 

 2010-19 (11) 0.71± 0.02 -0.05 ± 0.02 0.87 ± 0.02 -0.01 ± 0.02 

 2010-19 (15) 0.71± 0.02 -0.05 ± 0.02 0.87 ± 0.02 -0.01 ± 0.02 

 2010-19 (20) 0.71± 0.02 -0.05 ± 0.02 0.87 ± 0.02 -0.01 ± 0.02 

      

MFT 1990-99 (92) -0.107 ± 0.013 -0.017 ± 0.013 0.162 ± 0.021 0.006 ± 0.021 

(Sv) 1990-99 (98) -0.107 ± 0.013 -0.017 ± 0.013 0.162 ± 0.021 0.006 ± 0.021 

 2000-09 (04) -0.103 ± 0.009 -0.014 ± 0.009 0.116 ± 0.017 -0.041 ± 0.017 

 2000-09 (10) 0.103 ± 0.009 -0.014 ± 0.009 0.116 ± 0.017 -0.041 ± 0.017 

 2010-19 (11) -0.055 ± 0.012 0.034 ± 0.012 0.194 ± 0.018 0.037 ± 0.018 

 2010-19 (15) -0.055 ± 0.012 0.034 ± 0.012 0.194 ± 0.018 0.037 ± 0.018 

 2010-19 (20) -0.055 ± 0.012 0.034 ± 0.012 0.194 ± 0.018 0.037 ± 0.018 

      

30°S      

AMOC 1990-99 12.5 ± 0.2 0.4 ± 0.2 19.4 ± 0.3 -1.3 ± 0.3 

(Sv) 2000-09 12.3 ± 0.2 0.2 ± 0.2 21.3 ± 0.3 0.5 ± 0.3 

 2010-19 11.4 ± 0.2 -0.7 ± 0.2 21.1 ± 0.3 0.4 ± 0.3 

      

MHT 1990-99 0.32 ± 0.01 -0.00 ± 0.01 0.49 ± 0.02 -0.04 ± 0.02 

(PW) 2000-09 0.33 ± 0.01 0.02 ± 0.01 0.56 ± 0.02 0.02 ± 0.02 

 2010-19 0.30 ± 0.01 -0.02 ± 0.01 0.54 ± 0.01 0.00 ± 0.01 

      

MFT 1990-99 0.144 ± 0.007 0.016 ± 0.007 0.115 ± 0.013 0.013 ± 0.013 

(Sv) 2000-09 0.120 ± 0.006 -0.009 ± 0.006 0.104 ± 0.015 0.002 ± 0.015 

 2010-19 0.123 ± 0.007 -0.005 ± 0.007 0.090 ± 0.011 -0.011 ± 0.011 



 

 

20 

 

Table S6. Root Mean Squared Errors (RMSE) for 24.5°N and 30°S for the anomalies of AMOC 

(Sv), MHT (PW) and MFT (Sv) comparing the values from the single-section inverse models of this 

study and the multiple-section inverse model solutions as in Caínzos et al. (2022) with ECCO and 

GLORYS values for both the time of the cruise and the decadal averages. For reference, at 24.5°N, 

ECCO presents a standard deviation of 2.3 Sv for AMOC, 0.16 PW for MHT and 0.114 Sv for MFT. At 

30°S, the standard deviations for AMOC, MHT and MFT are, respectively, 2.3 Sv, 0.14 PW and 0.069 

Sv. For GLORYS at 24.5°N, the standard deviations are 3.3 Sv, 0.20 PW and 0.191 Sv for MOC, MHT 

and MFT. These values are 30°S for MOC, MHT and MFT are 3.1 Sv, 0.17 PW and 0.140 Sv, 

respectively. 

 

  ECCO 

cruise 

ECCO 

decadal 

GLORYS 

cruise 

GLORYS 

decadal 

24.5°N      

Single-section 

inverse model 

RMSE AMOC (Sv) 2.0 2.4 2.2 3.6 

RMSE MHT (PW) 0.17 0.19 0.18 0.23 

RMSE MFT (Sv) 0.188 0.274 0.213 0.279 

      

Multiple-section 

inverse model 

RMSE AMOC (Sv) 2.7 1.6 2.7 2.0 

RMSE MHT (PW) 0.17 0.14 0.15 0.17 

RMSE MFT (Sv) 0.229 0.259 0.276 0.263 

      

30°S      

Single-section 

inverse model 

RMSE AMOC (Sv) 1.5 1.6 1.4 1.9 

RMSE MHT (PW) 0.03 0.08 0.04 0.07 

RMSE MFT (Sv) 0.175 0.197 0.189 0.217 

      

Multiple-section 

inverse model 

RMSE AMOC (Sv) 3.5 2.8 3.4 3.0 

RMSE MHT (PW) 0.09 0.08 0.09 0.06 

RMSE MFT (Sv) 0.085 0.109 0.099 0.126 
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Table S7. Regional constraints applied to each section for the 1990-99 inverse model. The sixth column represents the imposed value in the 

model; the seventh column is the mass transport before the model, and the eighth column is the value after the inverse model. The 

uncertainties for the mass transport adjusted with the inverse model (eighth column) are part of the results of the inverse model using the 

Gauss-Markov estimator. 

 

Mass constraints Long Depth Stations Layers Constraint value 
(Sv) 

Initial transport 
(Sv) 

Adjusted 
transport (Sv) 

References 

1990-99 decade         

A11 (1992)         

WBC (Malvinas 
current) 

60-57.8°W All 1:4 1:11 37.1 ± 6.6 37.1 38.0 ± 2.0 Artana et al. (2018) 

Cape Basin AABW 8.2°W-
10.9°E 

Bottom 58:80 9:11 0 ± 0.5 1.0 0.0 ± 0.9 McDonagh & King 
(2005) 

Argentine Basin 
AABW 

57-15°W Bottom 9:51 9:11 6 ± 1 -1.5 5.9 ± 1.6 McDonagh & King 
(2005) 

         

A10 (1992)         

Brazil basin 45-15.3°W Bottom 12:63 9:11 6.9 ± 1.8 3.0 4.5 ± 1.7 Hogg & Owens (1999) 

Vema channel 39.7-
37.7°W 

AABW 21:25 9:11 4.0 ± 0.4 1.5 3.8 ± 0.4 Hogg et al. (1982) 

Walvis R. North 7.3°W-
1.7°E 

Bottom 75:87 9:11 0 ± 1 -0.2 -0.5 ± 0.9 Warren & Speer (1991) 

Walvis R. South 2.2-13.4°E Bottom 88:106 9:11 0 ± 1 0.7 -0.8 ± 1.3 Warren & Speer (1991) 

Brazil current Coast-
44.8°W 

Surf - 
interm 

1:12 1:7 -38.9 ± 2.1 -16.3 -38.2 ± 1.3 Hernández-Guerra et 
al. (2019) 

Benguela current 11.8°E-
Coast 

Surf - 
interm 

101:110 1:7 26.3 ± 2.4 19.7 25.8 ± 1.4 Hernández-Guerra et 
al. (2019) 

         

A05 + Florida 
(1992) 

        

Florida Current All All 1:10 1:5 31.8 ± 3.5 31.8 31.8 ± 0.3 Florida Current Project 

         

AR07W (1990)         

Bering Strait (Davis 
Strait) 

All All 1:21 1:11 -1.6 ± 0.2 1.0 -1.6 ± 1.2 Curry et al. (2014) 
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AR07E (1993)         

Bering Strait (East) All All 22:58 1:11 0.80 ± 0.63 5.7 0.7 ± 3.5 Lozier et al. (2019) 

         

2000-09 decade         

A10 (2003)         

Brazil basin 45-15.3°W Bottom 12:63 9:11 6.9 ± 1.8 2.4 4.2 ± 1.8 Hogg & Owens (1999) 

Vema channel 39.7-
37.7°W 

AABW 21:25 9:11 4.0 ± 0.4 1.3 3.8 ± 0.4 Hogg et al. (1982) 

Walvis R. North 7.3°W-
1.7°E 

Bottom 75:87 9:11 0 ± 1 0.3 -0.4 ± 0.9 Warren & Speer (1991) 

Walvis R. South 2.2-13.4°E Bottom 88:106 9:11 0 ± 1 1.2 -0.8 ± 1.3 Warren & Speer (1991) 

Brazil current Coast-
44.8°W 

Surf - 
interm 

1:12 1:7 -38.9 ± 2.1 -21.7 -38.2 ± 1.3 Hernández-Guerra et 
al. (2019) 

Benguela current Coast-
11.8°E 

Surf - 
interm 

101:110 1:7 26.3 ± 2.4 27.8 26.3 ± 1.5 Hernández-Guerra et 
al. (2019) 

         

A095 (2009)         

Brazil current Coast-
38.8°W 

< 300 dbar 1:4 1:4 -4.9 ± 1.2 -3.1 -3.5 ± 0.2 Bryden et al. (2011) 

         

A05 + Florida 
(2004) 

        

Florida Current All All 1:8 1:6 31.9 ± 3.3 31.9 32.2 ± 0.3 Florida Current Project 

         

A03 (2005)         

DWBC Coast to 
70ºW 

γn 27.8-
28.125 

1:9 7:9 -25.1 ± 2.7 2.8 -23.4 ± 0.1 Toole et al. (2011) 

         

AR07W (2005)         

Bering Strait (Davis 
Strait) 

All All 1:25 1:11 -1.6 ± 0.2 -6.4 -1.6 ± 1.3 Curry et al. (2014) 

         

AR07E (2007)         

Bering Strait (East) All All 26:66 1:11 0.80 ± 0.63 0.1 0.7 ± 2.9 Lozier et al. (2019) 
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2010-19 decade         

A10 (2011)         

Brazil basin 45-15.3°W Bottom 10:65 9:11 6.9 ± 1.8 4.7 4.8 ± 1.9 Hogg & Owens (1999) 

Vema channel 39.7-
37.7°W 

AABW 22:28 9:11 4.0 ± 0.4 2.5 3.9 ± 0.4 Hogg et al. (1982) 

Walvis R. North 7.3°W-
1.7°E 

Bottom 76:92 9:11 0 ± 1 0.6 -0.4 ± 0.9 Warren & Speer (1991) 

Walvis R. South 2.2-13.4°E Bottom 93:116 9:11 0 ± 1 1.1 -0.8 ± 1.2 Warren & Speer (1991) 

Brazil current Coast-
44.8°W 

Surf - 
interm 

1:25 1:7 -38.9 ± 2.1 -16.9 -38.4 ± 1.5 Hernández-Guerra et 
al. (2019) 

Benguela current Coast-
11.8°E 

Surf - 
interm 

105:119 1:7 26.3 ± 2.4 39.0 26.8 ± 1.6 Hernández-Guerra et 
al. (2019) 

         

A095 (2018)         

Brazil current Coast-
38.8W 

< 300 dbar 1:4 1:10 -4.9 ± 1.2 -4.0 -5.2 ± 0.6 Bryden et al. (2011) 

         

A05 + Florida 
(2011) 

        

Florida Current All All 1:13 1:6 31.3 ± 3.4 30.1 30.1 ± 0.2 Florida Current Project 

         

AR07W (2014)         

Bering Strait (Davis 
Strait) 

All All 1:39 1:11 -1.6 ± 0.2 1.0 -1.6 ± 1.5 Curry et al. (2014) 

         

AR07E (2014)         

Bering Strait (East) All All 40:141 1:11 0.80 ± 0.63 1.3 0.7 ± 2.4 Lozier et al. (2019) 
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