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Abstract The meridional transport of anthropogenic CO2 (Cant) in the tropical North Atlantic (TNA) is
investigated using data from transoceanic sections along 7.5°N and 24.5°N, carried out in the early 1990s
and 2010s. The net Cant transport across both sections is northward. At 7.5°N, this transport increased from
315 ± 47 kmol s1 in 1993 to 493 ± 51 kmol s1 in 2010; similarly, across 24.5°N it grew from 530 ± 46 kmol s1
in 1992 to 662 ± 49 kmol s1 in 2011. These changes result from modiﬁcations in the intermediate and
deep circulation patterns, as well as from Cant increase within the thermocline waters. In deep waters, lateral
advection causes a net Cant input of 112 ± 60 kmol s1 (234 ± 65 kmol s1) in 1992–1993 (2010–2011);
within these deep waters, the storage rate of Cant is not statistically different from the net Cant input,
139 ± 21 kmol s1 (188 ± 21 kmol s1) in 1992–1993 (2010–2011). The Cant increase in deep waters is due to
the large injection of Cant across the 24.5°N by the Deep Western Boundary Current and the northward
recirculation of North Atlantic Deep Water along 7.5°N. In contrast, a large net Cant output in the upper layer is
caused by the Florida Current. Despite this net Cant output, the Cant accumulates at a rate of 215 ± 24 kmol s1
(291 ± 24 kmol s1) referenced to year 1993 (2010). From the two Cant budgets, we infer a Cant air-sea ﬂux of
0.23 ± 0.02 Pg yr1in the TNA, much larger than previous estimates.
1. Introduction
The ocean plays an essential regulating role in the Earth’s climate, controlling the concentration and
distribution of many key properties such as the atmospheric CO2. Since the beginning of the industrial
revolution, a huge amount of CO2 has been emitted to the atmosphere, and about one third of this total
has been incorporated by the ocean [Khatiwala et al., 2013]. Since natural and human-emitted CO2 are
molecularly indistinguishable, the anthropogenic CO2 (Cant) in the ocean is deﬁned as the excess of CO2 in
relation to the preindustrial (or natural) levels of CO2.
The accumulation of Cant is not homogeneous all over the oceans. The highest Cant storage rate is found in
the North Atlantic, chieﬂy in the subpolar North Atlantic [Sabine et al., 2004; Khatiwala et al., 2013]. This
larger Cant accumulation in the North Atlantic is explained by the injection of Cant-enriched water in the
ocean interior through ventilation and water formation processes [Rhein et al., 2007; Steinfeldt et al., 2009].
Likewise, the Atlantic Meridional Overturning Circulation (AMOC) is also a supplier of Cant to the North
Atlantic, because of its northward transports of Cant-enriched waters along the North Atlantic. Indeed,
Pérez et al. [2013] found a positive correlation between AMOC intensity and Cant storage rate in the
subpolar North Atlantic.
Observational estimates of Cant and ocean circulation models have been combined in inverse schemes to
estimate Cant air-sea ﬂuxes, Cant storage rate, and Cant transport in the ocean interior [Mikaloff Fletcher
et al., 2006; Gruber et al., 2009; DeVries, 2014]. These estimations, however, need to be validated by
observational results. Transport of Cant can be calculated from cruise data by the combination of mass
transport and Cant estimates. Cant storage rate is also possible to be computed with in situ data.
Unfortunately, direct measurements of Cant air-sea ﬂuxes are not achievable.
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Several previous works have appraised the Cant transport in the North Atlantic using cruise data. Rosón et al. [2003]
computed Cant transport across the 24°N section in 1992 to be 610 ± 200 kmol s1. Macdonald et al. [2003]
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estimated the Cant transport across this same latitude in 1992 and 1998 to be 449 ± 158 kmol s1 and
528 ± 41 kmol s1, respectively. The transport of Cant across a 1997 section crossing the subpolar North
Atlantic (FOUREX section, from Greenland to Portugal) was estimated to be 116 ± 126 kmol s1 by
Álvarez et al. [2003] and 289 ± 32 kmol s1 by Zunino et al. [2014]. Zunino et al. [2014] calculated the
mean Cant transport into the subpolar North Atlantic (OVIDE section), for the ﬁrst decade of the 2000s,
as 254 ± 32 kmol s1. Some general statements come out from these results. First, there is a reduction
in the northward transport of Cant with increasing latitude. Second, for the same latitude and year the
results may differ depending on the method used for estimating the velocity and Cant ﬁelds. Finally,
for the same section, temporal variations in Cant transport may be caused by changes in both Cant
concentration and circulation patterns.
In the present work we focus on the tropical North Atlantic (TNA), from 7.5°N to 24.5°N. The transport of Cant
across 7.5°N is investigated here for the ﬁrst time using in situ data. Next, the differences in Cant transport
across 7.5°N (24.5°N), between two situations that elapsed 17 (19) years, are exposed. It is worth
highlighting that the methods for computing the velocity and Cant ﬁelds are exactly the same in all the
cases; consequently, the possible differences in Cant transport are exclusively due to changes in Cant
concentration and/or circulation patterns.
Recent studies by Fajar et al. [2015] and Guallart et al. [2015] have analyzed decadal Cant changes for different
water masses and regions along 7.5°N and 24.5°N. The changes along 7.5°N have been calculated between
1993 and 2010 by Fajar et al. [2015]. An increase in Cant was detected at all depths, with maxima in the
thermocline and intermediate waters. A zonal gradient in Cant increase rates was detected, with different
behavior depending on the depth in the water column. The greatest Cant increase rate in the thermocline
and intermediate waters was found in the eastern margin, while in the deep water it was found in
the western margin. Tanhua et al. [2006] found, for the North Atlantic Ocean, that changes in Cant
concentration through the whole water column are proportional to the atmospheric CO2 increase. This
behavior is known as transient steady state (TSS), since it assumes that the increase in Cant in the ocean
occurs with a steady state ocean circulation [Tanhua et al., 2006; Steinfeldt et al., 2009]. Fajar et al. [2015]
found that, along 7.5°N, the rate of Cant increase agrees with the TSS for deep waters, but it is larger than
expected for the thermocline and intermediate waters. The changes along 24.5°N have been estimated
between 1992 and 2011 by Guallart et al. [2015]. The largest Cant changes occur in thermocline waters, up
to 1 μmol kg1 yr1. The Cant increase rates for deep waters are much smaller, on average less than
0.25 μmol kg1 yr1, largest in the westernmost margin.
Hernández-Guerra et al. [2014] described the general circulation along 7.5°N and 24.5°N, for the same
realizations studied by Fajar et al. [2015] and Guallart et al. [2015]. According to their study, a three-layer
circulation pattern is deﬁned for both sections. Antarctic Bottom Water (AABW), the densest water in the
ocean, ﬂows northward in the western side of the sections. Lower and upper North Atlantic Deep Water
(lNADW and uNADW) ﬁll the deep layer, roughly between 1500 and 4200 m depth, ﬂowing to the south. The
circulation in the upper layer differs between both sections. Antarctic Intermediate Water (AAIW) and South
Atlantic Central Water (SACW) are found at the 7.5°N section ﬂowing northward. At 24.5°N we ﬁnd AAIW,
Mediterranean Water, and North Atlantic Central Water (NACW). The integrated thermocline mass transport
at 24.5°N is northward because of the ﬂow through the Florida Strait; if the Florida Current is not considered,
the NACW ﬂows south as a result of the wind stress curl [Fraile-Nuez and Hernández-Guerra, 2006]. The
differences in mass transport between 1993 and 2010 (1992 and 2011) at 7.5°N (24.5°N) sections were also
analyzed by Hernández-Guerra et al. [2014]. The most noteworthy changes are listed below. The AMOC,
deﬁned as the maximum of the zonally and vertically integrated mass transport from surface downward, is
stronger in 1992–1993 than in 2010–2011, the difference being larger in 7.5°N than in 24.5°N. Much of this
change results from the northward ﬂow of AAIW, which was more energetic in 1992–1993 than in 2010–2011.
This paper examines the changes in Cant transport across 7.5°N and 24.5°N and what these variations tell us
about the Cant budget in the TNA. The Cant transports through the two North Atlantic sections are used to
detect changes over nearly two decades and to disentangle the relative contribution of changes in both
Cant and velocity ﬁelds to the variations in Cant transport. Finally, Cant air-sea ﬂux is inferred from the Cant
lateral transports and the Cant storage rates, closing the Cant budget in the TNA.
ZUNINO ET AL.
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Table 1. Cruise Information
Cruise
7.5°N-1993 CITHER
7.5°N-2010 MOC2
24.5°N-1992
24.5°N-2011

Date

Ship

Chief Scientist

References

13/02/1993 to
19/03/1993
5/04/2010 to
16/05/2010
14/07/1992 to
15/08/1992
27/01/2011 to
15/03/2011

L’Atalante

C. Colin (ORSTOM, France)

Hespérides

J. L. Pelegrí (Institut de Ciènces del Mar, Spain)

Hespérides

G. Parrilla (Instituto Español de Oceanografía, Spain)

Sarmiento
de Gamboa

A. Hernández-Guerra (Universidad de Las Palmas
de Gran Canaria, Spain)

Arhan et al. [1998];
Oudot et al. 1995
Hernández-Guerra et al. [2014];
Rios et al. [2012]
Lavin et al. 1998;
Rosón et al. [2003]
Hernández-Guerra et al. [2014];
Guallart et al. [2015]

2. Data and Methods
2.1. Cruises
The 7.5°N section was ﬁrst occupied in February–March 1993 by the French R/V L’Atalante, as part of the
Circulation THERmohaline (CITHER) project [Oudot et al., 1998; Arhan et al., 1998; Lux et al., 2001]. This section
contributed to the WOCE (World Ocean Circulation Experiment) Hydrographic Programme under the
denomination A6. During this cruise, 84 full-depth hydrographic stations were carried out. Water samples
were taken and analyzed for oxygen, nutrients [Oudot et al., 1998], total alkalinity (AT), and pH, necessary to
calculate the total inorganic CO2 (CT) [Oudot et al., 1995]. The section was repeated in April–May 2010 on
board the R/V Hespérides, as part of the MOC2 cruise [San Antolín Plaza et al., 2012; Hernández-Guerra et al.,
2014]. During that cruise a total of 59 full-depth hydrographic stations were carried out, also taking water
samples for the analysis of oxygen, nutrients, AT, and pH. Total inorganic CO2 (CT) was calculated from AT
and pH measurements. More information about both cruises is presented in Table 1, with the positions of
the stations shown in Figure 1.
The 24.5°N section has been occupied several times since 1957, but it was in 1992 when the properties for
deﬁning the CO2 system were ﬁrst measured. In this work we use data from two cruises along this section,
carried out in 1992 and in 2011. During the 1992 cruise, 112 full-depth hydrographic stations were
completed, 11 of them in the Florida Straits. Water samples were taken and nutrients, AT, and pH were
measured, and CT was calculated [Rosón et al., 2003]. That cruise was a contribution to the WOCE
hydrographic program under the denomination A5. During the 2011 cruise, under the umbrella of the
Malaspina project (www.expedicionmalaspina.es), 167 full-depth hydrographic stations were carried out,
13 of them in the Florida Straits [Hernández-Guerra et al., 2014]. Bottle samples were collected to measure
oxygen, nutrients, AT, and pH, and CT was calculated [Guallart et al., 2015].
2.2. Methods
2.2.1. Cant Estimations
The concentration of Cant in sea water is not directly measurable since natural and anthropogenic CO2 are
indistinguishable. There are several methods to estimate Cant in the sea water, but all of them belong to

Figure 1. Location of the full-depth hydrographic stations carried out along the 24.5°N (7.5°N) in 1992 and 2011 (1993 and
2010). The 1992 and 1993 cruise tracks are offset 0.5° in latitude for clarity.
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Table 2. Deﬁnition of the 17 Layers Included in the Inverse Model for
a
Computing the Mass Transports

two different types: (i) back calculation, e.g., ΔC* [Gruber et al., 1996],
3
Layer
Lower Interface (Ƴn, kg m )
Water Masses
tracer combining oxygen, inorganic
carbon, and total alkalinity (TrOCA)
1
26.4400
Surface water
2
26.8500
SACW/NACW
[Touratier et al., 2007], or φCT0
3
27.1620
[Vázquez Rodríguez et al., 2009], and
4
27.3800
(ii) tracer-based methods, e.g., transi5
27.6200
AAIW
ent time distribution (TTD) [Waugh
6
27.8200
et al., 2004, 2006]. The back calcula7
27.9220
8
27.9750
uNADW
tion methods assume the ocean
9
28.0080
properties are in steady state. It
10
28.0440
allows calculating the biological
11
28.0720
impact on the carbon cycle from
12
28.0986
lNADW
nutrient and oxygen observations
13
28.1100
14
28.1295
and using the empirical relationship
15
28.1410
of the preformed CT and AT in the
16
28.1540
AABW
winter
mixed layer. The difference
17
bottom
between
those methods belonging
a
The lower interface limit of each layer and the approximate equivato this group lays the way the biologilence with water masses are indicated. The layers in the inverse model
cal impact is parameterized and
were speciﬁed as separated by isoneutrals.
whether the temporal variability of
the air-sea CO2 disequilibrium is considered. In particular, the φCT0 method is characterized by assuming nonconstant air-sea CO2 disequilibrium and using a robust preformed AT. The TTD method is based on CFC
observations. All these methods have strengths and weaknesses with uncertainties ranging from ±2 to
±9 μmol kg1 [see Khatiwala et al., 2013, Table A1]. For an intercomparison between these methods in
the Atlantic Ocean the reader is referred to Vázquez Rodríguez et al. [2009]. Guallart et al. [2015] evaluated
the consistence between different methods estimating Cant storage rates at the 24.5°N section; they found
a good agreement between the results obtained from four different methods (φCT0, TrOCA, ΔC*, and TTD).
In the present work, Cant at both 7.5°N and 24.5°N is obtained using a back-calculation method, speciﬁcally
the φCT0 method [Vázquez Rodríguez et al., 2009] where Cant is determined from CT, AT, oxygen, nutrients,
temperature, and salinity. The uncertainty of this method is ±5.2 μmol kg1.
2.2.2. Transport of Cant
The total transport of any property across a transoceanic section is quantiﬁed as
T prop ¼ ∫

∫

west surface
east bottom

ρ½prop v dxdz

(1)

where ρ, [prop], and v stand for in situ density, property concentration per unit mass, and velocity perpendicular
to the section, respectively. We obtain Cant transport (kmol s1) taking [prop] as Cant concentration (μmol kg1).
The absolute velocity components perpendicular to the 7.5°N and 24.5°N sections were estimated using an
inverse box model, combining data from both sections. The inverse model was deﬁned by 17 neutral
surfaces (Ƴn, Table 2). These surfaces (hereafter simply neutral surfaces or isoneutrals) essentially represent
a potential density surface (isopycnal) with a continuous changing reference level. Isoneutrals increase
smoothly with depth avoiding the discontinuities that arise when computing the potential densities
relative to a limited number of reference levels [Jackett and McDougall, 1997]. The absolute velocity is
computed as the sum of a reference velocity at some properly speciﬁed reference level plus a relative
velocity contribution, calculated from the density ﬁeld under the assumption of geostrophic balance. The
inverse model includes surface Ekman transport and, after imposing several constraints for particular
ranges of depths and longitudes, solves for the reference-level velocities and the vertical velocities
between adjacent isoneutral layers that best satisfy mass conservation for each layer and the whole water
column. For more details about the inverse model the reader is referred to Hernández-Guerra et al. [2014].
Following the general circulation pattern across 7.5°N and 24.5°N sections exposed in section 1, the transport
of Cant is analyzed by layers. Three main layers are deﬁned. The upper layer extends from the surface down to
Ƴn = 27.922 kg m3; it contains SACW, NACW, and AAIW. The deep layer goes from Ƴn = 27.922 kg m3 down
ZUNINO ET AL.
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Table 3. Cant Change Rates Estimated for Each Water Mass at 7.5°N and 24.5°N (Referenced to Year 2001)
7.5°N Section
Water Mass
SACW
SACW
AAIW
uNADW
lNADW
AABW

24.5°N Section

Density Limits

Cant Rate
1 1
(μmol kg yr )

Water Mass

Density Limits

Cant Rate
1 1
(μmol kg yr )

σ 0 < 26.5
26.5 < σ 0 < 27.1
27.1 < σ 0 < 27.5
σ 0 > 27.5 and σ 2 < 37
σ 2 > 37 and σ 4 < 45.9
σ 4 > 45.9

0.766 ± 0.097
0.750 ± 0.091
0.480 ± 0.062
0.143 ± 0.005
0.119 ± 0.005
0.127 ± 0.034

uNACW
lNACW
AAIW
uNADW
lNADW
AABW

σ 0 < 26.7
26.7 < σ 0 < 27.2
27.2 < σ 0 < 27.6
σ 0 > 27.6 and σ 2 < 37
σ 2 > 37, σ 4 < 45.9
σ 4 > 45.9

0.989 ± 0.066
0.438 ± 0.063
0.251 ± 0.054
0.198 ± 0.010
0.140 ± 0.010
0.160 ± 0.017

to Ƴn = 28.141 kg m3; it holds uNADW and lNADW. The bottom layer lies between Ƴn = 28.141 kg m3 and
the sea bottom, comprising AABW.
The error of Cant transport is computed as the sum of errors due to both the mass transport and the Cant
uncertainties. The former is calculated from the covariance matrix of errors for mass transport, as
obtained from the inverse model [Hernández-Guerra et al., 2014]. To estimate the Cant transport error
associated to the Cant uncertainly, Cant transports are computed from 100 random perturbed Cant data
(zero mean and standard deviation of 5.2 μmol kg1); the uncertainty is determined by the standard
error of the 100 perturbations.
2.2.3. Storage Rate of Cant
The second part of this paper explores the Cant budget in the TNA. The budget of Cant in an oceanic box is the
balance between three terms: Cant laterally advected, accumulation of Cant, and Cant ﬂuxes through the airsea interface. We deﬁne our TNA region as the volume of water contained between 7.5°N and 24.5°N and
the American and African continents, including the Caribbean Sea. The lateral advection of Cant to the TNA
region comes from the Cant transports across the 7.5°N and 24.5°N sections. The air-sea ﬂux of Cant is not
directly measurable, being inferred from the other two components of the Cant budget. The calculation of
the Cant storage rates is more laborious, being estimated from the rates of increase of Cant along the 7.5°N
and 24.5°N sections (Table 3), as follows. Fajar et al. [2015] estimated the Cant increase rates at 7.5°N as the
difference in Cant concentration between 1993 and 2010 divided by the elapsed time and also provided
uncertainty values. Guallart et al. [2015] obtained the Cant increase rates through a linear regression of data
from ﬁve occupations of the 24.5°N section, from 1992 to 2011, with the standard deviations providing a
measure of the uncertainties. The Cant increase rates for the whole TNA are then computed for each water
mass through a weighted average of the northern and southern contributions; speciﬁcally, we assume the
7.5°N section to characterize the North Equatorial Current region (reaching till 18°N or 66% of the TNA
area) and the 24.5°N sections to represent the remaining area (between 18°N and 24.5°N or 34% of the
TNA area). This partition was tested using gridded products of Cant storage and outputs of ocean
biogeochemical models [Khatiwala et al., 2009, 2013] giving biases lower than 2%, negligible compared
with the uncertainties for the Cant increase rates. Finally, the storage rate of Cant and its uncertainty are
calculated for each water mass within the whole TNA region (Table 4). This is done multiplying the Cant
increase rate, and its uncertainty, by the corresponding water mass volume. In order to compute these
volumes, we use the temperature and salinity data from the World Ocean Atlas 2009 (WOA09) [Locarnini
et al., 2010; Antonov et al., 2010] so as to calculate the density-depth ﬁelds. The thicknesses of each water
mass are estimated for every WOA09 grid point (1° latitude-longitude), after deﬁning the water masses
from properly deﬁned potential density intervals (Table 4), and the total volume of each water mass in the
TNA region is the integration over all grid points. The error of the volume determination is less than 1%,
much less than the uncertainties for the Cant concentration rate (~5–10%).
The Cant budget is examined for the same three layers used for calculating Cant transports. However, we
deﬁne the main layers in the TNA region by Ƴn surfaces, while Fajar et al. [2015] and Guallart et al. [2015]
deﬁned their water masses in terms of isopycnal. Because of this, there is a small mismatch in the lower
limit of the AAIW, located within the upper layer. The AAIW lower limit deﬁned by Fajar et al. [2015] and
Guallart et al. [2015] is σ 0 ≅ 27.55 kg m3, while in the isoneutral approximation it is Ƴn ≅ 27.82 kg m3
ZUNINO ET AL.
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Table 4. Limits, Volumes, Cant Increase Rates, and Cant Storage Rates Computed for Each Water Mass and For the Three Main Layers Deﬁned in Our TNA Region
a
(Referenced to Year 2001)
Water Mass or Layer
SACW/uNACW
SACW/lNACW
AAIW
b
AAIW-uNADW
uNADW
lNADW
AABW
Upper layer
Intermediate layer
Deep layer
Total

Limits
3
(kg m )

Volume
15 3
(10 m )

Cant Rate
1 1
(μmol kg yr )

Cant Storage Rate
1
for 2001(Pg C yr )

Cant Storage Rate
1
for 1992 (Pg C yr )

Cant Storage Rate
1
for 2010 (Pg C yr )

σ 0 < 26.6
26.6 < σ 0 < 27.15
27.15 < σ 0 < 27.55
27.55 < σ 0 < 27.70
σ 0 > 27.70, σ 2 < 37
σ 2 < 37, σ 4 < 45.9
σ 4 > 45.9

3.03
4.04
5.58
3.31
14.7
18.9
1.71

0.877 ± 0.118
0.594 ± 0.111
0.365 ± 0.082
0.171 ± 0.028
0.171 ± 0.028
0.129 ± 0.028
0.143 ± 0.040

0.033 ± 0.004
0.030 ± 0.006
0.025 ± 0.006
0.007 ± 0.000
0.031 ± 0.003
0.030 ± 0.003
0.003 ± 0.000

0.028 ± 0.004
0.026 ± 0.006
0.022 ± 0.006
0.006 ± 0.000
0.027 ± 0.003
0.026 ± 0.003
0.00 ± 0.000

0.038 ± 0.004
0.034 ± 0.006
0.029 ± 0.006
0.008 ± 0.000
0.036 ± 0.003
0.035 ± 0.003
0.003 ± 0.000

Ƴn < 27.922
27.922 < Ƴn < 28.141
28.141 < Ƴn

15.96
33.6
1.71
51.3

0.482 ± 0.046
0.147 ± 0.019
0.143 ± 0.040
0.251 ± 0.019

0.095 ± 0.009
0.061 ± 0.008
0.003 ± 0.001
0.159 ± 0.012

0.082 ± 0.009
0.052 ± 0.008
0.003 ± 0.001
0.137 ± 0.012

0.110 ± 0.009
0.071 ± 0.008
0.003 ± 0.001
0.185 ± 0.012

a

The Cant storage rates referenced to years 1992 and 2010 were deduced from the Cant storage rate for 2001 values using the TSS hypothesis, as explained in
1
1
the text (equation (2)). 1 Pg C yr = 2642 kmol s .
b
3
The 27.55<σ 0<27.7 kg m water has been separated from AAIW and uNADW because of a small mismatch in the AAIW deﬁned by Fajar et al. [2015] and
Guallart et al. [2015] and our upper layer deﬁnition.

[Macdonald 1995; Ganachaud, 1999] which, for the Atlantic Ocean, corresponds to σ 0 ≅ 27.70 kg m3. Hence,
Fajar et al. [2015] and Guallart et al. [2015] considered 27.55 < σ 0 < 27.70 kg m3 to be part of uNADW, while
for the transport calculations it would be part of the upper layer. In order to solve this inconsistency, we
proceed as follows: (i) calculate the volume of TNA with 27.55 < σ 0 < 27.70 kg m3, (ii) associate the
uNADW Cant rate to this water volume, but (iii) include the corresponding accumulation of Cant in the
upper layer of the TNA. Table 4 displays the limits, volumes, and Cant mean rates referenced to year 2001
and the corresponding Cant storage rates for each water mass and each layer within the TNA. Finally, the
Cant storage rates are rescaled to 1993 and 2010 following the TSS hypothesis [Tanhua et al., 2006;
Steinfeldt et al., 2009], according to the expression
year1
year2year1
T year2
Cant ¼ T Cant ð1 þ 0:0169Þ

(2)

where, in our case, year1 is 2001 and year2 is either 1993 or 2010.

3. Results
3.1. Anthropogenic CO2 Distribution in the Two Repeated 7.5°N and 24.5°N Atlantic Sections
Figure 2 shows the Cant distribution of the two repetitions along 7.5°N, in 1993 and 2010, as well as along 24.5°N,
in 1992 and 2011. In both sections and years, the highest Cant concentrations correspond to the surface waters
as a consequence of their direct contact with the atmosphere, with Cant generally decreasing with increasing
depth. Regarding the differences between both realizations (elapsed 17/19 years in 7.5°N/24.5°N), the largest
increase corresponds to the thermocline waters. Nevertheless, the anthropogenic signal is also detected in
NADW (27.922 kg m3 < Ƴn < 28.141 kg m3). Along the 7.5°N section, the eastward displacement of NADW
is related to a tongue of Cant-enriched water, larger in 2010 than in 1993, located near Ƴn = 27.922 kg m3.
Along the 24.5°N section, the arrival of Cant-enriched NADW is also detected in the western basin, associated
with a relative maximum of Cant concentration (>20 μmol kg1 in 2011 on Ƴn = 27.922 kg m3) even reaching
the lNADW (Cant concentration > 10 μmol kg1 in 2011 on Ƴn > 28.072 kg m3).
Figure 3 displays the section mean proﬁles of Cant averaged on isoneutral surfaces. The largest (and
statistically signiﬁcant) Cant temporal increase along the 7.5°N section (between 1993 and 2010) is
detected within the SACW stratum (some 12 μmol kg1) followed by the AAIW stratum (about
5 μmol kg1) (Figure 3a). Deeper in the water column (NADW and AABW), the 1993 and 2010 section
mean proﬁles are not statistically different. In the 24.5°N section (Figure 3b) the behavior is similar to that
observed at 7.5°N, with the Cant increasing signiﬁcantly in the NACW (13 μmol kg1) and AAIW
(6 μmol kg1) strata. The Cant increase in the uNADW is also statistically signiﬁcant, but this is not true for
the lNADW and AABW.
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Figure 2. Vertical section of Cant (μmol kg ) along 24.5°N in (a) 1992 and (b) 2011 and along 7.5°N in (c) 1993 and (d) 2010.
White lines point out the position of isoneutral surfaces (Ƴn) delimiting the water masses. Continuous white lines split the
section into the upper, deep, and bottom layers analyzed in this work, corresponding also to limits between water masses.

A comparison of the Cant concentration proﬁles at 24.5°N and 7.5°N (Figures 3c and 3d) shows that they are
statistically different in most of the whole water column, with concentrations always larger in 24.5°N than in
7.5°N. The largest difference between both mean proﬁles is detected at the central water (SACW and NACW)
level. This difference is likely related to the different times elapsed for the subpolar/subantarctic components
of NACW/SACW (26.85 < Ƴn < 27.38) to reach the 24.5°N and 7.5°N sections from their water formation areas.
The subantarctic component of SACW is formed south of 45°S, in the Subantarctic Front [Stramma and Schott,
1999], while the subpolar component of the NACW is formed in the subpolar North Atlantic (45–52°N), where
it is ventilated relatively fast [McCartney and Talley, 1982]. Hence, the SACW at 7.5°N shows less Cant than the
NACW at 24.5°N. Notice that surface waters do not show a marked spatial gradient because all thermocline
waters of subtropical and tropical areas are locally ventilated in time periods of only a few years,
incorporating Cant from the atmosphere at a very similar rate.
3.2. Transport of Anthropogenic CO2 Across Two Tropical North Atlantic Sections
3.2.1. The 7.5°N Section
This is the ﬁrst time that Cant transport across the 7.5°N section is investigated using in situ data. The
meridional transport of Cant across the 7.5°N section is northward and increases from 315 ± 47 kmol s1
in 1993 to 493 ± 51 kmol s1 in 2010. The increase in the Cant transport may be explained in terms of
both circulation and/or Cant changes. Next, we elucidate on the contribution of both factors in the
observed Cant transport changes.
The different patterns of mass transport across 7.5°N in 1993 and 2010 were studied in detail by HernándezGuerra et al. [2014]. They found the AMOC to be stronger in 1993 than in 2010, 29.2 ± 1.7× 109 kg s1 as
compared with 16.9 ± 1.5 × 109 kg s1. An important part of this decrease was related to a change in the
northward transport of AAIW, which was more intense in 1993 than in 2010; this intensiﬁcation of the
northward AAIW transport is balanced by a larger southward transport of lNADW in 1993 than in 2010.
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Figure 3. Section mean proﬁles of Cant averaged on isoneutrals surfaces (Ƴn) showing the time increase at (a) 7.5°N and (b) 24.5°N and (c and d) the latitudinal
differences between 7.5°N and 24.5°N. Shaded contours show the standard deviation of the section mean values. Grey lines stand for the position of water
masses in the water column. Continuous grey lines are drawn to visualize the three main layers: upper, deep, and bottom. SACW: South Atlantic Central Water; NACW:
North Atlantic Central Water; AAIW: Antarctic Intermediate Water; uNADW: upper North Atlantic Deep Water; lNACW: lower North Atlantic Deep Water; AABW:
Antarctic Bottom Water.

The principal changes in mass transport found by Hernández-Guerra et al. [2014] can also be observed
in Figure 4a.
Despite that the AMOC mass transport across 7.5°N decreased between 1993 and 2010, the Cant transport
increased from 315 ± 47 kmol s1 to 493 ± 51 kmol s1. This increase is explained both by the weaker 2010
southward Cant transport in the deep layer and by the stronger 2010 northward Cant transport in the
upper layer. Table 5 shows the zonally integrated mass transport in the upper, deep, and bottom layers in
1993 and 2010. The decrease in the northward (southward) mass transport in the upper (deep) layer is
8.9 × 109 kg s1 (9.0 × 109 kg s1) which means an average reduction of about 35%. In contrast, the upper
layer experienced a 21% increase in northward Cant transport, while the deep layer underwent a 33%
decrease in southward Cant transport (Table 5). The large decrease in deep mass transport is the cause of
the Cant transport decrease in the deep layer. However, the principal factor controlling the changes in Cant
transport by the upper layer is the increase in Cant within thermocline waters, much more relevant than
the decrease in mass transport. The minor relevance of the mass transport change is because it was
mainly affecting AAIW, a water mass with moderate Cant concentration.
Another important factor controlling the Cant transport across 7.5°N is the change in the horizontal circulation
pattern. Figure 5 shows the mass and Cant transports in the upper, deep, and bottom layers during 1993 and
2010. First, despite the similar mass transports in the eastern margin of the upper layer (Figure 5a), the Cant
transport was slightly larger in 2010 than in 1993 (Figure 5d) as a result of the relatively large Cant increase in
the eastern margin [Fajar et al., 2015]. Second, the large difference in mass transport at 30°W–35°W is not
observed in the Cant transport; this is caused by both the relatively large Cant increase undergone by the
SACW at this location [Fajar et al., 2015] and the weakening of the AAIW northward transport which,
because of its relatively low Cant concentration, does not imply an important change in the Cant transport.
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Figure 4. Zonally integrated transport of mass and Cant (a and b) across the 7.5°N section and (c and d) across the 24.5°N section. Positive (negative) values point out
northward (southward) transport. Red (blue) lines stand for the older (more recent) periods. Shaded contours represent the error of the zonally integrated transport
of mass and Cant at each isoneutral surface. Grey lines stand for the positioning of water masses in the water column. Continuous grey lines are drawn to visualize the
three main layers: upper, deep, and bottom. Acronyms are the same as in Figure 3.

The deep layer can be separated into two regions with different dynamics (Figure 5b). East of 35°W, the 1993
mass transport is basically negligible or slightly negative, while the 2010 one shows a weak northward
transport. West of 35°W, there is substantial variability in both realizations, of weaker amplitude and
shorter spatial scale during 2010 than in 1993. The Cant changes in uNADW and lNADW are signiﬁcant but
very small [Fajar et al., 2015]; therefore, the changes in Cant transport basically mirror those in mass
transport (Figures 5b and 5e). The zonally integrated Cant (mass) transport in the deep layer is weaker in
2010 than in 1993; i.e., 128 ± 34 kmol s1 (18.5 ± 3.6 × 109 kg s1) as compared with 192 ± 32 kmol s1
(27.5 ± 3.0 × 109 kg s1). Therefore, despite a slight Cant increase in the NADW [Fajar et al., 2015], the Cant
transport decreases as a result of the reduced southward mass transport. The latter is partially explained
by the regional recirculation east of 35°W observed in 2010 and not in 1993.
Finally, no statistically signiﬁcant differences between 1993 and 2010 have been detected in the mass and
Cant transports in the bottom layer between (Figures 5c and 5f).

Table 5. Mass and Cant Transport Across 7.5°N and 24.5°N Integrated for the Three Main Layers
7.5°N Section
9

Mass Transport (10 kg s
Layers
Upper Ƴn < 27.922
Deep 27.922> Ƴn < 28.141
Bottom Ƴn > 28.141
Total
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1

)

24.5°N Section

Cant Transport (kmol s

1

)

9

1

Mass Transport (10 kg s

)

Cant Transport (kmol s

1

)

1993

2010

1993

2010

1992

2011

1992

2011

25 ± 1.5
27.5 ± 3.0
1.6 ± 0.9
0.9

16.1 ± 1.5
18.5 ± 3.6
1.5 ± 0.8
0.9

495 ± 42
192 ± 32
11 ± 9
315 ± 47

600 ± 49
128 ± 34
27 ± 11
493 ± 51

23.1 ± 1.9
25.4 ± 5.1
1.4 ± 1.8
0.9

15.6 ± 1.7
17.5 ± 4.9
1.1 ± 1.8
0.8

822 ± 45
304 ± 51
12 ± 23
530 ± 46

1012 ± 49
362 ± 55
12 ± 20
662 ± 49
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Figure 5. Westward accumulated transport of (a, b, and c) mass and (d, e, and f) Cant in the upper (Figures 5a and 5d), deep, (Figures 5b and 5e), and bottom
(Figures 5c and 5f) layers along 7.5°N.

3.2.2. The 24.5°N Section
The net mass transport across the 24.5°N section is around 1 × 109 kg s1 southward, including the ﬂow
in the Bering Strait [Hernández-Guerra et al., 2014; Macdonald et al., 2003; Lavin et al., 1998]. However, since
the Cant concentration is larger in the upper than in the interior ocean, the net Cant transport across
this section is northward. The meridional transport of Cant across the 24.5°N section increases from
530 ± 46 kmol s1 in 1992 to 662 ± 49 kmol s1 in 2011. If the Florida Strait is excluded of the analysis, the
meridional Cant transport across the 24.5°N section is southward, increasing from 884 ± 71 kmol s1 in
1992 to 1334 ± 75 kmol s1 in 2011. Finally, the Cant transported by the northward Florida Current also
increases from 1414 ± 11 kmol s1 in 1992 to 1996 ± 17 kmol s1 in 2011.
The 1992–2011 differences of mass transport across this section were described by Hernández-Guerra et al.
[2014]. They observed a decrease of the AMOC intensity from 24.7 ± 1.7 × 109 kg s1 in 1992 to
20.1 ± 1.4 × 109 kg s1 in 2011. Most of the change in AMOC was associated to the change in the
northward transport of AAIW. Figure 4c shows the changes in the mass transport between 1992 and 2011. A
decrease in the northward transport of AAIW is observed, even with a ﬂow reversal in the lower part of the
AAIW stratum (Figure 4c). Hernández-Guerra et al. [2014] also found an increase in the southward transport of
uNADW, which was partly compensated by a decrease in the southward transport of lNADW (Figure 4c).
As shown by the integrated transports in the three main layers (Table 5), the northward (southward) mass
transport in the upper (deep) layer is more intense in 1992 than in 2011. However, we ﬁnd an increase in the
northward (southward) Cant transport in the upper (deep) layer from 1992 to 2011. The increase in the
northward Cant transport in the upper layer is basically due to the Cant increase. This Cant increase, as evidenced
by Figure 3b, has been reported by Guallart et al. [2015]. The increase of the southward Cant transport in the
deep layer is explained by changes in the circulation pattern: in 2011 the southward transport of lNADW was
reduced as compared with 1992 and partially compensated by a larger southward transport of uNADW
(Figure 4c). This means that the southward ﬂow in 2011 is shallower and more enriched in Cant than in 1992.
The inﬂuence of the zonal distributions in meridional velocity and Cant on the transport of this property across
the 24.5°N is also investigated here. In the upper layer, there is a decrease in the zonally integrated mass
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Figure 6. As for Figure 5 but along 24.5°N.

transport from 23.1 ± 1.9 × 109 kg s1 in 1992 to 15.6 ± 1.7 × 109 kg s1 in 2011 (Table 5). Figure 6 displays the
westward accumulated mass and Cant transports in the upper, deep, and bottom layers. During both cruises,
the upper layer is characterized by substantial mesoscale circulation along the whole section, and the
transport by the Florida Current is rather similar (31.0 ± 0.2 × 109 kg s1 and 31.8 ± 0.3 × 109 kg s1 in 1992
and 2011, respectively). Therefore, the decrease from 1992 to 2011 in the northward mass transport is mainly
due to the southward transport along the section. The westward accumulated mass transport, excluding the
Florida Current from the zonal integration, is 7.9 ± 1.7 × 109 kg s1 and 16.2 ± 1.4 × 109 kg s1 in 1992 and
2011, respectively. As a consequence, the zonally integrated mass transport (including the Florida Current) is
smaller in 2011 than in 1992. Regarding the Cant transport in the upper layer (Figure 6d), the major changes
occur in the western basin, west of 60°W, reﬂecting the relevance of mesoscale variability. The westward
accumulated transport of Cant up to the Florida Straits is larger in 2011 (984 ± 47 kmol s1) than in 1992
(592 ± 43), not only because of the stronger southward transport observed in 2011 but also as a result of
the higher Cant concentration in the upper layers in 2011 than in 1992 [Guallart et al., 2015]. In spite of this
2011 increase in the southward Cant transport, the zonally integrated Cant transport (including the Florida
Straits) is northward, which is larger in 2011 (1012 ± 49 kmol s1) than in 1992 (822 ± 45 kmol s1). This is
because of the large increase in Cant transported by the Florida Current, 1414 ± 11 kmol s1 and
1996 ± 17 kmol s1 in 1992 and 2011, respectively. The mass transport variability of the Florida Current is
rather stable; therefore, the increase in Cant transport associated to the Florida Current is chieﬂy due to the
Cant increase in the Florida Strait waters [Guallart et al., 2015].
There are some differences between the two 24.5°N repetitions in the horizontal circulation of the deep layer.
The most remarkable differences are the 2011 moderately stronger southward mass transport between
30 and 40°W (Figure 6b) and the 1992 stronger southward mass transport in the western boundary
(Figure 6b) associated to the deep western boundary current (DWBC). The southward Cant transport
between 30 and 40°W (Figure 6e) is also stronger in 2011 than in 1992. However, contrary to the mass
transport, the Cant transport associated to the DWBC is stronger in 2011 than in 1992; this is because of
the different main contributor to the southward mass transport, the uNADW in 2011 and the lNADW in
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9

1

Figure 7. (a) Schematic of mass balance in the three layers deﬁned for the TNA, during both 2010–2011 (bold font) and 1992–1993 (italic font) (10 kg s ). The TNA
region is the volume of water contained between 7.5°N and 24.5°N and the American and African continents, including the Caribbean Sea. South (North) is on the left
(right) side of the box. Discontinuous lines inside the box split the water column into three main layers: upper (top), deep (middle), and bottom (bottom). Horizontal
arrows stand for the northward (positive) and southward (negative) transport. In the case of the transport at the 24.5°N upper layer, three different arrows are
shown: the left arrow corresponds to the total transport across the 24.5°N upper layer, which is equal to the sum of the transport by the Florida current (upper right
arrow) and the accumulated transport east of the Florida Straits (lower right arrow). The numbers inside each layer are the net input (positive values) or output
1
(negative values). (b) Schematic of the Cant budget in the TNA, during both 2010–2011 (bold font) and 1992–1993 (italic font) (kmol s ). Notation is the same as in
Figure 7a; additionally, grey boxes show Cant storage rates which, for the bottom and deep layers, are to be compared with the net input; for the upper layer the
balance is closed through the air-sea Cant transfer (vertical arrow).

1992 (Figure 4c), with the Cant concentration and the Cant rate being higher within the uNADW than within
the lNADW (Figure 3b).
In the bottom layer the mass and Cant transports in 1992 and 2011 are not statistically different.
3.3. Anthropogenic CO2 Budget in the Tropical North Atlantic
The repetition of the 7.5°N and 24.5°N sections allows not only to quantify the changes in Cant transport
between two states separated by almost two decades but also to evaluate, for the ﬁrst time with the help
of in situ data, the Cant budget in the TNA. Consider ﬁrst the situation during 2010–2011 as the ﬁrst step
we examine if mass is conserved within the TNA. The inverse model used for computing the mass
transport across 7.5°N and 24.5°N also calculates the diapycnal transports between different layers
[Hernández-Guerra et al., 2014]. Diapycnal transport is statistically different from zero only between layers
within the uNADW; i.e., no signiﬁcant diapycnal velocities take place between the three main layers we
have considered (upper, deep, and bottom). Figure 7 shows the balance of mass and Cant within these
three layers, with the box representing the volume of water contained within the TNA region. The mass
conservation is satisﬁed in each individual layer (Figure 7a) as well as for the whole volume of water;
hence, it allows evaluating the Cant budget for each layer and for the whole volume of water.
The net input/output of Cant into the TNA is examined for each layer. For the bottom layer, it is no statistically
different from zero (Figure 7b). For the deep layer, there is net Cant input of 234 ± 65 kmol s1 (Figure 7b) or
0.09 ± 0.02 Pg C yr1. The DWBC causes an important injection of relatively rich Cant NADW across 24.5°N into
the TNA (Figures 6b and 6e). However, this ﬂux of Cant is not so intense across the 7.5°N section because of the
recirculation of NADW, taking place near the western margin (Figures 5b and 5e). The accumulation of Cant in
the deep layer due to the lateral transport is estimated here neglecting vertical diffusion between layers. The
storage rate of Cant is calculated to elucidate whether the accumulation of Cant in the deep layer is only
accounted by lateral advection. Our estimation of Cant storage rate for this layer is 188 ± 21 kmol s1 which
is not statistically different to the net Cant input (234 ± 65 kmol s1). Therefore, we believe that the
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accumulation of Cant in the TNA deep layer is
mainly due to the southward transport of
NADW, recently ventilated and relatively
enriched in Cant, along the subpolar and
subtropical North Atlantic and its northward
recirculation along 7.5°N.
The lateral advection of Cant in the upper
layer of the TNA region causes a net loss of
412 ± 70 kmol s1; this loss is due to the
strong northward transport of the Florida
Current which transports 1996 ± 17 kmol s1.
Moreover, the Cant storage rate in this layer is
291 ± 24 kmol s1. Summing up storage and
net advective transport in the upper layer,
we infer the Cant air-sea exchange to be 703
± 74 kmol s1 (0.27 ± 0.03 Pg yr1), positive
numbers meaning Cant uptake by the ocean.
Note that the above value for the Cant air-sea
Figure 8. (a) Cant balance for the whole TNA region referenced to
exchange has been computed considering only
2001, the middle year of the studied period (1992–2011). Bold
the upper layer of the TNA, following the
1
1
numbers are in kmol s , and italic numbers are in Pg C yr . The
hypothesis that Cant storage in the TNA deep
horizontal arrows stand for the Cant transport across 7.5°N and
layer is only related to lateral advection of Cant
24.5°N. The numbers inside the box represent the net input of
Cant due to the lateral transport. The values inside the grey box
and air-sea ﬂux only affects the upper layer.
correspond to the Cant storage rate. The vertical arrow represents
Nevertheless, we may also calculate the Cant
the air-sea transfer of Cant as inferred from the Cant balance.
air-sea exchange considering the whole water
volume of our TNA region. Considering the
meridional Cant transport across 7.5°N/24.5°N sections (493 ± 51 kmol s1/662 ± 49 kmol s1) and the Cant
storage rate of the total volume of our TNA region (489 ± 32 kmol s1 or 0.18 ± 0.012 Pg yr1; Table 4), the
inferred air-sea exchange turns out to be 658 ± 65 kmol s1 or 0.25 ± 0.02 Pg yr1. This result is not much
different to that computed considering only the upper layer.
The most striking results of our 2010–2011 Cant budget are the high net input detected in the deep layer and
the very high Cant air-sea ﬂux inferred for the TNA region. These results may be conﬁrmed with those drawn
from the 1992–1993 Cant budget. Figure 7 also shows the mass and Cant balance in the TNA during
1992–1993. As for 2010–2011, the mass conservation is also satisﬁed (Figure 7a). With regard to Cant, the net
input through lateral advection into the deep layer is 112 ± 60 kmol s1. This estimate agrees with the Cant
storage rate referenced to 1993 (139 ± 21 kmol s1, Table 4). Consequently, our hypothesis that Cant
accumulation in the TNA deep layer is mainly due to the lateral advection is also supported by the 1992–1993
Cant budget. Regarding the upper layer, during 1992–1993 there is a net loss of Cant of 327 ± 61 kmol s1 due
to lateral advection. Despite this net loss, the upper layer accumulates 215 ± 24 kmol s1 of Cant, similar to the
value found during 2010–2011 (291 ± 24 kmol s1). Therefore, the inferred Cant air-sea exchange necessary to
compensate the 1992–1993 storage rate plus advective loss is 542 ± 66 kmol s1 (0.21 ± 0.02 Pg yr1), a value
similar to the one obtained for the 2010–2011 period. If instead of using only the upper layer we were to use
the whole water volume in the TNA, the inferred Cant air-sea exchangewould be 576 ± 73 kmol s1
(0.22 ± 0.03 Pg C yr1); this amount compensates for the lateral advection (215 ± 66) and the Cant accumulation (361 ± 32 kmol s1). Considering the balances for both periods (1992–1993 and 2010–2011), our best
estimate for the Cant air-sea exchange in the TNA is 0.23 ± 0.02 Pg C yr1. Figure 8 shows the Cant budget in
the TNA considering the whole volume of water; it is referred to 2001 as it has been computed as the mean
value of 1992 and 2010 budgets.
These results show similar processes occurring during 1992–1993 and 2010–2011: (i) most of the Cant
accumulation in the deep layer is explained by the inﬂow of Cant-enriched NADW through the 24.5°N and
the recirculation of NADW along the 7.5°N section; (ii) the Florida Current causes a huge export of Cant
toward the North; and (iii) the TNA is a region actively uptaking Cant. The main difference between the
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1992–1993 and 2010–2011 Cant budgets is the magnitude of the net Cant input (output) in the deep (upper)
layer. In the case of the deep layer, we have detected a changing role in the exportation-accumulation of Cant
due to changes in the circulation pattern. This point is further discussed in the next section.

4. Discussion and Conclusions
The transport of Cant across the Atlantic at 7.5°N has been estimated for the ﬁrst time using in situ data. Our
results show this transport to be northward, increasing from 315 ± 47 kmol s1 in 1993 to 493 ± 51 kmol s1 in
2010. Our results may be compared with estimates from ocean inverse models (combination of general
circulation models with database of properties deﬁning the CO2 system): our results are quite similar to
those obtained by Gruber et al. [2009], who estimated 370 kmol s1 (referenced to 1995), or by DeVries
[2014], where Cant transport was computed to be 581 ± 26 kmol s1 (referenced to 2012). Khatiwala et al.
[2013] summarized the transport, storage, and air-sea ﬂux of Cant referenced to 2005 obtained from
different ocean inverse models; they show that the transport of Cant across 7.5°N ranges between
237 kmol s1 and 486 kmol s1, in agreement with our estimates.
The difference in Cant transport at 7.5°N between 1993 and 2010 is explained both by an increase in Cant,
affecting mainly the thermocline water, and by changes in the circulation patterns. The northward Cant
transport in the upper layer increases mainly because of a Cant rise, as the principal changes in the
circulation of the upper layer only affect the AAIW, a water mass with moderate Cant concentration
(15 μmol kg1); therefore, a change in the mass transport of AAIW causes relatively small changes in the
Cant transport. In contrast, the large decrease in the southward mass transport of NADW causes a
considerable decrease in the southward Cant transport, even though the Cant concentration within NADW
is even smaller than within AAIW. Therefore, the 1993 to 2010 intensiﬁcation in the northward transport of
Cant through 7.5°N is the outcome both of an increase in northward Cant transport in the upper layer and a
decrease in southward Cant transport in the deep layer.
A novel aspect concerning the Cant transport across the 24.5°N Atlantic section is the use of the same
methodology for two different cruises. Therefore, our results allow a consistent analysis of the relative
contribution of the changes in Cant concentration and circulation to the variations in Cant transport. The
transport of Cant increases from 530 ± 46 kmol s1 in 1992 to 662 ± 49 kmol s1 in 2011. The 1992
estimation is not statistically different from previous results obtained with in situ data: 449 ± 158 kmol s1
[Macdonald et al., 2003] or 610 ± 200 kmol s1 [Rosón et al., 2003]; the difference between previous
estimates and our result lies on the uncertainties. The largest error was given by Rosón et al. [2003],
because it was computed as the standard deviation of the random perturbation of both mass transport
and Cant concentration. Macdonald et al. [2003] took into account only the error associated to the mass
transport, obtaining errors smaller than Rosón et al. [2003] yet larger than our results. Our error estimates
are smaller than these previous results because our mass transports are computed using an inverse model
with 17 layers applied to two transoceanic sections [Hernández-Guerra et al., 2014], while Macdonald et al.
[2003] consider a single layer throughout the 24.5°N section. Our results of Cant transport across 24.5°N
section are also in agreement with those obtained from a biogeochemical model, 396 ± 106 kmol s1
referenced to the 1990s decade [Tjiputra et al., 2010]. However, they do not agree with those deduced
from ocean inverse models, which provide values signiﬁcantly smaller. Gruber et al. [2009] estimated a
Cant transport of 211 kmol s1 (referenced to 1995), or DeVries [2014] obtained a Cant transport of
370 ± 26 kmol s1 (referenced to 2012). Khatiwala et al. [2013] showed that Cant transport across 24.5°N,
as estimated by different ocean inverse models, ranges between 106 kmol s1 and 181 kmol s1
(referenced to 2005); these authors also showed that ocean inverse model estimates are 3 to 5 times
smaller compared with Cant transports computed from in situ data (see their Figure 6). The low Cant
transport at 24.5°N estimated by ocean inverse models is likely related to the model’s inability to
properly account for the intense northward Cant transport by the Florida Current. This leads to very small
Cant ouput in the TNA, causing the Cant air-sea ﬂux to be underestimated by ocean inverse models.
A large part of the increase of Cant transport across 24.5°N from 1992 to 2011 is caused by the Cant increase
undergone by the thermocline waters, essentially those transported by the Florida Current. The increase of
Cant transport by this current is 582 kmol s1, much larger than the net increase in Cant transport through
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the whole section (132 kmol s1). Consequently, the effect of the circulation on the Cant transport changes
cannot be neglected, yet it does not affect the Florida Current which mass transport shows low variability.
The change in the circulation pattern between 1992 and 2011 causes a decrease in the northward Cant
transport, softening the meridional northward Cant transport that would be reached in 2011 otherwise.
Two behaviors explain the decreasing effect of the circulation changes on the Cant transport: (i) the
decrease in the net northward mass transport in the upper layer due to the larger southward transport
east of the Florida’s Strait and (ii) the increase in the southward transport of Cant, as a result of a shift in
the southward ﬂow from Cant-poor lNADW in 1992 to Cant-rich uNADW in 2011.
The second part of this paper aims at deﬁning the Cant budget in the TNA. A net input of Cant has been
detected in the deep layer as a result of more supply through the 24.5°N section than export through the
7.5°N section. The Cant net input is 112 ± 60 kmol s1 (234 ± 65 kmol s1) in 1992–1993 (2010–2011), not
statistically different from Cant storage rate in this layer, estimated as 139 ± 21 kmol s1 (188 ± 21 kmol s1).
These results conﬁrm that the Cant increase detected in the deep layer is due to both the large injection of
recently ventilated Cant-rich NADW across 24.5°N by the DWBC and the northward recirculation of this
NADW at 7.5°N (Figures 5e and 6e). Furthermore, the role of the circulation changes on the accumulation
of Cant within the deep layer has also been identiﬁed. The AMOC slowdown observed from 1992–1993 to
2010–2011, with the decline of the southward mass transport across the 24.5°N and even further across
7.5°N, results in a change from exportation to accumulation within the deep TNA. During 1992–1993 the
circulation is responsible for the export of 47–86% of the total Cant entering the deep TNA. Contrarily,
during 2010–2011, the advective Cant export is reduced to only 27–50%. These results are due to changes
in the circulation pattern.
The behavior in the TNA upper layer is quite different from that observed in the deep layer. We ﬁnd Cant net
export due to lateral advection, yet an accumulation of Cant is also detected in this layer. The air-sea transfer
of Cant, necessary to compensate for both net advective export and accumulation in the upper layer, is
inferred here to be 0.27 ± 0.03 Pg C yr1 (0.21 ± 0.02 Pg C yr1) during 2010–2011 (1992–1993). Since the
Cant air-sea ﬂuxes cannot be measured directly, this result can only be compared with values inferred from
ocean inverse models. Mikaloff Fletcher et al. [2006] inferred a Cant air-sea ﬂux of 0.04 Pg C yr1 referenced
to 1995 or 0.05 Pg C yr1 referenced to 2010; DeVries [2014] estimated, referenced to 2012, a Cant air-sea
ﬂux of 0.08 Pg C yr1. Khatiwala et al. [2013] found the Cant air-sea ﬂuxes in the TNA region, referenced to
2005, to range between 0.02 Pg C yr1 and 0.05 Pg C yr1 using ocean inverse model outputs which are
referenced to 2005. All these estimates, rather similar between them, are as much as 1 order of magnitude
smaller than our results.
For the whole volume of water, the Cant storage rate is 0.159 ± 0.010 Pg C yr1 (referenced to 2001, Table 4),
which is larger than the results obtained from ocean inverse models [Khatiwala et al., 2013], which range
between 0.084 and 0.106 Pg C yr1 (rescaled to 2001). The difference is partially because we consider the
Caribbean Sea, which is not included in the ocean inverse model estimates. If the Caribbean Sea is
excluded, the Cant storage rate is 0.123 ± 0.008 Pg C yr1, yet about 0.03 Pg C yr1 larger than the ocean
inverse models estimates. Furthermore, the Cant storage rate along 7.5°N, observed by Fajar et al. [2015]
using both TTD and φCT0 methods, is somehow larger than those estimated by the ocean inverse models.
The discrepancy is likely caused by the rapid increase of the Cant concentrations in 2010, due to the
change in the ocean circulation.
The Cant storage rates and lateral advection have been used to deduce the air-sea transfer of Cant in the TNA
region. Comparing our results with those obtained by ocean inverse models, we ﬁnd good agreement in the
Cant transport across 7.5°N section, but our estimate for the Cant transport across 24.5°N is about 500 kmol s1
(0.19 Pg C yr1) larger. We also ﬁnd that our estimate for the Cant storage rate is similar but moderately larger
than obtained by the inverse models. Consequently, the small air-sea transfer of Cant obtained from ocean
inverse models is probably the result of the model′s underestimation of the northward Cant transport
across the 24.5°N section.
The heat and Cant budgets in the TNA are much related because of the following: (i) the AMOC transports
warm Cant-enriched water northward and returns colder and poorer in Cant water southward, (ii) the
tropical ocean uptakes heat and Cant from the atmosphere, and (iii) the ocean is accumulating Cant
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[Khatiwala et al., 2013] and heat [Levitus et al., 2012]. Therefore, it is useful to also examine the heat budget for
the TNA. Our estimates for the heat transport for the period 2010–2011 across 7.5°N and 24.5°N are 0.62 ± 0.06
PW and 1.23 ± 0.06 PW, respectively. Consequently, there is an advective heat loss of 0.61 ± 0.06 PW, mainly in
the upper layer. The heat balance may still be modiﬁed by changes in heat content within the TNA; we can
estimate these with the help of Levitus et al. [2012] observations for changes in the heat content in the upper
2000 m of the world ocean for the period 1955–2010. These authors found a heat content trend of
25 × 1018 J yr1 (~0.0008 PW) for the TNA latitudes, which is very small compared to the lateral advection of
heat. Hence, we can infer the heat air-sea exchange in the TNA to be 0.61 ± 0.06 PW, with positive numbers
meaning heat uptake by the ocean. Following a similar procedure, we may calculate the heat air-sea
exchange for the 1992–1993 period as 0.59 ± 0.05 PW. It turns out that both estimates of heat air-sea
exchange are in agreement with available climatological values: according to Josey et al. [1999], the mean
heat air-sea ﬂux in the Atlantic 8–14°N and 14°–24°N bands is 44.6 ± 10 W m2 which, when multiplied by the
TNA surface area (15.3 × 1012 m2), gives a heat air-sea exchange of 0.68 ± 0.16 PW, in very good agreement
with our estimates. These results grant conﬁdence to our estimates for CO2 air-sea ﬂuxes.
We are aware of the seasonality of mass transport across the 7.5°N section. The results presented here are
obtained from single-cruise data, being hence unavoidably contaminated by the seasonal cycle,
particularly because of the changes in wind forcing to the surface and upper thermocline waters and as a
result of variations in mesoscale activity. Despite so, the good consistency in the Cant and heat budgets for
the upper ocean, as deduced from the two periods, together with the relative stability of the air-sea heat
and gas exchange ﬂuxes in the TNA [e.g., Bunker 1976], grant us conﬁdence on the adequateness of the
calculated results to characterize the Cant budget in this region.
Summing up, the Cant advective transport across the TNA is northward, acting as an important Cant source to
the subpolar North Atlantic. An increase in the northward transport of Cant from 1992–1993 to 2010–2011 has
been observed. This is mainly due to the Cant increase in the thermocline water but attenuated by a
weakening of the circulation. A large accumulation of Cant has also been detected in the TNA deep layer,
principally due to the southward advection of NADW recently ventilated in the subpolar North Atlantic
and the recirculation of this water along the 7.5°N section. Finally, in spite of the large Cant export from the
TNA by the Florida Current, there is an important accumulation of Cant in this basin, suggesting the Cant
uptake from the atmosphere to likely be much larger than previously suggested.
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