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Abstract The change in anthropogenic CO, (C,,,) in the Atlantic Ocean is linked to the Atlantic
Meridional Overturning Circulation (AMOC), that redistributes C, ,, meridionally and in depth. We have
employed direct biogeochemical measurements and hydrographic data from the last 30 years, adjusted using
inverse models for each decade with both physical and biogeochemical constraints. We then have computed
the meridional transports and the vertical transports between two sections at the interphases by advection

and diffusion. We have focused on the repeated sections at three latitudes—30°S, 24, and 55°N, dividing the
Atlantic into two boxes. We have divided the net transport into upper, deep and abyssal layers, with an upper
and abyssal northward transport of C, , and a southward component in deep layers. The change in time in the
net transports of C,_,
of the AMOC, a combination of deep and abyssal waters, maintain more consistent transports in time. Vertical

appears to be mainly due to modifications in the transport of upper layers. The lower layer

advection plays an important role in the North Atlantic, exporting C, . from upper to deep layers. In the South

anth

Atlantic, the newly formed Antarctic Bottom Water exports C, . from abyssal to deep layers. The strong

anth
gradient in C_, concentration at the interphase of upper and deep layers results in a strong vertical diffusion.

Plain Language Summary Rising levels of CO, in seawater may affect the calcifying organisms
that depend on the balance of different carbon species. Therefore, the amount of anthropogenic carbon (C, )
that is captured by the ocean has been closely monitored. Using hydrographic and biogeochemical observations
from a set of oceanographic cruises covering the Atlantic basin for the last three decades, we have built three
models to investigate the state and evolution of C_, at different depths of the Atlantic Ocean. Those results
helped us determine the strength of the meridional circulation of C, , in the Atlantic and the importance of

vertical fluxes in the sequestering of C_, in the ocean.

antl

1. Introduction

Human activities have dispersed 650 + 65 Gt of carbon to the atmosphere since 1850, of which about 30% has
been sequestered by the oceans (Friedlingstein et al., 2020; Gruber et al., 2019; Khatiwala et al., 2013), leading to
a continuous increase in total inorganic carbon concentration (C;). The rise in C; has, in turn, led to a decrease in
surface seawater pH of approximately 0.1 from the pre-industrial era to the present, which implies an increase of
approximately 30% in hydrogen ion concentration (Doney et al., 2020; Gattuso et al., 2015). This decline in pH
leads to a reduction in the saturation state of calcium carbonate and consequently a serious threat to calcareous
marine organisms such as pteropods and corals (Doney et al., 2020; Guinotte et al., 2006; Pérez et al., 2018).

The increase in C; is very small compared to its concentrations in the ocean (<0.1% per year), so most studies
quantify the anthropogenic CO, (C, ) storage rate rather than the C; change (Gruber et al., 2019; Khatiwala
et al., 2013; Mikaloff Fletcher et al., 2006). The largest C_, water column inventories are found in the subpolar
North Atlantic (SPNA; Khatiwala et al., 2013; Sabine, Felly, Gruber, et al., 2004). This is due to the combination

of (a) convective processes that cause significant ventilation and subduction of C__,-enriched surface water into

anth

the interior ocean (Sabine, Felly, Gruber, et al., 2004) and (b) a large amount of C_, advected by the northward

antl

currents from tropical latitudes (Brown et al., 2021; Pérez et al., 2013).

Both processes are embedded in the Atlantic Meridional Overturning Circulation (AMOC), which drives the net
upper northward transport of C,_,-enriched waters throughout the North Atlantic, maintaining a positive corre-
lation between the intensity of the AMOC and the C,, storage rate in the SPNA (DeVries et al., 2017; Pérez
et al., 2013; Racapé et al., 2018). Deep-ocean ventilation has been largely related to the strength of the AMOC

antl

and controls the connection between the time scales of heat uptake and carbon storage (Kersalé et al., 2020). In
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the tropical North Atlantic, the rise in C_, concentrations in thermocline waters is the main cause of the slight
increase of northward C_, transport from 1992-1993 to 2010-2011, attenuated by the weakening of the circula-
tion (Hernandez-Guerra et al., 2014; Zunino et al., 2015).

Several studies have described the North Atlantic transport, storage and uptake of C_,, benefitting from moni-
toring projects such as the RAPID/MOCHA/WBTS array (hereafter the RAPID array; Cunningham et al., 2007;
Johns et al., 2011; McCarthy et al., 2015) and OVIDE (Lherminier et al., 2010; Mercier et al., 2015). Biogeo-

chemical observations and early estimations of C, . have been combined with ocean circulation models in inverse

anth
schemes to estimate air-sea fluxes, C,, storage rate and C, , transport in the ocean interior (DeVries, 2014;

Gruber et al., 2019; Mikaloff Fletcher et al., 2006).

However, the South Atlantic has not been subject to such an extensive study, despite representing the region of the
Atlantic Ocean with a higher exchange with other ocean basins. The upper limb of the AMOC in the South Atlan-
tic is connected via Drake Passage to the Pacific Ocean, and via the Agulhas Current System to the Indian Ocean.
Evans et al. (2017) evaluated the C_, divergence in the South Atlantic and found that the C, , that entered the
South Atlantic through Drake Passage was then exported northwards and eastwards, associated with the Antarctic
Circumpolar Current and, to a lesser extent, the Agulhas Current System. Thus, this interbasin exchange supplies
the Atlantic and the Indian sector of the Southern Ocean with C,,.
has been studied at 30°S, with a net increase in C,_,, concentration in Sub Antarctic Mode Waters and Antarctic

Intermediate Waters, mainly west of the Mid-Atlantic Ridge (Murata et al., 2008).

Decadal variability in C,, concentration

In this study, we provide a detailed perspective on the transport of C, ., both from observational and inverse
modeling circulation data, and attending to the different components of the meridional circulation, to assess
changes for the last three decades, providing a regional perspective. We have also evaluated the contribution of
the different water masses that occupy the whole Atlantic basin, using the best available information for different
time periods. Thus, we propose a basin solution to anthropogenic transports obtained from hydrographic obser-
vations and based on the mass transports determined with inverse models for the last 30 years of the Atlantic

Ocean (Cainzos et al., 2022).

2. Data and Methods
2.1. Hydrographic Data

We have selected zonal hydrographic sections for the last 30 years and grouped them by decade (1990-1999,
2000-2009, and 2010-2019). These sections occupy the Atlantic basin, from 45°S to 55°N in the first decade and
from 30°S to 55°N for the last two decades (Figure 1). Three sections appear in all three decades: A10 (30°S),
A05 (24°N) and ARO7W + ARO7E (55°N).

Biogeochemical data for most of the cruises, including water sample values for oxygen, nutrients (nitrate, phos-
phate, silicate), alkalinity (Ap), C; and pH, have been obtained from the Global Ocean Data Analysis Project
version 2.2021 (GLODAPv2; Key et al., 2015; Lauvset et al., 2021; Olsen et al., 2016). The data included in
GLODAPV2 are subject to primary and secondary quality control to correct the measurements. Sections A02
1993 (47°N), ARO7W 1990 (55°N) and ARO7E 1991 (58°N) are not available in GLODAPv2, so we have used
the biogeochemical data provided by the CLIVAR and Carbon Hydrographic Data Office (CCHDO). Data for
sections ARO7W 2014 (55°N) and ARO7E 2014 (58°N) were recovered from the British Oceanographic Data
Centre (BODC) with measurement values for A} and C. Variables not provided by these datasets were filled with
the Bayesian neural network CANYON-B (Bittig et al., 2018), solving for nutrient concentrations (nitrate, silicate
and phosphate), A; and C; using temperature, salinity, oxygen concentration, and geolocation data. Table S1 in
Supporting Information S1 summarizes this information.

Biogeochemical samples naturally underrepresent the water column, typically with a maximum of 24 samples
in the water column. We have interpolated all the available biogeochemical parameters every 2 dbar (to mirror
the resolution of the hydrographic CTD casts) for each station using a 2D linear interpolation on scattered data
employing a Delaunay triangulation, with a nearest extrapolation method. We have interpolated in a neutral
density (y") framework, with the computed values of y" for each 2 dbar, allowing to interpolate along the inter-
phase of the water masses and distributing the deeper values more evenly.
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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 ARO7TE—55°N).

2.2. Inverse Model

The initial geostrophic estimation of mass transport for each station pair is computed assuming a null velocity
at a reference level. But this level of no motion, chosen as the interphase of water masses flowing in opposite
directions, has a velocity different from zero. Inverse models can solve for these velocities at the reference level
for each station pair, applying constraints and uncertainties, mainly related to mass conservation (Ganachaud &
Waunsch, 2000; Hernandez-Guerra et al., 2019; Wunsch, 1996). Cainzos et al. (2022) constructed three inverse
models, one for each of the last decades, imposing mass conservation for each box between adjacent sections, and
for each single section, mass and salinity content were conserved, on top of regional constraints of independent
measurements and topographic features.

Building on their methodology, we have constructed three similar inverse models combining the sections for each
decade, in which we have included constraints for the conservation of oxygen, nitrate, silicate and phosphate
(Fontela et al., 2019; Maze et al., 2012). For each of these biogeochemical variables, we have applied a balance
for each layer of neutral density between adjacent sections. Since these are not conservative variables and there
are sources and sinks at play, we have included an input of oxygen from the atmosphere in the first layer and
a consumption rate of oxygen for each layer of the water column. Therefore, using these initial estimates, the
method allows for an adjustment on both the oxygen production in the surface layers and its consumption along
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the water column. For nitrate, phosphate and silicate, we have applied the Redfield ratio used previously in simi-
lar studies (=150 O,: 16 N: 1 P: 16 Si; Anderson, 1995; Maze et al., 2012) to the consumption rate of oxygen for
each layer of the water column.

The estimates of O, surface flux are computed as the average from five different Earth System Models (CESM,
CCSM, MOM4, NEMO-Control and NEMO-WSTIR) and a semi-empirical data set based on indirect observa-
tions (Morgan et al., 2021). For each box between two sections, we have obtained an oxygen flux for the whole
area.

The concentration of dissolved oxygen and nutrients changes in the water column, affected not only by the
pattern of circulation but also due to biogeochemical processes. Therefore, we have included a term to integrate
the changes in tracer concentrations in time in each layer of the water column. We have used as a priori estimates
the rates of oxygen consumption obtained by Stendardo and Gruber (2012) that are compatible with the model
outputs from NorESMO1C and then applied the Redfield ratio to obtain the sinks and sources of nitrate, silicate
and phosphate.

The combination of all these equations conforms an underdetermined system, which can be solved using the
Gauss-Markov estimator. The entire matrix system can be found in Text S1 in Supporting Information S1. This
method provides an estimate from all the possible solutions of the system that minimizes the error with the real
value using the initial and noise information. It also gives a measure of the uncertainties for the solution and the
noise (Wunsch, 1996), which is described in more detail in Text S2 in Supporting Information S1. Sensitivity
tests were also carried out to determine the effect of different parameters in the configuration of the inverse model
and the concentration of C_, at the surface (Text S3 in Supporting Information S1).

The results for mass, heat and freshwater transports are not different compared to the results from the previous
inverse model without considering the biogeochemical equations (Cainzos et al., 2022). However, the conser-
vations of oxygen, nitrate, silicate and phosphate provide adjusted values after the model that are in balance.
As a consequence, these added biogeochemical equations improve the determination of the biological pump,
e (Tables S2-S10 in Supporting Information S1). One of the
main issues when obtaining results from inverse models with multiple sections is how accurately they represent

constraining the flux of Cj, and, therefore, of C

the average circulation of the decade. Composing box models with several hydrographic sections result in circula-
tion schemes that can help average out the local and small-scale variability that is found on a single hydrographic
section (Ganachaud & Wunsch, 2000; Lumpkin & Speer, 2007; Macdonald & Wunsch, 1996; Reid, 1989, 1994).

2.3. C,,, Estimations

2.3.1. C_,, Concentration

C,,., concentration cannot be measured in the ocean, thus it is derived from other direct water sample values.
There are several methods of C_, computation, all based on two different techniques. These methods rely on
the assumption that the ocean is in steady state. The first is based on back calculation, with methodologies such
as AC* (Gruber et al., 1996), tracer combining oxygen, inorganic carbon and total alkalinity (TrOCA; Touratier
etal., 2007) or (pcg (Pérez et al., 2008; Vazquez-Rodriguez, Touratier, et al., 2009). The second technique is based
on transit time distributions (Waugh et al., 2006).

In this study, we have computed C,,, using the back-calculation ¢C} method (Guallart et al., 2015; Pérez
et al., 2008; Rios et al., 2012; Vazquez-Rodriguez et al., 2012; Véazquez-Rodriguez, Padin, et al., 2009;
Vézquez-Rodriguez, Touratier, et al., 2009), with an overall uncertainty of +5.2 umol kg~!. This method is
based on the same principles as the AC* method (Gruber et al., 1996) with some improvements. To determine
the amount of C,_, in a parcel of water, the method back-calculates the C;. of a water sample to its initial (or
preformed) C; concentration when it was last at the surface layer, based on the changes in A, apparent oxygen
utilization, salinity and potential temperature. This method, contrarily to the AC* method, considers the temporal
variation of the CO, air-sea disequilibrium, and uses sub-surface layer data of the Atlantic as the reference for
its parameterizations (Matear et al., 2003; Thomas & Ittekkot, 2001), removing the seasonality present on the
surface layer, thus making these parameterizations more representative of the water mass formation conditions.
This approach delivers better results in areas of cold waters subject to strong and complex mixing processes.
The back-calculation (pcg method has been widely used to compute C_, and has provided consistent results

antl

CAINZOS ET AL.

4 of 20

851807 SUOWILIOD A IR0 3|qedl|dde aus Aq peusenob e SooiMe YO ‘8sN JO Sa|nJ 10} AfId1T8UIUO A1 UO (SUORIPUOD-PUE-SULBIALICD"AB|IM"A eI 1[BU1U0//SANY) SUORPUOD PUe SWie 1 81 88S *[2Z02/TT/zz] Uo Ariqiauliuo Ao |im ‘Areiqi feuoifey IweliN eeoN Aq S/1200892202/620T 0T/10p/wod Aa | 1m Ariqpuljuo sqndnBe/sdny wolj pepeojumod ‘TT ‘2202 ‘vZz6ryeT



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Global Biogeochemical Cycles 10.1029/2022GB007475

with other back-calculation methods (Brown et al., 2021; Guallart et al., 2015; Vazquez-Rodriguez, Touratier,
et al., 2009; see also Figure S1a in Supporting Information S1).

2.3.2. Transport of C

anth

The transport of any property (Tprp) is computed for each pair of consecutive hydrographic stations and between

two neutral density interphases as
Torop = // Coprop p vel dxdy,,

where Cprop is the property concentration, p is the in situ density, vel is the velocity perpendicular to the section
and dxdy, is the area over which the computation occurs, considering the distance between stations and the width
of each vertical level, respectively.

This initial transport of C,, is adjusted with the velocities at the reference level for each station pair obtained
from the inverse model solution. Positive values of meridional transport refer to northward fluxes and negative to
southward. In a vertical framework, positive values are upward (or toward the atmosphere, release or efflux) and
negative values are downward (toward the ocean, uptake).

To understand the underlying variability in C,,, concentration and remove the effect of the variation in mass

antl
transport, we have computed the transport-weighted C_, (TW C,,,) concentration (in pmol kg=!). For water

masses flowing in the same direction, we can obtain TW C,, as the ratio between C_, and mass transport.

anth

The vertical transport resulting from the diffusion of C_, was computed using a diffusion coefficient of
1.1 cm? s~ for the whole basin and all depths, obtained as the average value at the interphase between upper and
deep layers from the diffusion coefficients (x,) computed for each box between adjacent sections. The diffusion
processes included in x, are the remaining changes in vertical heat transport after compensating the horizontal
imbalance in mass with a vertical transport associated to mass advection (Cainzos et al., 2022; Hernandez-Guerra
& Talley, 2016; Hogg et al., 1982; Morris et al., 2001; Munk, 1966). This diffusion coefficient was then multi-
plied by the area and by the vertical derivative at the interphase between different layers of the C,, concentration
times density.

2.3.3. Storage Rate of C,,,

To determine the amount of C_, stored in PgC yr~! (or kmol s™!) in each cell between adjacent sections and each
two neutral density interphases, we have used, primarily, the storage rates of Gruber et al. (2019), supplemented
with the inventories of Sabine, Feely, Gruber, et al. (2004). Both datasets have quantified the oceanic sink for C
over the period 1994 to 2007 for the former and 1800 to 1994 for the latter.

anth

The storage rates were normalized by the volume of each box and then the value for each decade was computed.
Tanhua et al. (2006) found that C, , is in a transient steady state (TSS) in the North Atlantic by comparing
observed changes in C; and CFC fields with those predicted from an eddy-permitting ocean circulation model.
This implies that the increase of C
Cantn
the history of atmospheric CO, and C_,
in the factor A (yr~!), with an annual increase of 1.9%, based on a 28% increase between 1994 and 2007 (Gruber

o CONcentration with time is related to the surface concentration. Changes in
for a given time period can be calculated by applying the exponential expression C? = Ae*, that reconstructs

, since the Industrial Revolution. The rate of change of C_, is included

antl
et al., 2019). The concentrations or the storage rate can be rescaled to the average year for each decade following
the expression (Gruber et al., 2019; Steinfeldt et al., 2009):

Canlh,2 = Camh,] el(ﬂitl) = Camh,] (1 + 0.019)12—)‘1 (1)

where 71 is the reference year and 72 corresponds to the midpoint year for each decade (1995, 2005, and 2015).

This expression can also be applied to C,, transports by obtaining the C, , concentration for the desired time

anth
and combining it with the mass transport estimates. The storage rates of Gruber et al. (2019) are referred to a

t1 =2000.5 (the midpoint of the 1994-2007 inventory change).
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Using the inventory of Sabine, Felly, Gruber, et al. (2004) for 1994 and the change in C
Gruber et al. (2019) between 1994 and 2007, we can obtain the storage rate for 2007 following the expression:

e CONCentration of

Storage Rate Canlhzom =0.019- (Cﬂ"1h1994 + ACamh2007—1994) 2)

Then, the storage rates can be normalized to the middle of each decade using the TSS expression (Equation 1),
with 2007 as reference year. The uncertainties computed for the last decade are described in Text S2 in Support-
ing Information S1.

In general, we have used values from the Gruber estimate (Equation 1), but we have introduced some adjustments
due to the difficulties associated to the methodology of AC*MLR to detect small changes in deep waters (Gruber
et al., 2019). We have computed values from the combined inventory of Gruber et al. (2019) and Sabine, Felly,
Gruber, et al. (2004) for 2007 (Equation 2), and then normalized to the midpoint of each decade using TSS (Equa-
tion 1). If the storage rate from Gruber et al. (2019) exceeded over 50% the combined storage rate, it was replaced
by the combined estimation. That is the case of the cells marked with an asterisk in Figure 2. Most of the cells

achieved a better C,

. Dalance between advection and storage with this replacement.

2.34. C,,, Uptake

The net budget of C_, within each cell, defined between two sections and two neutral density interphases, is the
balance between the lateral advection of the meridional C_, transport across each section, the storage of C_
within the cell and the vertical fluxes of C, , (Brown et al., 2021; Pérez et al., 2013; Racapé et al., 2018; Zunino
et al., 2015). This vertical flux in the air-sea interphase is the uptake from the atmosphere. We have computed the

C,., uptake indirectly, inferring it from the other two terms of the balance in each cell.

2.3.5. C,,, Components

The total transport of C_, can be divided into its components, analogous to methods applied to heat and fresh-
water transport, attending to the mechanisms of vertical and meridional circulation (Brown et al., 2021; Bryden
& Imawaki, 2001; Cainzos et al., 2022; McDonagh et al., 2015). Any property can be defined as a sum of their
components, distinguishing between mechanisms of horizontal circulation and vertical overturning. For a zonal
transoceanic section, a property P is expressed as:

P=P+ P y0) =P+ {(P)(yn)+ P"(x,74)
[ P(xyy)dxdy,

where Py = =——*—— is the area-weighted section average, P'(x, y,) = P(x,y.) — Py is the property anomaly,

/j dxdy,,
(P)(yn) = MW are the area-weighted zonally averaged deviations from the property average Py, and
P"(x,y,) = P — Py — (P) (y,) are the deviations from the zonal and section averages (the residual values). The
last two terms are included in the anomaly term, so that P'(x, y,) = (P) (yn) + P"(x, y»). The x and y, coordinates
refer to the zonal and vertical extent of the section, respectively.

The transport of this property can be broken up into its corresponding components, related to those of the property:

1. The barotropic component, which represents the net transport across the section at the section averaged
property concentration. This term has been called “throughflow” (McDonagh et al., 2015) and “leakage”
(Wijffels, 2001):

Piroughitow = Tas (Pes — Py),

where Tgs = —0.8 Sv is the interbasin mass transport, and Pgs is the average Bering Strait property value.
2. The baroclinic transport, due to zonally averaged vertical-meridional circulation, and associated with the
overturning circulation across the section. This term is called “overturning”:

Povcrlurning = //p (P) (Vel> dx dy,
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3. The horizontal transport, due to the large-scale gyre circulation and smaller-scale eddies, which reflects corre-
lations between residual velocity and property fields. This term is referred to as “horizontal” or “gyre”:

Prorizontal = //p P"vel” dx dy,,

Applying these expressions to C__ . transport, we found negligible values for the throughflow component (with an

anth
average southward transport of —0.002 PgC yr~!) and therefore are not shown.

3. Results

3.1. Meridional Overturning Circulation and C, . Components

anth

The meridional circulation in the Atlantic follows two-counter rotating cells (Cainzos et al., 2022; Kersalé
et al., 2020). The balance in these cells involves northward transports of upper and abyssal layers, compensated
by southward-flowing North Atlantic Deep Water (NADW) in between. The meridional advection of C,, trans-
port follows a similar pattern (Figure 2). For the South Atlantic, there is a layer of northward transport with
stronger values between the surface and 27.00 kg m~ for all decades. There is a subsurface maximum transport
of C,,,, associated with modal or central waters flowing between 26.45 and 27.00 kg m~2 at 30°S and 24°S and
distributed more evenly on its way equatorward (sections 19 and 11°S in 1990-1999). At 24°N there is a shallow-
ing of the northward transport of C_,, delimited to the first layer, and, more specifically, to the Florida Straits
Current, that dominates the upper flux (Figure 2). This transport is opposed by a southward normalized trans-
port for the upper mid-ocean, computed as the upper transport discounting the Florida Straits transport (UMO;
—0.333 + 0.015, —=0.376 + 0.019, and —0.309 + 0.016 PgC yr~!, for 1990-1999, 2000-2009, and 2010-2019,
respectively) between 26.14 and 27.84 kg m~> (Figure 3). In the SPNA (at 47°N and 55°N) the core of the
NAC (North Atlantic Current) gets ~4% denser on its way northward (Cainzos et al., 2022), with stronger C, .
transports between 27.23 and 27.58 kg m~3. Deep water formation in the Nordic and Labrador Seas offers a
return southward flow of C,_, transport with stronger values in the upper limb of the NADW, between 27.84 and
28.04 kg m~3, a pattern that is maintained as it is advected southward, despite decreasing its strength.

The division into components of C, , transport reflects the importance of each component in the total transport
(Figure 3). The total transport is a balance between the barotropic or throughflow component (which remains
mainly unchanged), and the baroclinic (overturning) and horizontal (or gyre) transports. The overturning compo-
nent of the C,; transport provides the vertical circulation across the section, representing changes in the merid-
ional structure of the water column. This is the principal component of the total C,, transport, determining
the importance of the vertical circulation in the distribution of C_,, with a northward transport for the whole
basin, carrying waters with high concentration of C_, by the upper branch of the AMOC, contrasting with the
southward transport of waters by the lower branch of the AMOC with lower concentration of C_, . This overturn-
ing increases equatorward, following the increase in AMOC and heat transport, corroborated by the correlation
between C, , overturning transport and heat overturning transport (Figure 4). The slopes show a relationship
between C,, and heat increasing in time (0.183, 0.273 and 0.331 gC W~! yr~! for each decade, respectively),
which persist, albeit slightly reduced, even when normalized (0.229, 0.268, and 0.287 gC W~! yr~!, respectively,
with an average value of 0.261 + 0.030 gC W! yr=!). As a result, for the same overturning heat transport, the
amount of C,, transport carried by the overturning has been increasing (by ~0.0074 + 0.0030 gC W=! yr=1).
In the overturning C_, transport, there is a leap between the first two decades and the last one in the subtrop-
ical gyres, with values between 1990-1999 and 2010-2019 around 50% larger at 30°S and 24°N and ~15%

Figure 2. Vertical and meridional schematic of C

. 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 meridional C,,, transport (PgC yr~') 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 due to the advection of mass 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 C
estimator. The vertical transport due to the diffusion of C
downward diffusion. For each cell, the values within parenthesis indicate the storage of C

o transport are part of the results of the inverse model using the Gauss-Markov
appears with dashed brown arrows and values, with positive for upward diffusive transport and negative for
» as computed from Gruber et al. (2019). Asterisks mark the cells where the

anth

ant]

modification from Sabine, Felly, Gruber, et al. (2004) had to be included. The numbers outside of the parenthesis indicate the imbalance within each cell, in ocre for a

(positive) gain of C

anth

and pink for a (negative) loss of C, ;. Background arrows manifest the presence of two counter-rotating overturning cells across the basin.
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Figure 3. C_, transport attending to its division into components (in PgC yr='). 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 total transport (a) is mainly divided into its principal components: overturning (b) and horizontal or

gyre (c). The total C,,, transport is similar to the overturning transport, as the horizontal component is quite small. The
uncertainties associated with the C,, transports are part of the results of the inverse model solved using the Gauss-Markov
estimator. Literature values (Figure S5 and Table S11 in Supporting Information S1) are added for comparison to the total

C, ,, transport: AO3 (Alva.rez et al., 2003), dV14 (DeVries, 2014), MD03 (Macdonald et al., 2003), MFO6 (Mikaloff Fletcher

anth

et al., 2006), P13 (Pérez et al., 2013), R18 (Racapé et al., 2018), RO3 (Rosén, 2003), Z15 (Zunino et al., 2015).
larger between 2000-2009 and 2010-2019 at 24°S. Moreover, in the SPNA, there is a slight increase between
1990-1999 and 2010-2019 at 47 and 55°N.

The horizontal or gyre component gives information of the role of large-scale gyre circulation and eddies, includ-
ing the differences in the circulation along the section, both vertically and horizontally. The values are rather small
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Figure 4. Relationship between the overturning components of heat (PW) and C,, transport (PgC yr~!). Scatter plots of heat
overturning transport against C, , overturning transport, represented with their standard values (crosses) and normalized to
2005 (open circles), for each section and for the three decades. Each color represents a decade: blue for 1990-1999, orange
for 2000-2009, and green for 2010-2019. Linear regressions were fitted for each decade in the colored dashed lines for the
normal transport, and dotted lines represent the regressions using normalized C__, transport.

anth
and with low variability for the whole basin, with averages for all sections of —0.014 + 0.027, —0.057 + 0.019,
and —0.025 + 0.019 PgC yr~! for each decade, respectively. Of the total 17 sections, only the three cruises at
24°N and the one at 36°N show large negative values due to an eastern current transporting C, . -enriched waters
southwards. The contribution of the overturning and horizontal components to the transport of C_, varies with
latitude. An increase in the overturning would imply a stronger vertical pattern in the water column, so that the
residuals along the section are lower and therefore, so is the horizontal component of the circulation. In the
South Atlantic, the horizontal transport of C,, represents less than 20% of the absolute overturning transport,
whereas for 24°N, the percentages vary with the decades (36%, 35%, and 28%, respectively for each decade), with
a related large percentage for 36°N in 2003 (69%) and a relatively high impact of the SPNA at 47°N (22% and
27%). There is an increase in the horizontal component for the 2000-2009 decade over the Atlantic, strengthening
the southward horizontal transport at 30°S, 24°S, 24°N, and 36°N. This increase is counteracted by a reduction
in the horizontal northward transport at 55°N, contributing only 4% of the overturning component. This could
be associated with the reduction in the AMOC for this period at 24°N, due to an increase in the opposing upper
mid-ocean (UMO) transport (Worthington et al., 2021).

3.2. Vertical Distribution of C, . Transports

anth

Our results allow the study of the Atlantic Ocean from 45°S to 55°N in 1990-1999 and from 30°S to 55°N in
2000-2009 and 2010-2019. Attending to our repeating sections we can form two superboxes—30°S to 24°N and
24°N to 55°N that can be compared for the three decades. The former includes the South Atlantic subtropical
gyre, the Intertropical convergence Zone and the North Atlantic equatorial region. The latter includes the North
Atlantic subtropical gyre and the SPNA. We have computed the meridional transport, storage and air-sea influx
Of Cant
(Figure 5). With this division, the upper AMOC encompasses the northward upper layers of thermocline and

, in PgC yr~! within each box for the total depth, as well as for the division into upper and lower layers

intermediate waters, and the lower layer includes the combination of the deep southward layer and the northward
abyssal layer of AMOC.

At 30°S, the net transport for the section increases in time (0.175 + 0.019, 0.197 + 0.019, and

0.334 + 0.026 PgC yr~!, for each decade, respectively; Figure 5), with a large leap for the last decade, resulting
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Figure 5. C_, budget in the Atlantic Ocean for two superboxes—30°S to 24°N and 24 to 55°N for each decade, represented by different colors (blue for 1990-1999,

orange for 2000-2009, and green for 2010-2019). For each decade, the upper boxes, with continuous lines, represent the net values for the whole water column,
whereas the dashed boxes represent the division into the upper and lower branches of the Atlantic Meridional Overturning Circulation. Each box is delimited on

either side by the meridional transport across the section, specifying the transport of different properties: C
transport (PgC yr~!) are the black italic values, and the mass transport (Sv) are the colored bold values outside the arrow. Moreover, the normalized

normalized C,,

ant]

, transport (PgC yr~!) appears with black regular values,

transport-weighted C,, (pmol kg~!) concentration is also included as the gray values. At 24°N, there is an extra meridional transport box for the values associated to
the Florida Straits. Within each cell there is a bold black value that determines the C,, storage (PgC yr~!) as obtained from Gruber et al. (2019) and Sabine, Feely,

Gruber, et al. (2004) and normalized to the middle of each decade (1995, 2005, and 2015). The vertical arrows at the top of each box are the vertical influx of C

anth

(PgC yr~"), namely the atmospheric input for the upper boxes. The bold gray values in parenthesis represent the percentage of uptake to the net storage of each box. The
bold brown values at the top of each decade specifies the rate of increase of atmospheric CO, for each decade.
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from the ~55% strengthening of the second and third layers of surface and modal waters (Figure 2). This increase
in the strength of the circulation in time is also evident in the northward transport of upper layers (0.208 + 0.015,
0.252 + 0.016, and 0.404 + 0.023 PgC yr~!, respectively per decade) and, to a lesser extent, in the southward
lower layers (—0.033 + 0.012, —0.055 + 0.011, and —0.070 + 0.012 PgC yr~!, for each decade). To remove
the effects of the expected marine C,, increase assuming TSS (Tanhua et al., 2006), we have normalized C,
transports to the same year (2005). The upper layers show similar values for the first decades (~0.26 PgC yr™'),
with an increase of 40% over the expected for the last decade. However, the lower branch of the AMOC slightly

increases with very similar transports. Values for the 2005-normalized transport-weighted (TW) C_, for upper

anth
layers (40.3 + 6.5, 40.0 + 5.8, and 49.2 + 7.4 umol kg~!, respectively per decade; gray values in Figure 5) are
comparable. The lower branch of the AMOC maintains a marginal increasing tendency with time (5.3 + 5.2,
7.5 + 4.0, and 8.2 + 3.8 pumol kg, respectively) with values slightly higher than those expected following TSS,
although within uncertainties and therefore maybe not significant. Therefore, the change in the net transport is
dominated by the transport of the upper layer, that in 20102019 has increased its mass transport and its TW-C, .

concentration, resulting in the large value of C__, transport.

anth

The net flux for the whole water column of the meridional C,, transport consistently decreases northward, with a
reduction of 26%, 54%, and 34% between 30°S and 24°N for the decades 1990-1999, 2000-2009, and 2010-2019,
respectively. The lower branch of the AMOC at 24°N show relatively consistent values with time (—0.083 + 0.022,
—0.089 + 0.025, and —0.115 + 0.017 PgC yr~!, respectively). Considering TSS, the 2005-normalized TW C,,
for the lower branch are 14.4 + 7.5, 14.0 + 8.2, and 16.0 + 5.1 pmol kg~! per decade, which are relatively stable
and almost double the concentrations at 30°S. The pattern of circulation at 24°N between decades shows simi-
lar values in transport and TW C_, concentration between 1990-1999 and 2000-2009, with a later recovery
between 2000-2009 and 2010-2019 (0.129 + 0.026, 0.128 + 0.032, and 0.222 + 0.023 PgC yr~!, respectively),
resulting from the low increase in the upper branch of the AMOC in 2000-2009 (0.206 + 0.015, 0.222 + 0.020,
and 0.333 + 0.016 PgC yr~!, respectively). The higher northward upper transport for the first decade is asso-
ciated with a larger value of the normalized Florida Strait (FS) transport (0.681 + 0.006, 0.598 + 0.006, and
0.573 + 0.004 PgC yr~!, respectively). This upper flux at 24°N is dominated by the FS transport in the first
layer (Figure 2), with southward normalized transport for the UMO (—-0.420 + 0.020, —0.376 + 0.020, and
—0.272 + 0.015 PgC yr~!, for 1990-1999, 2000-2009, and 2010-2019, respectively). This transport of C_, by
UMO partially reduces the net C,, transport of the total upper layer, although the decreasing trend is not appar-
ent in the upper layer transport, dominated by the transport across the FS.

The northernmost section available, at 55°N, is composed by two subsections: the western one determining the
transport across the Labrador Sea and the eastern one reflecting the northward transport by the NAC and the
southward transport of the newly subducted deep waters in the sills and Nordic Seas. There is a weakening in
the net C,, transport northward, with a reduction over the whole basin between 30°S and 55°N of 50%, 55%,
and 66% for the decades 1990-1999, 2000-2009, and 2010-2019, respectively. This pattern resembles that from
the lower branch of the AMOC, with a steady South-North increasing gradient in C_, transport (—0.066 + 0.025,
—0.116 + 0.022, and —0.148 + 0.028 PgC yr~! for each decade at 55°N, respectively) maintained through the
decades, with around 50% more at 55°N than at 30°S. The normalized TW C, , show C, ,-enriched waters at
55°N (19.5 + 11.0, 23.8 + 8.5, and 26.3 + 7.9 pmol kg~!, per decade) that arrive at the south Atlantic subtrop-
ical gyre with ~30% of the original concentration. In the 2000-2009 and 2010-2019 decades, this southward
decrease is also evident on the standard and normalized meridional transport, with a rather low C, , transport
for the 1990-1999 decade. The upper AMOC transports central and intermediate waters with similar TW C_
concentration for the whole period (48.8 + 18.2,45.8 + 14.2, and 50.5 + 12.1 pmol kg !, respectively). However,
the normalized upper C, , transports experience a very slight increase in the last decade (0.199 + 0.038,
0.204 + 0.031, and 0.220 + 0.026 PgC yr~!, respectively).

The northward transport of the Antarctic Bottom Water (AABW) appears in the southernmost sections (namely,
45°S for the 1990-1999 decade and 30°S for the 2000-2009 and 2010-2019 decades). There is a consistent
pattern of reduction of northward C_ , transport as the water masses travel north (Figure S2 in Supporting
Information S1) for the three decades, accompanied by a decrease in the TW C_,
(22.5 + 16.2 pmol kg™!) to 30°S (8.9 + 6.8 pmol kg~!) in the first decade. Despite observing similar transports
of C,,;, at 30°S (0.008 + 0.005, 0.008 + 0.004, and 0.011 = 0.005 PgC yr~!, respectively), their normalized TW
C,. concentration increase in time (8.9 + 6.8, 10.3 + 8.5, and 11.0 + 8.2 pmol kg~!, respectively), although not
significantly due to the large uncertainties. The divergence of transports between adjacent sections is the major

» concentration from 45°S
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component of the vertical flux of C,,, which is mainly exported upwards to deep layers. Therefore, there is an
by the abyssal branch of the AMOC to the deep layers with nearly depleted C, .,
a deep ventilation of C_ ;. This signal can be found in the South Atlantic, with a significant transport up to 11°S

(in 1990-1999) and non-significant values at 24°N.

enrichment of C generating

anth

Defining the Atlantic basin with boundaries at 30°S and 55°N for all decades, we can detect an overall divergence
over the basin, with a total storage and uptake from the atmosphere (Figure 5 and Figure S3 in Supporting Infor-
mation S1). This divergence in the transport at the boundaries of the Atlantic box results in an accumulation in the
storage of C,,,
at 55°N. The storage rate supplied by this divergence is 14.7%, 15.3%, and 25.3% per decade, with the increase

,» over the whole basin, due to a change at 30°S significantly larger than the relatively low transports

in the last decade due to a ~13% stronger overturning at 30°S.

3.3. Vertical Fluxes of C,

In the North Atlantic the downward vertical mass transport between upper and deep layers (—6.1 +2.5, —4.2 +2.7,
and —6.4 + 2.4 Sv for each decade, respectively; Figure S4 in Supporting Information S1) represents a large part
(57%, 37%, and 56%) of the meridional transport across 24°N, manifesting the significance of the vertical over-
turning within the box between 24°N and 55°N, with the remaining of the overturning north of 55°N.

The study of the balance of mass within each cell allows the estimation of the vertical transport of C_ . due to

anth
the vertical advection of mass. Accordingly, in the North Atlantic box (24°N-55°N), the C, , transports across
the interphases between upper and deep layers show consistent relatively large values for a downward trans-
L 10 deep layers (—=0.033 + 0.014, —0.025 + 0.016, and —0.050 + 0.019 PgC yr~! for each decade,

respectively).

port of C

In the South Atlantic, the upwelling of the recently ventilated AABW from the Southern Ocean results in an
upward advection of C,, transport from abyssal to deep layers. However, the vertical transport in the South
Atlantic is dominated by the diffusive transport of C,,, , that appears due to the change at the interphase between
layers from the vertical gradient of C,, concentration along the water column. The larger concentration differ-
ence between upper and deep layers result in a larger diffusion transport at this interphase (—0.086 + 0.026,
—0.092 + 0.028, and —0.119 = 0.036 PgC yr~! for each decade for the South Atlantic box, and —0.072 + 0.021,
—0.087 + 0.026, and —0.094 + 0.028 PgC yr~! for the North Atlantic Box), with values around 40%—47% of the
storage of the upper layer. Normalizing to the year 2005, we can find similar values among decades, for both the
South Atlantic (—0.109 + 0.033, —0.094 + 0.028, and —0.105 + 0.032 PgC yr~!) and North Atlantic (—0.090,
—0.089, and —0.083 PgC yr™!), supporting that these results follow the TSS in both boxes.

In the deep layers, there is a similar contribution from the north entrance of the AMOC and from the vertical
fluxes from upper to deep layers (Figure S4 in Supporting Information S1). In the South Atlantic, the values are
rather stable for all decades between the southward transport at the north boundary of the box at 24°N and the
vertical fluxes due to the combination of vertical advection and diffusion caused by a vertical gradient in concen-
tration of C,, (=0.077 & 0.021 and —0.086 + 0.026, —0.095 + 0.025 and —0.092 + 0.028, and —0.114 + 0.017
and —0.119 + 0.036 PgC yr~! for the horizonal deep transport and the vertical flux, respectively, for each
decade). In the North Atlantic, these values are similar between the meridional deep transport and the total
vertical flux (—0.066 + 0.025 and —0.105 + 0.025, —0.116 + 0.022 and —0.112 + 0.017, and —0.148 + 0.028
and —0.144 + 0.034 PgC yr~!, respectively, for each decade) except for the first decade, when a weaker entrance
from deep layers of the AMOC is overshadowed by the vertical input from the upper layers. Moreover, in the
South Atlantic the main component of the vertical flux is the diffusion, and in the North Atlantic it accounts for
~T70%-50% of the total vertical flux.

3.4. Storage and Air-Sea Flux of C,

The storages within each box obtained from the inventories of Gruber et al. (2019) and Sabine, Felly, Gruber,
et al. (2004) are stable for the South Atlantic (24% and 20% increase between 1990-1999 and 2000-2009 and
between 20002009 and 2010-2019, respectively), whereas they have increased for the North Atlantic (15% and
22%; Figure 5). The values for the upper branch of the AMOC remain stable, and we can find the deceleration
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with respect to TSS between the first two decades and the relative acceleration between the last two in the lower
branch of the AMOC in the North Atlantic (10% and 25%, respectively).

Generally, the storage for the whole column is greater in the box occupying the South Atlantic, due to its
larger volume. However, the changes in concentrations are lower in the South Atlantic (164 + 8, 201 + 9
and 243 + 9 pmol m~ yr~!, respectively per decade) than in the North Atlantic (317 + 6, 372 + 7, and
450 + 6 pmol m~3 yr~!, respectively).

The storage of upper layers contributes to ~59% of the net storage between 30°S and 24°N and 55%—56% between

24°N and 55°N, manifesting the importance of deep layers in the storage of C__., although involved in processes

anth>
occurring on longer timescales. For the whole region studied, the ratio between net uptake and storage is high
(>70%), indicating that the storage of C,,

(Figure 5). Part of the uptake arriving to upper layers propagates downward and contributes significantly to the

happens mostly as a result of the gain of C,_, from the atmosphere

anth
storage by deep layers. The vertical advection in the North Atlantic driven by the AMOC also provides to the stor-
age in deep waters. The values in the South Atlantic increase with time, responding to the increase in the atmos-
pheric pCO, which causes larger values of C_, storage.

4. Discussion

4.1. South Atlantic Box

A net C_,, transport of 0.10 PgC yr~! entering the South Atlantic across 30°S has been reported from hydro-

graphic data for 1993 (Holfort et al., 1998; Macdonald et al., 2003, Figure 3 and Figure S5 in Supporting Informa-
tion S1). Our results for the same cruise are substantially larger (0.175 + 0.019 PgC yr~!), consistently increasing
for the following decades. These values can be evaluated against model results that have yielded comparably
similar (0.18 + 0.01 for 1995; Mikaloff Fletcher et al., 2006) and larger estimates (0.34 + 0.01 at 35°S for 2012;
DeVries, 2014). These values reflect the northward transport of C
mediate waters from the Southern Ocean, decreasing in strength on its way northward.

o from the recently formed central and inter-

Our results for the South Atlantic C,, storage are like other estimates for a similar latitudinal extension for the
19901999 decade (0.31 + 0.02 PgC yr~! from 30°S to 18°N, Mikaloff Fletcher et al., 2006; 0.250 PgC yr~! from
30°S to 25°N, Macdonald et al., 2003; 0.265 + 0.011 PgC yr~!, Roson, 2003), and agree with the value from
DeVries et al. (2014) for 2012 from 30°S to 30°N (0.460 PgC yr1).

Moreover, the weaker value at 30°S from Holfort et al. (1998) creates a negative divergence within the South
Atlantic box, with stronger meridional transports at 24°N, turning into an intensified uptake from the atmosphere
(—=0.340 PgC yr~!, Macdonald et al., 2003; —0.394 + 0.107 PgC yr~!, Ros6n, 2003). However, sections with a
decreasing northward transport and positive divergence present a consistent weaker uptake from the atmosphere
(=0.160 + 0.017 PgC yr~!, Mikaloff Fletcher et al., 2006; —0.220 PgC yr~!, DeVries, 2014). Therefore, the
strength of the meridional transport across the southern boundary of the Atlantic Ocean is an important factor in
determining the role of meridional advection in the budget of C,, in the South Atlantic.

Evans et al. (2017), using hydrographic sections from 2008 to 2009, have found a net northward C_, transport at
24°S of 0.28 + 0.16 PgC yr~! that is similar to our results at the same latitude in 2000-2009 of a net northward
transport of 0.24 + 0.03 PgC yr~!. This northward transport coming from surface, intermediate and abyssal
layers arrive to the South Atlantic from the surface Agulhas Leakage and the whole-column input from Drake
Passage, increasing the C,, concentration at upper and abyssal layers (Figure 5 and Figure S2 in Supporting
Information S1).

Deep ventilation in the South Atlantic assimilates C, ,-enriched waters to abyssal depths. The northward flow
of AABW transports a part of the C
the global uptake (Khatiwala et al., 2009). Complementing the decrease in mass transport on its way northward,
the AABW also gets mixed with the low-TW C
sector of the Southern Ocean presents moderately high concentrations of C_, in deep waters (~10 pmol kg="),

o Air-sea uptake happening in the Southern Ocean, estimated as a 40% of

o NADW above and decreases its concentration. The Atlantic

with similar concentrations reported below 4,000 m between 30 and 50°S (Rios et al., 2010) in 1994, which coin-
cide with the TW C, , estimates at 30°S for all decades, with a slightly larger value at 45°S for the first decade

antl

(Figure S2 in Supporting Information S1). The rate of increase for AABW determined by Rios et al. (2012) of

0.15 + 0.05 pmol kg~! yr~! agrees with the change in TW C, . for the abyssal layer at 30°S between the first

anth
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two decades, with 1.4 + 10.8 pmol kg~! difference between both cruises, although our values present large
uncertainties arising from mass transport-weighted averaging. We have also found a non-significant slowing in
the trend between 2000-2009 and 2010-2019, with a net change in concentration of 0.7 + 11.8 pmol kg~ Orsi
et al. (2002) determined a 21-Sv flow out of the Southern Ocean by the upper and lower Circumpolar Deep
Waters and the AABW. Knowing that our contribution to the abyssal Atlantic basin is only 11% of this estimation
for the whole basin (2.4 + 1.2 Sv), the transport of C
our estimations at 45° and 30°S.

by abyssal layers results in 0.011 PgC yr~!, a value like

anth

4.2. North Atlantic Box

C, . transports at 24°N present similar strengths for the 1990-1999 and 2000-2009 periods, that then recuperate
in the last decade. The value in the 2004 cruise at 24°N is lower than expected, coinciding with a period of strong
UMO (Worthington et al., 2021) as estimated by empirical models using observational data. This strong south-
ward UMO, in turn, reduces the strength of the AMOC for this period, with stable values for the Florida Strait,
Ekman, and deep layer transports. Therefore, the low C,, transport at 24°N can be a result of a strengthening in
the opposing southward transport carried by the UMO, accompanied by a reduction in the weighted C,,, concen-

tration, as shown by the relatively low, although not significantly, values of TW C,, for this period.

Brown et al. (2021) have published a time series reconstruction of C,, transports across 24°N using data from
the RAPID/MOCHA/WBTS mooring array and hydrographic observations. In the upper limb of the AMOC,

decreasing northward mass transports were compensated by increasing C, , concentration, resulting in a compen-

antl

sated northward C,_, transport for the 8.5-year period. We have compared our included cruises for 2000-2009

anth
and 2010-2019 decades to the time series, and we have found similar values at the time of the cruise for each of
the decompositions of the transport. The overturning C_,

dominates the mean and variability of the total C,, transport, with consistent negative values for the horizon-

, transport (Figure S1b in Supporting Information S1)

tal component for all the time series. Similarly, the upper layer of the water column, above 1,100 m, holds this
variability (Figure Slc in Supporting Information S1), with small values for deep and abyssal transports, the
latter almost negligible. The increasing trend in our results is also present in the 8.5-year timeseries, that can be

attributed to the increase in the Florida Straits C,,, transport, while there is a stabilization in the Ekman transport

antl
across the section, resulting in the decrease of transport of the UMO.

The North Atlantic has been closely monitored, especially at the center of the subtropical gyre at 24°N and
at the OVIDE section in the SPNA (Figure 3a and Figure S5 in Supporting Information S1). We have found
meridional transports at 24°N similar to the estimates by ocean inversions that combine C, , observations with
results from general circulation models (0.12 + 0.01 PgC yr~! at 18°N for 1995, Mikaloff Fletcher et al., 2006;
0.09 + 0.01 PgC yr~! at 30°N for 2012, DeVries, 2014), and by results from global biogeochemical ocean
general circulation models (0.092 + 0.016 PgC yr~! at 25°N for 2003-2011, Racapé et al., 2018). Solutions from
hydrographic data for 24°N present stronger meridional transports (0.19 PgC yr~! for 1992-1998, Macdonald
et al., 2003; 0.23 + 0.01 PgC yr~! for 1990-1999, Ros6n, 2003; 0.24 + 0.08 PgC yr~! for 1995, Alvarez
etal., 2003; 0.23 + 0.01 PgC yr~! for 2001, Zunino et al., 2015; 0.25 + 0.05 PgC yr~! for 2004, Pérez et al., 2013).

For our northernmost sections, at 55°N, we are closer to the estimations supporting strong lateral transports
at these latitudes (0.09 PgC yr~! at 76°N for 1995, Mikaloff Fletcher et al., 2006; 0.063 + 0.019 PgC yr~! at
63-66°N for 2004, Pérez et al., 2013), marking a strong overturning that carries C, , into the Nordic Seas via the
deep convection taking place in this region.

The estimated amount of C . stored in the North Atlantic is quite similar to other studies, but we can find
differences in the value of C , acquired from the atmosphere (Table S11 in Supporting Information S1), with
low values for results from ocean general circulation models (Racapé et al., 2018), ocean inversions (DeVries
et al., 2017) and hydrographic estimations (Macdonald et al., 2003; Pérez et al., 2013; Rosén, 2003; Alvarez
et al., 2003).

4.3. C,,, in the Atlantic Basin and Connection to the Arctic Ocean

Using the estimations from Pérez et al. (2013) of —0.008 + 0.003 PgC yr~! of C_,,
for the Bering Strait we have constructed a box between 55°N and the Bering Strait. The storages for this box were

, transport referenced to 2004
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divided into the box between 55°N and the Greenland-Iceland-Scotland Sills (~63°N-66°N), and the combined
results north of the Sills from Pérez et al. (2013). North of the Sills the values comprised 0.018 + 0.04 PgC yr~!
in the Nordic Seas between 63—-66 and 78°N (Jeansson et al., 2011) and 0.043 + 0.04 PgC yr~' in the Arctic Seas
between 78°N and the Bering Strait (Tanhua et al., 2009). The storages for each decade within the box between
55°N and the Sills were computed following the same methodology applied to the rest of the Atlantic, using the
storage rates of Gruber et al. (2019) and the inventories of Sabine, Felly, Gruber, et al. (2004), and then normal-
ized to 2005 assuming TSS (Figure S3 in Supporting Information S1).

Contrary to the Atlantic basin, where there is an uptake of C__. throughout the basin, north of the SPNA there is

to the atmosphere, as the upper water masses are carrying large amounts of C

anth

asmallloss of C e, that become

saturated as they cool during their northward transport. These estimations agree with the values north of the sills

in Pérez et al. (2013), in boxes where the meridional divergence of C_, transport dominates over its storage. The

anth
selection of transport from the Bering Strait influences on the net divergence in the box and, therefore on the sign

of the atmospheric uptake and whether gain or loss toward the atmosphere is happening.

These values are relatively small, comparable to the negligible uptake of C,_, from the atmosphere in the Nordic

anth
Seas from Jeansson et al. (2011). However, the overturning circulation occurring at these latitudes redistributes
the C,,,

2o back to the North Atlantic as the part of the dense overflows, with a lower layer representing a 43%, 57%, and

» in the region and returns the upper layers of C_ ,-enriched waters to the deep ocean. In turn, they then

anth

56% of the transport in upper layers at 55°N for each decade, respectively (Figure 5).

4.4. Vertical Transport of C,

The Atlantic Ocean is, proportionally, the basin accumulating more C,, in the whole column (12.5 gC m=2 yr~!

in the Atlantic and 6.9 gC m~2 yr~! in the Pacific), and, especially, the basin accumulating more C,_, below

anth
1,000 m, over four times the C,, stored in the Pacific (6.5 gC m~ yr~! in the Atlantic vs. 1.5 gC m~2 yr~! in the
Pacific; Gruber et al., 2019). The vertical transport of C,,

layers of the water column. However, we have seen that vertical advection and diffusion take part in the redis-

has been often overlooked or restricted to the upper

tribution of C__, in the ocean interior. Exporting more C_, from the surface to the bottom and at a higher rate

anth

favors a larger future uptake of C,_ ;.

Figure S4 in Supporting Information S1 shows both overturning and diffusive mixing playing an important role

in the transfer of C_, from the atmosphere to deep layers. These vertical processes contribute to a considera-

anth
ble percentage of the net uptake of C,,,, from the atmosphere (51%, 53%, and 64% per decade, respectively),
redistributing the newly-gained C,, to deep layers. From the net uptake in the Atlantic Ocean (—0.508 + 0.060,
—0.604 = 0.061, and —0.644 + 0.084 PgC yr~), the overturning north of 55°N supplies the C,, sequestered by
the overflow waters (—0.066 + 0.025, —0.116 + 0.022, and —0.148 + 0.028 PgC yr~! for each decade, respec-
tively). In the north Atlantic box, there is also downward flux of mass associated with the overturning, advecting
C,. With it to deep layers (—0.033 = 0.014, —0.025 + 0.016, and —0.050 + 0.019 PgC yr~!). Over the whole
basin (30°S to 55°N), mixing diffuses C,_, from upper to deep layers (—0.158 + 0.033, —0.179 + 0.029, and

—0.213 + 0.046 PgC yr").

anth

Both advection and diffusion, involved in vertical transfer of properties, contribute almost equally to the interior
storage of C, ;.
models. This could be relevant in the future to the simulations using different IPCC scenarios. Holzer et al. (2021)

These processes have not been described nor evaluated and are new parameters to include in the

have highlighted the importance of diffusion transports in the control of Pacific carbon and nutrient storage.

DeVries et al. (2017) have previously manifested the importance of the changes in the strength of the overturning
in the uptake of CO, by the ocean. They modeled the stronger and weaker overturning in the upper ocean for the
1990s and 2000s, respectively, and found that an intense AMOC results in and increased outgassing of natural
CO,, while the uptake of C_
exchanges decline and there appear a reduced outgassing of natural CO, and reduced uptake of C

by the ocean also grew. However, with a weaker overturning in the 2000s, both gas
- LheE vertical
transport of mass to deep layers (>1,000 m) found by DeVries et al. (2017) shows strong export to deep layers in
the Nordic Seas, north of 55°N, with a small contribution from the SPNA of 2 + 1 Sv for the 1980s and 1990s and
stronger for the 2000s (7 + 1 Sv). The latter estimation is more similar to our vertical advection of mass between
24 and 55°N (Figure S4 in Supporting Information S1; —6.1 + 2.5, —4.2 + 2.7, and —6.4 + 2.4 Sv for each

decade, respectively). Racapé et al. (2018) also evaluated the vertical transfer of C__, from surface to deep waters

anth
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and found that it occurred mainly north of the OVIDE section (40°N-60°N), with —0.097 + 0.028 PgC yr~!
exported to deep layers between 1959 and 1994 and —0.175 + 0.021 PgC yr~! between 1996 and 2011.

5. Conclusions

This study has evaluated the meridional and vertical transports of C_, in the Atlantic Ocean for the whole water
column, assessing the importance of the deep and bottom layers in the redistribution of C, . We have obtained
our results from three inverse models for the last three decades combining continuity equations of mass and
biogeochemical tracers for boxes bounded by contiguous across-ocean zonal sections.

Our results for the South Atlantic reflect the northward transport of C, , from the water masses recently formed
in the Southern Ocean, with increasing values with time. At 24°N, we have detected the lower-than-expected
values in the overturning for the 2004 cruise, possibly due to a strengthening of the UMO at the time, and thus
increasing the southward horizontal component of the C, , transport. In general, changes in the net transport of
C,.., appear due to differences in the upper layer, with values for the lower branch of the AMOC more consistent
with time.

We have included not only the meridional transports, but also the vertical transfers between upper and deep and
deep and abyssal layers, evaluating the contribution of these processes in the net uptake of C_ .. The overturning
in the North Atlantic, and especially in the SPNA and Nordic Seas, plays an important role in the redistribution
of the newly gained C_, from the atmosphere, with relatively large fluxes exporting C_, to deep layers. In the
South Atlantic, the abyssal layers play a role in the introduction of C,,, from the AABW into the water column,
and as a result provide an upward flux of C_, from abyssal to deep layers. Mixing by diffusion processes occurs
over the whole Atlantic, mainly in the interphase between upper and deep layers, where a stronger gradient is

present, and is the main process exporting C, , from upper to deep layers in the South Atlantic.

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),
ARO7W 1990  (https://cchdo.ucsd.edu/cruise/18DA90012_1), ARO7E 1991  (https://cchdo.ucsd.edu/
cruise/74AB62_1), A10 2003 (https://cchdo.ucsd.edu/cruise/49NZ20031106), A095 2009 (https://cchdo.ucsd.
edu/cruise/740H20090307), A05 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”), ARO7W 2005
(https://cchdo.ucsd.edu/cruise/18HU20050526), ARO7E 2007 (https://cchdo.ucsd.edu/cruise/64PE20070830),
A10 2011 (https://cchdo.ucsd.edu/cruise/33R0O20110926),  A095 2018 (https://cchdo.ucsd.edu/
cruise/740H20180228), A05 2011 (https://cchdo.ucsd.edu/cruise/29AH20110128), A02 2013 (https://cchdo.
ucsd.edu/cruise/06M220130509), ARO7W 2014 (https://cchdo.ucsd.edu/cruise/74JC20140606) and ARO7E
2014 (https://cchdo.ucsd.edu/cruise/74JC20140606). GLODAPv2.2021 is available via https://www.glodap.
info/index.php/merged-and-adjusted-data-product-v22021/. The cruises obtained from GLODAPv2 have the
following DOIs: A1l 1992 (https://doi.org/10.3334/cdiac/otg.woce_all_74di19921222), A10 1992 (https:/
doi.org/10.3334/CDIAC/otg.ndp066), A09 1991 (https://doi.org/10.3334/CDIAC/otg.ndp051), A08 1994
(https://doi.org/10.3334/CDIAC/otg.ndp079), A05 1992 (https://doi.org/10.3334/CDIAC/otg.ndp074), A10
2003 (https://doi.org/10.25921/gjsx-gy37), A095 2009 (https://doi.org/10.3334/cdiac/otg.clivar_a9.5_2009),
A05 2004 (https://doi.org/10.3334/cdiac/otg.carina_74di20040404), A03 2005 (https://doi.org/10.3334/cdiac/
otg.carina_74ab20050501), ARO7W 2005 (https://doi.org/10.3334/cdiac/otg.woce_ar07w_2005), ARO7E 2007
(https://doi.org/10.3334/cdiac/otg.clivar_ar07e_2007), A10 2011 (https://doi.org/10.3334/cdiac/otg.clivar_
al0_2011), A095 2018 (https://doi.org/10.25921/xy1r-rx06), A05 2011 (https://doi.org/10.3334/cdiac/otg.
clivar_a05_29ah20110128), and A02 2013 (https://doi.org/10.25921/43nw-j564). The carbon transport data that
support the findings of Brown et al. (2021) are available from the BODC at http://doi.org/10.5285/b6bb9f45-f562-
68a4-e¢053-6¢86abcOe48b. The carbon concentrations for the 2014 ARO7W and ARO7E cruises of Tynan et al.
(2016) are available from the BODC at http://doi.org/10.5285/29ea7e19-d89¢-3ab1-e053-6c86abc0284b. The
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anthropogenic CO, estimates reported in Gruber et al. (2019) can be obtained through NCEI's Ocean Carbon Data

System:  https://www.ncei.noaa.gov/access/ocean-carbon-acidification-data-system/oceans/ndp_100/ndp100.

html. The anthropogenic CO, estimates reported in Sabine, Feely, Gruber, et al. (2004) can be also accessed via
NCEI's Ocean Carbon Data System: Sabine, Feely, Key et al. (2004), Accessed (2022-09-13). Matlab and R code
for CANYON-B are available at https://github.com/HCBScienceProducts/. Matlab code for C_, estimation using
PHI-CTO method is available at http://oceano.iim.csic.es/_media/cantphictO_toolbox_20190213.zip. Datasets for
the monthly average air-sea fluxes of O,, CO,, and N, from Earth System Models are available at https:/doi.
org/10.5281/zenodo.4716840 (Morgan, 2021).
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Text S1. Configuration of the inverse model

Inverse models solve the equation Ax=-Y, where A is a matrix of mass and property
concentrations with size M (number of layers) by N (number of unknowns), x is a column vector
of length N that contains the unknowns of the system (i.e., velocities at the reference level, Ekman
transport adjustment, biogeochemical budget adjustments, ...), and Y is a column vector of length
M containing the initial unbalanced transports of mass and properties for each equation defined
in A. This equation can be expressed in its matrix form as shown below. The matrix is a
representation for a single box between two contiguous sections. Each property being conserved
is represented with different colors. In this case, n is the number of pair of stations for section A;
m is the number of pair of stations for section B; q is the number of layers. In the below matrix, e
stands for mass and y for mass transport; s for salt and z for salt transport; f stands for oxygen
and k for oxygen transport; g for nitrate and r for nitrate transport; h for silicate and t for silicate
transport and, finally, j stands for phosphate and u for phosphate transport. For each single
section, we applied regional constraints to mass («g) and, in addition to mass, we have also
constraint the salinity content of each single section A and B. Using this tracer instead of mass
allows for changes in freshwater across the section while still conserving mass. For each box, the
net transport of mass, oxygen, nitrate, silicate and phosphate is conserved.

The inverse solutions provide the velocities at the reference level (b) for each pair station
of each section. Ekman transport (Tg) is applied for the equations of all properties balancing the
net transport among both sections and the transport across the first layer of a single section. Its
adjustment (ATg) is part of the unknowns solved for each section. The oxygen influx from the air-
sea interphase is included in the first layer of oxygen conservation (F..), and its adjustment
included as part of the solutions (AF..). To allow changes in the water column due to the non-
conservative sources and sinks of oxygen we have added the term Boy, that reflects the changes
in oxygen in the water column and estimated its adjustment ABo,. We have associated changes in
oxygen with those for nitrate, silicate and phosphate with the Redfield ratio (rno, rsio and reo for
nitrate, silicate and phosphate, respectively). More detail on the inverse model configuration can
be found in Supporting Information Text S1 in Cainzos et al. (2022).
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Text S2. Uncertainty computation

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, the corrections
to the Ekman transport, ATe, the input of O, from the atmosphere, F., and the rate of oxygen
consumption along the water column, Boz; 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. The
a priori biogeochemical imbalances for each box are zero, with a priori uncertainties of (500 kmol s™)?
for oxygen, (100 kmol s™)? for nitrate and silicate, and (10 kmol s™")* for phosphate.

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, 2003) and decadal studies (Fu et al., 2020). This was achieved by using
physical constraints with a simpler model with only the velocities at the reference level and the Ekman
adjustments as unknowns. Moreover, adding the biogeochemical equations has helped reduced these
uncertainties by incorporating more information to the matrix without increasing its rank.

STORAGE RATE UNCERTAINTIES

The storage rates provided by Gruber et al. (2019) are computed between 1994 and 2007.
Therefore, the increase rate of 1.9% per decade is valid for this period. We have extended this rate also
for the last decade, assuming a tendency in storing more Canth into the ocean interior. However, recent
studies are challenging this assumption, finding for the 2004-2014 decreasing rates in the storage of
Canth in the North Atlantic (Mller et al.,, 2022). To accommodate these discrepancies, we have decided
to increase the uncertainties associated to the storage rates of C.nin for the last decade, without
surpassing 15% of the mean value.



Text S3. Sensitivity tests

Several sensitivity tests were conducted to determine the effect of different configurations of the inverse
models.

PHYSICAL CONSTRAINTS

The physical constraints in the model have been assessed previously by Cainzos et al. (2022),
where the initial physical-only configuration of the model is described.

For that model, 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 appear in the Supporting Information Table S6 from Cainzos et al. (2022). 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. The importance of
the temporal variability of the Bering Strait salinity and transport was also evaluated (Supporting
Information Table S7; Cainzos et al., 2022). Changing 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), only the throughflow component of the freshwater was affected, but
not the overturning and horizontal components.

INTERPOLATION OF BIOGEOCHEMICAL DATA IN WATER COLUMN

The methodology of interpolation of biogeochemical data in the water column is a very important
step in the computation of concentration and transports for each section. The selected methodology
has been compared against several other methods before choosing the linear interpolation in a neutral
density framework with a nearest neighbour extrapolation every 2 dbar. Linear interpolation avoids data
appearing in a stair-like manner and nearest extrapolation prevents extreme values from appearing at
the surface and bottom. Using a neutral density framework helps redistribute the importance of surface
and deep layers in the water column, adjusting the levels by its density than rather just by its position in
the water column, which would naturally underrepresent the upper layers. For comparison, we have
included results for two different set of interpolation methods: the first one uses a nearest interpolation
method instead of linear, and the second one replaces the neutral density framework for a pressure
framework. The resulting values are included in Supporting Information Tables S2-S7 under the names
‘near int" and ‘prs int’, respectively. As could be expected, the physical parameters in Supporting
Information Tables S2-S4 show non-significant variations in either mass, heat or freshwater transports
(with differences of ~0.1 Sv, ~0.03 PW and 0.03 Sy, respectively) for both interpolation tests. However,
we can see differences for each box in the balance of oxygen, nutrients and Cr (Supporting Information
Tables S5-S7). Nearest interpolation imposes large changes in the balance for each box, with a mean of
1100% change for oxygen, 665% for nitrate, 165% for silicate, 504% for phosphate and 8700% for total
carbon. These values reduce for the interpolation in a pressure vertical framework, with changes of 378%
for oxygen, 548% for nitrate, 103% for silicate, 263% for phosphate and 94% for total carbon.

REDFIELD RATIOS
The Redfield ratio chosen is consistent with a similar study from Maze et al. (2012), that uses the
Redfield ratio reported by Anderson (1995). The inverse models are not very sensible to the Redfield



ratios applied, as it has been set to modulate the weights of the equations, with larger weight applied
to physical constraints.

To try to assess the effect of the choice of Redfield ratio in the results, we have computed some
sensitivity tests in the form of a Montecarlo experiment with 100 replicas changing the Redfield ratios
randomly within 20% of its mean value. Afterwards, the 100 replicas were averaged, and are presented
for comparison in Supporting Information Tables S2-S4 for the physical parameters and Tables S5-S7
for the biogeochemical parameters under the name ‘TRedf'. We can see that the physical properties (net
mass transport, ocean heat content and freshwater flux) for each section are mostly unchanged, and the
variance found after the 100 replicas is quite small (with differences of less than 0.1 Sv of mass transport,
less than 0.01 PW for heat transport and 0.01 Sv for the net freshwater flux). The mean variances of the
mean value of the Montecarlo test over the Atlantic are 0.003 Sv for mass, 0.0007 PW for heat and 0.0005
Sv for freshwater. The biogeochemical properties applied to the model (oxygen, nitrate, silicate and
phosphate) show more variability, with differences with respect to the mean of less than 5%, so that the
values after the model are within the uncertainties and they have scarcely influenced the DIC budget.
The mean variances for the mean value are 7.4 kmol s for oxygen, 2.5 kmol s! for nitrate, 4.1 kmol s
for silicate, 0.17 kmol s™' for phosphate and 0.01 kmol s for total carbon.

SURFACE CONCENTRATION OF Canth

Uncertainties for Cintn transports are obtained after the inverse model results, applying the
correction in the velocities at the reference level that modify the mass transport. No Carbon species has
been constrained in the model, so any changes in the surface layer are not inherently reproduced in the
model-derived uncertainties.

We have tried to investigate how different values in the surface would affect the net Canm
transports, and therefore have computed other Montecarlo experiment that modifies the surface (depth
less than 100 m) Canth concentration randomly by 20% and then obtained the net values of Cann transport
per layer for each section, shown in Supporting Information Tables S8-S10. We can see mainly changes
in the upper layer, with very small differences reaching 0.005 PgC yr™'. With these results we feel that we
have proved that changes in the surface concentration of C..wn are not affecting significantly to the
overall transport of Canth.



Q
~

':\ 0-6 I | | 1 T | 1 |
'; CSTAR PHI ~— TROCA TTD
) N I )
g 0.4 [? ALl 8 a 1
\t, -IS :. ; 0 ﬁ‘:}“ \v: ':f ;_: 7 ' ')‘ . . I:V.\'I 4 /
S 0.2 Lif’ WE, ATAEER A YR N Y T 4 P
Q ol “ lie [ Ny $ * ¢ § ¥ f “ 1
%) .»;1 L "Iv.'._‘ N . N ¢ 20
@ i ‘
E ok i
5 )
@
©) 0.2 L L L 1 ! I 1 I
2004 2005 2006 2007 2008 2009 2010 2011 2012 2013
b
: ) 0-6 T T T T T T T T
'; | Total Overturning Horizontal |
Q o04f V“ M ‘ 6‘
&'/ : i “ | W I
5 o2l | v,l.‘ ' .? "‘!, Mf' f«' ]
Q [ 1
2 \ J
5 v
— 0O+ ’ —
S
& W am¥ il o N i 'w‘«w""‘f"‘ Al W st AL i “""'W Bode "“F e
O _0.2 | | | | | | i | |
2004 2005 2006 2007 2008 2009 2010 2011 2012 2013
c)
— 0.6 T T I | T T T |
; Total 0- 1100m 1100-3000m 3000-5000m J
QO 04+ & ]
o)
g \v b by I B,
G = ‘ l e Ij* w i I i
S o02f ‘w nx Y&f _
& .’ ‘I q
o ™. |
-— 0 f " “""v-— -
% S Wy PE L WY 1‘ .\ PN "v‘ W, A Py \:"“ (A vy :.z....‘;.. PRI -y v"h-‘k '.“!. H.
O _0-2 | | 1 | | | | I
2004 2005 2006 2007 2008 2009 2010 2011 2012 2013
d)
‘:-\ T I | | T T | |
'y AR | Total Florida Strait Ekman UMO |
(),
&)
Q. 05
=
2
g or
&
% -0.5 -
O

2004

2005

2006 2007

2008

2009 2010 2011 2012 2013 /



Figure S1. Comparison of Cann transport for section 24°N of the continuous values from the time series
of Brown et al. (2021) from 2004 to 2012 with the inverse solution of this study for 24°N cruises in 2004
and 2011. The comparisons are made attending to different components of the transport (in kmol s™):
a) net Canth transport across 24°N compared with time series of Canth transport obtained with different
methodologies of computation of Cawn concentration (TTD-methods, and other backcalculation
methods as Cstar, TROCA and cpC%); b) division of Canth into its components — overturning and horizontal;
c) division into layers attending to the water masses — 0 to 1100 m for upper and thermocline layers,
1100 to 3000 m for deep layers and 3000 to 5000 m for bottom layers; and d) the importance of Florida
Straits and Ekman transport to the total Cantn transport.
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Figure S2. C..ih budget for abyssal layers in the Atlantic Ocean for each box between adjacent sections
for each decade, represented by different colors (blue for 1990-99, orange for 2000-09, and green for
2010-19). Each box is delimited on either side by the horizontal Cant transport (PgC yr) across the
section with black regular values, and the mass transport (Sv) are the colored bold values outside the
arrow. Moreover, the normalized transport-weighted Cann (umol kg™) concentration is also included as
the grey values. Within each cell there is a bold black value that determines the Canh storage (PgC yr'™)
as obtained from Gruber et al. (2019) and Sabine et al. (2004) normalized to the middle of each decade
(1995, 2005 and 2015). The vertical arrows at the top of each box are the vertical influx of Caneh (PgC yr

1).
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Figure S3. Conih budget for the Atlantic Ocean box and for the box north of 55°N for each decade
represented by different colors (blue for 1990-99, orange for 2000-09, and green for 2010-19). Each
box is delimited on either side by the horizontal Cann transport (PgC yr) across the section with black
regular values. In the cells of the Atlantic box the bold black values determine the Canth storage (PgC yr
') as obtained from Gruber et al. (2019) and Sabine et al. (2004) normalized to the middle of each decade
(1995, 2005 and 2015). North of 55°N, the Cann storage is the combination of the estimations from
Gruber et al. (2019) and Sabine et al. (2004) between 55°N and the Sills (~63-66°N), and the values of
0.018 + 0.04 PgC yr' in the Nordic Seas between 63-66 and 78°N (Jeansson et al., 2011) and 0.043 +
0.04 PgC yr-1 in the Arctic Seas between 78°N and the Bering Strait (Tanhua et al., 2009), normalized to
2005. The vertical arrows at the top of each box are the vertical influx of Cantn (PgC yr™'). The grey numbers
within parenthesis represent the percentage of change between the 2000-09 and 1990-99 decades for
the ones in the middle panel for the horizontal transport, storage and air-sea flux, and the change
between the 2010-19 and 2000-09 decades for the bottom panel.
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Figure S4. C.nin budget in the Atlantic Ocean for two superboxes — 30°S to 24°N and 24 to 55°N for each
decade, represented by different colors (blue for 1990-99, orange for 2000-09, and green for 2010-19).
For each decade, the upper boxes, represent the values for the upper layer, the middle boxes the deep
layers and the bottom boxes represent the abyssal layers. Each box is delimited on either side by the
horizontal transport across the section, specifying the transport of different properties: Cantn transport
(PgC yr'") appears with black regular values, heat transport (PW) are the grey regular values, and the
mass transport (Sv) are the colored bold values. The strait arrows at the interphase between upper and
deep and deep and abyssal layers represent the exchange due to the vertical advection of mass across
the layers. The properties associated to this vertical advection are the same as for the horizontal
transport. The wiggly arrows correspond to the vertical diffusion across the interphase due to differences
in the vertical derivative of Canth concentration, with the values for Canin diffusion transport in black regular
font. Within each cell there is a bold black value that determines the C,nn storage (PgC yr™') as obtained
from Gruber et al. (2019) and Sabine et al. (2004) normalized to middle of each decade (1995, 2005 and
2015). The vertical arrows at the top of the upper box are the vertical influx of Canen (PgC yr"), namely
the atmospheric input for the net and upper boxes.
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Figure S5. Horizontal transports (blue), storages (red) and vertical fluxes (green) of Canth obtained from
the literature, with reference to the years in grey at the top left of the box.
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Table S1. Summary of the sections used in each model and the dataset from which they were
recovered.

Latitude Section Year Code Dataset NCEI DOI References
45°S Al1 1992 74D119921222 GLODAPv2 10.3334/cdiac/otg.woce_a11_74di199
21222
30°S A10 1992-93 06MT19921227 GLODAPv2 10.3334/CDIAC/otg.ndp066 Johnson et al.,
(1998)
19°S A09 1991 06MT19910210 GLODAPv2 10.3334/CDIAC/otg.ndp051 Johnson et al.,
(1995)
11°S A08 1994 06MT19940329 GLODAPv2 10.3334/CDIAC/otg.ndp079 Johnson et al.,
(2002)
24°N AO05 1992 29HE19920714 GLODAPv2 10.3334/CDIAC/otg.ndp074 Millero et al.,
(2000)
24°N Florida 1992 29HE19920714 GLODAPvV2 10.3334/CDIAC/otg.ndp074 Millero et al.,,
(2000)
47°N A02 1993 06GA19930612  CCHDO
55°N ARO7W 1990 18DA90012 CCHDO
55°N ARO7E 1991 74AB62 CCHDO
30°S A10 2003 49NZ20031106 GLODAPv2 10.25921/gjsx-gy37 Uchida et al.,
(2005)
24°S A095 2009 740H20090307 GLODAPv2  10.3334/cdiac/otg.clivar_a9.5_2009 Schuster et al,,
(2014)
24°N A05 2004 74D120040404 GLODAPv2 10.3334/cdiac/otg.carina_74di200404 Cunningham,
04 (2005)
24°N Florida 2004 74DI20040404 GLODAPv2 10.3334/cdiac/otg.carina_74di200404 Cunningham,
04 (2005)
36°N A03 2005 74AB20050501 GLODAPv2  10.3334/cdiac/otg.carina_74ab20050 McDonagh,
501 (2007)
55°N ARO7W 2005 18HU20050526 GLODAPv2  10.3334/cdiac/otg.woce_ar07w_2005
55°N ARO7E 2007 64PE20070830 GLODAPv2  10.3334/cdiac/otg.clivar_ar07e_2007
30°S A10 2011 33RO20110926 GLODAPv2  10.3334/cdiac/otg.clivar_a10_2011
24°S A095 2018 740H20180228 GLODAPv2 10.25921/xy1r-rx06
24°N A05 2011 29AH20110128 GLODAPv2  10.3334/cdiac/otg.clivar_a05_29ah20
110128
24°N Florida 2011 29AH20110128 GLODAPv2  10.3334/cdiac/otg.clivar_a05_29ah20
110128
47°N A02 2013 06M220130509 GLODAPv2 10.25921/43nw-j564
55°N ARO7W 2014 74)C20140606 BODC
55°N ARO7E 2014 74)C20140606 BODC
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Table S2. Net values for each section of different parameters for different configurations of the inverse
model for 1990-99 and the values before the adjustments of the inverse model (initial). The inverse
solution applying only mass and salt conservation is noted as IM phys, and IM bgq represents the inverse
solution with the added biogeochemical constraints. Positive values of MT (mass transport, in Sv), OHC
(ocean heat content, in PW) and FW (freshwater flux, in Sv) indicate a northward transport, with negative
values for a southward transport. For each variable, the ‘TRedf' label indicates a sensitivity tests with a
20% variation of the values of the original Redfield ratio using a 100 repetition Montecarlo experiment.
The values indicate the mean of the magnitude and the mean of the uncertainty, whereas the values
within parenthesis indicate the standard deviation of the mean and uncertainty, multiplied by 103 The
‘near int’ and ‘prs int’ labels indicate sensitivity tests to compare the results after using different
interpolation methods: the former by using a nearest interpolation method instead of linear, and the
latter by replacing the neutral density framework by pressure.

A11 A10 A09 A08 A05 A02 A07
55°S 30°S 19°S 11°S 24°N 47°N 55°N
MT initial 10.2 25.0 43.9 13.1 16.3 6.1 6.7
MT IM phys -0.8 £ 35 -05+27 -08 +£27 -1.2+£25 -1.0+£ 26 -09+28 -09+£35
MT IM bgq -08 £ 27 -06 23 -07+22 -1.1 £ 21 -09 £ 21 -09 + 24 -1.0+£ 26
MT TRedf -08+27 -06+23 -07+22 1.1+ 241 -09+ 21 -1.0+ 24 -1.0+ 26
(1.54 + 0.07) (2.34 £ 0.03) (0.63 + 0.09) (2.08 + 0.26) (2.54 + 0.19) (1.89 £ 0.34) (0.02 + 0.32)
MT near int -08 +£26 -05+£23 -08+£20 -1.1+£23 -1.0£ 24 -09+26 -1.0£32
MT prs int -06+24 -05+22 -0.7+24 -1.2+£23 -09+24 -09+25 -09+26
OHC initial 0.74 0.90 2.00 1.73 1.63 0.77 0.40
OHCIM phys | 058 £+0.08 036+006 078+0.07 093+005 130+0.08 048=+0.10 0.25*0.09
OHCIMbgq | 052+007 035+005 074+005 094+005 118+007 041+008 0.20<+0.07
OHC TRedf | 0.53+0.07 035+005 074005 094+005 1.18+0.07 042+0.08 0.21=+0.07
(0411 £0.001)  (0.144 £0.001)  (0.187 £0.007) (0441 £0.010) (0.671 +0.042)  (0.397 + 0.007)  (0.295 + 0.006)
OHCnearint | 052 +007 038+005 071+006 095+005 120+008 044+0.09 0.21+0.07
OHCprsint | 042 +007 032+005 074+006 094+005 116+x007 042+0.08 0.21+0.07
FW initial -0.85 -1.36 -3.29 -1.64 -1.34 -0.73 -0.65
FW IM phys | -0.09+008 028+0.08 -0.12+0.07 -034+007 -034+009 -0.14+0.11 -0.05=%0.07
FWIMbgq | -003+007 027+007 -010+006 -036=+0.07 -025+0.07 -0.07+009 -0.02+0.07
FW TRedf -0.03 £0.07 027 +0.07 -0.10+0.06 -036+0.07 -0.26<+0.07 -0.08+0.09 -0.010.07
(0.289 +£0.002)  (0.120 £ 0.001)  (0.197 £ 0.004)  (0.032 £ 0.012)  (0.045 + 0.050)  (0.213 £ 0.007)  (0.177 + 0.001)
FW nearint | -0.03 £0.07 027 +007 -0.06+0.06 -035+007 -027+0.08 -0.10+0.10 -0.01+0.07
FW nearint | 001 +0.07 028007 -0.08+007 -035+£0.07 -025+0.08 -0.08+0.09 -0.01=<0.07
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Table S3. Same as Table S2 but for the 2000-2009 period.

A10 A095 AO5 AO03 A07
30°S 24°S 24°N 36°N 55°N
MT initial 18.0 393 19.1 31.3 -6.4
MT IM phys -0.6 = 3.1 -0.6 £ 3.1 -1.1+£28 -07+28 -1.0£ 3.0
MT IM bgq -06 27 -06 £ 25 -1.0+£23 -06+24 -1.1£25
MT TRedf -06 27 -06 £ 25 -1.0+23 -06 £ 24 -1.1 £ 25
(1.07 £ 0.15) (5.09 + 0.36) (2.68 + 0.10) (1.52 + 0.05) (0.21 £ 0.13)
MT near int -06 27 -0.7 £ 25 -1.0+£23 -06+24 -1.0 £ 25
MT prs int -06 29 -06+28 -1.1£26 -0.6 £ 25 -1.0£ 25
OHC initial 0.77 1.74 1.13 1.57 0.20
OHC IM phys 041 +0.06 0.70 + 0.08 0.97 + 0.09 0.59 +0.12 0.28 + 0.07
OHC IM bgq 043 +0.05 0.67 + 0.06 0.99 + 0.08 0.53 +0.10 0.26 + 0.06
OHC TRedf 043 + 0.05 0.67 + 0.06 0.98 + 0.08 0.53 +0.10 0.26 + 0.06
(0.338 + 0.003) (1.956 + 0.060) (0.367 + 0.031) (0.315 + 0.003) (0.219 + 0.005)
OHC near int 042 + 0.06 0.72 + 0.07 0.93 +0.08 0.60 = 0.11 0.21 + 0.07
OHC prs int 0.43 + 0.06 0.73 + 0.06 0.97 + 0.08 0.54 + 0.10 0.25 + 0.06
FW initial -1.04 -2.76 -1.31 -2.29 0.33
FW IM phys 0.19 £ 0.07 -0.01 £ 0.11 -0.24 £ 0.07 -0.05 £ 0.07 -0.08 £ 0.16
FW IM bgq 0.19 £ 0.07 -0.01 £ 0.08 -0.25 £ 0.06 -0.02 £ 0.06 -0.05 £ 0.13
FW TRedf 0.19 + 0.07 -0.01 + 0.08 -0.25 £ 0.06 -0.02 £ 0.06 -0.05+0.13
(0.277 + 0.003) (1.844 + 0.088) (0.062 + 0.013) (0.178 + 0.002) (0.167 + 0.010)
FW near int 0.20 £ 0.07 -0.05 £ 0.09 -0.22 £ 0.06 -0.09 = 0.07 -0.03 £ 0.13
FW prs int 0.19 + 0.07 -0.05 £ 0.07 -0.23 £ 0.06 -0.04 £ 0.06 -0.05 £ 0.13
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Table S4. Same as Table S2 but for the 2010-2019 period.

A10 A095 AO05 A02 A07
30°S 24°S 24°N 47°N 55°N
MT initial 25.22 30.5 25.8 2.9 2.4
MT IM phys -0.7 £33 -0.8 + 3.1 -1.0+29 -09+26 -09+26
MT IM bgq -07 27 -1.1+£25 -09+23 -09+22 -1.0+ 21
MT TRedf 0.7 +27 11425 09+ 23 0.9 +22 1.0 + 2.1
(125 + 0.13) (11.18 £ 0.29) 4.72 £ 0.10) (1.73 £ 0.35) (0.06 + 0.26)
MT near int -0.7 £ 3.1 -1.1+£29 1.0+ 27 -1.0+ 24 -09+22
MT prs int -0.8 + 3.1 -1.2+28 -1.0+26 -09+23 -09 + 21
OHC initial 0.99 1.36 1.34 0.69 0.33
OHC IM phys 0.52 + 0.07 0.66 + 0.07 1.13 + 0.07 0.40 + 0.08 0.29 + 0.06
OHC IM bgq 0.63 + 0.07 0.64 + 0.06 1.15 + 0.06 0.33 £ 0.07 0.27 £ 0.05
OHC TRedf 0.63 + 0.07 0.64 + 0.06 1.15 + 0.06 0.33 £ 0.07 0.27 £ 0.05
(0.846 + 0.001) (1.639 + 0.068) (0.427 + 0.030) (0.281 + 0.009) (0.154 + 0.006)
OHC near int 0.67 + 0.07 0.66 + 0.06 1.16 + 0.06 0.34 + 0.07 0.26 + 0.06
OHC prs int 0.62 + 0.07 0.66 = 0.06 1.17 + 0.06 0.33 £ 0.07 0.26 + 0.05
FW initial -1.58 -2.11 -1.72 -0.44 -0.35
FW IM phys 0.07 £ 0.06 0.01 £ 0.09 -0.34 + 0.03 -0.05 £ 0.13 -0.11 £ 0.13
FW IM bgq 0.01 £ 0.06 0.05 + 0.07 -0.37 £ 0.03 -0.01 £ 0.11 -0.08 £ 0.12
FW TRedf 0.01 + 0.06 0.05 + 0.07 -0.37 £ 0.03 -0.01 + 0.11 -0.08 + 0.12
(0.605 + 0.001) (1.552 + 0.108) (0.277 + 0.029) (0.117 + 0.016) (0.059 + 0.005)
FW near int -0.02 + 0.06 0.02 £ 0.08 -0.38 + 0.03 -0.01 £ 0.12 -0.08 £ 0.12
FW prs int 0.01 + 0.06 0.03 £ 0.08 -0.38 + 0.03 -0.01 + 0.11 -0.08 + 0.12
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Table S5. Net values within each box of different parameters and properties for different configurations
of the inverse model for 1990-99 and the values before the adjustments of the inverse model (initial).
The inverse solution applying only mass and salt conservation is noted as IM phys, and IM bgq represents
the inverse solution with the added biogeochemical constraints. Positive values of air-sea O, fluxes (FO;
in kmol s) indicate an oceanic gain of O, within the box, with negative values expressing a loss of O, to
the atmosphere within the box of contiguous sections. The consumption rate of O; in the whole water
column for each box (BO; in kmol s™) is positive for oxygen production and negative for oxygen
consumption. The net transport of oxygen (kmol s), nitrate (kmol s™), silicate (kmol s™'), phosphate
(kmol s") and total carbon (PgC yr™) is computed as the balance among the transports at the boundaries
of the box, integrated vertically. For each variable, the TRedf label indicates a sensitivity test with a 20%
variation of the values of the original Redfield ratio using a 100 repetition Montecarlo experiment
(Supporting Information Text S3). The values indicate the mean of the magnitude and the mean of the
uncertainty, whereas the values within parenthesis indicate the standard deviation of the mean and
uncertainty, multiplied by 10%. The ‘near int’ and ‘prs int’ labels indicate sensitivity tests to compare the
results after using different interpolation methods: the former by using a nearest interpolation method

instead of linear, and the latter by replacing the neutral density framework by pressure.

A11-A10 A10-A09 A09-A08 A08-A05 A05-A02 A02-A07
55 -30°s 30 - 19°S 19 - 11°S 11°S - 24°N 24 - 47°N 47 - 55°N
FO; air-sea 259 + 74 130 + 39 150 + 33 479 £ 146 -393 + 71 -226 + 105
FO. TRedf 284 + 75 153 + 40 135+ 33 558 + 166 -330 £ 73 -430 + 119
(22.45 + 0.01) (4.40 £ 0.01) (6.24 + 0.01) (227.22 £0.58)  (55.13 £ 0.02) (4.68 £ 0.01)
FO2 near int 279 + 75 150 £ 40 133 £ 33 547 + 166 -327 £ 73 -432 + 119
FO; prs int 284 +75 153 + 40 135+ 33 531 £ 166 -335+73 -437 £ 119
BO: 291 + 117 234 + 92 170 + 68 486 * 265 596 + 173 89 + 51
BO; TRedf 303 £ 118 233 + 92 166 + 68 695 + 282 466 + 176 97 £ 51
(757 + 206) (71 + 63) (148 + 29) (8571 + 1993) (4396 + 594) (353 + 45)
BO: near int 315+ 119 226 + 92 162 + 68 699 + 284 467 £ 177 96 + 51
BO; prs int 309 + 118 228 £ 92 167 + 68 614 + 282 461 + 176 96 + 51
O: initial -4407 2330 6233 -461 418 796
Oz IM phys | -1040 + 1077 -1668 + 920 100 £+ 979 -821 + 1028 -1822 £ 1072 271 £ 1263
02 IM bgq -967 + 874  -1608 + 758  -126 £+ 779  -1125+794  -1923 + 839 174 + 981
O, TRedf -967 £ 873  -1608 + 758  -125+779  -1125+794 -1923 + 839 174 + 981
(323 + 24) (4381 + 13) (1455 + 56) (6071 + 61) (6601 + 87) (97 + 146)
Oz nearint | -1112 + 973 585 + 958 730 £996  -1308 £ 1106 -1105 + 1093 232 + 1126
O: prs int -1396 £ 817  -455+719 -260 + 718 -766 + 721 -801 + 793 -754 + 997
NO:; initial -378 390 976 374 193 15
NOs IM phys -64 + 118 64 £ 102 257 =101 301 £ 123 2+112 -4 + 69
NOs IM bgq -9+94 77 + 84 234 + 80 294 + 97 19 + 89 -16 £ 55

19



NOs TRedf

NO3 near int
NOs prs int

SiO; initial
SiO4 IM phys
SiO4 IM bgq

SiO4 TRedf

SiO4 near int
SiO4 prs int

PO, initial
PO4 IM phys
PO, IM bgq

PO, TRedf

PO4 near int
PO, prs int

CT initial
CT IM phys
CT IM bgq

CT TRedf

CT near int
CT prsint

-9+94
(661 + 3)
117 £ 113

-85 + 102

-839
-219 + 344
-41 + 245

41 £ 244
(2330 + 20)
-90 + 234

-48 + 261

-18.8
-1.5 £ 10.9
3.1£9.1

3.1 +91
(53.2+0.2)
6.4 +10.3

26 £90

-11.30
1.16 £ 1.29
1.25 £ 1.26

1.25 + 1.26
(641 £ 0.02)
9.24 + 1.21

0.29 + 1.25

77 + 84
(796 + 5)
239 + 105

32 + 200

412
-145 + 282
-72 + 203

-72 + 203
(2532 + 17)
147 + 197

-14 + 182

28.7
24 +78
42 + 6.6

42 + 6.6
(54.0 £ 0.3)

95+82
4174

16.85
1.80 + 0.71
1.72 £+ 0.70

1.72 £ 0.70
(6.62 + 0.03)
444 £ 0.61

0.80 + 0.68

234 + 80
(2403 + 14)
91 + 113

105 £ 146

992
63 = 243
59 + 181

59 £ 181
(3035 + 23)
-82 + 195

29 £ 156

52.6
59+68
45+54

45+54
(1417 £ 0.8)
75+92

04 +71

23.25
-1.78 £ 0.80
-1.82 + 0.80

-1.82 £ 0.80
(6.06 £ 0.05)

-13.41 £ 0.63

1.04 £ 0.76

294 + 97
(5031 + 48)
258 + 142

61 £ 92

-36
247 + 213
246 + 155

246 + 154
(6125 + 53)
131 £ 192

44 + 154

5.1
1.8 + 6.6
35+£54

35+54
(239.1 £ 1.0)
145+ 114

-39+ 9.1

0.46
-1.98 + 0.74
-2.25+0.73

-225+0.73
(19.27 + 0.04)
-1.44 £ 0.46

0.24 +0.70

19 + 89
(3232 + 40)
192 £ 113

-53 + 101

77
-49 + 160
-57 + 116

-57 £ 116
(4232 + 49)
49 + 138

15+ 99

9.7
-53 56
-25+46

-25+46
(135.8  0.3)
98 +83

28 + 7.1

7.56
-0.80 + 0.76
-0.83 £ 0.76

-0.83 + 0.76
(17.02 + 0.05)
798 + 0.59

-0.08 + 0.74

-16 + 55
(118 £ 7)
-39 + 82

-43 £ 90

24
43 + 78
43 + 65

43 + 65
(16 + 2)
29 +72

-15 + 83

04
-1.0 £ 46
-1.7 £ 36

-1.7 £ 3.6
(8.0 £ 0.5)
-30+54

-36+52

-0.67
-0.97 + 0.67
-0.92 + 0.67

-0.92 = 0.67
(1.08 + 0.09)
-1.40 = 0.50

0.13 £ 0.66

20



Table S6. Same as Table S5 but for the 2000-2009 period.

A10-A095 A095-A05 A05-A03 A03-A07
30 - 24°S 24°S - 24°N 24 - 36°N 36 - 55°N
FO; air-sea 118 + 29 671 + 223 -131 + 33 -379 + 239
FO, TRedf 117 £ 29 670 + 223 -130 + 33 -379 + 239
(12.80 + 0.01) (768.25 + 10.02) (10.22 + 0.01) (13.41 £ 0.02)
FO: near int 116 £ 29 576 + 223 -133 + 33 -397 + 239
FO: prs int 118 + 29 562 + 223 -134 + 33 -374 + 239
BO; 134 + 53 958 + 380 275 + 108 252 + 117
BO; TRedf 134 + 53 956 + 379 275 + 108 251 + 117
(89 + 12) (3408 + 4599) (1342 + 124) (2876 + 344)
BO: near int 134 + 53 909 + 381 266 = 108 262 + 118
BO; prs int 134 + 53 720 + 378 273 + 108 246 + 117
O: initial -4257 -6352 -4032 -7202
Oz IM phys 167 + 1086 -2644 + 1070 -1661 + 1017 1531 + 1119
02 IM bgq -2 + 887 -2783 + 851 -1833 + 821 791 + 904
O, TRedf -4 + 887 -2832 + 851 -1878 + 821 793 + 904
(5529 + 46) (15890 + 43) (8389 + 23) (798 + 65)
0: near int -257 + 1128 -2051 + 948 412 + 948 -133 + 1078
O; prsint 662 + 919 -568 + 852 -547 + 872 -823 £ 942
NO:s initial -414 -339 -117 -524
NO; IM phys 12 + 116 112 £ 131 -20 + 115 69 + 78
NOs IM bgq -3+95 99 + 100 -27 £ 87 20 + 67
NO; TRedf -3 + 95 98 + 99 -27 £ 87 19 + 67
(2322 + 25) (5209 + 46) (2792 + 30) 417 £ 1)
NOs near int -46 + 143 -254 + 113 -261 £ 99 64 + 100
NO3 prs int -72 £ 80 -67 £ 79 4 +97 -10 £ 73
Si0, initial -468 -631 195 -299
SiO4 IM phys 103 + 285 121 + 246 -114 + 170 7 £90
SiO4 IM bgq 59 + 218 142 + 182 -111 £ 128 -23+72
SiO4 TRedf 58 + 218 142 + 182 -111 + 128 22 +72
(4353 + 85) (9102 + 97) (3698 + 30) (297 + 3)
SiO4 near int -81 + 253 3+ 196 -190 + 139 16 + 105
SiO4 prs int 21 + 194 19 + 207 28 + 164 -3 + 158
PO, initial -24.1 -204 -5.7 -30.9
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PO4 IM phys
PO, IM bgq
PO4 TRedf

PO, near int
PO, prs int

CT initial
CT IM phys
CT IM bgq

CT TRedf

CT near int
CT prs int

2.0 £10.5
08 =838

08 +88
(1649 + 1.4)
6.3+ 113

2.7 £10.5

-17.83
-0.81 + 0.81
-0.87 + 0.80

-0.87 + 0.80
(4.88 + 0.50)
19.3 £ 0.24

-042 + 0.76

83 %120
6.5£96

6.5+ 96
(389.3 = 2.6)

-58+90
3.4 £103

-17.37
-1.43 £ 0.71
-0.87 £ 0.70

-0.88 = 0.70
(20.99 + 0.66)
-2.41 £ 0.53

-0.98 + 0.88

-25+10.2
-44 + 84

-42 + 84
(223.0 £ 1.9)
-342+78

24 +97

-10.58
-1.21 £ 11.6
-091 + 1.16

-0.91 + 1.16
(13.93 + 0.08)
13.39 £ 0.79

-1.03 £ 1.15

27 67
0.6 +6.0

0.6 £6.0
(37.0 £ 0.3)
-119+£8.2

-51+11.9

-24.92
545 £ 1.10
419 £ 1.10

419 + 1.11
(0.62 £ 0.04)
14.14 + 0.63

-0.41 = 1.09
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Table S7. Same as Table S5 but for the 2010-2019 period.

A10-A095 A095-A05 A05-A02 A02-A07
30 - 24°S 24°S - 24°N 24 - 47°N 47 - 55°N
FO; air-sea 153 + 36 -32 + 205 -519 + 70 -345 + 133
FO. TRedf 149 + 36 347 + 265 -340 + 74 -511 + 166
(4.51 + 0.01) (753.38 + 21.61) (18.40 + 0.01) (0.38 + 0.01)
FO near int 151 + 36 724 + 265 -332 + 74 -612 + 166
FO: prs int 149 + 36 582 + 265 -347 + 74 -612 + 166
BO; 138 + 53 801 + 342 655 + 178 59 + 37
BO; TRedf 135 + 53 987 + 380 475 + 181 67 + 37
(79 + 12) (8705 + 4528) (7723 + 682) 91+ 17)
BO: near int 134 + 53 900 + 384 482 + 182 68 + 37
BO: near int 135 + 53 794 + 379 488 + 181 67 + 37
0O initial -518 -1946 5365 1604
0O: IM phys 611 + 1089 -1906 + 1048 -636 + 1024 1469 + 1038
02 IM bgq 768 + 881 -1914 + 820 -1221 + 815 1069 + 851
0. TRedf 770 + 881 -1909 + 820 -1219 + 815 1069 + 851
(11994 + 48) (22627 + 57) (7503 + 105) (1368 + 134)
02 near int -466 + 1069 -2139 + 994 -2175 + 945 -332 + 1000
O; prs int 675 + 978 -436 + 859 -384 + 839 -333 + 905
NOs initial -60 -35 493 29
NOs IM phys 39 + 125 90 + 114 -29 + 89 14 + 59
NOs IM bgq -19 + 102 105 + 91 -5+73 17 £ 49
NOs TRedf -19 + 102 104 + 91 -5+73 17 + 49
(2421 + 24) (4769 + 40) (1930 + 18) (62 + 6)
NOs near int -134 + 166 40 + 150 106 =+ 112 -50 + 62
NO; prs int 27 + 131 128 + 147 102 + 138 -48 + 59
Si0, initial -24 -330 538 -37
SiO4 IM phys 139 + 291 -35 + 248 -331 + 166 -98 + 85
SiO4 IM bgq 10 + 193 84 + 156 -342 + 109 -76 + 63
SiO4 TRedf 30 + 219 83 + 178 -215 + 122 -42 + 68
(4582 + 57) (8949 + 83) (3410  35) (35+2)
SiO4 near int -53 + 268 32 + 210 -36 + 132 -39 + 71
SiOy4 prs int 41 + 156 53 + 180 47 + 159 -16 £ 84
PO, initial -29 -3.0 31.8 1.1
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PO4 IM phys
PO4 IM bgq
PO4 TRedf

PO near int
PO, prs int

CT initial
CT IM phys
CT IM bgq

CT TRedf

CT near int
CT prs int

-2.1 £ 10.6
-3.0+ 84

-3.1+£ 84
(226.7 + 2.7)
-5.5+11.0

21124

-3.95
1.06 + 0.77
122 + 0.77

1.22 £ 0.77
(14.73 + 0.04)
8.13 £ 0.55

0.55+0.74

0.0 £ 10.6
29 £86

2.8 £86
(3484 + 3.1)
57+113

83 £13.2

-4.52
-0.63 + 0.62
0.02 + 0.62

0.01 £ 0.62
(23.47 £ 0.10)
19.03 + 0.39

0.08 + 0.60

-56 £ 65
-50+£55

-5.0+55
(94.5 £ 0.7)
33+85

75 %96

18.25
-0.77 + 0.64
-0.47 + 0.63

-0.47 £ 0.63
(840 £ 0.08)
15.52 + 0.40

-0.03 £ 0.63

-0.5 39
-04 £ 32

-0.5+£32
(45 + 0.4)
-48 + 4.1

-35+£79

-2.13
-1.70 £ 0.53
-1.77 £ 0.52

-1.77 £+ 0.52
(1.56 + 0.03)
-1.40 + 043

-0.14 £ 0.52
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Table S8. Values of net transport of standard Cann (in PgC yr™) for each section for the 1990-99 decade
per layer (upper, deep and abyssal) comparing the values obtained by the model described in the
manuscript and the sensitivity test performed using a Montecarlo variation of 20% of the mean Canth
concentration at surface (Supporting Information Text S3). The values indicate the mean of the
magnitude and the mean of the uncertainty, whereas the values within parenthesis indicate the standard
deviation of the mean and uncertainty, multiplied by 10°.

A11 A10 A09 A08 A05 A02 A07
55°S 30°S 19°S 11°S 24°N 47°N 55°N
Canth upper | 0.209 + 0.021 0.208 +0.015  0.234 £0.013  0.253 £ 0.011 0.206 +0.015  0.160 £ 0.025  0.153 + 0.029
Canth upper | 0.209 + 0021  0.207 £+ 0015  0.231 £0.013  0.249 + 0.011 0.206 + 0015  0.160 £ 0.026  0.153 + 0.029
mod 0.8 £1.3) 82+ 1.7) (29.6 £ 1.2) (33.0£0.9) (3.7+14) (3.8+£0.1) 0.8 £0.1)
Canth deep -0.055 +0.009 -0.041 +0.011 -0.075+0.017 -0.076 +0.013 -0.077 +0.021 -0.082 +0.014 -0.066 + 0.025
Canth deep -0.055 +0.009 -0.041 +£0.011 -0.075+0.017 -0.076 +0.013 -0.077 +0.021 -0.082 +0.014 -0.066 + 0.025
mod (00 00 00 00 00 (00 0=+0)
Canth abyss 0.016 + 0.006 0.008 + 0.005 0.012 + 0.004 0.006 + 0.004 0.001 + 0.004 0zx0 00
Canth abyss | 0.016 £+ 0006  0.008 +0.005 0.012 £0.004 0.006 +0.004 0.001 + 0.004 0zx0 0z+o0
mod (00 0=+0) 0=+0) 00 00 (00 0=+0)
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Table S9. Same as Table S9 but for the 2000-2009 period.

A10 A095 A05 AO03 A07
30°S 24°S 24°N 36°N 55°N
Canth Upper 0.252 £+ 0.016 0.336 + 0.020 0.216 £ 0.019 0.119 £ 0.029 0.204 + 0.031
Canth upper TRedf 0.252 + 0.016 0.337 £ 0.020 0.190 = 0.020 0.120 + 0.029 0.204 + 0.031
(3.8 £1.8) (35.1+£2.7) (9.9 +24) (12.5 + 1.8) (0.2 £0.1)
Canth deep -0.063 + 0.010 -0.093 £ 0.018 -0.089 + 0.025 -0.062 + 0.022 -0.116 + 0.022
Canth deep TRedf -0.063 +0.010 -0.094 + 0.018 -0.095 + 0.025 -0.062 + 0.022 -0.116 + 0.022
(00 0=+0) 0=+0) (00 00
Canth abyss 0.008 + 0.004 -0.002 + 0.007 0.001 + 0.004 0zx0 00
Canth abyss TRedf 0.008 + 0.004 -0.002 + 0.007 0.002 + 0.004 + 00
00 00 0=£0 00 0=x0
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Table $10. Same as Table S9 but for the 2010-2019 period.

A10 A095 A05 A02 A07
30°S 24°S 24°N 47°N 55°N
Canth Upper 0.404 + 0.023 0.400 + 0.019 0.337 £ 0.016 0.258 + 0.030 0.263 + 0.031
Canth upper TRedf 0.404 + 0.023 0.399 + 0.019 0.334 + 0.016 0.258 + 0.030 0.263 + 0.031
(13 +£26) (204 £ 2.3) (8.7 £0.9) (0=x0) (0=x0)
Canth deep -0.081 + 0.011 -0.084 +0.012 -0.118 + 0.017 -0.154 + 0.018 -0.148 + 0.028
Canth deep TRedf -0.081 + 0.011 -0.084 + 0.012 -0.114 £ 0.017 -0.154 £ 0.018 -0.148 + 0.028
(00 00 00 (00 00
Canth abyss 0.011 + 0.005 0.004 + 0.005 0.003 + 0.003 0zx0 00
Canth abyss TRedf 0.011 + 0.005 (0 0.004 + 0.005 0.003 + 0.003 0zx0 00
+0) 0=+0) 00 00 00

27



Table S11. Literature values of Canh Uptake from the atmosphere in the North Atlantic, referenced to
the year from the study and normalized to 2005 assuming TSS.

Latitudes Reference year (;j::zl:i) (norm ;j OI:)t:;k:gc y)
OGCM
Mikaloff Fletcher et al.
(2006) ' 44 - 31°S 1995 -0.05 + 0.01 -0.06 + 0.01
31-18°S 1995 -0.03 + 0.01 -0.04 + 0.01
18°S - 0° 1995 -0.09 + 0.01 -0.11 + 0.01
0°-18°N 1995 -0.04 £ 0.01 -0.05 + 0.01
18 - 36°N 1995 -0.04 £ 0.01 -0.05 + 0.01
36 - 49°N 1995 -0.13 £ 0.01 -0.16 + 0.01
49 - 76°N 1995 -0.09 + 0.01 -0.11 £ 0.01
76°N - BS 1995 -0.01 + 0.01 -0.01 + 0.01
Racapé et al., 2018) 25 - 40/60°N 2003-2011 -0.156 + 0.008 -0.150 + 0.008
40/60°N - BS 2003-2011 -0.044 + 0.003 -0.042 + 0.003
OoCIM
DeVries, (2014) 35°5-0° 2012 -0.14 -0.12
0° - 30°N 2012 -0.08 -0.07
30 - 60°N 2012 -0.27 -0.24
60°N - BS 2012 -0.07 -0.06
DeVries et al., (2017) 35-18°S 1990-1999 -0.03 £ 0.01 -0.04 £ 0.01
18°S - 18°N 1990-1999 -0.11 £ 0.01 -0.13 £ 0.01
18 - 35°N 1990-1999 -0.05 + 0.01 -0.06 + 0.01
35-55°N 1990-1999 -0.13 + 0.01 -0.16 + 0.01
55°N - BS 1990-1999 -0.08 + 0.01 -0.10 + 0.01
35-18°S 2000-2009 -0.04 £ 0.01 -0.04 £ 0.01
18°S - 18°N 2000-2009 -0.13 £ 0.01 -0.13 £ 0.01
18 - 35°N 2000-2009 -0.06 + 0.01 -0.06 + 0.01
35-55°N 2000-2009 -0.18 + 0.01 -0.18 + 0.01
55°N - BS 2000-2009 -0.09 + 0.01 -0.09 + 0.01
Hydrographic estimations
Alvarez et al., (2003) 24 - 40/60°N 1995 -0.12 £ 0.10 -0.14 £ 0.12
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Macdonald et al., (2003)

Pérez et al., (2013)

Roson, (2003)

Zunino et al., (2015)

40/60°N - BS

30 - 10°S
10°S - 25°N
25 - 78°N

25 - 40/60°N
40/60 - 63/66°N
63/66 - 78°N
78°N - BS
25°N - BS

30 - 10°S
10°S - 25°N

25°N - BS

7.5-25°N

1995

1992-1998
1992-1998
1992-1998

2004
2004
2004
2004
2004

1990-1999

1990-1999

1990-1999

1992 - 2011

-0.07 £ 0.06

-0.18
-0.16
-0.02

-0.12 £ 0.05
-0.016 £ 0.012
0.006 + 0.021
0.004 + 0.009

-0.14 = 0.05

-0.212

-0.182

0.049

-0.232 £ 0.022

-0.08 £ 0.07

-0.22
-0.19
-0.02

-0.12 £ 0.05
-0.016 £ 0.012
0.006 + 0.021
0.004 + 0.009

-0.14 £ 0.05

-0.258
-0.222

0.060

-0.248 + 0.023
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