
Rapid anthropogenic changes in CO2 and pH
in the Atlantic Ocean: 2003–2014
Ryan J. Woosley1, Frank J. Millero1, and Rik Wanninkhof2

1Rosenstiel School of Marine and Atmospheric Science, University of Miami, Miami, Florida, USA, 2Ocean Chemistry Division,
AOML, NOAA, Miami, Florida, USA

Abstract The extended multilinear regression method is used to determine the uptake and storage of
anthropogenic carbon in the Atlantic Ocean based on repeat occupations of four cruises from 1989 to 2014
(A16, A20, A22, and A10), with an emphasis on the 2003–2014 period. The results show a significant increase
in basin-wide anthropogenic carbon storage in the North Atlantic, which absorbed 4.4± 0.9 PgCdecade�1

from 2003 to 2014 compared to 1.9 ± 0.4 PgCdecade�1 for the 1989–2003 period. This decadal variability is
attributed to changing ventilation patterns associated with the North Atlantic Oscillation and increasing release
of anthropogenic carbon into the atmosphere. There are small changes in the uptake rate of CO2 in the South
Atlantic for these time periods (3.7 ± 0.8 PgCdecade�1 versus 3.2± 0.7 PgCdecade�1). Several eddies are
identified containing ~20% more anthropogenic carbon than the surrounding waters in the South Atlantic
demonstrating the importance of eddies in transporting anthropogenic carbon. The uptake of carbon results in
a decrease in pH of ~0.0021±0.0007 year�1 for surface waters during the last 10 years, in line with the
atmospheric increase in CO2.

1. Introduction

In 1989, the annual average concentration of CO2 in the atmosphere was 355 ppm, by early 2014 it had
increased to 397 ppm (Scripps CO2 program, http://scrippsco2.ucsd.edu/). This rapid nonlinear rise in atmo-
spheric CO2 is causing a change in the planetary radiation balance and an increase in the average global tem-
perature which is associated with adverse climate change effects [Stocker et al., 2013]. The rise is modulated
as a result of the uptake of roughly one half of anthropogenic CO2 emissions by the oceans and land [Le Quéré
et al., 2015]. The uptake by land is generally a result of increased biomass, while the uptake by the oceans is
driven by thermodynamics and thermohaline circulation in which the surface ocean remains in (near) equili-
brium with the atmosphere by absorbing CO2 [Millero, 2007]. Absorbed CO2 is then transported to the deep
interior ocean through deep and intermediate water formation.

While oceanic uptake of CO2 helps to slow the increase in the atmosphere and slow climate change, it is not
without its own set of problems. When carbon dioxide dissolves in the ocean, most react with water to form
carbonic acid (H2CO3), which then dissociates into carbonate (CO3

2�) or bicarbonate (HCO3
�), releasing

protons (H+). The result is an increase in the total inorganic carbon (TCO2) and a decrease in pH. Decreases
in pH and associated changes in TCO2 are known to have a variety of effects on calcifying organisms and
other processes in the oceans. These processes include decreases in calcification [Gattuso et al., 1998;
Kleypas et al., 1999; Langdon et al., 2000; Langdon and Atkinson, 2005], increases in photosynthesis [Rost
and Riebesell, 2004; Palacios and Zimmerman, 2007; Zondervan, 2007], increases in nitrogen fixation
[Barcelos e Ramos et al., 2007; Hutchins et al., 2007], decreases in reproduction [Alvarado-Alvarez et al., 1996;
Desrosiers et al., 1996; Kurihara and Shirayama, 2004;Michaelidis et al., 2005], and changes in metal speciation
[Millero et al., 2009] that can lead to increased copper toxicity [Campbell et al., 2014].

Although oceans worldwide take up anthropogenic carbon dioxide, not all areas are impacted equally [Lee
et al., 2003; Sabine et al., 2004; Khatiwala et al., 2013]. The Atlantic Ocean is an area of high anthropogenic
CO2 uptake and storage relative to its size as a result of strong meridional overturning circulation and
formation of North Atlantic Deep Water (NADW), rather than just air-sea gas transfer [Sarmiento et al.,
1992]. This makes the Atlantic unique in the depth in which anthropogenic CO2 can penetrate over decadal
time scales—capable of reaching the bottom (~3000m) in the far North Atlantic [Wanninkhof et al., 2010],
compared to the Pacific, where anthropogenic carbon only penetrates the upper ~1000m on decadal time
scales [Sabine et al., 2008; Waters et al., 2011]. Several studies have quantified the uptake and distribution
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of anthropogenic carbon over the 1990s into the early 2000s using measurements of the carbon system
made over several repeat hydrography cruises (World Ocean Circulation Experiment (WOCE), Ocean
Atmosphere Carbon Exchange Study (OACES), South Atlantic Ventilation Experiment (SAVE), Climate
Variability CO2 Repeat Hydrography (CLIVAR), and Global Ocean Ship-Based Hydrographic Investigations
Program (GOSHIP)) [Lee et al., 2003; Sabine et al., 2004; Murata et al., 2008; Wanninkhof et al., 2010; Waters
et al., 2011] and other methods such as Transient Time Distributions [Watanabe et al., 2000; Tanhua et al.,
2006; Steinfeldt et al., 2009]. This study builds on these previous studies by extending the temporal coverage
into early 2014 and comparing uptake rates and column inventories of the last two decades.

With 25 years of high-quality carbon data coving the North Atlantic, it is now becoming possible to answer
questions about the decadal variability of the uptake and storage of anthropogenic CO2 in the Atlantic. A
growing body of work is showing large variability of the Meridional Overturning Circulation (MOC) [Pérez
et al., 2013; Zhao and Johns, 2014; Srokosz and Bryden, 2015], which plays a large role in the variations of
storage rates of anthropogenic CO2 in the North Atlantic. A slowdown of the MOC would result in a decrease
in the ability of the North Atlantic to transport CO2 from the atmosphere into the interior ocean, but available
data have been insufficient to confirm this [Sabine and Tanhua, 2010]. Recent work has also demonstrated a
strong relationship between the North Atlantic Oscillation (NAO) and uptake rates in the Atlantic [Pérez et al.,
2010, 2013] as well as large variability in the anthropogenic CO2 sink in the tropical North Atlantic [Zunino
et al., 2015], indicating that strong decadal variability in the North Atlantic carbon sink. Wanninkhof et al.
[2010] found a relatively low storage of anthropogenic carbon in the North Atlantic during the 1990s, the
additional data from this study puts this in the context of large decadal variability.

2. Data Description and Quality

Four oceanographic sections were analyzed (Figure 1), each of which has been occupied three times over a
period of 15–25 years. Three are north-south sections; A20 and A22 cover the western Basin of the North
Atlantic, and A16 traverses the Atlantic from Iceland into the Southern Ocean, with coverage of the eastern

Figure 1. Cruise track for the four sections used in this paper. The section shown in red is not included in the results of
this paper.
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Basin in the north and the western Basin in the south. The fourth is an east-west section, A10, which crosses
the South Atlantic (descriptions given in Table 1). Since some cruises were comprised of multiple legs and
have been given various names in different papers, the cruise names, as used in this paper, are provided with
their official designation (Expocode) for clear identification. Cruises in this paper will be referred to by their
section ID (i.e., A16) and program (i.e., CLIVAR) to indicate their location and time of occupation.

The A22 cruise had deviations in track between repeat occupations. The cruise tracks south of Puerto Rico
diverged between the different occupations, so these data were not used in our analysis. The A22 WOCE
occupation’s northern portion diverged from the CLIVAR and GOSHIP occupations. At approximately 33.5°N,
the WOCE section continues straight northward toward Canada, while the CLIVAR and GOSHIP occupations
head diagonally toward Massachusetts. For this reason, data north of 33.5°N is excluded from our analysis for
this WOCE occupation. The GOSHIP/CLIVAR occupations of A22 can be offset by as much as 1° of longitude
in some locations, but this difference is small enough to not affect the result.

One of the biggest challenges in quantifying anthropogenic CO2 is separating natural variability, which
requires high-quality data sets and a means to quantify changes in the natural component. When identifying
small changes over large time scales, it is important to assess the quality and consistency of the various data
sets, particularly for potential artifacts and biases. All cruises followed standard protocols for sampling and
analysis [World Ocean Circulation Experiment, 1994; U.S. Department of Energy, 1994], and certified reference
materials were used whenever available. Details on analysis can be found in the comprehensive cruise data
reports for each cruise at http://cchdo.ucsd.edu. Several studies have examined the consistency of the older
data sets, using comparisons of deep water and regional and crossover comparisons [Castle et al., 1998;
Gouretski and Jancke, 2000; Wanninkhof et al., 2003; Key et al., 2004, 2010]. Most data were found to be con-
sistent between cruises; however, a few corrections have been made (Table 1). As inWanninkhof et al. [2010],
we chose to use the 1989 SAVE 5 and 6 cruises instead of the 1991 OACES cruise for the A16S section because
of the higher spatial resolution and the farther southernmost extent (54°S for SAVE and 32°S for OACES).

Table 1. Cruises Used in This Paper Along With Corrections Made to the Data

Section/Cruise CDIAC Name Expocode Datesa Extent Nominal Latitude/Longitude Data Corrections/Notesb

A16
OACES/SAVE SAVE 5 318MSAVE5 1–17 Feb 1989 32°S–54°S 25°W NO3

�: 0.982
SAVE6/HYDROS4 318MHYDROS4 21 Mar to 8 Apr 1989 0°S–32°S 25°W NO3

�: 0.982
OACES N.Atl-93 3175MB93 8 Jul to 30 Aug 1993 64°N–5°S 20°W O2: +7.5 μmol kg�1;

NO3
�: 0.996

CLIVAR CLIVAR A16N 33RO200306 19 Jun to 9 Aug 2003 64°N–6°S 20°W --
CLIVAR A16S 33RO200501 17 Jan to 21 Feb 2005 2°S–60°S 25°W --

GOSHIP GOSHIP A16N 33RO20130803 3 Aug to 3 Oct 2013 63°N–6°S 20°W --
GOSHIP A16S 33RO20131223 23 Dec 2013 to 4 Feb 2014 6°S–60°S 25°W --

A20
WOCE WOCE A20 316N151_3 Jul 17 to 10 Aug 1997 43°N–7°N 52°W --
CLIVAR CLIVAR A20 316 N200309 22 Sep to 20 Oct 2003 43°N–7°N 52°W --
GOSHIP GOSHIP A20 33AT20120419 19 Apr to 15 May 2012 43°N–6°N 52°W --

A22
WOCE WOCE A22 316N151_4 15 Aug to 3 Sep 1997 41°N–18.5°N 65°W Excludes data south

of Puerto Rico
CLIVAR CLIVAR A22 316 N200310 23 Oct to 13 Nov 2003 40°N–18.5°N 65°W Excludes data south

of Puerto Rico
pH: �0.010 pH units;

PO4
�: 1.03

GOSHIP GOSHIP A22 33AT20120324 24 Mar to 17 Apr 2012 40°N–18.5°N 65°W Excludes data south
of Puerto Rico

A10
WOCE WOCE A10 06MT22_5 28 Dec 1992 to 31 Jan 1993 47°W–15°E 30°S --
CLIVAR CLIVAR A10 49NZ20031106 6 Nov to 5 Dec 2003 48°W–15°E 30°S CFC-11: 0.95
GOSHIP GOSHIP A10 33RO20110926 26 Sep to 31 Oct 2011 48°W–15°E 30°S --

aDates that ship was occupying stations or in transit.
bNumbers with units indicate a constant offset, without units indicates correction factor (ratio). Corrections determined by Key et al. [2004] andWanninkhof et al.

[2003]. See text for details.
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South of 32°S there is a decrease in the sampling resolution for all the carbon parameters for SAVE, with the
southernmost region having 1 to 3° spacing in the deep waters. TCO2 has themost data points, with partial pres-
sure of CO2 (pCO2) being even more limited. For the SAVE cruises only, total alkalinity (TA) was calculated from
TCO2 and pCO2. These limitations increase the error and uncertainties for this region in the 1990s, particularly
for deep waters, and therefore, waters with a density σ4> 45.963 have been excluded from the SAVE 1989 data.

For the cruises occurring from 2011 to 2014, consistency with older data was determined by comparing deep
water data between CLIVAR and GOSHIP occupations and the single crossover point between A16 and A10. For
all cruises, waters deeper than 1500m were compared to the CLIVAR era cruise. To account for differences in
total alkalinity (TA) and TCO2 as a result of changes in salinity, normalized values were compared (NTA=TA/
S*35 and NTCO2= TCO2/S*35). Values of NTA and NTCO2 in deep waters unaffected by anthropogenic

Figure 2. Difference in measured parameters in the upper 3000m along A16 between GOSHIP and CLIVAR occupations for
(a) salinity, (b) AOU, and (c) TCO2.
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perturbations or variations in fronts agreed within 1.1 μmol kg�1 and 2.4 μmol kg�1, respectively; pH gen-
erally agreed within 0.01. No clear bias or pattern was found for any of the cruises. For A16, which consisted
of three separate legs, crossover stations were measured between each leg. No significant differences were
found for any of the crossover points. The crossover point between A16 and A10 showed no significant dif-
ferences for TA and TCO2. Details of the A16 comparisons for pH and TA can be found inMillero et al. [2014].
Similar results were found for comparisons of deep water between the A10, A20, and A22 cruises. For A20,
there is an area near the surface around 39°N which showed large changes in NTA of ≈ 10–30 μmol kg�1.
This has a significant impact on the assumption of constant alkalinity when attributing changes in pH, as
discussed in the results.

3. Decadal Changes in Water Properties

Below the winter mixed layer, natural variability of physical and chemical water properties on decadal time
scales is largely a result of changes in circulation—heave and movement of fronts, ventilation, and reminer-
alization of organic matter; all of which can affect TCO2. Before separating out the anthropogenic CO2 from
this natural variability, we look at the total measured changes in the physical and chemical parameters.

Changes in salinity, apparent oxygen utilization (AOU), and TCO2 along A16 (Figure 2) between the GOSHIP
and CLIVAR occupations show that significant changes only occur in the surface and intermediate waters. The
majority of the changes in salinity (Figure 2a) occur in the surface. Some decreases are seen in subsurface
waters of the far North Atlantic but are generally smaller than the increases observed between the CLIVAR
and OACES/SAVE occupations described in Wanninkhof et al. [2010]. The changes in AOU (Figure 2b) are
mostly confined to the upper 1000m. In the region north of 40°N, there are areas of increases in the near
surface to 700m range and decreases in the 700–1500m range, opposite of the pattern seen in the previous
decade [Wanninkhof et al., 2010]. The changes in TCO2 (Figure 2c) show a general increase in the upper 1000m
with a range of 10 to 20μmol kg�1, the approximate decadal change expected from uptake of anthropogenic
CO2. Areas with larger or smaller changes generally correspond to changes in AOU and salinity suggesting
natural variability in TCO2 caused by changes in remineralization and ventilation shifts. Changes in TCO2 in
intermediate waters in the Southern Ocean correspond to changes in Si and are attributed to movement of
the subpolar front discussed inmore detail in the Appendix A. The total decadal change for the Atlantic (natural
plus anthropogenic) determined by integrating the differences in TCO2 and normalizing to 10 years is
10.6 PgCdecade�1. This value will be compared to the anthropogenic changes determined below.

4. Methods
4.1. Determining Anthropogenic CO2

Compared to changes in TCO2, described in the previous section, anthropogenic carbon in the ocean cannot
be directly measured. Instead, it must be separated from the natural background processes and variability.
Several methods have been developed to do this. The first methods attempted to estimate the increase in
TCO2 attributed to anthropogenic CO2 invasion since the industrial revolution began (Canthro) [Brewer,
1978; Chen and Millero, 1979; Gruber et al., 1996; Sabine et al., 2002]. Newer methods were developed to
calculate the amount of anthropogenic carbon between two repeat cruises (ΔCanthro), which can be useful
in determining decadal variability and changes in uptake over time.

The extended multilinear regression (eMLR) technique developed by Friis et al. [2005], which expanded on
the MLR approach [Wallace, 1995], has been widely used to detect changes in anthropogenic carbon uptake
throughout the major oceans over time [Friis et al., 2005; Sabine et al., 2008; Brown et al., 2010; Wanninkhof
et al., 2010; Waters et al., 2011]. This method removes natural variability as a result of changes in biological
production, calcium carbonate production/dissolution, and circulation without relying on assumptions of
Redfield ratios, preformed total alkalinity, or (dis)equilibrium with the atmosphere that other methods rely
on. The eMLR is applied along isopycnal surfaces since this is the predominant pathway for anthropogenic
CO2 to penetrate into the interior ocean [Gruber et al., 1996; Quay et al., 2007]. Applying the method along
isopycnals also helps to account for variability caused by vertical heave [Doney et al., 2007; Levine et al.,
2008] and allows one to apply the eMLR all the way to the surface instead of extrapolating from below the
winter mixed layer, when cruises are performed during the same season and surface water conditions are
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similar [Wanninkhof et al., 2010]. The eMLR also shows lower residuals in areas of large TCO2 gradients (typically
500–1500m) that are common in single MLR fits [Brown et al., 2010].

The eMLR technique is purely statistical and fits physical (T, S, etc.) and biogeochemical (AOU, nutrients, etc.)
parameters to linear equations under the assumption that natural variability in TCO2 are linearly related to
these physical and biogeochemical parameters, while anthropogenic changes are not. The TCO2 of the first
occupation of a section is fit to a multilinear regression using independent physical and chemical properties
for a given isopycnal surface as shown by

TCO2;MLR1;t1 ¼ a1 þ b1 St1 þ c1Tt1 þ d1AOUt1 þ e1TAt1 þ f 1NO3;t1 (1)

where subscripts 1 and t1 indicate the first fit at time 1. A second MLR is then fit to the second occupation,
using the same parameters with subscripts 2 and t2 indicating the second occupation:

TCO2;MLR2;t2 ¼ a2 þ b2St2 þ c2Tt2 þ d2AOUt2 þ e2TAt2 þ f 2NO3;t2 (2)

The change in TCO2 is then calculated by subtracting the coefficients from the two fits and using the values of
the parameters at t2:

ΔTCO2;eMLR ¼ TCO2;MLR2;t2 � TCO2;MLR1;t1 ¼ a2 � a1ð Þ þ b2 � b1ð Þ St2 þ c2 � c1ð Þ Tt2þ
d2 � d1ð Þ AOUt2 þ e2 � e1ð Þ TAt2 þ f 2 � f 1ð Þ NO3;t2

(3)

The value of ΔTCO2,eMLR is equal to the change in anthropogenic carbon (ΔCanthro) in the ocean during that
time period. There are some caveats to the eMLR technique that should be noted. It assumes that the inde-
pendent variables are not cross correlated, while in reality there is considerable cross correlation among them
[Thacker, 2012]. This can influence which parameters are most important and can lead to overfitting. The rela-
tionships between TCO2 and the independent variables are also not entirely linear over the full oceanic range.
We address this nonlinearity by separating the eMLR into density surfaces. Separating the fits by density
surface addresses many of the issues with the eMLR and can likely explain some of the biases found in the
model results of Levine et al. [2008], which used a single eMLR for the entire depth range. Detailed critiques
of the eMLRmethod are given in Levine et al. [2008], Thacker [2012], and Plancherel et al. [2013]. Issues specific
to data used here are also discussed in Appendix A.

The parameters used in the fit are not universal, and the best choice of parameters varies by geographic
location and data quality; thus, they must be determined for each data set. We used the MATLAB function
“stepwiselm” on the first occupation to determine the optimal parameters to use. This function uses a t test
to determine which parameters are significant. Temperature, salinity, AOU, silicate, TA, nitrate (NO3

�), and
phosphate (PO4

3�) were considered. We use temperature and AOU rather than potential temperature and
oxygen for consistency with earlier studies in this area [Wanninkhof et al., 2010]. Phosphate was found to
be unnecessary, although it could be used instead of nitrate. The choice of nitrate over phosphate was made
for consistency with earlier studies and because phosphate is not always available for older cruises. We used
the same isopycnal surfaces proposed by Gruber [1998] and used in other eMLR studies [Lee et al., 2003;
Wanninkhof et al., 2010], resulting in 23 separate fits for each occupation. Four separate sections, each occu-
pied three times, resulted in 276 individual MLR fits. Isopycnals were calculated using absolute salinity and
TEOS-10 MATLAB equations [McDougall and Barker, 2011]. The coefficients for the eMLRs and error statistics
are given in the supporting information. An additional isopycnal range of σ4> 45.963 was added for A16
GOSHIP and CLIVAR occupations in order to cover the full water column in the far South Atlantic. The optimal
parameters vary by density surface, with deep isopycnals often requiring fewer parameters because of lower
spatial variability. The final choice was determined by the fewest number of parameters required to fit all
density surfaces so that all fits used the same parameters.

For A16, when S, T, AOU, NO3
�, and Si are used, as was done in Wanninkhof et al. [2010], there is an anom-

alous penetration of ΔCanthro into the deep North and South Atlantic, far deeper than expected. Such a deep
penetration is not supported by transient tracers such as CFCs and SF6. Use of total alkalinity in place of Si
does not show this penetration. This anomaly is attributed to frontal movement and sharp, nearly vertical
Si gradients in the intermediate waters of the South Atlantic. A detailed analysis of such potential biases
(Appendix A) is important when using an eMLR. Comparisons of the A16 CLIVAR-SAVE eMLR using Si or TA
is difficult because of the limited data to fit and because there is more scatter as a result of lower quality
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(calculated) TA data for the A16 SAVE cruise, adding significant uncertainty particularly for the southern
section. Since a good fit cannot be made using TA data for the A16 SAVE cruise, Si was used for the A16
GOSHIP-SAVE eMLR. Using different independent variables for the eMLR for the different time periods leads
to reasonable qualitative results, but the errors are larger (8–10μmol kg�1, Table S1 in the supporting informa-
tion), particularly for the intermediate waters (~1500–3000m) of the South Atlantic. For this reason only the
qualitative results for this period are discussed. For the other sections there is no significant difference in the
results whether using Si or TA, except for a couple of small areas in A22 and A10. On A22, an area at the bottom
around 29–31°N shows an unexpected ~5μmol kg�1 ΔCanthro when using Si in the eMLR (not shown), while in
the TA eMLR it is near zero, as expected. For this reason and for consistency, TA is used instead of Si.

The root-mean-square standard error (RMSE) in our MLR fits ranges from 1.2 to 9.9μmol kg�1 (see supporting
information), with higher errors near the ocean surface as a result of higher seasonal dynamics in the parameters,
and small increases in the very deep waters as a result of limited data, and small ranges in the independent para-
meters. The densest waters on the SAVE cruise (σ4> 45.963) had errors over 10μmol kg�1 due to the low resolu-
tion of the measurements and were excluded from further analysis (see section 2). After each MLR was fit, the
residuals were inspected for outliers and biases. No biases were found.

Accurate determination of the uncertainty of this method is challenging. One of the major advantages of the
eMLR results from using the differences in the coefficients which largely cancel out random variability and
error in the independent parameters [Friis et al., 2005; Wanninkhof et al., 2010]. A detailed discussion found
inWaters et al. [2011] identifies the assumptions inherent in the MLR fits as the largest source of uncertainty
in this method. The average RMSE of all MLRs is 2.6μmol kg�1 (see supporting information). We use this value
as the error resulting from the fit. Friis et al. [2005] determined the error from uncertainties in the indepen-
dent parameters to be 1μmol kg�1. Combining this with the error in the fit gives 2.8μmol kg�1. We round
this to 3μmol kg�1 to be conservative. This agrees with previous studies [Lee et al., 2003; Sabine et al.,
2004; Friis et al., 2005; Murata et al., 2008; Wanninkhof et al., 2010; Waters et al., 2011] and is also supported
by deep values which are not expected to have any ΔCanthro, showing ΔCanthro of less than 3μmol kg�1.

4.2. Treatment of Surface Data

The surface is the most difficult to fit due to large natural (seasonal) variability. Previous studies dealt with the
increased surface variability in a variety of ways, such as excluding the surface from the eMLR and then extra-
polating from the bottom of the mixed layer [Brown et al., 2010], assuming that the pCO2 in the surface
changes at the same rate as the pCO2 in the atmosphere [Sabine et al., 2008; Waters et al., 2011] or applying
the eMLR all the way to surface [Friis et al., 2005; Wanninkhof et al., 2010].

When cruises were conducted in different seasons, we used the methods employed by Sabine et al. [2008]
and Waters et al. [2011] for the surface. It assumes that the rate of change for fugacity of CO2 (fCO2) in the
top 150m is the same as the value in the atmosphere. This was verified by checking the change in surface
fCO2, which was 17.2 ± 60.0μatm (unless stated otherwise, all values are mean± standard deviation), very
close to the 19.9 ppm increase in the atmosphere over that time period. The increase in atmospheric CO2

(i.e., 20 ppm for 2003–2012) is converted into an equivalent change in TCO2 using CO2sys and assuming
constant TA. This method is weakly dependent on the assumption that TA does not change significantly
between the cruises.

For cruises in the same season,Wanninkhof et al. [2010] argue that the eMLR can be extended all the way to
the surface, thus eliminating the need for extra assumptions. This only holds if there is no significant interann-
ual variability, which was checked by correspondence in T and S between the occupations. This could only be
done for A16. For the A16 GOSHIP-CLIVAR occupations we compare both methods. The average difference in
ΔCanthro between the two methods (eMLR� constant ΔfCO2) is 3.92 ± 3.98μmol kg�1, which is only slightly
higher than the uncertainty. There are, however, clear regional biases. The differences are largest in polar
and equatorial regions and approach zero or become negative in the subtropical/tropical regions. This
indicates that at least in this case the eMLR method will produce slightly higher estimated changes at the
surface than other methods and that the biases will vary regionally. The difference is small for the total
inventory change (0.2 Pg Cdecade�1 in the North Atlantic). Although there is ample evidence that the
average surface ocean fCO2 is increasing at nearly the same rate as the atmosphere, including the observa-
tions of surface water CO2 levels on these cruises, there is still large variability regionally as well as seasonally
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[Hood et al., 1999; Jones et al., 2014] and between El Niño and non–El Niño years [Feely et al., 2006] that are not
captured in the constant ΔfCO2 method. The eMLR method does not require these additional assumptions.
When the eMLR is applied along density surfaces, then the surface cannot influence deeper waters, which is
confirmed by comparison of the two methods below the mixed layer. No differences are observed, demon-
strating that surface variability does not contaminate deeper waters.

4.3. Determining Anthropogenic pH Changes

Uptake of anthropogenic CO2 also decreases the pH. Determining the change in pH is more challenging than
determining ΔCanthro since pH is highly temperature dependent and therefore shows higher natural variability.
Also, direct high-quality measurements of pH only became common practice during the CLIVAR era, and
although highly precise, there is uncertainty in the accuracy [Yao et al., 2007]. Currently, no standard or certified
reference material is available, making it difficult to compare cruises from different times and to separate
natural variability from anthropogenic decreases. Further compounding the difficulties is that different groups
measure pH at different temperatures (typically either 20°C or 25°C), and the conversion into the in situ tem-
perature and pressure requires either another carbon parameter, or an empirical relationship [Millero, 1995],
which further increases the uncertainty in the results. Moreover, the pressure dependency of pH is not well
constrained (K. Johnson, MBARI, personal communication, 2015).

The eMLR techniques have been used to calculate the anthropogenic change in pH (ΔpHanthro) [Andreev et al.,
2009]. Although the variations in pH are directly related to changes in TCO2, variability in pH is nonlinear which
can invalidate assumptions of the eMLR. An eMLR was done for A16 GOSHIP-CLIVAR, and although the results
were reasonable qualitatively, the errors were similar to, or larger than, expected anthropogenic changes indicat-
ing that the eMLR is not appropriate for determining ΔpHanthro. Instead, we calculate the ΔpHanthro from the
ΔCanthro and the assumption that total alkalinity does not change significantly. This is very similar to the techni-
que of Byrne et al. [2010] except that they used the ΔC* method to calculate ΔCanthro and pH at 25°C, while we
use in situ pH. The pH on the seawater scale was calculated from TCO2 and TA (along with silicate and phos-
phate) at in situ temperature and pressure using the carbonate constants of Millero et al. [2006], the
HSO4

�constant of Dickson [1990], borate constant of Uppstrom [1974], and the pressure dependency of
Millero [1995]. All calculations were made using the MATLAB CO2sys version 1.02 [van Heuven et al., 2009].
The ΔCanthro is then subtracted from the measured TCO2, and the pH is recalculated to provide an estimate of
what the pH would be without any anthropogenic influence (pHNAT). The difference between the two pH values
equals the ΔpHanthro. Determining the error in this calculation is difficult, but assuming an error in ΔCanthro of
~3μmol kg�1 results in an error in ΔpHanthro of ~0.005. This uncertainty would be higher if TA does not remain
constant, which is the case for some areas in these data sets. A greater precision can be obtained using discrete
pCO2 along with TA or TCO2. [Patsavas et al., 2015; Wanninkhof et al., 2013] to determine the pH change.
However, discrete pCO2 was not measured on all the cruises or only measured at low spatial resolution.

5. Anthropogenic CO2 Increases

The ΔCanthro for all cruises (Figures 3 and 4) show similar general patterns. There is high ΔCanthro in subtropi-
cal surface waters, and deeper penetration at high latitude where deep and intermediate water formation
occurs. For A16 (Figures 3a and 4a), ΔCanthro is detectable all the way to the bottom (~3000m) in parts of
the North Atlantic as a result of NADW formation. There is also a significant amount of ΔCanthro in Antarctic
Intermediate Water down to ~2000m in the South Atlantic. We also determined the ΔCanthro for the
CLIVAR-SAVE period for comparison with Wanninkhof et al. [2010] and as a check on our calculations (given
in the supporting information). The two were in good agreement; our results show slightly, but not
significantly, lower values in the North Atlantic.

To the west of the A16 line, A20 (Figures 3b and 4b) extends from Nova Scotia, Canada, down to the coast of
South America, north of French Guiana. Unlike the A16 section, this transect only encompasses 15 years, but
the results are similar. The largest change of ΔCanthro with depth is in the northern portion with a shoaling
toward the south, as is also seen in A16 over the same latitude range. The deeper penetration in the north
is associated with Labrador Sea Water [Macdonald et al., 2003; Tanhua et al., 2006]. For the most recent
10 years, there is no ΔCanthro below 1000m, the maximum is around 700m in the northern portion and only
around 300m closest to South America. This is likely a result of older Antarctic Intermediate Water (AAIW)
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Figure 3. ΔCanthro along the four sections for the GOSHIP to CLIVAR time periods. (a) A16, (b) A20, (c) A22, and (d) A10.
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Figure 4. ΔCanthro along the four sections for the time GOSHIP to WOCE/OACES/SAVE time periods in (a) A16, (b) A20,
(c) A22, and (d) A10. The area circled in black in the South Atlantic in Figure 4a is thought to be overestimated as a result
of using Si in the eMLR.
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and Upper Circumpolar Deep Water
(UCDW) located around 800m
[Macdonald et al., 2003; Brown et al.,
2010]. The 3μmol kg�1 contour found
at around 1400m is likely the Upper
Labrador seawater component of the
NADW cutting diagonally across the
section; this is supported by a peak
in CFC concentrations at the same
depth. Over the 15 year period, there
is ΔCanthro down to around 1500m
in the North and about 500m in the
south.

A22 (Figures 3c and 4c) is about 12°
farther west and is very similar to
A20, except that it terminates farther
north near the coast of Puerto Rico
and there is no shoaling of ΔCanthro
in the southern portion of the section.
The depth to which ΔCanthro reaches
is similar to that found on A20. Over
the GOSHIP-CLIVAR period, ΔCanthro
reaches down to about 700m, except
in the northernmost portion near
New England. Shoaling of ΔCanthro in
this section is very sharp and marks
the boundary of the Deep Western
Boundary Current [Joyce et al., 2001].
Unlike A16 and A10, no studies have
looked at the anthropogenic carbon
storage between the CLIVAR and

WOCE A20 and A22 cruises so there are no direct comparisons that can be made for these meridional cruises.
Brown et al. [2010] used the eMLR method for a zonal transect from Florida to Africa along 24.5°N and found
ΔCanthro changes down to a maximum of ~800m in the western Atlantic Basin for the period 1992–2004,
similar to our results.Macdonald et al. [2003] looked as the same region as Brown et al. [2010] but considered
the entire Industrial era, so we can only compare qualitatively to their results. They found high Canthro in the
surface, with a sharp gradient around ~800m associated with UCDW/AAIW, which is very similar to the
pattern found in our results.

The only zonal transect used in this study is along the A10 section in the South Atlantic (Figures 3d and 4d).
There is a small east/west difference with a near constant change to a depth of about 750m from the
GOSHIP-CLIVAR period and to about 1200m for the CLIVAR-WOCE period. There is a slight shoaling of less
than 100m in the area east of the prime meridian. The isopycnals are fairly flat in the east-west direction
implying that intermediate waters are not ventilated at this latitude, and therefore, there is no penetration
pathway of CO2 along this transect; instead, ΔCanthro is largely transported north/south across the section.
These results are similar to Murata et al. [2008], who looked at the CLIVAR-WOCE period, using a ΔC*
method, correcting for remineralization changes. They also found less penetration in the eastern than in
the western basin.

There is only one crossover point in the four sections. It is between A16 and A10 located at 25°W, 30°S. For the
deep waters, the difference between A16 and A10 ΔCanthro is 1.6±1.7μmol kg�1. For comparison of ΔCanthro
between the different cruise periods, the values are converted into a rate. For the GOSHIP-CLIVAR era at the cross-
over location the rates were very similar 1.04±0.28 and 0.98±0.17μmol kg�1 yr�1 for A16 and A10, respectively.
For the GOSHIP-WOCE/GOSHIP-SAVE era crossover, the rates were 0.73±0.31 and 0.75±0.23μmol kg�1 yr�1 for

Figure 5. Specific column inventories for all four cruises as an annual rate
calculated over the GOSHIP-CLIVAR time periods (2003–2005 to 2011–2014).
Inventories were determined by integrating from the surface to the depth
of significant ΔCanthro (3μmol kg�1).
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A16 and A10, respectively. The A16 GOSHIP-SAVE likely overestimates ΔCanthro in the intermediate depths
between ~1000 and 2500m, as a result of using Si instead of TA in the eMLR. All the rates are in general agree-
ment with previous studies in the region [Murata et al., 2008; Wanninkhof et al., 2010].

6. Estimating ΔCanthro Inventory Change in the Atlantic

A main goal is to estimate the total decadal accumulation of ΔCanthro for the entire Atlantic basin. The overall
rate of atmospheric CO2 change has been increasing significantly over the last few decades. From 1995 to
2005, atmospheric CO2 increased at a rate of 1.87 ppmyr�1, and from 2005 to 2014 at a rate of 2.11 ppmyr�1

[Canadell et al., 2007]. As a result, a proportional increase in the oceanic uptake is expected. Estimating dec-
adal inventory changes of ΔCanthro is challenging due to large uncertainties caused by limited spatial and
temporal coverage, natural variability, and methodological issues, as described above. The column inven-
tories were estimated for each section by integrating the gridded data from the surface down to 3μmol kg�1

contour line. These values are then normalized to an annual basis for direct comparisons (Figure 5). The overall
pattern for A16 agrees well with that found byWanninkhof et al. [2010]; however, our values are higher. For the
South Atlantic, the results for the last 10 years are similar to the previous 10 years [Wanninkhof et al., 2010]. Our
values are slightly larger, but within the uncertainty, and a larger value is expected due to the increased rate of
atmospheric CO2 rise due to anthropogenic emissions [Canadell et al., 2007]. The North Atlantic shows signifi-
cant increases, as much as double for the previous decade compared to Wanninkhof et al.’s [2010] Table A1.
There are no previous studies published on ΔCanthro for A20 and A22. The study of the CLIVAR-WOCE A10 of
Murata et al. [2008] estimate an average uptake rate of 0.6± 0.1molm�2 yr�1 for the entire section between
1992/1993 and 2003, which is in reasonable agreement with our average of 0.83± 0.1molm�2 yr�1. Based
on Table 3 in Murata et al. [2008], for the eastern and western basin, rates are 0.81molm�2 yr�1 and
0.46molm�2 yr�1, respectively. These values compare to our average values of the eastern and western basin
of 0.88± 0.04molm�2 yr�1 and 0.78± 0.1molm�2 yr�1, respectively. The eastern basin is in good agreement
between the two studies. The differences in the western basin are discussed below.

A10 shows a decrease in column inventory west to east, which is masked by peaks centered around 5°W, 8°E,
and 11°E. These peaks are the result of eddies as indicated by changes in T, S, Si, TCO2, and other properties
between the two occupations (not shown). The column inventories inside the eddies average
0.12molm�2 yr�1 higher than the inventories in the immediately surrounding areas. That results in approxi-
mately 20% more anthropogenic carbon than the immediately surrounding waters. This highlights the
importance of eddies in transporting ΔCanthro laterally and that they play a significant role. It is important
to note, however, that it is uncertain how well the eMLR is able to resolve eddies. Most studies of mesoscale
processes and eddies in transporting anthropogenic carbon are limited to Global Circulation Models [Lachkar
et al., 2009; Ito et al., 2010; Gnanadesikan et al., 2015], which indicate that eddies do play an important role in
transporting Canthro with values similar to the 20% found here. We are not aware of any other studies that
directly observe Canthro transported by eddies. Although Ríos et al. [2003] identified eddies transporting
anthropogenic carbon, this is the first study we are aware of to fully quantify this transport with direct
measurements. More studies into the influence of eddies on transporting ΔCanthro are warranted.

A big methodological challenge is how to extrapolate from a few sections to the entire basin. A16 is often
considered to be representative of the entire Atlantic since it transects the entire basin [Wanninkhof et al.,
2010]; however, there are considerable east/west trends [Gruber et al., 1996; Brown et al., 2010] as seen in
Figure 5. The inventory can vary by greater than 50% for a given latitude, making it difficult to extrapolate
over the entire basin. We use two different methods of extrapolating over the entire basin for the GOSHIP-
CLIVAR era (2000s). Both rely on averaging the column inventory over longitudinal bands and multiplying
by volume of water in that band. The volumes were taken from Gruber [1998]. The first method uses only
A16 to represent the entire basin, this makes for a direct comparison with Wanninkhof et al. [2010]. The sec-
ond method divides the Atlantic into east and west sections. For the North Atlantic, A20 and A22 were used
to represent the western basin and A16 the eastern basin. For the South Atlantic, A16 was used for latitudinal
distribution and A10 was used to determine longitudinal distribution. The results, along with values from sev-
eral other studies, are given in Table 2. Following the analysis of Lee et al. [2003] andWanninkhof et al. [2010],
we estimate an error of 20% or ± 1.6 Pg C decade�1 for the entire Atlantic. The total anthropogenic uptake for
the North and South Atlantic is 8.1 Pg C decade�1, compared to the total (natural plus anthropogenic) change
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in TCO2 of 10.6 Pg Cdecade
�1. This means that three quarters of the total changes in TCO2 can be attributed

to anthropogenic uptake and storage.

There is excellent agreement between all six estimates for the South Atlantic. For the North Atlantic there is
much more spread in the values between time periods. We found an increase in the ΔCanthro of the North
Atlantic for the GOSHIP-CLIVAR period compared to the CLIVAR-WOCE period; thus, our estimates of total car-
bon storage are larger than previous studies. Comparing the A16 inventory with Wanninkhof et al. [2010]
shows more than twice the CO2 uptake by the North Atlantic over the last decade. Some of this difference
could be a result of the slight difference in eMLR parameters (see Appendix A), but the difference is much
larger than the uncertainty. Even taking longitudinal differences into account, we calculate a total carbon
inventory change twice the value ofWanninkhof et al. [2010], which is larger than our estimated uncertainty.
Of the other studies, our value is in closest agreement with Mikaloff Fletcher et al. [2006] but still indicates an
increase in the uptake of carbon in the North Atlantic over the last decade. Large variability in the uptake rate

on subdecadal scales in the North
Atlantic has been documented by
others [Pérez et al., 2010, 2013;
Steinfeldt et al., 2009]. A high North
Atlantic Oscillation (NAO) index corre-
sponds to periods of high carbon sto-
rage [Pérez et al., 2010; Brown et al.,
2010]. Our rates are in good agreement
with Pérez et al. [2010, 2013] for highNAO
periods. From 1989 to 1995 the NAOwas
in a high positive phase, followed by a
negative phase starting in 2002 [Pérez
et al., 2013], after a minimum in 2010
the NAO has been rapidly increasing
(see https://climatedataguide.ucar.edu/
climate-data/hurrell-north-atlantic-oscil-
lation-nao-index-pc-based). Recent stu-
dies showing large annual and decadal
variation in the strength of the Atlantic

Table 2. Comparison of Different Inventories of Anthropogenic Carbon for the Entire Atlantic Basin in Pg C decade�1a

2000s 1990s

Latitudinal band A16 only Weightedb Wanninkhofc BEC modeld Mikaloffe

60–50°S 0.12 0.12 0.49
50–40°S 0.84 0.89 0.68
40–30°S 1.04 0.97 0.80
30–20°S 0.89 0.75 0.68
20–10°S 0.60 0.51 0.37
10°S to the equator 0.47 0.45 0.20
Southern Hemisphere 4.0 3.7 3.2 3.4 3
Equator to 10°N 0.54 0.50 0.21
10–20°N 0.55 0.51 �0.11
20–30°N 1.19 1.10 0.48
30–40°N 1.38 0.96 0.54
40–50°N 1.24 0.61 0.41
50–60°N 0.78 0.75 0.39
Northern Hemisphere 5.7 4.4 1.9 1.1 2.9
Total 9.7 8.1 5.1 4.5 5.9

aThe inventories in this study were calculated using two different methods. The first, extrapolating A16 over the entire
basin and the second, extrapolating using all four sections.

bUses all four sections to account for longitudinal variation. Details in text.
cWanninkhof et al. [2010] covering the period 1989–2005.
dDoney et al. [2009].
eMikaloff Fletcher et al. [2006]. Centered on 1995.

Figure 6. Decadal inventories in Pg C decade�1 for the 1990s and 2000s.
The 1990 data are from Wanninkhof et al. [2010]; 2000s data are the
basin weighted values.
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Figure 7. ΔpHanthro along the four sections for the GOSHIP-CLIVAR era for (a) A16, (b) A20, (c) A22, and (d) A10.
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Figure 8. ΔpHanthro along the four sections for GOSHIP-WOCE/OACES/SAVE era for (a) A16, (b) A20, (c) A22, and (d) A10.
The area circled in black in the South Atlantic in Figure 8a is thought to be overestimated as a result of using Si in the eMLR.
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meridional overturning circulation which can vary by 30% annually [Srokosz and Bryden, 2015] could also
contribute to decadal variations in carbon uptake, particularly in the tropical North Atlantic [Pérez et al., 2013;
Zunino et al., 2015].

A comparison of our decadal inventories for the 2000s with those for the 1990s fromWanninkhof et al. [2010]
(Figure 6) shows the distribution of the increased inventory observed over the last 10 years. The general
pattern is the same for both decades, but the areas of increased storage become readily apparent. The
North Atlantic shows an overall increase at all latitudes. This indicates that the increases observed are a result
of transport to the interior ocean through NADW formation. The South Atlantic shows very similar inventories
over the two time periods, although our values tend to be slightly larger.

7. Anthropogenic pH Decreases

The decreases in pH as a result of CO2 uptake are important for their potential impacts on calcifying and other
organisms. The decreases in pH as a result of this uptake of anthropogenic CO2 follow the same distribution
pattern as ΔCanthro, as expected since it is calculated from ΔCanthro (Figures 7 and 8). As seen in A16, the max-
imum decreases are in the polar regions. None of the previous studies which used the eMLR technique also
looked at changes in pH, so direct comparisons are not possible. For A20 and A22, the patterns match that of
ΔCanthro with pH decreasing significantly and fairly uniformly to about 750m from GOSHIP-CLIVAR and to
around 1000m from GOSHIP-WOCE. For A10, there is a significant decrease in pH down to about 750m for
the GOSHIP-CLIVAR period and down to about 1200m for the GOSHIP-WOCE period. There is a subsurface
minimum centered around 400m which is attributed to sub-Antarctic Mode Water.

For the crossover point for A16 and A10 the deep waters are in good agreement for all four profiles.
Differences are within 0.005 pH units, within the uncertainty estimates. The rates of change in pH for the
GOSHIP-CLIVAR era cruises are �0.0022± 0.0007 yr�1 and �0.0023 ± 0.0004 yr�1 for A16 and A10, respec-
tively; and for the GOSHIP-WOCE era cruises the rates are �0.0016 ± 0.0004 yr�1 and �0.0019 ± 0.0004 yr�1

for A16 and A10, respectively. As with ΔCanthro, they are all in good agreement; but the GOSHIP-WOCE era
cruises show lower rates than the GOSHIP-CLIVAR era. All of these are close to the expected rate of decrease
based on thermodynamics and increasing atmospheric CO2 levels.

The ocean acidification rate for the surface (upper 250m) oceans, in pH units per year, was determined for
the WOCE to CLIVAR, the CLIVAR to GOSHIP, and the full WOCE to GOSHIP time spans for each section and
for the entire basin (Table 3). The overall rate for the GOSHIP-CLIVAR era was �0.0021± 0.0007 yr�1,
�0.0013 ± 0.0008 for the CLIVAR-WOCE/CLIVAR-SAVE era, and �0.0018± 0.0004 yr�1 for the entire GOSHIP-
WOCE/GOSHIP-SAVE era. These are in agreement with other studies in the Pacific and Atlantic which range
from �0.0014 to �0.0022 yr�1 [Bates, 2007; González-Dávila et al., 2007; Byrne et al., 2010; Waters et al., 2011;
McGrath et al., 2012; Vázquez-Rodríguez et al., 2012; Lauvset and Gruber, 2014; Ríos et al., 2015; Williams et al.,
2015]. This is also in agreement with the value�0.0018 yr�1 expected based on thermodynamics and the rate
of increase of CO2 in the atmosphere [Waters et al., 2011]. The low value for the A16 CLIVAR-WOCE/CLIVAR-SAVE
period is interesting because it is slightly lower than expected from CO2 exchange with the atmosphere, and
lower than other studies. The increase to a more typical value during the GOSHIP-CLIVAR period demonstrates
that the 1990s was a period of low CO2 uptake for the North Atlantic.

Table 3. Rates of Ocean Acidification in the Upper 250m Expressed as Decrease in pH in pH Units per Year for the Four
Different Sections for the GOSHIP-CLIVAR Era, the CLIVAR-WOCE/CLIVAR-SAVE Era, and the Overall GOSHIP-WOCE/
GOSHIP-SAVE Periods

Section

GOSHIP-CLIVAR CLIVAR-WOCE/CLIVAR-SAVE GOSHIP-WOCE/GOSHIP-SAVE

Rate Standard Deviation Rate Standard Deviation Rate Standard Deviation

A10 �0.0022 0.0004 �0.0020 0.0003 �0.0020 0.0003
A16 �0.0021 0.0010 �0.0011 0.0005 �0.0016 0.0004
A20 �0.0020 0.0004 �0.0019 0.0005 �0.0021 0.0003
A22 �0.0021 0.0003 0.0020 0.0007 �0.0021 0.0003
All �0.0021 0.0007 �0.0013 0.0008 �0.0018 0.0004
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8. Conclusions

From 1989 to 2014 the Atlantic Ocean has experienced significant changes in uptake and storage of
anthropogenic carbon. The largest changes in column inventories are located in the polar regions, with
the North Atlantic having the highest column inventory as a result of deep water formation. The total
basin-wide accumulation shows significant decadal variability, with much higher accumulation in the
2000s than in the 1990s. This variability appears to be largely related to the NAO. The entire Atlantic
absorbed 8.1 ± 1.6 Pg C in the 2000s compared to 5 ± 1 Pg C in the 1990s. The accumulating CO2 results
in a decrease in pH at an overall rate of �0.0021 ± 0.0007 yr�1 in the surface ocean, similar to the
predicted rate based on the rate of CO2 increase in the atmosphere. Eddies were observed to contain
significant amounts of anthropogenic carbon in the South Atlantic. The decadal variability in the storage
of anthropogenic carbon, particularly for the North Atlantic, highlight the importance of future repeat
hydrography cruises in understanding and quantifying decadal variability in the uptake of anthropogenic
carbon by the oceans.

9. Data Availability

All data used in this analysis can be found at CDIAC (http://cdiac.ornl.gov/oceans/bottle_discrete.html) and
CCHDO (http://cchdo.ucsd.edu/search?bbox=-75,-60,20,65).

Appendix A: Important eMLR Considerations

The eMLR has advantages compared to other methods to determine ΔCanthro as noted in the text, but there
are some caveats. The MLR approach, from a statistical standpoint, should be applied to independent data
that are not cross correlated to avoid overfitting [Thacker, 2012]. Most parameters used in the MLR to deter-
mine ΔCanthro do have strong inherent dependencies. Several other criteria for use of the MLR technique are
not fulfilled in oceanographic applications. Moreover, the choice of independent parameters to reflect the
natural variability in TCO2 is subjective, and results are dependent on the choices [see, e.g., Plancherel
et al., 2013]. This is important to consider when selecting the independent parameters and when interpreting
the results. When dealing with older data sets the choices are often limited by data quality and availability,
but with more recent data sets which have high quality and high resolution there is more flexibility. The
results from the A16 GOSHIP-CLIVAR eMLR highlight the importance of selecting the proper independent
variables and some of the limitations of the eMLR method. The result of the eMLR for A16 GOSHIP-CLIVAR
using S, T, AOU, NO3

�, and Si is given in Figure A1a. A comparison to the same figure created using TA instead
of Si (Figure 3a) shows appreciable differences. The most notable being the deep penetration of the
5μmol kg�1 contour line of ΔCanthro in the South Atlantic using Si as an independent variable. The differences
between the two eMLR are shown in Figure A1b. The mean and standard deviation of the difference in
ΔCanthro is 0.91 ± 1.98μmol kg�1 (N=4856), well within the uncertainty; however, there are clear patterns
to the biases, with the Si fit generally having higher ΔCanthro than the TA fit. There is higher ΔCanthro near
the bottom of the North Atlantic and significant ΔCanthro down to about 3000m in the intermediate waters
of the South Atlantic, which are not present in the TA fit. These deep penetrations are not expected. Although
the absolute value of the bias is small, the volume of water is large so that when integrating the column
inventory over the entire basin, it will nearly double the total amount of ΔCanthro. This highlights the impact
of parameter choice in such extrapolations and the need to use other indicators such as transient tracers to
determine the validity of results.

Figure A1c shows the transient tracer SF6 measured on A16 GOSHIP. The pattern of ΔCanthro is expected to be
similar to that of SF6 for this time period. The pattern matches very closely with the eMLR using TA, but not
with that of Si, suggesting that TA better represents the ΔCanthro for this time period. Si is not directly involved
in the inorganic carbon system, but it is often used in eMLRs because of the close correlation between Si and
TA in deep waters, and high-quality Si data are more readily available than TA data. This is particularly true for
older data, especially before the advent of TCO2 Certified Reference material (CRMs) in 1991 and TA CRMs
around 1996. For newer data sets TA is a better choice because it is an inorganic carbon system parameter
and because of the large improvements in precision and accuracy since the early 1990s. The cause of the
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Figure A1. (a) eMLR of A16 GOSHIP-CLIVAR using T, S, AOU, NO3�, and Si. There are significant differences when compared
to Figure 3a, which uses TA instead of Si. (b) The differences between the two different eMLR fits of the A16 GOSHIP-CLIVAR
cruises (eMLR Si fit� eMLR TA fit). There are clear differences in the deep waters of the North Atlantic and intermediate
waters of the South Atlantic. (c) Measurement of SF6 made along A16 GOSHIP (data courtesy of J. Bullister, PMEL).
(d) Difference between Si concentrations measured between CLIVAR and GOSHIP occupations of the A16 section
(CLIVAR minus GOSHIP).
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poor eMLR fit using Si is thought to be related to increases of 5–10μmol kg�1 of Si in the intermediate waters
of the South Atlantic, between 2005 and 2014, thought to be caused bymovement of fronts (Figure A1d) that
are not as readily apparent in the other independent parameters. The eMLR should be able to account for
such changes, but Si is not linearly related to TCO2 along the isopycnals where these changes occur and thus
violate the MLR criteria [Thacker, 2012]. That is, the changes occur in an area of high gradients and weak stra-
tification that the eMLR cannot properly capture. Including both Si and TA, as well as PO4

3�, in the MLR fits
were considered. Using both Si and TA produced an intermediate result of the individual fits (not shown) and
still showed higher than expected ΔCanthro in the intermediate South Atlantic waters, inconsistent with SF6
measurements. Including phosphate in the fit did not change the results as expected since NO3

� is already
included, and NO3

� and PO4
3� are closely stoichiometrically related, leading to overfitting artifacts.

Similar comparisons were made of different eMLR fits on the other cruises to determine biases. The choice of
either Si or TA did not influence the results for the most part, except in a few small areas. On A22 there was a
small area of significant ΔCanthro at the bottom when using Si that was not present when using TA. A similar
small area on the easternmost portion of A10 had unexpectedly large changes in ΔCanthro when using Si
instead of TA. This is thought to be a breakdown in the Si/TA relationship. Based on this, it is recommended
to use TA instead of Si whenever possible.
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