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Ocean ventilation controls the contrasting anthropogenic CO; uptake rates between the western
and eastern South Atlantic Ocean basins
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Key Points:

e Between the 1980s and 2010s, the uptake rate of CO; in the South Atlantic Ocean was
3.86+0.14 Pg C decade™.

e The anthropogenic CO: absorbed by the basin west of the Mid-Atlantic Ridge is about
three times that of the eastern basin.

e The lower uptake in the eastern basin is attributed to lower ventilation rates.
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Abstract

The South Atlantic Ocean is an important region for anthropogenic COz (Cantn) uptake and storage
in the world ocean, yet is less studied. Here, after an extensive sensitivity test and method
comparison, we applied an extended multiple linear regression (eMLR) method with six
characteristic water masses to estimate Canth change or increase (ACanth) between 1980s and 2010s
in the South Atlantic Ocean using two meridional transects (A16S and A13.5) and one zonal
transect (A10). Over a period of about 25 years, the basin-wide ACant was 3.86+0.14 Pg C decade”
!, The two basins flanking the Mid-Atlantic Ridge had different meridional patterns of ACan,
yielding an average depth-integrated ACanm in the top 2000 m of 0.91+0.25 mol m™ yr'! along
A16S on the west and 0.57+0.22 mol m yr'!' along A13.5 on the east. The west-east basin ACann
contrasts were most prominent in the tropical region (0-20°S) in the Surface Water (SW),
approximately from equator to 35°S in the Subantarctic Mode Water (SAMW), and all latitudes
in the Antarctic Intermediate Water (AAIW). Less ACann in the eastern basin than the western
basin was caused by weaker ventilation driven by SAMW and AAIW formation and subduction
and stronger Antarctic Bottom Water (AABW) formation in the former than the latter. In addition
to the spatial heterogeneity, Canth increase rates accelerated from the 1990s to the 2000s, consistent
with the overall increase in air-sea CO2 exchange in the South Atlantic Ocean.

1. Introduction

Oceanic uptake of atmospheric carbon dioxide (CO3) is a key part of the global CO, budget.
Human activities have increased the partial pressure of CO2 (pCO2) in the atmosphere from ~280
ppm before the Industrial Revolution to well above 400 ppm at present (Friedlingstein et al., 2020).
The ocean has absorbed 25-30% of the anthropogenic CO; from the atmosphere and has played an
essential role in regulating atmospheric CO; concentration and our planet’s climate conditions
(Sabine et al., 2004; Khatiwala et al., 2013; Le Quéré et al., 2016; DeVries et al., 2017; Gruber et
al., 2019a; Friedlingstein et al., 2019). The absorbed CO» in surface waters is then transported to
the interior ocean via ventilation, that is through mode, intermediate and deep-water formation.
The uptake of atmospheric CO> has also increased seawater dissolved inorganic carbon (DIC)
concentrations and decreased pH and carbonate mineral saturation (ocean acidification), with
serious potential negative consequences on ocean ecosystem and biogeochemistry (Kleypas et al.,
1999; Orr et al., 2005; Doney et al., 2009). Thus, monitoring the anthropogenic CO or carbon
(Canth) uptake and storage or increase rate is important for climate science and marine ecosystem
research. Key challenges include reducing the uncertainty in estimating Cantm via observations and
modeling, as well as quantifying the spatial and decadal variations of the oceanic Canh uptake rates
(Doney, 2010).

The Meridional Overturning Circulation (MOC) plays a large role in the decadal variations of
Canth in the Atlantic, which contains approximately 38% of the total Canm inventory although its
volume is only 23% of the world ocean (Sabine et al., 2004). Overturning not only regulates the
strength of ocean CO> uptake (Pérez et al., 2013), but is also critical for the ventilation of older
water masses, facilitating uptake and storage of Cann (Iudicone et al., 2011; Sallée et al., 2012). It
has been suggested that decadal change of Canm is regulated by the MOC variations in the ocean
interior (DeVries et al., 2017). For example, Wanninkhof et al. (2010) reported that a decadal
increase in Canh inventory was anomalously higher in the South Atlantic Ocean compared to the
North Atlantic during the 1990s (3.0 vs. 1.9 Pg C decade!). Woosley et al. (2016) observed a
strengthened uptake rate of Cann in both the South and North Atlantic Ocean basins during the
2000s (3.7-4.4 Pg C decade™). In the North Atlantic Ocean, the formation of deep water (North
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Atlantic Deep water, NADW) and deep convection in the subpolar region represents the largest
and deepest penetrated Cann uptake regions (Sabine et al., 2004; Perez et al., 2018). However, the
relatively shallow isopycnal surfaces associated with mode and intermediate waters are also
important carriers of Canm, as they are ventilated on time scales of a few decades or less. This
ventilation on short timescales permits the transportation of Can from the outcrop regions at the
mid to high latitudes rapidly toward the ocean’s interior (Gruber et al., 2019b). An important region
of oceanic Canth uptake by this mechanism is in the subtropical and subantarctic South Atlantic
Ocean, where mode (Subantarctic Mode Water, SAMW) and intermediate (Antarctic Intermediate
Water, AAIW) waters form and carry CO> with them via subduction and lateral transport
northward (McNeil et al., 2001; Sabine et al., 2004). Together with the deep convection process,
this northward transport makes Cann's areal storage in the Atlantic twice that in the Pacific (Quay
et al., 2007; DeVries et al., 2017).

The Mid-Atlantic Ridge separates the Atlantic Ocean into the western and eastern basin, with
different geomorphology and circulation, and thus, Canh uptake and storage rates may have both a
meridional and zonal gradient. Although the Canm in the entire Atlantic Ocean has been researched
using different methods (Gruber, 1998; Wanninkhof et al., 1999; Lee et al., 2003; Vazquez et al.,
2009; Peng and Wanninkhof, 2009; Wanninkhof et al., 2010; Woosley et al., 2016), past estimates
in the South Atlantic mainly focus on the western basin (Rios et al., 2010; Rios et al., 2012; Salt
et al., 2014). The few studies that have compared the two basins observed a higher Canm in the
western than the eastern basin (Lee et al., 2003; Murata et al. 2008). Rios et al. (2012) also
indicated that the southwestern Atlantic Ocean dominates the South Atlantic sink of Canth in the
western basin from 1972 to 2005. Although the above studies have directly or indirectly compared
the differences between the two basins, the decadal Cant change in the eastern South Atlantic basin
and the zonal Cann gradient on the two sides of the Mid-Atlantic Ridge are poorly understood. The
differences between the decadal variability of oceanic Cant uptake and storage rates estimates in
the Atlantic Ocean on both meridional and longitudinal directions may be caused by the study time
periods, methodological differences, spatial and temporary limitations of the field observations,
differences in ocean dynamic processes, and limitations on quantifying ocean circulation changes.

The decadal Cann uptake fluctuation in the South Atlantic is also closely linked to the air-sea
COg; flux variations. The air-sea CO> flux varies substantially on different timescales, especially
in the Southern Ocean (Landschiitzer et al., 2015, 2016; Gruber et al., 2019b). The Southern Ocean
carbon sink weakened significantly during the 1990s (Le Quéré et al., 2007), but strengthened
rapidly after reaching a minimum around the year 2000 (Landschiitzer et al., 2015). The
reinvigoration during the 2000s brought the Southern Ocean sink strength back to the level
expected from the increase in atmospheric CO; (Gruber et al., 2019b). These Southern Ocean
fluctuations should affect CO» uptake rate, and thus the decadal variation of Canm in the South
Atlantic Ocean.

In this study, we used two meridional transects in the eastern (A13.5) and western (A16S) basin
and one zonal transect (A10) to explore spatial and decadal variations of Can in the South Atlantic
Ocean. First, we compared depth profiles of water properties to infer water mass distributions and
transport, and the possible Canh changes from physical and biogeochemical processes. Then, we
constrained the distribution and variation of Canm in the South Atlantic by comparing historical
data from the 1980s to the more recent data in the 2010s. This allowed us to compare Cani between
the two sides of the Mid-Atlantic Ridge in the South Atlantic Ocean. Finally, we discussed Cant
distributions and changes in the context of physical oceanography (circulation of the mode and
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intermediate waters) and air-sea fluxes in the eastern and western basins. A methodology study
and a sensitivity test are given as an appendix.

2. Study Region, Sites, and Data
2.1 Description of Study Region and the Transects

The study region focuses on the South Atlantic Ocean from 60°W to 20°E (Figure 1a). The
Mid-Atlantic Ridge separates the eastern and western Atlantic basins and rises to a depth of ~2000
m. Meridional transects A13.5 and A16S (Figure 1a) are located, on the east and west sides of the
Mid-Atlantic Ridge, respectively. Transect A13.5, along the prime meridian, was occupied in
1983/1984 and 2010. Transect A16S, along roughly 25°W, was occupied in 1989, 2005, and 2013.
In addition, a zonal section A10 along 30°S was occupied in 1992, 2003 and 2011.

The eastward flowing Antarctic Circumpolar Current (ACC) is the most prominent feature in
the southern part of the South Atlantic Ocean. The ACC forms three main fronts: Southern ACC
Front (SACCEF), Polar Front (PF), and Subantarctic Front (SAF) (Figure la, Orsi et al., 1995). To
the south of the SACCEF is the Southern Boundary (SB, Figure 1a, Sievers & Emery, 1978), which
is the southern edge of the low oxygen layer of the Upper Circumpolar Deep Water (UCDW). To
the north of the SAF is the Subtropical Front (STF), which is the oceanographic northern boundary
for the Southern Ocean (Talley, 2011). North of the ACC, the Brazil Current flows poleward near
the western South Atlantic boundary (Evans et al., 2017; Bryden et al., 2011; Peterson & Stramma,
1991). Then it meets the cold and fresh northward Malvinas Current (Gordon & Greengrove, 1986).
South America forces the Brazil-Malvinas Confluence offshore in a series of meanders, forming
the eastward South Atlantic Currents. At the eastern South Atlantic boundary, the South Atlantic
Currents turns northward to feed Benguela Current (Shillington, 1998; Evans et al., 2017). The
Brazil Current, South Atlantic Current, and Benguela Current compose the anticyclonic South
Atlantic subtropical gyre. On the north side of the subtropical gyre is the equatorial circulation in
the tropical Atlantic. The tropical Atlantic is bisected by the Mid-Atlantic Ridge. The eastern
tropical region is confined to the north by the African continent. The equatorial circulations are
also shown in the map (Figure 1a).

The South Atlantic Ocean is a key component of the global MOC (Marshall & Speer, 2012).
The MOC in the Atlantic (Atlantic Meridional Overturning Circulation, AMOC) is composed of
a double cell (Figure 1b). The upper cell consists of the upper ocean waters which flows northward
from the South Atlantic and becomes denser in the northern North Atlantic to feed the overturn in
the North Atlantic; the overturn flows out southward at depth, eventually becoming North Atlantic
Deep Water (NADW). The lower cell consists of the dense Antarctic Bottom Water (AABW)
which flows northward and upwells into the lower part of the NADW, disappearing by the mid-
latitude in the North Atlantic.

There are several important water masses in the South Atlantic (Figure 1b), including Surface
Water (SW, which includes Antarctic Surface Water, Subantarctic Surface Water, and Subtropical
Surface Water), SAMW, AAIW, UCDW, NADW, Lower Circumpolar Deep Water (LCDW), and
AABW. SAMW is located in the upper layer (~ 0-600 m) between the surface water and
intermediate water, formed from the thick winter mixed layers subducted north of SAF, which is
distinguished by a potential vorticity minimum and an oxygen maximum (McCartney et al., 1977)
in subtropical South Atlantic. The AAIW is located between the SAMW and the UCDW (~ 500-
1200 m), which is characterized by a salinity minimum in subtropical South Atlantic and tropical
Atlantic, and is formed from advection of fresh subantarctic surface water. NADW originates in
the North Atlantic and penetrates into the South Atlantic between about 1500 and 3500 m depth
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and has distinctively high salinity, high oxygen, and low nutrients. The southward NADW process
is limited by interaction with the ACC. The UCDW is characterized by low oxygen and high
nutrients. The LCDW includes the vertical salinity maximum derived from the NADW. The
AABW forms along the coast of Antarctica, where very dense, cold near-surface shelf waters,
created by ocean-atmosphere and ocean-ice interactions mix with upwelling LCDW (Doney &
Hecht, 2002). The northward flowing AABW is characterized by an oxygen maxima, nutrient
minima and cold waters in the bottom layer (~ 3000 m to bottom). (Rhein et al., 1998; Orsi et al.,
1999).

Figure 1. (a) Map of South Atlantic. The red solid line represent position of A13.5 (2010), the
red dashed line represent position of A16S (2013), and the red dotted line represent position of
A10 (2011). The dark blue lines with arrows represents South Atlantic Ocean surface circulation
schematics (Talley, 2011), Acronyms: North Equatorial Countercurrent (NECC), Northern
branch of the South Equatorial Current (NSEC), Equatorial Undercurrent (EUC), Central branch
of the South Equatorial Current (CSEC), South Equatorial Countercurrent (SECC), and the
yellow lines represent fronts (Orsi et al., 1995), from south to north, Southern Boundary (SB),
Southern ACC Front (SACCF), Polar Front (PF), Subantarctic Front (SAF), and Subtropical
Front (STF); (b) water masses in the South Atlantic Ocean, and schematic diagram of the upper
cell (white arrows) and the lower cell (dark arrows) of the Atlantic meridional overturning
circulation (AMOC) in the South Atlantic, Water masses (along A16S) are: Surface Water (SW),
Subantarctic Mode Water (SAMW), Antarctic Intermediate Water (AAIW), Upper Circumpolar
Deep Water (UCDW), Lower Circumpolar Deep Water (LCDW), Antarctic Bottom Water
(AABW). North Atlantic Deep Water (NADW) is located between UCDW and LCDW. Figure
1(b) is constructed based on A16S 2005 data.

2.2 Data
Data from the A13.5, A16S and A10 cruises (Table S1) were obtained from CCHDO
(https://cchdo.ucsd.edu/) and GLODAPv2.2019

(https://www.nodc.noaa.gov/ocads/oceans/GLODAPv2 2019/). The two datasets were matched
using their EXPOCODEs. GLODAPv2.2019 provides primary and secondary quality control to
remove outliers and correct for measurement biases (Olsen et al., 2019), which are listed in Table
S1. In addition, all in-situ data and acceptable data (Quality flag=2) from A13.5, A16 and A10
hydrographic observations were counted. Overall, the number of acceptable total alkalinity (TA)
and DIC samples were less than other variables, especially for the earlier cruises. In our study,
temperature, salinity, neutral density, apparent oxygen utilization (AOU), nitrate, silicate,
phosphate, and total alkalinity were considered as possible variables for our analysis. As no
phosphate data is available for the A16S (2005) cruise in GLODAPv2.2019 dataset (cruise 343),
data from 33R020050111 (CCHDO) were used instead.

We also used sea surface pCO> and air-sea CO» flux from an observation- and neural network
method-based global monthly gridded sea surface pCO> product from 1982 onward provided by
Landschiitzer et al. (2020) (https://www.ncei.noaa.gov/access/ocean-carbon-data-
system/oceans/SPCO2 1982 present ETH SOM_FFN.html). The spatial resolution is 1°x1°,
covering the global ocean including the South Atlantic Ocean.

3. Methods
3.1 The eMLR Method


https://www.ncei.noaa.gov/access/ocean-carbon-data-system/oceans/SPCO2_1982_present_ETH_SOM_FFN.html
https://www.ncei.noaa.gov/access/ocean-carbon-data-system/oceans/SPCO2_1982_present_ETH_SOM_FFN.html

203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245

The extended multiple linear regression (eMLR) method was developed to take advantage of
the reoccupation of the World Ocean Circulation Experiment / Joint Global Ocean Flux Study
(WOCE/JGOFS) hydrographic sections. WOCE/JGOFS is now organized under the international
Global Ocean Ship-based Hydrographic Investigations Program (GO-SHIP).

The repeat observations made it possible to obtain the DIC concentration differences between
time #1 and t: ADIC (©2 — #1). Wallace (1995) proposed a multiple linear regression (MLR)
approach to estimate the anthropogenic carbon change between time #1 and #2: ACann(#2 — #1) using
the difference in the two MLR fits, based on observations that marine inorganic carbon exhibits a
strong correlation with other oceanographic variables over large areas of the ocean (Brewer, 1978;
Chen & Millero, 1979). However, the estimated ACann is strongly biased, primarily created by an
amplification of the residuals in the two fits. To overcome this shortage, Friis et al. (2005)
introduced the extended MLR (eMLR) method to estimate ACanm(f2 — #1) by subtracting the
coefficients of the two fits. The eMLR approach removes a substantial fraction of the noise in the
MLRs and tends to better separate the Cann signal from the natural variations in DIC. Thus, the
eMLR method has been widely used to determine the decadal increase in Cann based on repeat
hydrographic data (e.g., Friis et al., 2005; Sabine et al., 2008; Wanninkhof et al., 2010; Woosley
et al., 2016; Carter et al., 2017). However, the eMLR method assumes that baseline correlations
and the resulting residual fields will remain constant over time even under the effect of long-term
climate changes. (Levine et al., 2008; Goodkin et al., 2011). Therefore, to obtain the reliable ACantn
(keep the error below 20%), the eMLR method should be used for cruise data collected within
three decades (Clement & Gruber, 2018).

In this study, first, we carried out extensive method assessments based on statistical analysis
and sensitivity study of choosing water masses and selecting parameters, and a careful comparison
of several methods (see details in Appendix A and Supplementary documents). Finally, we adopted
and applied a specific eMLR method to estimate the anthropogenic CO; change (ACanm) for the
water deeper than 50 m. Our method, described below, builds on the eMLR method (Friis et al.,
2005) but includes several treatments to obtain optimal estimation of Cann in the South Atlantic
Ocean.

Step 1, water masses separation. Applying the regression equation to various isopycnal layers
or characteristic water masses is a critical first step in the eMRL approach. In our study, we
considered six typical water masses: SW, SAMW, AAIW, UCDW, LCDW, and AABW. They
were divided into 5 layers based on neutral density (y) (Table 1). Although other authors have
found differences in Canth increase rates between AABW and LCDW (Rios et al. 2012), due to the
smaller number of sampling points in AABW (neutral density>28.27 kg m, Talley, 2011) and no
sample’s neutral density smaller than 28.27 kg m™ in A13.5 (2010) cruise, the data in AABW and
LCDW were combined into one layer (layer 5). NADW is transformed to Circumpolar Deep Water
(CDW) in the South Atlantic Ocean (Santoso et al., 2006), and the density of NADW was similar
to UCDW and LCDW, so we split it between layer 4 (with the UCDW) and layer 5 using neutral
density 28 as a criterial. We have also compared our approach with other approaches such as
dividing water column into 14 isoneutral slabs or 25 isopycnal layers (Appendix A).

Table 1. Neutral density limits for five layers and corresponding water mass. Definitions
following Evans et al. (2017), Talley (2011) and Heywood & King (2002).
Layer  Neutral density (y) limits Water mass

1 v<26.80 Surface Water (SW)
2 26.80 <y<27.23 Subantarctic Mode Water (SAMW)
3 27.23 <y<27.5 Antarctic Intermediate Water (AAIW)
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4 27.5<y< 28 Upper Circumpolar Deep Water (UCDW)

27.92<y< 28 North Atlantic Deep Water (NADW)

5 28<y<28.11 North Atlantic Deep Water (NADW)
28<y<28.27 Lower Circumpolar Deep Water (LCDW)
y >28.27 Antarctic Bottom Water (AABW)

Step 2, compute C*. Since the DIC changes in water masses are influenced by both natural and
anthropogenic processes, it is desirable to introduce a new variable that removes natural change as
much as possible. Assuming the stoichiometric ratios are constant, the influence of natural
biological processes on the DIC can be removed by creating a new variable, C*, as described in
Gruber et al. (1996) following the principle described earlier (Brewer, 1978; Chen & Millero,
1979). Since C* removes the carbon originating from biological processes, it captures air-sea gas
exchange, including Cann uptake (Clement & Gruber 2018). In a review paper, it was concluded
that in most cases the differences between the C* approach and the original DIC-based Chen
approach were rather small (Sabine and Tanhua, 2009). C* is computed from measured DIC, TA,
and oxygen (Gruber et al., 1996):

« 1

C* =DIC — 10,0, — 5 (TA + 7.0,0,) (D)

where the stoichiometric ratios of P:N:C:O used in this study are 1:16:117:170 (Anderson &
Sarmiento, 1994).

Step 3, choice of variables and combinations of regression. Several studies have shown that the
results of the eMLR method are still sensitive to the selected predictors (i.e., Friis et al., 2005;
Woosley et al., 2016). However, there are no universal criteria for which and how many variables
should be used. Usually, variable selection is determined by assessments of the statistical fits, data
availability, and data quality (Sabine et al. 2008). Salinity and temperature are used to characterize
the physical properties in almost all research to date, while the majority of differences lie in the
selection of nutrients (such as nitrate, silicate or phosphate), oxygen (or AOU), or TA to
characterize the biological properties (Table S2). Here, we chose temperature (T, or potential
temperature 0), salinity (S), neutral density (y, or potential density ), AOU, nitrate (N), silicate
(S1), phosphate (P), and TA as possible predictors to establish the multiple linear regression (MLR)
equation. The simple (Pearson) correlation coefficients between these variables were calculated to
check the independence (see Additional Supporting Information:
ASI correlation _coefficients.xlsx). We selected 11 best combinations of regression according to
multiple and partial correlation coefficients as well as Root Mean Square Error (RMSE) from more
than 100 combinations. In previous studies, some prefer to choose temperature as a predictor, while
others prefer to use potential temperature; a similar situation also exists in neutral density and
potential density. In our work, both of temperature and potential temperature (neutral density and
potential density) were used to test which one is better. We did not find much difference between
these choices when using them as predictors in MLR (see Additional Supporting Information:
ASI correlation_coefficients.xIsx). The best choice of variables that can be used in the multiple
linear regression function are given in Table 2. The mean ACanm based on these combinations
(Table 2) of predictors for the regressions were used for the final ACanm (Carter et al. 2017, 2019;
Gruber et al. 2019a).

Table 2. Predictors used in each of 11 regressions.
Regression. # T (0) S Y (o) AOU N Si P TA
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1 v v v Vv v

2 v v v v v

3 v v v v

4 v v v v

5 v v v v

6 v v v v v

7 v v v v v

8 v v v v
9 v v v v
10 v v v v
11 v v v v

In addition, we used the “robust” multiple linear regression (Carter et al., 2017) instead of the
“stepwise” regression (Wanninkhof et al., 2010; Woosley et al., 2016). Robust regression can
eliminate outliers by iteratively re-estimating the regression coefficient after assigning a small
weight to the measured value with large residual, so as to minimize the influence of outliers on the
regression (Carter et al., 2017).

In the end, the general form of the equation fit to data is as follows:

C*(t)=A+B-P,+C-P,+D-P;+ -+ Residuals (2)
where A is the intercept, and B, C, D ... etc. are the MLR coefficients, P, P,, Ps, ... P, are selected
predictor variables (e.g., T, S, v, AOU, TA, and nutrients). And the residuals are the difference
between the observed C* and the fitted one (Table 2). The part of changes in biology and physics
are corrected by the multiple linear regression equations. Additionally, the C* further reduce the
impact of biological processes. Then, the anthropogenic CO> change ACanm(t2 — #1) was estimated
by subtracting the coefficients of the two fits and selected predictor variables of the later observation:

AConen(t; =) = (A2 —A)) + (B —By) P+ (C; —C) - P, + (D, — Dy) " Py + - o)

As no TA data exists in the 1992 A10 survey, a slightly different variable, C* (C" = DIC —
Tc.0,02, Carter et al., 2017) was used instead to establish the MLR for A10 (They are compared in
the Appendix A). Additionally, since measurements of phosphate during the 2011 A10 survey
were suspect from station 64 to 112 (~21°W-46°W), regressions with phosphate and TA were not
used. Finally, the mean ACann from a combination of regression 1, 3, 5, 6 was used for the final
ACanth along A10 between 1992 and 2011. In order to make the ACanm along A10 comparable in
different time periods, we used the same treatments to estimate ACanth along A10 between 1992
and 2003 and that between 2003 and 2011.

RMSE and residuals were used as eMLR error statistics, and thus helped to determine the best
combinations and examine the uncertainty of the ACaun estimation (see Additional Supporting
Information: ASI RMSE residuals.docx). The mean RMSE in our MLR fits ranged from 2.9 to
4.3, with higher RMSE in SW and lower RMSE in the deep and bottom waters. The average
residual of all 11 regressions for each cruise between the predicted and calculated C* based on
observations mostly ranged from -0.69 to 0.22 pmol kg™!. Our statistic errors were similar to or
slightly improved over previous studies (Lee et al., 2003; Murata et al., 2008; Wanninkhof et al.,
2010; Woosley et al., 2016).

3.2 ACant Estimation in the Mixed Layer
Past studies have shown that MLR and eMLR approaches are not suitable for the mixed layer
waters (Sabine et al., 2008) for the following two reasons: they are strongly affected by seasonal
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physical and biological processes and the exchange rate of CO» between seawater and atmospheric
is relatively slow (~1 year). The depth of the mixed layer in the South Atlantic Ocean has a strong
seasonal variation. The Mixed Layer Depth (MLD, Holte et al., 2017) is shallower in summer, and
deeper in winter. The depth of summer mixed layer along A16S ranges from 16 meters to 61 meters
and the depth along A13.5 ranges from 16 meters to 70 meters (Figure S1). The anthropogenic
CO; change in the mixed layer (upper 50 m) was estimated based on Carter et al. (2017), assuming
sea surface pCO» increase follows the atmospheric increase. We also confirmed that the sea surface
pCOz increase rate is similar to the atmospheric pCOz increase rate in the South Atlantic Ocean
(Figure S2, Table S3). The calculation had the following five steps: (1) calculate pCOx(#.) of the
later occupation based on TA(z,), DIC(z2), and carbonate constants (Dickson & Millero, 1987); (2)
determine the increase in annual mean atmospheric pCO> (ApCO2) between the two occupations
according to the Mauna Loa observatory record (Keeling, 1986); (3) set pCOx(t1) = pCOx(t2) -
ApCOz; (4) calculate DIC’(,), using the TA(#2) and pCOx(#1) assuming no further anthropogenic CO>
uptake between the two occupations; (5) then, the anthropogenic CO; increase is equal to the
difference between the measured DIC(#,) and estimated DIC’(¢,) from step 4, or ACantn = DIC(22) -
DIC’(%2). Note that despite its large uncertainty, ACann in the mixed layer is only a small part (<0.03%)
of the total ACanwm inventory.

3.3 Column Inventory Change and Total Inventory Change of Cann
The column inventory of ACanm (umol m?) was estimated by integrating the gridded ACan
from the surface down to a specific depth, following Tanhua & Keeling (2012).

Column inventory change = fii’;t:w ACynin X Tho dz 4)

where AC,,,+1 1s the vertically interpolated anthropogenic carbon concentration change, rho is the
density at in situ temperature and pressure.

Total inventory change of Cann was calculated by averaging the column inventory change over
meridional bands and multiplying by volume of water in that band (Woosley et al., 2016). The
volumes of the South Atlantic Ocean can be found in Gruber et al. (1998) and Lee et al. (2003).

4. Results
4.1 Water Properties and their Decadal Changes

The spatial patterns of seawater properties are indicative of the large-scale water masses and
their transport, and thus, they provide important context in explaining the spatial distributions of
Canth changes. The large-scale features along transect A16S were described in previous studies
(e.g., Tsuchiya et al., 1994; Lee et al., 1997; Wanninkhof et al., 1999; Wanninkhof et al., 2010;
Talley, 2011; Woosley et al. 2016) but the water properties in the eastern South Atlantic basin
(along A13.5) have rarely been described. Here we compared the meridional depth profiles of
water properties observed along A13.5 (2010) and A16S (2013). Salinity, AOU, nitrate, DIC, and
CFC-12 were chosen to represent physical, biological and anthropogenic processes. Generally
speaking, the main water property differences between transects A13.5 and A16S (Figure 2) were
located in the mode and intermediate waters. Differences were also found in the deep and bottom
waters (below 4000 m) in the tropical and subtropical region (north of 30°S). Similar results are
also seen in the gridded differences between A16S and A13.5 in Figure S3, where the data were
gridded on a 1° by 50 m grid with an inverse distance weighting (IDW) scheme (Wanninkhof et
al., 2010) using a Matlab function.
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Along both meridional transects, a low salinity tongue originated from surface at about 45-55°S,
and then transported northward centered at about 1000 m and extended to the equator (Figure 2a
& 2b). The low salinity region at the surface is indicative of the AAIW outcrop location, and the
low salinity tongue represents AAIW, which is an important pathway for Cant input into the ocean
interior (Brewer, 1978). The fresh-water tongue in the intermediate water was more northerly
along A16S than A13.5. The water mass was also fresher along A16S than A13.5 in the deep and
bottom waters (north of 30°S and below 4000 m), that is, the low salinity waters in the AMOC
lower cell extends northward along the bottom Cape Basin to as far as 30°S where it meets the
Walvis Ridge.

AOU and nutrients are important indicators of biological processes. The highest AOU along
both A16S and A13.5 were shown in the tropical region (around 10°S) at the subsurface layer
(200-1200m) (Figure 2¢ & 2d). But the high subsurface AOU was higher and extended closer to
the surface and further north along A13.5 (Figure 2d) than A16S (Figure 2c). Similar to AOU,
nitrate (Figure 2e & 2f) was higher along A13.5 than A16S in the mode and intermediate waters,
likely as a result of more accumulation of metabolic signals over slower and longer water transit
time in the former. In addition, in the northeastern South Atlantic Ocean, a cyclonic upwelling
region (Wacongne and Piton, 1992) was formed and had a large biological productivity, thus
resulting in a large subsurface tropical oxygen minimum layer and nitrate maximum (Mercier et
al., 2003). Finally, DIC showed close similarities with AOU and nitrate, because that the process
of controlling AOU and nitrate also affected the distribution of DIC. DIC was higher in the
subtropical intermediate water where AOU and nitrate had maxima. However, nitrate, AOU and
DIC were lower along A13.5 than A16S in the bottom waters north of 30°S, indicating more
northward water mass expansion in the latter.

Transient tracers such as the chlorofluorocarbons (CFCs) are good indicators of ocean physics
and biogeochemistry processes (Fine, 2011). CFC-12 dissolve into the surface layer of the ocean
and are subducted into the inner ocean during the outcrop events. It is a good tracer to trace
anthropogenic signal from the atmosphere. CFC-12 was high at high latitude (48-60°S) near
surface, and then it decreased with waters subducting downward and northward. Besides, high
CFC-12 concentrations along both A16S (Figure 2i) and A13.5 (Figure 2j) were mainly shown in
the upper 2000 m, which imply that Canm absorbed from outcrop regions during outcrop events
entered the upper ocean along the pathway of subduction. Combined with salinity pattern, new
AAIW in the western basin also can be recognized near 45°S by a high CFC-12 tongue, spreading
northward to approximately 35°S, then turning eastward and entering into subtropical gyre
(Messias & Laurent, 1998). Consistent with the observed biogeochemical tracers, the CFC-12
signal was also stronger along A16S than A13.5 in the subsurface layer near the tropical region
(south of 20°S). Finally, relatively high CFC-12 concentrations were observed in the AABW along
A16S in particular near the Falkland Escarpment, indicating that the AABW spreads widely in the
Argentine Basin (Mémery et al., 2000). In contrast, the A13.5 transect displays a weak CFC-12
distribution in the bottom. However, a slightly higher CFC-12 can be found near the equator at the
bottom (Fig. 2j), implying bottom water and deep water across the Mid-Atlantic Ridge through the
Romanche Fracture Zone (Arhan et al., 2003).

Figure 2. Vertical distribution of (a) & (b) salinity, (c) & (d) AOU, (e) & () nitrate, (g) & (h)

DIC, and (i) & (j) CFC-12 along transect A16S (5°S-60°S) during 2013 Dec 23 — 2014 Feb 05
(left), and along transect A13.5 (5°N-55°S) during 2010 Mar 08 - Apr 18 (right). The
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background shading in Figure 2i and 2j denote logio(CFC-12), while the contours represent the
values of CFC-12 concentration.

Decadal changes of water properties are also indicative of the physical and biogeochemical
variations over time, and they can be used to explain the temporary variations of Cann changes.
The variation of water properties in the upper mixed layer is influenced by short-term seasonal
variability. Below the winter mixed layer, the water properties are mainly affected by changes in
circulation, ventilation, and remineralization of organic matter on annual to decadal time scales
(Wanninkhof et al., 2010; Woosley et al., 2016). Changes in the above water properties between
2010s and 1980s (about 25 years apart) for the transect A13.5 and A16S were analyzed by
subtracting the gridded data of the earlier cruises from the later ones (Figure S4). Significant
changes occurred in the tropical region within the surface and intermediate waters, which were in
good agreement with Wanninkhof et al. (2010) and Woosley et al. (2016). Among them, DIC
increased along most of the A16S (Figure S4g) and A13.5 (Figure S4h) transect, except at 1000-
2000 m from 5-30°S along the A13.5 transect. CFC-12 differences in the South Atlantic (Figure
S4i & S4j) showed the large-scale downward and equatorward penetration from high-latitude
regions. There were large increases in CFC-12 concentrations (~1 pmol kg ! over 20 years), which
reached deeper depths near the subtropical gyre (25-45°S) due to SAMW and AAIW formation in
the South Atlantic Ocean. Relatively high CFC-12 differences between the two decades along
A13.5 (Figure S4j) were persistently closer to the surface compared with that along A16S (Figure
S41), indicating deeper penetrate along the A16S.

4.2 Spatial distributions of ACanth

Anthropogenic CO; uptake and storage increased along all three transects in the South Atlantic
Ocean over the period with two common features (Figure 3). First, high ACann was detectable in
surface and near surface waters. Second, ACanth penetrated to deeper depths in the subantarctic and
subtropical oceans and was limited to shallower depths in the tropical oceans.

For the two meridional transects A16S and A13.5, the ACanm spatial patterns reflected the
underlying sources from both air-sea interaction and water mass transport. High ACan (more than
10 pmol kg! decade™) extended from the surface down to a depth of 800 m from subantarctic
region (around 45°S) to tropical region (around 15°S) along A16S (1989-2013) (Figure 3a), which
is comparable with the ACanm pattern in Woosley et al. (2016). In contrast, while ACan Was also
high in the upper layer along A13.5 (1983-2010), it was lower than that along A16S (1989-2013)
in water masses below the SAMW. ACanm along A13.5 from the surface down to 1000 m around
25-45°S was about 5~ 12 umol kg'! decade™! and was limited to the upper 400 m around the region
north of 18°S (Figure 3b), which is similar to the Cann pattern along A14, another transect in the
eastern basin (Rios et al., 2003). The meridional distribution pattern of the Cann uptake and storage
changes in the eastern basin along A13.5 were much less in the tropical region and were shifted
more toward the subtropical and subantarctic regions. In contrast, in the western basin along A16S,
subsurface water in the subtropical and tropical regions had the highest ACanh. The deepest and
largest Cantn increase occurred around 30-45°S in both sides of the Mid-Atlantic Ridge, but
penetration was deeper in the western basin than in the eastern basin during this period.

Below 2000 m, ACanth Was low along A13.5 (~ 1 umol kg™! decade™, Figure 3b). In contrast, a
high ACanm signal of ~ 3 umol kg!' decade™! was clearly seen in the LCDW and AABW along
A16S (Figure 3a). Wanninkhof et al. (2010) also observed an increase in ACantm of 3 to 4 pmol kg~
!'in the AABW along A16S from 1989 to 2005. The increased ACant in the deep and bottom waters

11



457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500

was likely a result of the deep ventilation pathway, a conclusion supported by the finding of
relatively high CFC-12 concentrations there. Rios et al. (2012) also reported that the AABW in
the western basin of the South Atlantic contained higher ACanm than that in the upper layer of
AABW (1.5 vs. 0.8 umol kg! decade™!). In our study, CFC-12 (Figure 2i & 2j) was used as an
evidence to support the transport of surface water into the ocean interior and support a higher
ACanth in the AABW along A16S than A13.5.

The zonal transect (A10) was used to further examine the west-east differences in Can change
here as it crosses both A16S and A13.5 and has been used in the past to provide a basin-wide
spatial variation of ACan (i.€., Murata et al., 2008; Woosley et al., 2016). Vertically, ACann along
A10 between 1992 and 2011 was high in the upper 1000 m depth layer compared to the deeper
depths (Figure 3c). Meanwhile, the ACanm was slightly (about 1 pmol kg™! decade™!) higher west
of 20°W than east of 20°W in the upper 500 m. However, the distribution of ACanh Was quite
uniform from west to east below 500 m, except a lower ACanth towards the eastern end. The nearly
parallel isopycnals suggested Cann Within the water mass was transported along the isopycnal
layers and was not ventilated. A10 crosses A16S and A13.5 along the 30°S at 25°W and 0°,
respectively (the dashed lines in Figure 3). The ACann values at the crossover locations were not
greatly different. Therefore, our work suggests that transect A10 only minimally reflects the zonal
spatial differences of the South Atlantic Ocean. The eastern versus western basin contrast will be
better reflected by a complete comparison of A13.5 to A16S at all latitude bands.

Figure 3. Anthropogenic CO» changes along (a) A16S (1989-2013), (b) A13.5 (1983/84-2010)
and (c) A10 (1992-2011). The white lines in Figure 3a, 3b and 3c depict neutral density
isopycnals along A16S (2013), A13.5 (2010) and A10 (2011), and separate characteristic water
mass layers. The gray dashed line in Figure 3a and 3b indicates the latitude of zonal transect

A10, while the gray dashed lines in Figure 3¢ indicate the longitudes of meridional transect
A16S and A13.5.

4.3 Decadal differences in ACanth

The above A16S and A10 calculations of ACanm used the differences between 1989 and 2013
and 1992 and 2011, respectively (Figure 3). We also used two midpoint cruises to explore ACanth
on shorter time scales and observe possible changes between the earlier and later periods. However,
there was no mid-point observation for A13.5. Overall, ACanh was higher in the more recent time
period compared to the older one. For transect A16S, ACant increased significantly in all water
masses except for NADW for 2005-2013 (Figure 4a) compared to 1989-2005 (Figure 4b). The
increase was largest (> 5 pmol kg decade) north of 50°S and in the upper 800 m. The
highest ACant along A16S (2005-2013) was up to 15 pmol kg decade™ in the upper 400 m
approximately from 45°S to 15°S, and high ACant (~ 8~ 12 umol kg™ decade™) penetrated roughly
along 27.23 kg m? isopycnal (boundary between the SAMW and the AAIW) from the surface near
50°S down to 1000 m near 25°S. However, high ACanm (~ 10 pmol kg!' decade™) along A16S
(1989-2005) was mainly located north of 42°S and in the upper 500 m. For ACant along A10, the
increase from 1992-2003 to 2003-2011 was mostly in the upper 700 m (Figure 4c and 4d). A small
west-east difference existed along A10 (2003-2011), with a nearly constant change to a depth of
700 m. ACant along A10 (1992-2003) showed a different pattern in the upper 500 m, where the
west part clearly contained more ACanh than the east. Interestingly, the high ACanm along A10
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(2003-2011) was confined within the SW and SAMW (<27.23 kg m™ isopycnal) but ACant along
A10 (1992-2003) extended into the AAIW (<27.5 kg m™ isopycnal).

Figure 4. Anthropogenic CO> changes along (a) A16S (2005-2013), (b) A16S (1989-2005), (c)
A10 (2003-2011) and (d) A10 (1992-2003). The gray dashed line in Figure 4a and 4b indicates
the latitude of zonal transect A10, while the gray dashed lines in Figure 4c and 4d indicate the
longitudes of meridional transect A16S. The white lines depict neutral density isopycnals and
separate characteristic water mass layers.

4.4 Column Inventory Changes Along Transects

Water column inventory of anthropogenic CO; increase is an important quantity reflecting the
total amount of ACan in a region from both local atmospheric input and net lateral transport. Since
changes in Canth Were mainly in the top 2000 m, here we focus on the column inventory changes
in the upper 1000 m and 2000 m layers (Figure 5). Column inventory changes from the surface to
the bottom (~ 6000 m) are given in Figure S5. The following features emerged from this analysis:
(1) ACanth column inventory was substantially higher along the A16S than A13.5 (red vs. black
lines). (2) There were clear meridional variations in the ACanh inventory distribution with the
highest water column inventory change in the subantarctic and subtropical regions. (3) Decadal
ACanth inventory increases accelerated from the 1990s to the 2000s.

The column inventory changes of Cant from the 1980s to 2010s showed a similar meridional
pattern for A16S and A13.5, (Figure 5a, red lines and black lines, respectively), which increased
from high latitude (~ from 55°S to 40°S), peaked at 30-40°S, then decreased to the equator. The
mean upper 2000 m column inventory change was 0.91+0.25 mol m? yr! and 0.57+0.22 mol m™
yr'!, respectively, for A16S (2005-2013) and A13.5 (1983-2010). The column inventory change
was about 0.34+0.15 mol m™? yr'! higher in the western basin (A16S) than the eastern basin (A13.5)
within the upper 2000 m. The largest west-east difference occurred at low latitudes, and then
gradually decreased toward higher latitudes (Figure 5a). However, the differences in the column
inventory changes in the upper 1000 m along the two transects were relatively small, especially in
the region south of 25°S (Figure 5a, red dashed lines vs. black dashed lines). Thus, A16S contained
more ACanth than A13.5 mostly in the depth between 1000 and 2000 m. For the zonal transect A10
(1992-2011), the mean column inventory change (0-2000 m) was 1.04+0.15 mol m? yr'!, as it
crosses roughly the highest locations of ACanm in both A16S and A13.5. More importantly, Cant
column inventory change along A10 showed only a very limited west-east contrast.

The annual column inventory change rate along A16S between 2013 and 2005 (Figure 5a) was
much higher than that between 2005 and 1989, in agreement with an increase in the atmospheric
CO> growth rate (https://gml.noaa.gov/ccgg/trends/gr.html). During both periods, the largest
increases in annual Caneh column inventory changes (about 0.78 mol m? yr'!) were located at mid-
high latitudes (30-50°S), then the increase gradually decreased towards higher or lower latitudes
(Figure 5a, Table S4). Wanninkhof et al., (2010) estimated an average uptake rate of 0.76+0.2 mol
m2 yr'! for A16S (south of 15°S during 1989-2005), which is in good agreement with our average
of 0.76+0.25 mol m yr'! for the top 2000 m (Figure 5a, green solid line) during the same time
period. The mean Canth column inventory change in the upper 2000 m for A16S (2013-2005) was
1.24+0.37 mol m yr'!, which was higher than the previous decade. Similarly, the ACant column
inventory along the zonal transect A10 went through the parallel decadal variation. The column
inventory change rate along A10 was higher during the 2000s (2003-2011) than the 1990s (1992-
2003). The ACann difference along A10 between the two periods were mainly located in the
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western part (west of 20°W) for the top 2000 m (Figure 5b, blue dotted line vs. green dotted line).
Murata et al. (2008) estimated an average uptake rate of 0.6+0.1 mol m yr'! for the entire section
A10 between 1992/1993 and 2003, while the average rate between 2003 and 2011 estimated by
Woosley et al. (2016) is 0.83+0.1 mol m yr'!. Our values in the upper 2000 m are 1.11+0.22 mol
m2 yr'! (2003-2011) and 0.99+0.12 mol m? yr! (1992-2003), which are somewhat larger than the
values from these two studies.

Figure 5. Column inventory of ACanm along (a) A16S and A13.5, (b) A10 for each time period in
the top 2000 m and 1000 m.(c) Mean column inventory change for the top 2000 m as observed
from A16S, A13.5 and A10 during different time periods, standard deviation is shown as vertical
bars with matching colors along the right axes. Note that small column inventory changes around
55°S along A16S in Figure 5a is due to shallow bathymetry.

5. Discussion
5.1 Basin-wide Total Inventory Change in the South Atlantic Ocean

The total inventory of ACanm in the Atlantic Ocean have been reported in previous studies,
mostly based on combined Atlantic database during their study periods (e.g. Gruber, 1998; Lee et
al., 2003; Touratier & Goyet, 2004; Vazquez-Rodriguez et al., 2009; Peng & Wanninkhof 2010)
or repeat transects of A16 (Wanninkhof et al., 2010; Woosley et al., 2016). However, to our
knowledge, there is no previous study published on decadal Cann change for the entire repeat
occupations of A13.5 and the basin wide inventory based on both A16S and A13.5.

Extrapolating column inventory changes from one or a few sections to the whole basin may
lead to significant uncertainty, because of limited observations, spatial-temporal variation of ACanth,
and methodological challenges. Earlier, it was suggested that A16 (both the north and south
transect) could be used to provide a good estimate for the entire Atlantic Ocean from the Arctic to
the Antarctic (Wanninkhof et al., 2010; Talley, 2011). However, there are significant west-east
ACanm variability in the South Atlantic Ocean as is demonstrated here. Thus, A16S may not be
representative for the entire South Atlantic Ocean. To evaluate this issue, we used both A16S
(western basin) and A13.5 (eastern basin) and compared this to that using only A16S (Table 3).
The total Cannm uptake in the South Atlantic Ocean (0-6000 m) from the 1980s to the 2010s
estimated from the sum of the western basin and eastern basin was 27% lower than that based on
only A16S (3.86 vs. 5.27 Pg C decade™). Thus, past publications may have overestimated the total
Canth uptake rate based on A16S only in the South Atlantic Ocean. Moreover, our total inventory
change value estimated by both A16S and A13.5 in the South Atlantic Ocean is very close to the
most recent value provided by Gruber et al. (2019) (3.86 Pg C decade™ between the 1980s and the
2010s vs. 5.9 Pg C between 1994 and 2007 or 4.2 Pg C decade™). It is also demonstrated that using
both A16S and A13.5 to represent the total inventory in the South Atlantic Ocean is better than
using A16S solely.

Note if we use only A16S to represent the entire basin, it appears that we would derive a total
inventory change higher than that of Woosley et al. (2016) (e.g., 7.02 vs. 4.0 Pg C decade™!
between 2005 and 2013) during the same period (Table S5). This is mainly because our column
integration (0-6000 m) included ACanm in the deep and bottom waters, which have ACanm of about
3 umol kg! decade!, while their integration stopped at ACann = 3 pumol kg™!. This choice results
in our column inventory change to be about 0.7 mol m™ yr'! higher than that integrated from the
surface down to 2000 m (Figure S5, Table S4). If we use the mean column inventory along A16S
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in the upper 2000 m to estimate the total inventory change, we get a total inventory change in the
South Atlantic Ocean very close to that of Woosley et al. (2016) (4.0 vs. 4.0 Pg C decade™).

Table 3. Total inventory changes of Canin (Pg C decade™) (0-6000 m) for each 10° latitude band
in the South Atlantic Ocean between 1980s and 2010s.

Latitude band Total Inventory Change
West (A163) East (A13.5) Summary Use only A16S ?
0°S - 10°S 0.40+0.01 0.16:£0.002 0.56:+0.01 0.87+0.02
10°S - 20°S 0.47+0.02 0.12+£0.006 0.59+0.02 0.90+0.05
20°S - 30°S 0.52+0.03 0.13+£0.007 0.65+0.03 1.00£0.05
30°S - 40°S 0.54+0.02 0.30+0.012 0.84+0.02 1.04:0.04
40°S - 50°S 0.63+0.03 0.21+£0.034 0.84:+0.04 1.03+£0.05
50°S - 60°S 0.31£0.13 0.06+£0.007 0.37+0.13 0.43+0.18
Total South Atlantic 2.87+0.14 0.99+0.03 3.86+0.14 5.27+0.20

Note. ®In the last column, A16S-based western basin results are extrapolated to the entire South
Atlantic Ocean.

Finally, our results show that the decadal inventory changes over 10° latitude bands indicated
ameridional pattern, similar to that reported by Wanninkhof et al. (2010) and Woosley et al. (2016)
(Table 3). This meridional pattern was also in accord with the pattern of total inventory from
Touratier & Goyet (2004), Lee et al. (2003), and Gruber (1998). Higher decadal inventory changes
occurred in the middle latitudes (20-50°S), whereas they were minor in the low (0-20°S) and high
latitudes (50-60°S). The column inventory changes over 10° latitude bands between A16S and
A13.5 (Table S4) showed that the smallest difference was at 50-60°S and the largest difference
was at 10-20°S. However, the total inventory changes over 10° latitude bands between western
and eastern basins (Table 3) showed that the largest difference at 40-50°S, followed by 20-30°S,
partly influenced by the volume difference in the eastern and western basins (Table S5). The total
inventory changes in the western South Atlantic basin increased for all six latitude bands from the
1990s to the 2000s (Table S5). The largest increase occurred between 40-50°S, followed by that
between 30 and 40°S. The decadal inventory changes had larger uncertainty at high latitudes.

5.2 Spatial Difference of ACann in Characteristic Water Masses

In the South Atlantic Ocean, the greatest ACant Was observed in the surface and upper layers,
consistent with the expectation since anthropogenic CO; came from the sea surface exchange with
the atmosphere. There exists an upwelling region caused by strong westerlies south of the PF
(around 60°S; Marshall & Speer, 2012) in the South Atlantic Ocean (Figure S6). The upwelled
water with high DIC (Figure 2g & 2h) reaches the surface, is modified by biology, before being
transported northward and subducted along AAIW and SAMW. The northward waters, which are
part of the AMOC upper cell (Figure 1b), are exposed to the atmosphere in a region with high
wind speeds (Figure S6), allowing for quicker air-sea CO exchange (Figure S7), leading to higher
uptake fluxes and absorption of Cant. Therefore, high ACanm 1s perceptible in the surface and upper
layers due to oceanic CO; uptake at the air-sea interface and transport into ocean interior associated
with the formation and subduction of SAMW and AAIW. However, there were regional
differences in ACann on the two sides of the Mid-Atlantic Ridge, and ACann differences along
A13.5 and A16S varied differently in each layer (Figure 3).

In the SW, the mean ACant values of both A16S and A13.5 were similar and mainly clustered
around 10 pmol kg™ decade™ in the subantarctic and subtropical region (~20-40°S) (Figure 6a).
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This is firstly because of the active coupling of Cann to air-sea CO> exchange, and secondly our
assumption of the sea surface pCO; increase following the atmospheric increase to estimate ACanth
in the mixed layer. However, air-sea CO. flux along A16S (Figure 7a) is about 1 mol m? yr'!
stronger than that along A13.5 (Figure 7b) south of 30°S, that is, the western basin takes up more
CO2 than the eastern basin in this region (Figure S7). What is more important is that Cann absorbed
by surface water does not stay for a long time but is then transported into ocean interior by
ventilation, resulting in the similar ACann values in the surface water. In addition, the air-sea carbon
flux along A16 and A13.5 experienced the same fluctuation from 1980s to 2010s.

The most significant AC.un differences along A16S and A13.5 appeared in the SAMW and
AAIW. In the SAMW, ACanm was higher from 35°S to the equator along A16S than that along
A13.5 (7.06£1.05 vs. 4.44+2.70 umol kg! decade™ in Figure 6¢). The largest ACum difference
between the two transects occurred nears 20°S, with the west side having ACanm more than twice
of that of the east side. The ACan difference in the AAIW (Figure 6e) between A13.5 and A16S
was evident at almost all latitudes (north of 50°S). Average ACann Was 2.344+2.03 umol kg™! decade”
Valong A13.5 and 5.49+1.12 umol kg™ decade ™! along A16S. The SAMW is formed by deep winter
convection around the SAF (Figure 1b). It initially moves with the Malvinas Current (Figure 1a)
and subducts northward. At the same time, this thick and homogeneous SAMW is advected
eastward along the SAF into the subtropical gyre (Figure 1a). The AAIW is originated in the Drake
Passage region (50-60°S, Figure la), formed through the Ekman transport process and the
divergence and convergence of water masses. AAIW is advected eastward away from the
Malvinas-Brazil Current confluence. Then after entering the South Atlantic Current (Figure 1a), it
plunges downward to just beneath the thermocline in the subtropical South Atlantic. Although
SAMW and AAIW subduct in the entire basin, the mean subduction is stronger in the western
basin than eastern basin (Sallée et al., 2010). Thus, a relatively large amount of surface water with
more Canth 18 transported to the subtropical pycnocline, resulting in larger Cant in the western basin.
The depth and thickness of SAMW in the South Atlantic western basin are larger than those in
eastern basin (Feucher et al., 2019, Figure S8a and S8b), which also implies mode water is
dominated in the western basin. And a low PV along A16S (Figure S8c) ranges from 30°S to 40°S
at the depth of 180-400 m implies the core of SAMW along A16S, which does not exist along
A13.5 (Figure S8d), also indicating that mode water is obviously in the western basin. The fact
that SAMW and AAIW advect eastward along the SAF and ventilate more recently in the western
basin (Murata et al., 2008), implies that these water masses are younger in the western basin than
eastern basin (see Figure 21 & 2j, where CFC-12 concentration along A16S is higher than A13.5).
In addition, cumulative transport cross 35°S also illustrate that transports in the west part are larger
than that in the east part (Dong et al., 2009). As a result, more Canth must be transported northward
in the western basin. In summary, mode and intermediate water in the western basin contain more
recent and higher Cann than that in the eastern basin.

ACanth Was also much lower along A13.5 than A16S in the tropical region, especially in the SW,
SAMW and AAIW. This is because mode water and intermediate water carrying Cant cannot
effectively move northward, due to the blockage of water mass transport by the central African
continent. The low salinity tongue (Figure 2a & 2b) also implies water mass transport less
northward along A13.5 than A16S. Thus, the rate of northward movement of the subsurface waters
in the eastern South Atlantic basin is slower than that in the western South Atlantic basin, resulting
in less accumulation of Cann. This slower water mass movement is also consistent with more
accumulated biological signals such as higher AOU and nitrate maxima in the eastern part of
SAMW and AAIW (Figure 2d & 2f). This is also consistent with the CFC-12 distribution (Figure
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21 & 2j). The CFC-12 signal was lower along A13.5 than A16S in mode and intermediate waters
in the subtropical region, indicating older waters (Figure 2j). In addition, the current system
affected by the local topography plays an essential role in regulating the distribution of Cane. For
instance, the upwelled waters at the Angola Dome with large biological productivity (Talley, 2011)
also have consumed CO», probably resulting in the low Canm in this region. The presence of the
southward flowing western boundary current enables the water and its Cann signal to penetrate
deeper in the western basin compared to the eastern half of the basin in the South Atlantic Ocean
(Wanninkhof et al., 2010; Rios et al., 2010; Vazquez-Rodriguez et al., 2009).

In the UCDW, ACumn ranged from 2.55+1.09 to 3.89+0.95 pmol kg™ decade™ along A168S,
while it was lower and varied from 1.00+0.38 to 2.46+1.11 umol kg™' decade™ along A13.5 (Figure
6g). ACan was about 1-1.7 pmol kg decade! higher along A16S than A13.5 over the entire
transect from south to north in LCDW and AABW (Figure 61). The existence of a substantial
amount of ACann in the deep and bottom waters (UCDW, LCDW and AABW) along A16S but
likely not along A13.5 is also consistent with CFC distributions along the two transects. It appears
that in the South Atlantic, a major location of forming the densest Antarctic waters from brine
rejection is in the Weddell Sea, leading to Can from air-sea CO> exchange sinks into the bottom
water through vertical mixing. The deep gap in the South Scotia Ridge allows AABW with Cant
to flow northward. When it crosses the ACC, it extends north into the western South Atlantic,
reaching the Brazil Basin (Talley, 2011; Abrahamsen et al., 2019). But the AABW cannot readily
enter into the eastern South Atlantic basin due to the complex topography. Only a small amount
of AABWs can eventually enter into the Cape basin through the Namib Col in the Walvis Ridge
along southeastward flow and transport across the Mid-Atlantic Ridge though the Romanche
Fracture at the equator along the eastward flow (Hogg & Thurnherr, 2005). Consequently, the
western South Atlantic has a deep anthropogenic CO» invasion below 2000 m while this process
hardly happens in the eastern basin.

In summary, more Caun was transported to depth through the subduction of mode and
intermediate waters in the western basin than the eastern basin, due to a stronger ventilation in the
western basin than the eastern basin and the difference in circulation transport. ACaunm Was also
slightly higher (~1-2 umol kg™! decade™) in the deep and bottom waters of the western basin than
that of the eastern basin, due to topographic limits that prevent the bottom water containing Canth
enter into the eastern basin.

Figure 6. The mean decadal anthropogenic CO- change (+1 Standard Deviation) along transect
A13.5 and A16S (left), and A10 (right) over 5 latitude bands for each layer, (a) & (b) SW, (¢) &
(d) SAMW, (e) & (f) AAIW, (g) & (h) UCDW, and (i) & (j) LCDW+AABW.

Figure 7. Time-series of air-sea CO; flux along (a) A16S, (b) A13.5 and (c) A10.
* Monthly gridded sea surface pCO> product (Landschiitzer et al., 2020) was matched by the
longitude and latitude for each cruise. Positive air-sea CO» flux means ocean is carbon source,
negative air-sea CO: flux means ocean is carbon sink.

5.3 ACanm Increase Accelerated from the 1990s to 2000s

In addition to the spatial difference between the two basins, data from the multiple cruises along
A16S and A10 also revealed decadal variations. Past studies have shown substantial decadal
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variations in the anthropogenic CO» uptake rates in various parts of the world ocean (i.e., Sabine
et al., 2008; Wanninkhof et al., 2010; Woosley et al., 2016; Carter et al., 2017).

The decadal Cant increase or ACann accelerated from 1990s to 2000s along both A16S and A10.
As a result, the mean column inventory change increased along A16S for the top 2000 m from
0.76 mol m? yr'! during 1989-2005 period to 1.24 mol m™ yr'! during 2005-2013 period (Figure
5a & 5¢). The mean column inventory change also increased slightly along A10 from 1992-2003
to 2003-2011 (Figure 5b & 5c). Decadal acceleration of ACanm Was in a good agreement with the
atmospheric CO; increase rate and air-sea CO; flux variations. Atmospheric CO> increased from
353.1 ppm in 1989 to 379.8 ppm in 2005 and 396.52 ppm in 2013, resulting in the mean increased
rate increased from 1.68 ppm yr'! during 1989-2005 period to 2.11 ppm yr!' during 2005-2013
period. Net air-sea CO> exchange affects the oceanic CO; absorption in the ocean surface layer,
and via the subsequent transport in the ocean, will directly affect the basin-wide oceanic ACant
changes.

Vertically, decadal ACanm trends varied differently between water masses. In the SW, decadal
ACant along both A16S and A10 increased significantly from the previous to the later decade
(Figure 6a and 6b). This accelerated increase was supported by the rate of CO; uptake from the
air-sea interface as SW was the most active layer of air-sea exchange. Below the SW, decadal
ACanth along A16S (Figure 6¢, 6e, 6g & 61) in the 2000s was also higher than that in 1990s in the
subantarctic region (~25-50°S), but the decadal changes were more similar in the tropical region
(north of 20°S). Importantly, as the ocean took up more CO> in the 2000s near the outcrop regions,
the water masses then subducted and transported via mode and intermediate water formation
carrying higher CO> into the inner ocean. This transport also was observed by the CFC-12
differences (Figure S4). The outcrop regions around 45°S took up large amounts of CO; before it
subducted through mode and intermediate waters. As the subduction and northward transport rate
was high in the region approximately from 45°S to 20°S (Feucher et al., 2019), and it slowed down
at about 20°S, the decadal ACanm acceleration along A16S from the 1990s to the 2000s was most
clear south of 20°S (Figure 6).

6. Conclusions

Decadal anthropogenic CO> changes in the South Atlantic Ocean were assessed with a specific
eMLR method using data from 1980s to 2010s along two meridional transects A13.5 and A16S
and one zonal transect A10. An anthropogenic CO, increase of 3.86+0.14 Pg C decade™ was
derived using column inventory changes along A16S and A13.5 extrapolated to the entire South
Atlantic basin (0-60°S), which was consistent with past studies. The general pattern of significant
increase in ACanm appeared in SW, SAMW and AAIW above 27.23 kg m™ neutral density contour
line, caused by deep penetration associated with the formation and subduction of mode and
intermediate waters. Our ACan along both A16S and A13.5 showed that the penetration and
northward transport occurred around 25-50°S. The deepest penetration depth of ACanm mainly
reached 1000 m near 40°S along A16S, and 800 m near 32°S along A13.5, respectively.

Comparison of the transects A16S and A13.5 revealed large west-east differences: Cant uptake
rate in the top 2000 m along A16S (0.91+0.25 mol m yr'!, from 6°S to 60°S) was almost twice
that along A13.5 (0.57+0.22 mol m yr'!, from 5°N to 54°S). The ACant column inventory change
difference between A16S and A13.5 was largest at 10-20°S, and then gradually decreased to
almost zero toward higher latitudes. ACanm along A10 at 30°S also revealed west-east differences
but the differences were generally smaller than those at the other latitudinal bands.
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Vertical structure of the ACant between the two sides of the Mid-Atlantic Ridge also showed
large differences in different water mass layers. The ACann difference (A16S minus A13.5) was
about 3 umol kg™!' decade™ north of 20°S in the SW, from 35°S to the equator in the SAMW and
almost over all latitudes in the AAIW. For the deep and bottom waters (UCDW, LCDW, and
AABW), ACant Was about 1.6 umol kg™! decade™ higher along A16S than A13.5 for all latitudes.
Differences in northward transport and recent outcrop events due to the formation of SAMW and
AAIW between the western and the eastern basins were the main reasons for the ACanm differences
in SAMW and AAIW. While differences in topography accounted for deep water circulation
causing the ACann differences in the deep and bottom waters.

ACanth also increased by ~0.48 mol m™ yr'! from 1989-2005 to 2005-2013 along A16S, and by
~0.12 mol m? yr'! from 1992-2003 to 2003-2011 along A10 in the top 2000 m. ACant accelerated
for all latitudes along A16S and for all longitudes along A10 in the SW. For the meridional transect
A168S, the highest ACanm acceleration occurred at mid-high latitudes (south of 20°S) below the SW.
While for the zonal transect A10, the highest ACann acceleration occurred in the east part (east of
25°W) in the SAMW, AAIW and UCDW. Increased CO, uptake from atmosphere and the
subsequent northward transport via mode and intermediate water formation were the main reasons
account for the ACanm acceleration in the South Atlantic Ocean.

Appendix A: eMLR Sensitivity Tests and Method Comparisons

Using the strong correlation between carbon and other oceanographic parameters (Brewer, 1978;
Chen & Millero, 1979) and the repeat occupations of the hydrographic sections, the MLR method
was proposed by Wallace (1995) to estimate ACanm. Since then, many studies have made
modifications and improvements based on this method, in an attempt to improve the reliability and
accuracy of ACanm estimation. One of the most successful and recognized is eMLR approach
proposed by Friis et al. (2005), which cancels a portion of carbon fit error. However, there are
extensive comparisons and debates in the literature on using various approaches to estimate Canth
changes (Sabine et al., 2008; Wanninkhof et al., 2010; Williams et al., 2015; Quay et al., 2017;
Carter et al., 2017, 2019; Clement and Gruber, 2018). The differences are mainly in the following
three aspects: 1) how the data are divided into subsets or fit along isopycnal intervals; 2) how
biological processes are corrected, and 3) how the predictors are selected. For example, Sabine et
al. (2008) divided the cruises into different regions, Wanninkhof et al. (2010), Quay et al. (2017)
and Clement and Gruber (2018) applied eMLR approach along isopycnal intervals, and Carter et
al. (2017) used a moving window to separate data into subsets. To correct biological processes,
Sabine et al. (2008) and Carter et al. (2017) made an adjustment based on AOU changes, Clement
and Gruber (2018) used the C* as the dependent variable, and Carter et al. (2019) used the C*
instead.

Estimating Cantn using the same dataset but different methods could lead to different results.
Here, we carried out a sensitivity test for the water mass identification used in the eMLR method
and compared the specific eMLR approach presented here with alternative methods. Selecting the
appropriate water masses or isopycnal intervals is a critical step in the effectiveness of the eMLR
method. In this work, we built 11 regression equations for 5 layers containing six characteristic
water masses (SW, SAMW, AAIW, UCDW, and the combined LCDW and AABW) to estimate
Cant change. Our results were nearly identical to those from the earlier 16 regression equations
approach (Carter et al., 2017, 2019). Thus, we compared this method with other approaches using
the same predictors (0, S, AOU, Si, and N). We considered multiple (25) isopycnal intervals along
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the sigma-0, sigma-2, and sigma-4 surface (Gruber 1998; Lee et al., 2003; Wanninkhofet al., 2010;
Woosley et al., 2016), 14 isoneutral slabs (Gruber et al., 2019b), or no water mass division. In the
meantime, we also used DIC (Friis et al., 2005; Wanninkhof et al., 2010), C* (Gruber et al., 1996,
2019a), and C* (Carter et al., 2019) as the dependent variable of multiple linear regression.

In general, for both A16S (Figure A1) and A13.5 (Figure S9), all approaches lead to similar
ACant patterns. The criteria used to identify water masses impacts the ACantn estimations. The C*,
C” and DIC results of 14 isoneutral slabs (Figure Al(a), A1(b) and Al(c)) were similar to those
based on our characteristic water masses (Figure A1(d), Al(e) and A1(f)). The 14 isoneutral slabs
and characteristic water masses divide the ocean into several layers based on neutral density ().
Overall, the estimations of ACann Without separation of density layers (Figure Al(g)) showed
lower variation in the upper ocean compared with other treatments and a more evenly distributed
ACanth from surface to deep depths. The ACanm pattern using 25 isopycnal intervals (Figure Al(h))
generated similar results with the characteristic water masses (Figure A1(i)), but with more
discontinuities. There may be too many separations for the 25 isopycnal intervals, resulting in
insufficient data points in each density ranges. Thus, some of the established MLR equations may
not be significant (leading to higher RMSE, see Additional supporting information:
ASI RMSE and residuals for Appendix.pptx). A higher ACan was located near 45-53°S in the
surface layer and deeper penetrated with decreasing concentrations toward the interior down to
2000 m when 25 isopycnal intervals were applied (Figure A1(H)). Wanninkhof et al. (2010) and
Woosley et al. (2016) also observed this deep penetration. As this deep penetration only appears
when using 25 isopycnal intervals, we suspect that this is a method related artifact and suggest
further study. The RMSE of using 14 slabs was close to that of using characteristic water masses
division. The RMSE of not separating density layers was higher than that of the characteristic
water masses (Additional supporting information:
ASI RMSE and residuals for Appendix.pptx). Therefore, it is reasonable for us to choose the 5
layers with six characteristic water masses as the basis of our approach.

Since dependent variable DIC, C* and C* have been used to established multiple linear
regression to estimated ACann in different studies (e.g., Wanninkhof et al., 2010; Clement and
Gruber, 2018; Carter et al., 2019), we also compared the ACanh with different dependent variables
but using the same water masses separation (Figure Al(a), Al(b) and Al(c); or Figure A1(d), Al(e)
and A1(f)). The change in DIC between two occupations (i.e., Figure 3a & 3b) is caused by not
only the increase in Cann (i.€., Figure 4 & 5) but also changes in the natural CO,. The semi-
conservative tracer C* is supposed to eliminate most of the natural CO; signal according to
stoichiometric ratios. As Clement & Gruber (2018) mentioned, changes in C* are much closer to
those of Cant, resulting in separating Cann from the background variability easier and statistically
more robust. C* is calculated similarly as C*, except no adjustments are applied for carbonate
cycling or denitrification (Carter et al., 2019). ACanm estimated by C* (Figure Al(a) & Al(d)) was
lower in the intermediated waters (around 1000-2200m) in subantarctic region (~25-50°S) and in
bottom waters between 42°S and 55°S than that estimated by C* (Figure A1(b) & Al(e)) and DIC
(Figure Al(c) & A1(f)). Although the order of RMSE along A16S from small to large was DIC <
C* < C*, their RMSE values were not significantly different (Additional supporting information:
ASI RMSE and residuals for Appendix.pptx). While our comparison here is not conclusive on
which dependent variable is a better choice, we chose to use C* in order for our results to be
comparable with the recent community effort (Gruber et al. 2019a).

ACanth estimation is also sensitive to the choice of independent variables (Plancherel et al., 2013).
It has been argued that ACanm using the mean of several combinations of predictors for the
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regressions decreases the errors and RMSE compared to using only one regression (Carter et al.,
2017). When we applied the same 16 combinations of the five predictors for the regressions from
Carter et al. (2019), however, not all these 16 regressions resulted in good RMSE and residuals.
Regression 4, 8, 12 and 16 (those do not include AOU or N) had higher RMSE and residuals than
the others (Additional supporting information: ASI RMSE and residuals for Appendix.pptx).
We felt it may be more reasonable that instead of using all 16 regressions, the mean of 10-12 best
regressions should be used as the final ACann. Thus, similar to Clement & Gruber (2018) and
Gruber et al. (2019), we chose the 11 best fits from over 100 possible combinations with possible
predictors according to not only small RMSE but also multiple and partial correlation coefficients
(see details of this method in the supplementary Text S2). The mean RMSE of our 11 best
combinations was better than that of 16 combinations.

Figure A1l. Comparison of anthropogenic CO> change along the A16S transect for the time
interval between 2013 and 1989. Nine cases are considered: (a) C* is used as dependent variable,
water mass is divided by 14 isoneutral slabs and 16 regressions are considered. (b) & (c) are
similar to (a), but use C* and DIC as dependent variable, separately. (d) C* is used as dependent
variable, water mass is divided by 5 layers with six characteristic water masses and 16
regressions are considered. Similarly, (e) & (f) use C* and DIC as dependent variable. (g) uses
DIC as dependent variable, but does not divide water mass and does not adopt 16 regressions. (h)
uses DIC as dependent variable, and uses 25 isopycnal intervals, but does not adopt 16
regressions. (i) uses DIC as dependent variable, and uses 5 layers with six characteristic water
masses, but does not adopt 16 regressions.

We also examined whether different variables used in the MLR have strong inherent
dependencies. In general, all of the 11 best combinations contain AOU, the difference lies in the
choice of temperature or density, the selection of nutrients and whether to use TA as a predictor.
Temperature (or potential temperature) showed a good correlation with density (or potential
density) (r>0.9), and thus it is better not to use them as predictors at the same time. The correlation
coefficient between nitrate and phosphate was also very high (r>0.99), implying that only one
nutrient should be chosen (Supplementary materials).

For transects A13.5 (Figure S10), A16S between 2013 and 2005 (Figure S12), and A10 between
2011 and 2003 (Figure S15), the patterns of ACanth from regression 1-11 matched very closely with
each other. But for transect A16S between 2013 and 1989 (Figure S11), as well as between 2005
and 1989 (Figure S13), the patterns of ACanm did not always agree, especially when using TA as a
predictor (Reg #8 ~ Reg #11). Woosley et al. (2016) preferred to use the eMLR with TA than Si,
because, by this approach, the resulting pattern of ACann matches very closely to the transient
tracer SFs measured on A16S (2013). In our study, ACanm of A16S (2005-2013) estimated with
TA (Figure S12, Reg #8 ~ Reg #11) or Si (Figure S12, Reg #1 ~ Reg #2 and Reg #5 ~ Reg #7)
were similar and also matched closely with tracer CFC-12 (Figure 2j). However, estimated ACant
along A16S (1989-2013 or 1989-2005) were different whether TA or Si is used (Figure S11 and
Figure S13). This could be caused by the low quality of TA in the 1989 cruise as suggested by
Woosley et al. (2016). More repeat observation data or models are needed to further assess and
resolve this discrepancy.
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