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Abstract The Atlantic Meridional Overturning Circulation (AMOC) plays a vital role in global climate,
redistributing heat, and freshwater. It is predicted to decline due to anthropogenic climate change, with major
implications for global climate. Accurately assessing AMOC strength with in situ observations has inspired

a number of dedicated observing systems in the Atlantic since the 2000s. However, no consensus has been
reached on whether the slowdown of the AMOC and its associated heat and freshwater transports is occurring.
These dedicated systems are too recent to detect long-term trends. We have analyzed hydrographic data from
zonal sections across the Atlantic for 30 years that predate and overlap the era of AMOC observations. Our
results show no changes in the AMOC for all sections analyzed over the whole Atlantic for the last 30 years. We
also find an increased export of freshwater from the South Atlantic associated with an increase in upper salinity.

Plain Language Summary The Atlantic Meridional Overturning Circulation (AMOC) is the
oceanic process by which upper warm waters flow northward and cold deep waters flow southward. The
AMOC has a large effect on European and global climate. Models have predicted a decline of its strength due
to anthropogenic climate change. Across-ocean systems monitoring the currents on the water column have

yet to find this slowdown. We have analyzed hydrographic data collected for the last 30 years and have built a
model for each decade of the circulation of the Atlantic, and found no changes in time in the Atlantic Ocean for
each hydrographic section. Also, our results present an increase in the amount of freshwater leaving the South
Atlantic.

1. Introduction

The Atlantic Meridional Overturning Circulation (AMOC) transports relatively warm surface, thermocline, and
intermediate waters northwards. This warm upper limb of the overturning circulation releases heat to the atmos-
phere on its way northward, loses buoyancy, and eventually sinks in the subpolar North Atlantic (SPNA) and
Nordic Seas, returning south as North Atlantic Deep Water (NADW; Srokosz et al., 2012). Recent publica-
tions have addressed the long-term millennial evolution of the AMOC and suggest that it has been in a relative
weak state in recent decades (Caesar et al., 2021). AMOC also varies on timescales from seasonal to decadal
(Desbruyeres et al., 2019; Moat et al., 2020; Sévellec & Sinha, 2018).

A great effort to sample the global ocean has been carried out since the 1990s under the World Ocean Circulation
Experiment (WOCE) and, later, the GO-SHIP (Talley et al., 2016) programs. As a result, a global network of zonal
and meridional transoceanic hydrographic sections is available, with repetitions every 5-10 years. The WOCE
hydrographic cruises enabled the computation of a global ocean linear inverse box model for the 1990s focused
on estimating the transports of mass, heat, and freshwater in every ocean (Ganachaud & Wunsch, 2000, 2003),
thus creating a consistent picture of the global ocean circulation.

The need for further information about the evolution of the AMOC led to the deployment of several mooring
arrays in key latitudes to continuously measure the AMOC. The OSNAP (Lozier et al., 2017), RAPID/MOCHA/
WBTS array (hereafter the RAPID array; Cunningham et al., 2007; Johns et al., 2011), MOVE (Kanzow
et al., 2006), TSAA (Hummels et al., 2015), and SAMBA (Meinen et al., 2013) projects in the Atlantic Ocean
have measured the overturning transport variability on timescales of days, months, or seasons (Frajka-Williams
et al., 2019; McCarthy et al., 2020). However, with the earliest results dating the 2000s, these mooring arrays
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cannot address the longer term decadal changes in the Atlantic Ocean. Hydrographic data, therefore, offer the only
opportunity to understand longer term subsurface variability. Thus, different studies have compared hydrographic
sections conducted at different times, to determine changes of these transports at selected latitudes (Baringer
& Molinari, 1999; Bryden et al., 2005; Fu et al., 2018; Herndndez-Guerra & Talley, 2016; Hernandez-Guerra
et al., 2014, 2019; Koltermann et al., 1999; McDonagh et al., 2015).

2. Materials and Methods

We have constructed three inverse models in a neutral density (Jackett & McDougall, 1997) framework, one for
each of the last three decades, using hydrographic data for the entire Atlantic Ocean. The latitudinal configuration
in each decade varies depending on the available transoceanic sections.

2.1. Hydrographic Data

Basinwide, zonal sections, collected since the 1990s, are part of a collective effort to characterize the ocean in the
frame of the international GO-SHIP Program (Talley et al., 2016).

We have prioritized the repeated zonal sections for each decade in our study (Figure 1), which are: 55°N
(ARO7W + ARO7E), 24°N (A05), and 30°S (A10). Table S1 in Supporting Information S1 summarizes the
chosen sections and their characteristics.

Atlantic water masses are identified with potential temperature, salinity, and neutral density (y") vertical sections
(Figure S1 in Supporting Information S1), which allow defining the reference layer for each section to be used
in the thermal wind equation to estimate the geostrophic velocities and transports. The level of no motion is set
at the interphase of water masses with different directions, such as the southward NADW and the northward
Antarctic Bottom Water (AABW). To compute the mass transports, the water column is divided into several y"
layers (Hernandez-Guerra et al., 2019; Talley, 2008). Additionally, the surface Ekman transport at the time of the
cruise is estimated using the NCEP-NCAR surface winds.

2.2. Inverse Box Model

The estimated mass transport is not balanced with its adjacent hydrographic sections, as the assumed level of
no motion has indeed a velocity different from zero. Thus, inverse box models were introduced in oceanogra-
phy to estimate the unknown geostrophic reference velocities for hydrographic station pairs, subject to chosen
constraints and uncertainties, the most basic of which is mass conservation (Wunsch, 1978, 1996). Conservation
of mass is imposed for each box for the whole water column and each layer. For every single section, mass is
conserved for regional constraints, related to independent in situ measurements and topographic features. The
salinity content of each section is also constrained (Tables S3, S4 and S5 in Supporting Information S1) to
make sure that mass is conserved while allowing changes in freshwater. The Gauss-Markov estimator is applied
to solve these matrices (Wunsch, 1996). The same model configuration is used for each decade, so that differ-
ences in the model solution are attributable to changes in circulation.

3. Results and Discussion
3.1. Meridional Transport

Two counter-rotating overturning cells appear in the results of the inverse models (background arrows in Figure 2).
The upper overturning cell is partially closed by the vertical transport of water, with downward vertical transport
in the SPNA associated with entrainment of warm North Atlantic Current (NAC; McCartney & Talley, 1984) and
upwelling in the subtropical gyre of the South Atlantic Ocean (Figure 2). In the abyssal cell, part of the southward
flowing NADW sinks in the Southern Ocean and then returns northward as the AABW (Wefer et al., 1996) that
then upwells on its way north to the subtropical North Atlantic. This study does not reach latitudes south enough
to observe the deep-water formation in the Southern Ocean. The northward transports of upper and abyssal
layers are balanced by the southward transport of deep layers (Kersalé et al., 2020). The boundaries of the deep
layers lie between y" of 27.84 and 28.15 kg m~* for the southern hemisphere and between or 27.58 and 28.15 kg
m~3 or bottom for the northern hemisphere.
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Figure 1. Map of the zonal sections included in each decade for the inverse model. Each section is accompanied by its World
Ocean Circulation Experiment name and its nominal latitude (between parenthesis) and the colors represent each decade, blue
for 1990-1999, orange for 2000-2009, and green for 2010-2019. Three sections have been repeated in every decade (A10 —
30°S, A05 — 24°N, ARO7W and ARO7E — 55°N).

In the SPNA, the core of the warm NAC gets denser on its way northward, as seen in sections 47°N and 55°N
(Figure 2), with stronger northward transports between y" of 26.45 and 27.58 kg m~ at 47°N (12.4 + 1.8 Sv for
1990-1999 and 13.7 + 1.5 Sv for 2010-2019) and between y" of 27.23 and 27.84 kg m~3 at 55°N (12.1 + 2.5 Sv
for 1990-1999, 11.0 + 1.9 Sv for 2000-2009 and 11.6 + 1.7 Sv for 2010-2019, where 1 Sverdrup (Sv) = 10° m?
s~! ~ 10° kg s~"). This maximum is associated with stronger downwelling values at 27.00-27.84 kg m~.

In the thermocline layers of the subtropical regions of both hemispheres (sections 24°S, 19°S, 11°S, 24°N and
36°N) the transport is maximum at the surface, decreasing with depth, reflecting the usual structure of a wind-
driven subtropical gyre. The apparent variability in the horizontal and vertical fluxes observed in Figure 2 could
be due to the different latitudinal extent among sections in the different decades.

3.2. Overturning Circulation

The meridional overturning circulation is evident in the section-average net transport of northward water by the
upper and abyssal layers and by the southward transport by deep layers for all latitudes (Figure 3).
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Figure 2. Vertical and meridional schematic of the circulation in the Atlantic Ocean for each decade. The gray horizontal lines mark the neutral density interphases,
and the gray vertical lines are the position of each zonal section at their nominal latitude for the (a) 1990-1999 decade, (b) 2000-2009 decade, and (c) 2010-

2019 decade. The horizontal mass transport (1 Sverdrup (Sv) = 10° m? s~ ~ 10° kg s~') is represented with horizontal arrows, in orange for northward (positive)
transport and green for southward (negative) transport. Black dots in the North Atlantic appear in layers with null transport. The vertical transport between two sections
in the interphase between two layers is represented with vertical arrows, in violet for upward (positive) transport and blue for downward (negative) transport. Black
crosses represent layers with no vertical transport. The uncertainties associated with mass transport are part of the results of the inverse model using the Gauss-Markov
estimator. Background arrows manifest the presence of two counter-rotating overturning cells across the basin. A consistent circulation through the decades is observed,
with upwelling in the southern subtropical gyre and downwelling in the northern subtropical gyre and the subpolar North Atlantic.
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Figure 3. Mass transport (1 Sverdrup (Sv) = 10° m?® s~! =~ 10° kg s~!) attending to each layer for each latitude and decade.
The gray bars mark the nominal latitude of each zonal section, and the colors represent each decade, blue for 1990-1999,
orange for 2000-2009, and green for 2010-2019. The mass transport is divided into three layers — upper (a), deep (b), and
abyssal (c). The interphases between these layers are defined as the change from north to south (south to north) transport for
upper to deep (deep to bottom) layers in neutral density coordinates. The uncertainties associated with the mass transport are
part of the results of the inverse model solved using the Gauss-Markov estimator.

There is no apparent change in the overturning strength among the diverse hydrographic realizations carried out in
different decades, with no differences for the upper, deep, and abyssal layers across the Atlantic Ocean. However,
we have to be aware that there are some limitations associated with inverse modeling of hydrographic data.
Each inverse solution could be interpreted as representative of a relatively short time interval (Fu et al., 2020)
or could give information of monthly variations of the AMOC (Bryden et al., 2005). Similarly, Ganachaud
and Wunsch (2003) refer to their estimates as time-average transoceanic transports with realistic uncertainties,
although they acknowledge the temporal sampling problem inherent to the discrete sampling of hydrographic data.

Our results are similar to those obtained by other inverse models of the Atlantic with data of the first decade of
our study (Ganachaud, 2003b; Lumpkin & Speer, 2007; Macdonald, 1995; Sloyan & Rintoul, 2001; Table S2 in
Supporting Information S1). In general, the results agree, but we find more differences in upper layers and our model
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tends to provide smaller transports in bottom layers. A recent reconstruction of three decades of inverse models
using sections north of 24°N (Fu et al., 2020) has also found stability in the strength of the AMOC for the SPNA.

OSNAP data products are available for 21 months, from July 2014 to March 2016 (Lozier et al., 2019). AMOC
values from OSNAP data can be compared to those of the inverse model for the last decade of the section at
55°N (West and East) but taking into account the shorter period in OSNAP data and the limitation of the inverse
model solutions described before. The mass transports from the inverse model for each subbasin (1.0 + 0.9 Sv
for the West and 10.9 + 1.7 Sv for the East) are slightly weaker than those obtained by OSNAP (2.1 + 0.3 Sv
for the West and 15.6 + 0.8 Sv for the East). However, for the total section, the subpolar AMOC is not different
(11.9 £ 2.1 Sv for the inverse model and 14.9 + 0.9 Sv for OSNAP). Our results indicate a fairly constant weak
transport in the Labrador basin over the three decades, and the Eastern basin being the major contributor to the
AMOC, evidencing the OSNAP findings (Lozier et al., 2019; Petit et al., 2020) of weak transport in the Labrador
Sea between 2014 and 2016 that have persisted for the previous three decades.

AMOC estimates are also available for the RAPID program from April 2004 to August 2018 (Moat et al., 2020).
Values for the 2010-2019 decade are very similar between the inverse model (24°N cruise in 2011) and RAPID
(over 2010-2018) for upper (17.2 + 1.2 and 16.4 + 4.5 Sv, respectively), deep (—18.5 + 2.3 and —17.3 + 4.1 Sy,
respectively) and abyssal (0.3 + 1.3 and 1.1 + 0.6 Sv, respectively) layers. The mass transports of the inverse
model of the 2000-2009 decade (24°N cruise in 2004) are weaker than RAPID values (averaged over the inter-
val 2004-2009) for upper (14.8 + 1.5 and 18.0 + 4.7 Sv, respectively), deep (—16.6 + 2.2 and —18.6 + 4.3 Sy,
respectively), and abyssal (0.7 + 0.9 and 0.8 + 0.6 Sv, respectively), although not different, in part due to the high
uncertainties associated to RAPID data.

The question of the slowing of the AMOC or not is exceptionally important. Contrasting the results of in situ
observations and reconstructions is a significant contribution to the debate. Monitoring programs enabled the
observation of interannual changes in AMOC, such as the 0.5 Sv/year weakening of the AMOC at 26.5°N between
2004 and 2012, possibly explained by internal variability (Roberts et al., 2014), although recent studies using
empirical analysis of hydrographic RAPID data dating back to the 1980s show no overall decline (Worthington
et al., 2021). Other higher-frequency variations can be found, such as the ~30% 2009-2010 decrease of AMOC
at 26.5°N based on the previous 5 years of measurements (McCarthy et al., 2012). This decrease in strength
was detected in the AMOC upper limb at 41°N but not in the deep western return limb at 16°N (MSrokosz &
Bryden, 2015; Srokosz et al., 2012).

The relationship between temperature and AMOC enables the use of satellite sea surface temperature as a proxy for
long-term reconstructions of AMOC strength (Caesar et al., 2018; Manta et al., 2021), which can be compared to
the estimations obtained with global climate numerical models (Caesar et al., 2018; Fraser & Cunningham, 2021).
Longer term reconstructions and projections from proxies and high-resolution climate models display a decline in
the strength of the AMOC by 15% (Caesar et al., 2018) and 30% (Rahmstorf et al., 2015) since the 1950s, in the
frame of a consistent weak AMOC for the last 150 years (Thornalley et al., 2018). Fraser and Cunningham (2021)
have found no significant weakening trend in their reconstruction of AMOC over the last 120 years. Expendable
bathythermograph (XBT) and Argo profile data enable the estimation of AMOC (Goes et al., 2020; Majumder
et al., 2016), and results agree with our inverse model, especially for XBT-derived solutions, with Argo estimates
being considerably higher. Monthly XBT transects could complement the study of short-term variability of the
AMOC.

3.3. Heat Transport

Total heat transport can be divided into its components attending to the mechanisms of vertical and horizontal
circulation, allowing to break up the heat transport into a barotropic (throughflow), baroclinic (overturning), and
horizontal (or gyre) component (Bryden & Imawaki, 2001). The throughflow component is the net transport
across the section at the section-averaged temperature (Figure S2 in Supporting Information S1); the overturning
component is the zonally averaged vertical circulation and the horizontal or gyre component is the horizontal
and vertical residual heat (Bryden & Imawaki, 2001; Bryden et al., 2011; McDonagh et al., 2015; Figures 4a, 4c
and 4e). Overall, the overturning heat transport (Figure 4c), which represents changes in the meridional structure
of the water column, dominates the total heat transport and increases equatorward. The horizontal or gyre
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component (Figure 4e) comprises the result of large-scale gyre circulation and eddies, which remains fairly
constant across all latitudes and through the decades of this study (McDonagh et al., 2015).

The North Atlantic subtropical gyre (24°N) shows a greater change in terms of overturning heat transport than
in the rest of sections, with a strong decrease from a maximum value in 1990-1999 of 1.27 + 0.06 PW to
0.97 + 0.07 in 2000-2009 PW and a recovery to 1.10 + 0.05 PW in 2010-2019. The Labrador Sea (55°N West)
net transports are almost null, with negligible contributions from the marked cyclonic gyre affecting the whole
basin (Lozier et al., 2019), vertically and horizontally. Nevertheless, in the Eastern subbasin of the northernmost
section (55°N East) the overturning component majorly contributes to the total heat transport.

3.4. Freshwater Transport

Oceanic freshwater transport is the non-salt part of mass transport. Its divergence can be understood as the
balance of evaporation, precipitation, river runoff, and ice processes. It is calculated by constraining the salt flux
across each section to that across the Bering Strait. The salt flux (or non-freshwater part of the mass transport) is
not affected by the strength of freshwater divergence as this happens at zero salinity. The freshwater divergence
(Figures 4b, 4d and 4f) can be divided, as the heat transport, into its components. On this occasion and in contrast
to the heat flux, the freshwater throughflow contributes from 5% to 35% to the total flux (Figure S2 in Supporting
Information S1). This component represents the evolution of the section average salinity from that of the Bering
Strait (a southward flow of 0.8 Sv with an average salinity of 32.5, resulting in a salinity flux of —26.0 Sv psu;
McDonagh & King, 2005; Woodgate & Aagaard, 2005). The freshwater overturning component (Figure 4d)
presents a stronger southward transport in the sections close to the equator. The horizontal or gyre freshwater flux
(Figure 4f) displays a higher northward freshwater flux in the sections that occupy the subtropical gyres (24 and
36°N in the North Atlantic and 24 and 30°S in the South Atlantic), with similar values for all decades.

The south Atlantic subtropical gyre presents low values of overturning freshwater flux at 30°S, thus being the
only section with a horizontal component larger than the overturning (Mecking et al., 2016). Based on our under-
standing from model studies, the overturning freshwater flux at this latitude has been identified as a possible
proxy for the stability of the AMOC (Bryden et al., 2011; De Vries & Weber, 2005; Dijkstra, 2007; Gent, 2018;
Rahmstorf, 1996; Weber & Drijthout, 2007; Weijer et al., 2019), potentially determining whether it is in a monos-
table or bistable regime. We have found a tendency toward increasingly southward values from 1990 to 1999
(0.00 + 0.02 Sv) to 2000-2009 (—0.08 + 0.02 Sv), and no differences within uncertainties between the 2000-
2009 decade and the 2010-2019 decade (—0.13 + 0.03 Sv), with an overall change between 1990-1999 and
2010-2019. Negative values of the overturning freshwater transport at 30°S indicate that the AMOC transports
freshwater southwards, and a net input of freshwater north of 30°S is necessary to maintain the salinity struc-
ture of the overturning circulation. This result is consistent with other studies relying on observational data that
have found that the overturning circulation effectively carries freshwater out of the Atlantic through its southern
boundary (Bryden et al., 2011; Garzoli et al., 2013; McDonagh & King, 2005; Saunders & King, 1995; Weijer
et al., 1999).

The transport weighted sensitivity of the overturning and horizontal components reflects the change in each
component subtracting the effect of a change in the mass transport. The transport weighted freshwater over-
turning—the freshwater overturning divided by the overturning strength— at 30°S shows a systematic decrease
(0.000 + 0.001, —0.005 + 0.001, and —0.008 + 0.002 for each hydrographic cruise done in each decade, respec-
tively) that reflects an increasing difference between the freshwater content in upper and lower layers. To assess
the origin of this change, we have computed the transport and area-weighted salinity for upper and thermo-
cline, intermediate, and deep layers. The area-weighted salinity (Figure 4g) values for each layer fail to show
changes for each decade. However, the transport-weighted salinity (Figure 4h) for upper and thermocline layers
presents higher variability (34.45, 34.68, and 34.96 for the realizations carried out in each decade), whereas the
intermediate and deep layers remain fairly constant. Thus, this change in the freshwater overturning arises from
an increase in the salinity of upper layers transported northward in the upper ocean, possibly due to higher trans-
port of the salty waters of the Agulhas leakage from the Indian Ocean. Model simulations have indicated that
there might be a Southern Hemisphere origin to the AMOC decadal variability arising from the Agulhas leakage
(Biastoch et al., 2008). The strength of this variability factor decreases northward but can reach up to 0.6 Sv. On
longer timescales, it has shown a correlation with the Atlantic Multidecadal Oscillation, and it has been linked
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Figure 4. Heat and freshwater transport attending to their components, and area and transport-weighted salinity for each
latitude and decade. The gray bars mark the nominal latitude of each zonal section, and the colors represent each decade,
blue for 1990-1999, orange for 2000-2009, and green for 2010-2019. The left panels (a, c, and e) are the heat transport

in PW, and the panels on the right (b, d, and f) are the freshwater transport in Sv. The total transport (a) and (b) is divided

in throughflow, overturning (c) and (d), and horizontal or gyre (e) and (f). The total heat transport (a) is similar to the
overturning heat transport (c), as the horizontal component (e) is quite small. The freshwater divergence (b) also looks like
the overturning component (d), but the horizontal (f) component cannot be neglected. The higher variability among decades
appears at 24°N in both property fluxes for the overturning component. There is an increase in northward heat transport and
southward freshwater transport equatorward. The uncertainties associated with the heat and freshwater transports are part

of the results of the inverse model solved using the Gauss-Markov estimator. The bottom panels are the area-weighted (g)
and transport-weighted salinity (h). Each property has been divided into three water masses — upper and thermocline waters
(circles), intermediate waters (triangles), and deep waters (crosses). The area-weighted salinity (g) does not show any decadal
changes for any water masses, although the transport-weighted salinity (h) manifests an increasing trend at 30°S for the upper
and thermocline waters. As a result, the stratification in the water column is stronger, reflected in the higher values of the
overturning component of freshwater.

CAINZOS ET AL. 8 of 12



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2021GL096527

to wind-driven processes (Biastoch et al., 2015). Other studies have found no significant impact on the AMOC
(Weijer & van Sebille, 2014), and therefore, a discussion on this topic continues.

4. Conclusions

The behavior of the AMOC and its driving mechanisms and feedbacks have received much attention in climate
change scenarios due to the major climate impacts associated with a predicted slowdown. As a result, several
ocean locations are being monitored to estimate the changes in the strength of the AMOC at different latitudes.

Our results from inverse models based on hydrographic data show that the Atlantic basin overturning transport
displays no changes at any latitude between the different hydrographic cruises. In the SPNA, our results indicate
that the major contributor to the AMOC for the three decades is the Eastern basin (55°N East) as estimated by
OSNAP for the last decade.

At 30°S, an increase of southward freshwater overturning transport has been estimated over the three decades,
indicating that the AMOC is possibly in a bistable state based on findings from model studies. These negative
values appear when AMOC exports freshwater out of the Atlantic, equivalent to a net precipitation over the
Atlantic basin. In this case, the AMOC has multiple equilibria and may collapse due to a large enough freshwater
perturbation (Dijkstra, 2007; Mecking et al., 2016; Weijer et al., 2019).

Data Availability Statement

Hydrographic data were collected from the CCHDO website (https://cchdo.ucsd.edu) in the frame of Inter-
national WOCE and GO-SHIP projects and from the BODC databases for each cruise: A1l 1992 (https://
cchdo.ucsd.edu/cruise/74DI199_1), A10 1992 (https://cchdo.ucsd.edu/cruise/06MT22_5), A09 1991
(https://cchdo.ucsd.edu/cruise/06MT15_3), A08 1994 (https://cchdo.ucsd.edu/cruise/06MT28_1), A0S 1992
(https://cchdo.ucsd.edu/cruise/29HE06_1), A02 1993 (https://cchdo.ucsd.edu/cruise/06GA226_2),
ARO7 W 1990 (https://cchdo.ucsd.edu/cruise/18DA90012_1), ARO07 E 1991 (https://cchdo.ucsd.edu/
cruise/74AB62_1), Al10 2003 (https://cchdo.ucsd.edu/cruise/49NZ20031106), A095 2009 (https://
cchdo.ucsd.edu/cruise/740H20090307), AO05 2004  (https://cchdo.ucsd.edu/cruise/74D120040404), A03
2005 (https://www.bodc.ac.uk/data/bodc_database/ctd/search/, searching for 36 North under ‘Project’),
ARO7 W 2005 (https://cchdo.ucsd.edu/cruise/18HU20050526), ARO07 E 2007 (https://cchdo.ucsd.edu/
cruise/64PE20070830), A10 2011 (https://cchdo.ucsd.edu/cruise/33R020110926), A095 2018 (https://cchdo.
ucsd.edu/cruise/740H20180228), A0S 2011 (https://cchdo.ucsd.edu/cruise/29AH20110128), A02 2013 (https://
cchdo.ucsd.edu/cruise/06M220130509), ARO7 W 2014 (https://cchdo.ucsd.edu/cruise/74JC20140606) and
ARO7 E 2014 (https://cchdo.ucsd.edu/cruise/74JC20140606). OSNAP data were collected and made freely avail-
able by the OSNAP project and all the national programs that contribute to it (https://www.o-snap.org/). Data
from the full OSNAP array for the first 21 months (31-Jul-2014 to 20-Apr-2016) have been used to produce the
30-day mean MOC, MHT, and MFT time series across the whole section, as well as the gridded property fields,
and are available at https://doi.org/10.35090/wa93-m688. Data from the RAPID-MOCHA program are funded
by the U.S. National Science Foundation and UK Natural Environment Research Council. MOC data from the
RAPID-MOCHA are freely available at https://rapid.ac.uk/rapidmoc/rapid_data/datadl.php (doi:10/d3z4) and
heat transports at https://mocha.rsmas.miami.edu/mocha/results/index.html (doi:10/gwqg). The Florida Current
cable and section data are made freely available on the Atlantic Oceanographic and Meteorological Labora-
tory 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.
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Introduction

We have included a more detailed description of the inverse model, including the
constraints, a priori uncertainties and weaknesses. There are also sensitivity tests
confirming the robustness of the method used. Vertical section plots of potential
temperature and salinity are presented for all sections used in each decade.



Text S1. Inverse box model configuration

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:

€At 7 CAa ®Bii 7 CBum 1 ! Ya, VB, + Tag, + Tag,
CAreg " CArgg 0 0 0 0 YAreg
0 0 CBrey 7 CBreg 0 0 . VBreg
A
€a1n 7 €Aqn €811 " ©Bin 1 1 :1 ya, tys, + Tagk t Thi
€Az €Azn €B2,1 €B2n 0 0 ba, Ya T VB,
. . . . 0 0 :
. . bBl _ :
: : . = ,
: Ag_1 T YBo
eAq—l,l eAq—l,n qu—l,l qu—l,n 0 0 bg y q-1 " YBq-1
m Ya ¥B
eAq’1 eAq'n qu,l qu’n 0 0 \ATAEI() q q
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Say ATggy Zy + Tagy - <—1)
SAt1 SAtn 0 0 (eAl) 0 Ek " \ep,
SB,
SBy zg, + Tg (—)
0 0 Ss, Shem O (eBl) et Top (o

where n is the number of station pairs for section A, m is the number of station pairs
for section B, g is the number of layers, b are the reference velocities for each station pair,
ATg 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, as the first layers must be corrected. The following equations are
the regional constraints applied to section A, with different station pairs and neutral
density layers affected. 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 Sy, 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
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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 1990-99 inverse model has 643 unknowns in 105 equations, the 2000-09 model
has 545 unknowns in 78 equations, and the 2010-19 inverse model has 589 unknowns and
77 equations. Therefore, 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).

REFERENCE LEVEL AND VELOCITIES

The choice of reference level is summarized in Table S1. 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™ (Hernandez-Guerra et al,,
2019; McDonagh & King, 2005). Section A08 (11°S) in the decade of 1990-99 has basin-
specific reference levels between 27.58 and 28.10 kg m= (Speer et al., 1996). In the North
Atlantic subtropical gyre, the reference level of section AO5 (24°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™ for the last decade (Fu et al., 2018; Hernandez-Guerra et al.,
2014). Section A02 (47°N) for the 1990-99 decade presents a reference level at 28.15 kg
m 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™ (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~ (McDonagh et al., 2010). The northernmost sections at
55°N (ARO7W+ARO7E) 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™ (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, ATg) (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
cm? s for the station pairs closer to coast, where shear is stronger and 4 cm? s in the
deepest stations. The initial estimates for the mass transport are 9 Sv? 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 Sv?, 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 Sy, but can increase in areas of boundary currents along sloping topography
(Ganachaud, 2003a; Elaine L. 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.

DIANEUTRAL ESTIMATES

Dianeutral transport (both advection velocity (w) and diffusion coefficient (k,)) were
calculated in every box delimited by two sections and two neutral density surfaces. The
small imbalance between horizontal mass transport within each box after the inverse
model was compensated by an adjustment with a vertical transport and its associated w
across neutral density surfaces. The remaining changes in vertical heat transport are
explained by diffusion processes (Hernandez-Guerra & Talley, 2016; Hogg et al., 1982;
Morris et al., 2001; Munk, 1966). Dianeutral diffusion coefficient k. is not shown in this

paper.

Text S2. Sensitivity tests

Several sensitivity tests were conducted to determine the best configuration of the
inverse models. The tightness of the constraints on regional and topographic features of
the Southern Hemisphere were assessed by removing the constraints on section A10
(30°S). The results for each constraint are in Table S6. The boundary currents display some
differences, but it has not been transmitted to the net heat and freshwater budget, which
remain the same, and has not altered the values of the freshwater overturning.

We have also conducted sensibility tests to understand the importance of the
temporal variability of the Bering Strait salinity and transport (Table S7). We have changed
the average salinity of the Bering Strait from 31.5 to 33.5 (Woodgate et al., 2005) and the
Bering Strait transport for the last two decades from -0.8 £ 0.6 to -1.0 + 0.5 Sv (Woodgate,
2018). These changes affect basically the throughflow components, but the overturning
and horizontal components are not changed.



Text S3. Heat and freshwater comparison with RAPID and OSNAP time series

The RAPID-MOCHA mean heat transports of 1.3 £ 0.4 PW and 1.2 + 0.4 PW for the
decades of 2000-09 and 2010-19, respectively (Moat et al., 2016) are not significantly
different than the values of the inverse model (0.97 + 0.09 and 1.13 + 0.07 PW,
respectively) for the section 24°N. In the SPNA, the mean heat transport product estimated
from OSNAP (Lozier et al., 2019; Lozier et al., 2019) for the Eastern subbasin at 55°N (0.38
+ 0.02 PW) is similar to the inverse model value (0.29 + 0.06 PW). The values for the
Western subbasin at 55°N are very small in both cases (0.01 + 0.02 PW for the inverse
model and 0.08 + 0.004 PW for OSNAP), and the values for the whole basin are comparable
(0.30 £ 0.05 PW for the inverse model and 0.46 + 0.02 PW for OSNAP), although different,
partly because OSNAP data are not available for the whole decade. These results confirm
the importance of the Eastern basin (55°N East) in the export of heat from the Atlantic to
the Arctic Ocean, carried by the NAC in the upper layers.

The mean freshwater divergence transport across the whole OSNAP section (-0.32
+ 0.01 Sv) (Lozier et al. 2019; Lozier et al., 2019) in the 2010-19 decade is stronger than in
the inverse model (-0.11 + 0.11 Sv). In the inverse model, there is a southward freshwater
transport (-0.17 = 0.09 Sv) in the Eastern subbasin, that is basically unaltered by the no
significant northward transport in the Western subbasin (0.06 + 0.10 Sv). OSNAP data
suggest, in turn, that both subbasins contribute similarly to the southward freshwater
transport across the whole section (-0.18 + 0.01 Sv and -0.14 £ 0.01 Sv for the West and
East subbasins, respectively).
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Figure S1. Vertical sections of potential temperature and salinity for each hydrographic
section used in the inverse models. Black lines represent the values of potential
temperature or salinity, and white lines are the interphases of neutral density that divide
each layer of the inverse model.
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Figure S2. Heat (a) and freshwater (b) transport throughflow component for each
latitude and decade. The gray bars mark the nominal latitude of each zonal section, and
the colors represent each decade. The left panel is the heat transport in PW, and the
panel on the right is the freshwater flux in Sv. The uncertainties associated with the heat
and freshwater transports are part of the results of the inverse model solved using the
Gauss-Markov estimator.
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Table S1. Zonal sections used for each decade, including the reference layer where no-motion is assumed. The Ekman transport is computed

for the time of the cruise using NCEP-NCAR products of wind stress.

No.

Section Year Latitude Country PI Reference ctns Ref. layer TEk (Sv)
A11 1992 30-45°S UK P. Saunders (Saunders & King, 1995) 91 28.15 3.1+ 04
A10 1992 30°S DE T. Mdller (Siedler et al., 1996) 110 28.15 -03+0.2
A09 1991 19°S DE G. Siedler (Siedler et al., 1996) 89 28.15 -47 +0.3
A0O8 | 1994  11°S DE T. Miiller (Siedler et al., 1996) 110 227851% -83+07
AO5 1992 24.5°N SP G. Parrilla (Parrilla et al., 1994) 11+99 28.15 58 +0.2
A02 1993 40-50°N DE A. Sy (Koltermann et al., 1999) 74 28.15 -0.56 + 0.15

ARO7W | 1990 55-60°N CA J. Lazier (Lazier et al., 2002) 22 27.84 -0.02 + 0.04

ARO7E | 1991 55-60°N UK J. Gould (Vage et al., 2011) 38 27.84 -0.76 + 0.11
A10 2003 30°S JA Y. Yoshikawa (Katsumata & Fukasawa, 2011) 111 28.15 -0.5+0.2
AQ095 | 2009 24°S UK B. King (Johns et al,, 2011) 94 28.15 -3.3+0.1
AO5 | 2004 24.5°N UK S. Cunningham (Bryden et al., 2005) 9+115 28.15 39+04
AO3 | 2005 36°N UK E. McDonagh (McDonagh et al., 2010) 112 28.04 -02£0.2

ARO7W | 2005 55-60°N  CA G. Harrison (Bersch et a"'zé(;?;; Vage etal, 24 27.84  -0.01 +0.02

ARO7E | 2007 55-60°N NE G.-J. Brummer (Yashayaev & Loder, 2016, 2017) 42 27.84 -1.51 + 0.15
A10 2011 30°s  US M. Baringer & A (Heméandez-Guerra et al, 2019) 120 2815 -35+04

Macdonald
A095 | 2018 19°S UK B. King (King et al., 2019) 117 28.15 -1.8 £ 0.3
AO5 2011 24.5°N SP A. Hernandez-Guerra (Hernadndez-Guerra et al,, 2014)  14+152 28.04 39+05
A02 | 2013 40-50°N DE D. Kieke (Rhein et al., 2019) 39 27.84 -0.48 + 0.13
ARO7W | 2014 55-60°N UK B. King & P. Holliday (Lozier et al., 2019) 40 27.84 0.04 + 0.05
ARO7E | 2014 55-60°N UK B. King & P. Holliday (Lozier et al., 2019) 103 27.84 -0.30 + 0.07
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Table S2. Compilation of mass transport (Sv) values for other large scale box inverse models.

A11 A10 A095 A09 A08 AO5 AO3 A02 ARO7W+ARO7E ARO7W  ARO7E
Reference Period layers 55°S 30°S 24°S 19°S 11°S 24°N 36°N 47°N 55°N 53°N 58°N
This model (decade | 1990-99  Upper 16.2 £ 17.6 19.8 + 183 £ 17.7 £ 15.7 £ 120+ 2.6 -0.9 129 +
1990-99) 1.9 +1.0 1.0 0.9 13 1.8 0.8 25
Deep 208+ -21.7 + 219+ -207+ -188 % -16.6 £ -12.8 £ 2.6 -0.7 = -12.1 £
2.3 2.1 2.3 2.0 2.1 2.2 0.9 24
Bottom 38 £ 35+ 13+ 12 + 0.1+
17 1.2 0.9 1.2 0.9
(Ganachaud, 2003) | 1990-99  Upper 8+3 18+3 26 +3 284 14 £ 2 19+2
Deep -18+4 -23+3 -23+3 -23+4 -185+% -16 £ 2
2
Bottom 5+2 6+13 34 + 3.1+ 11 0
1.1 1.5
(Lumpkin & Speer, | 1990-99 MOC 124 + 16.2 + 18.0 + 16.3 + 17.0 £ 4.3*
2007) 2.6 3.0 2.5 2.7
(Sloyan & Rintoul, 1988-89  Upper 9.7 = 16.5+
2001) 04+t 0.6%
Deep -17.8 + -20.0 +
2.1 2.4
Bottom 73 + 52+
1.7 1.6
(Macdonald, 1995) 1981- Upper 6.5+ 53+ 99 + 15.5 % 10.5 232 +
1990 0.6 0.9 0.6 0.9 1.3 0.8
§ 1
Deep 201+ 210+ -275+ -168+ -115%+ -243+
1.2 3.1 14 1.2 1.6 1.3
Bottom 59+ 3.1+ 35+ 04 +
0.9 1.1 1.0 0.8
(Fu et al.,, 2020) 1990-99 MOC 16.7 £ 154 + 7.7 1.5+ 33 15.8 +
24 4.5
2000-09 MOC 14.8 + 15.6 £ 3.9 05+09 16.6 =
2.2 3.3
2010-19 MOC 16.8 £ 134+ 75 20+ 35 149 +
3.1 5.0
* only ARO7E t+ SAVE4 + SAVE2 § 23°S 1 SAVE 3 leg3 + leg4 (17°S)
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Table S3. 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.
Salt constraints Long Depth Stations Layers Constraintvalue (103 Initial transport (10 Adjusted transport References
Sv psu) Sv psu) (107 Sv psu)
A11(1992)
Bering Strait All All 1:90 1:11 -26 + 21 360 -26+ 8 (McDonagh et al,,
2015)
A10 (1992)
Bering Strait All All 1:110 1:11 -26 + 21 864 -28+6 (McDonagh et al.,
2015)
A09 (1991)
Bering Strait All All 1:.93 1:11 -26 £ 21 1548 20+ 7 (McDonagh et al,
2015)
A08 (1994)
Bering Strait All All 1:109 1:11 -26 + 22 486 -19+6 (McDonagh et al.,
2015)
AO05 + Florida (1992)
Bering Strait All All 11:108 1:11 -26 + 22 484 -26 £ 7 (McDonagh et al,,
2015)
A02 (1993)
Bering Strait All All 1:73 1:11 -26 + 22 225 -24 + 8 (McDonagh et al,
2015)
AQ7 = ARO7W + ARO7E
Bering Strait (total) All All 1:58 1:11 -26 = 21 238 -28+9 (McDonagh et al.,

2015)
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Table S3 (cont)

Mass constraints Long Depth Stations Layers Constraint Initial Adjusted References
value (Sv) transport (Sv)  transport (Sv)
A11(1992)
WBC (Malvinas current) 60-57.8°W All 1:4 1:11 371 £ 6.6 371 38020 (Artana et al,, 2018)
Cape Basin AABW 8.2°W-10.9°E Bottom 58:80 9:11 0+05 1.0 0.0+09 (McDonagh & King,
2005)
Argentine Basin AABW 57-15°W Bottom 9:51 9:11 6+1 -1.5 59+ 1.6 (McDonagh & King,
2005)
A10 (1992)
Brazil basin 45-15.3°W Bottom 12:63 9:11 69+ 1.8 3.0 45+ 17 (Hogg & Owens,
1999)
Vema channel 39.7-37.7°W AABW 21:25 9:11 40+ 04 1.5 3804 (Hogg et al., 1982)
Walvis R. North 7.3°W-1.7°E Bottom 75:87 9:11 + -0.2 -05+09 (Warren & Speer,
1991)
Walvis R. South 2.2-134°E Bottom 88:106 9:11 0+1 0.7 -08+1.3 (Warren & Speer,
1991)
Brazil current Coast-44.8°W  Surf - interm 1:12 1.7 -38.9 + 2.1 -16.3 -382+13 (Hernandez-Guerra
et al., 2019)
Benguela current 11.8°E-Coast  Surf - interm 101:110 1.7 263 +24 19.7 258 + 14 (Hernandez-Guerra
et al,, 2019)
AO5 + Florida (1992)
Florida Current All All 1:10 1:5 31.8 £ 35 31.8 31.8 £ 03 Florida Current
Project
ARO7W (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)
ARO7E (1993)
Bering Strait (East) All All 22:58 1:11 0.80 + 0.63 5.7 0.7 £ 35 (Lozier et al., 2019)
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Table S4. Regional constraints applied to each section for the 2000-09 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.
Salt constraints Long Depth Stations Layers Constraintvalue (103 Initial transport (10 Adjusted transport Reference
Sv psu) Sv psu) (10 Sv psu)
A10 (2003)
Bering Strait All All 1:110 1:11 -26 £ 21 625 -28 £ 7 (McDonagh et al,
2015)
A095 (2009)
Bering Strait All All 1:.93 1:11 -26 £ 21 1376 -16 £ 8 (McDonagh et al,,
2015)
AO5 + Florida (2004)
Bering Strait All All 1:122 1:11 -26 £ 21 676 -30+ 8 (McDonagh et al,
2015)
AO03 (2005)
Bering Strait All All 1:122 1:11 -26 £ 21 1110 -19+9 (McDonagh et al,
2015)
AQ07 = ARO7W + ARO7E
Bering Strait (total) All All 1:66 1:11 -26 + 20 -218 -29+8 (McDonagh et al

2015)

1
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Table S4 (cont)

Mass constraints Long Depth Stations Layers Constraint Initial Adjusted Reference
value (Sv) transport (Sv)  transport (Sv)
A10 (2003)
Brazil basin 45-15.3°W Bottom 12:63 9:11 69+ 18 2.4 42 + 138 (Hogg & Owens,
1999)
Vema channel 39.7-37.7°W AABW 21:25 9:11 40+04 1.3 3.8+04 (Hogg et al., 1982)
Walvis R. North 7.3°W-1.7°E Bottom 75:87 9:11 + 0.3 -04 +£09 (Warren & Speer,
1991)
Walvis R. South 2.2-13.4°E Bottom 88:106 9:11 0+1 1.2 -08+13 (Warren & Speer,
1991)
Brazil current Coast-44.8°W  Surf - interm 1:12 1.7 -38.9 + 2.1 -21.7 -382+13 (Hernandez-Guerra
et al., 2019)
Benguela current Coast-11.8°E Surf - interm  101:110 1.7 263 +24 27.8 263 +15 (Hernandez-Guerra
et al., 2019)
A095 (2009)
Brazil current Coast-38.8°W < 300 dbar 1:4 1:4 -49 +£1.2 -3.1 -35+0.2 (Bryden et al,, 2011)
AO05 + Florida (2004)
Florida Current All All 1:8 1:6 319 +33 31.9 322 +03 Florida Current
Project
A03 (2005)
DWBC Coast to 70°W  yn 27.8-28.125 1.9 7:9 -25.1 1+ 27 2.8 -234 £ 0.1 (Toole et al., 2011)
ARO7W (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)
ARO7E (2007)
Bering Strait (East) All All 26:66 1:11 0.80 + 0.63 0.1 07+29 (Lozier et al., 2019)
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Table S5. Regional constraints applied to each section for the 2010-19 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.
Salt constraints Long Depth Stations Layers Constraintvalue (103 Initial transport (10 Adjusted transport Reference
Sv psu) Sv psu) (10 Sv psu)
A10 (2011)
Bering Strait All All 1:119 1:11 -26 £ 21 888 -26 £ 8 (McDonagh et al,
2015)
A095 (2018)
Bering Strait All All 1:116 1:11 -26 £ 21 1061 -23+8 (McDonagh et al,
2015)
AO5 + Florida (2011)
Bering Strait All All 1:151 1:11 -26 + 21 911 24 +7 (McDonagh et al.,
2015)
A02 (2013)
Bering Strait All All 1:38 1:11 -26 + 23 110 -25+7 (McDonagh et al.,
2015)
AQ07 = ARO7W + ARQO7E
Bering Strait (total) All All 1:80 1:11 -26 + 23 89 -26 £ 6 (McDonagh et al

2015)

1
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Table S5 (cont)

Mass constraints Longitude Depth Stations Layers Constraint Initial Adjusted Reference
value (Sv) transport (Sv) transport (Sv)
A10 (2011)
Brazil basin 45-15.3°W Bottom 10:65 9:11 69+ 18 4.7 48 +£19 (Hogg & Owens,
1999)
Vema channel 39.7-37.7°W AABW 22:28 9:11 40+04 2.5 39+04 (Hogg et al., 1982)
Walvis R. North 7.3°W-1.7°E Bottom 76:92 9:11 0+1 0.6 -04 +£09 (Warren & Speer,
1991)
Walvis R. South 2.2-134°E Bottom 93:116 9:11 0+1 1.1 -08+1.2 (Warren & Speer,
1991)
Brazil current Coast-44.8°W  Surf - interm 1:25 1.7 -389 + 2.1 -16.9 -384 £ 15 (Hernandez-Guerra
et al., 2019)
Benguela current Coast-11.8°E  Surf - interm 105:119 1:7 263 +24 39.0 268 + 1.6 (Hernandez-Guerra
et al., 2019)
A095 (2018)
Brazil current Coast-38.8W < 300 dbar 1:4 1:10 -49+1.2 -4.0 -52 + 0.6 (Bryden et al.,, 2011)
AO05 + Florida (2011)
Florida Current All All 1:13 1:6 313 £ 34 30.1 30.1+£0.2 Florida Current
Project
ARO7W (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)
ARO7E (2014)
Bering Strait (East) All All 40:141 1:11 0.80 £ 0.63 13 07+24 (Lozier et al., 2019)
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Table S6. Sensitivity tests for the constraints applied to the South Atlantic in sections A10 (30°S) and A11 (55°S) for regional mass transports.
The original inverse model includes these constraints and the inverse model T1 is not constrained by regional and topographic features at 30°S
and 55°S. The uncertainties associated with the mass and property transports are part of the results of the inverse model using the Gauss-

Markov estimator.

Mass Transport (Sv) 1990-99 2000-09 2010-19
Argentine Basin (55°S) Original 59+ 16
T1 23128
Brazil Basin (30°S) Original 44 + 1.7 42 + 1.8 48 +1.9
T1 -04 + 2.1 -1.2+23 -0.7£25
Vema Channel (30°S) Original 3.8+04 3.8+04 39+04
T1 1.5+ 09 1.2+0.9 20+038
1990-99 2000-09 2010-19
Heat (PW) Freshwater (Sv) Heat (PW) Freshwater (Sv) Heat (PW) Freshwater (Sv)
Total Original 0.37 £ 0.06 0.28 + 0.08 0.42 + 0.06 0.19 £ 0.07 0.49 + 0.07 0.09 + 0.06
T1 0.43 + 0.06 0.28 + 0.08 0.49 + 0.06 0.19 + 0.07 0.58 + 0.07 0.09 + 0.06
Throughflow Original 0.01 + 0.05 0.04 + 0.05 0.01 + 0.05 0.04 + 0.05 0.01 £ 0.06 0.05 + 0.05
T1 0.01 + 0.05 0.04 + 0.05 0.01 + 0.06 0.04 + 0.05 0.01 + 0.06 0.05 + 0.05
Overturning Original 0.49 + 0.04 0.00 + 0.02 0.54 + 0.05 -0.08 £ 0.02 0.60 + 0.05 -0.13 £ 0.03
T1 0.54 + 0.05 0.00 + 0.02 0.61 + 0.05 -0.09 £ 0.02 0.69 + 0.06 -0.13 £ 0.03
Horizontal (gyre) Original ~ -0.12 + 0.01 0.24 + 0.02 -0.12 £ 0.01 0.23 £ 0.02 -0.11 = 0.01 0.17 £ 0.01
T1 -0.12 £ 0.01 0.25 + 0.02 -0.12 £ 0.01 0.23 £ 0.02 -0.11 £ 0.01 0.17 £ 0.01
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Table S7. Sensitivity tests for the values of transport and average salinity of Bering Strait. The results are focused on the heat and freshwater
components on the section A10 (30°S). Sensitivity test T2 changes the average salinity of the Bering Strait from 32.5 to 31.5 and T3 to 33.5.
Sensitivity test T4 changes the mass transport through Bering Strait from -0.8 + 0.6 to -1.0 + 0.5 Sv. The uncertainties associated with the
property transports are part of the results of the inverse model using the Gauss-Markov estimator.

1990-99 2000-09 2010-19
Heat (PW) Freshwater (Sv) Heat (PW) Freshwater (Sv) Heat (PW) Freshwater (Sv)
Total Original 0.37 + 0.06 0.28 + 0.08 0.42 + 0.06 0.19 + 0.07 0.49 + 0.07 0.09 + 0.06
T2 0.37 + 0.06 0.29 +0.10 0.42 + 0.06 0.20 + 0.09 0.48 + 0.07 0.17 £ 0.08
T3 0.37 + 0.06 0.26 + 0.05 0.42 + 0.06 0.17 £ 0.05 0.48 + 0.07 0.09 + 0.04
T4 0.37 £ 0.06 0.29 + 0.08 0.42 = 0.06 0.20 = 0.07 0.49 = 0.07 0.10 = 0.06
Throughflow Original 0.01 + 0.05 0.04 + 0.05 0.01 + 0.05 0.04 + 0.05 0.01 £ 0.06 0.05 + 0.05
T2 0.01 + 0.05 0.05 + 0.08 0.01 + 0.05 0.06 + 0.08 0.02 = 0.06 0.13 £ 0.07
T3 0.01 £ 0.05 0.02 £ 0.03 0.01 £ 0.05 0.03 £ 0.03 0.02 + 0.06 0.05 + 0.03
T4 0.01 + 0.05 0.05 + 0.05 0.01 + 0.05 0.06 + 0.05 0.02 + 0.06 0.06 + 0.05
Overturning Original 0.49 + 0.04 0.00 + 0.02 0.54 + 0.05 -0.08 £ 0.02 0.60 + 0.05 -0.13 £ 0.03
T2 0.49 + 0.04 0.00 + 0.02 0.54 + 0.05 -0.08 + 0.02 0.60 + 0.05 -0.13 £ 0.03
T3 0.49 = 0.04 0.00 = 0.02 0.54 + 0.05 -0.08 £ 0.02 0.60 + 0.05 -0.13 £ 0.03
T4 0.49 = 0.04 0.00 = 0.02 0.54 + 0.05 -0.08 £ 0.02 0.60 + 0.05 -0.13 £ 0.03
Horizontal (gyre) Original ~ -0.12 £ 0.01 0.24 + 0.02 -0.12 £ 0.01 0.23 £ 0.02 -0.11 £ 0.01 0.17 £ 0.01
T2 -0.12 £ 0.01 0.24 + 0.02 -0.12 £ 0.01 0.23 £ 0.02 -0.13 £ 0.03 0.17 £ 0.01
T3 -0.12 £ 0.01 0.24 + 0.02 -0.12 + 0.01 0.23 £ 0.02 -0.11 £ 0.01 0.17 + 0.01
T4 -0.12 £ 0.01 0.24 + 0.02 -0.12 £ 0.01 0.23 £ 0.02 -0.13 £ 0.03 0.17 + 0.01
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