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Abstract 33 

The variability in the storage of the oceanic anthropogenic CO2 (Cant) on decadal timescale is 34 

evaluated within the main water masses of the Subtropical North Atlantic along 24.5°N. To 35 

this aim, CO2 measurements on five cruises of the A05 section are used to assess the changes 36 

in Cant between 1992 and 2011 in the presence of variability in circulation, using four 37 

methodological procedures (∆C*, TrOCA, φCT
0, TTD). We find good agreement between the 38 

results obtained using chlorofluorocarbons and CO2 measurements. The overall Cant 39 

distribution showed higher concentrations and greater decadal storage rates in the upper layers 40 

with both values decreasing towards the bottom. The central water masses presented the 41 

greatest Cant enrichment, with their upper limb showing a mean yearly accumulation of about 42 

~1 µmol·kg-1·yr-1 and the lower limb showing, on average, half of that value. The much lower 43 

mean storage rates found in intermediate and deep layers (all of them being lesser than ~ 0.25 44 

µmol·kg-1·yr-1) became more relevant when longitudinal differences in the Cant accumulation 45 

were considered. In particular, west of 70°W the ventilation by the Labrador Sea Water 46 

created a noticeable accumulation rate up to ~0.5 µmol·kg-1·yr-1 between 1000 and 2500 dbar. 47 

If a transient stationary state of the Cant distributions is considered, significant bi-decadal 48 

trends in the Cant storage rates of the deepest North Atlantic waters are detected, in agreement 49 

with recent estimations. In the upper layers, our results suggest that, over the course of the last 50 

two decades, Cant was absorbed more intensely in the western side of the North Atlantic 51 

SubTropical Gyre, although Cant concentrations were greater in the east. These findings are in 52 

accordance with data reported in fixed Time Series Stations. 53 

 54 

Keywords:  55 

Anthropogenic CO2; Cant storage rates; Decadal variability; Cant estimation; Steady State; 56 

Water masses.  57 

Atlantic Ocean; Subtropical North Atlantic Gyre; DeepWestern Boundary Current.  58 

 59 

  60 
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Abbreviations:  61 

Cant  Anthropogenic CO2. 62 

[Cant] Mean Cant concentrations, in µmol·kg-1.  63 

[C���
φ��

�
] Mean Cant values estimated by the φCT

0 method, in µmol·kg-1. 64 

�C���
	
��� Mean Cant values estimated by the TrOCA method, in µmol·kg-1. 65 

 �C���
∆�∗

 Mean Cant values estimated by the ∆C* method, in µmol·kg-1. 66 

�C���
		� Mean Cant values estimated by the TTD method, in µmol·kg-1. 67 

DT(φCT
0) Decadal Trend ± uncertainty in Cant accumulation by the φCT

0 method, 68 

in µmol·kg-1 yr-1.  69 

DT(TrOCA) Decadal Trend ± uncertainty in Cant accumulation by the TrOCA 70 

method, in µmol·kg-1 yr-1. 71 

DT(∆C*) Decadal Trend ± uncertainty in Cant accumulation by the ∆C* method, 72 

in µmol·kg-1 yr-1. 73 

DT(TTD) Decadal Trend ± uncertainty in Cant accumulation by the TTD method, 74 

in µmol·kg-1 yr-1. 75 

TSSR(φCT
0) Transient Stationary State rate ± uncertainty in Cant accumulation by the 76 

φCT
0 method, in µmol·kg-1 yr-1.  77 

TSSR(TrOCA) Transient Stationary State rate ± uncertainty in Cant accumulation by the 78 

TrOCA method, in µmol·kg-1 yr-1. 79 

TSSR(∆C*) Transient Stationary State rate ± uncertainty in Cant accumulation by the 80 

∆C* method, in µmol·kg-1 yr-1. 81 

TSSR(TTD) Transient Stationary State rate ± uncertainty in Cant accumulation by the 82 

TTD method, in µmol·kg-1 yr-1.  83 
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1. Introduction 84 

The ocean plays a major role as a sink for carbon dioxide (CO2) released by humankind to the 85 

atmosphere, annually contributing to the removal of about one quarter of the total 86 

anthropogenic CO2 (Cant) atmospheric emissions (Khatiwala et al., 2013). The North Atlantic 87 

Ocean plays an important part absorbing and, especially, accumulating Cant (Watson et al., 88 

1995; Vázquez-Rodríguez et al., 2009a; Pérez et al., 2010a). It contains up to 25% of the 89 

oceanic Cant, although its surface represents only 13% of the global ocean (Sabine et al., 90 

2004). Actually, despite its large Cant storage rate, air-sea uptake in the North Atlantic is not 91 

predominantly anthropogenic, since the natural CO2 uptake largely prevails over the 92 

anthropogenic perturbation in the North Atlantic Subpolar Gyre (NASPG) (Pérez et al., 2013). 93 

The Cant entrance into the ocean interior takes place in the NASPG owing to deep convection, 94 

significantly contributing to the efficiency of the North Atlantic sink. This Cant entrance is 95 

supported up to 65±13% due to lateral transports that carry Cant-loaded subtropical waters to 96 

these northern latitudes through the upper limb of the Meridional Overturning Circulation 97 

(MOC) (Álvarez et al., 2003; Macdonald et al., 2003; Rosón et al., 2003; Pérez et al., 2013). 98 

At 24.5ºN, the MOC is responsible for almost 90% of the meridional heat flux (Johns et al., 99 

2011) and it also transports up to 0.17-0.20 PgC·y-1 of Cant (Macdonald et al., 2003; Rosón et 100 

al., 2003). Since the North Atlantic Subtropical Gyre (NASTG) has a prevailing role in the 101 

Cant uptake from the atmosphere, the WOCE A05 hydrographic line situated at 24.5°N plays a 102 

relevant role in the evaluation and quantification of the Cant build-up in the North Atlantic 103 

sink. It has been studied several times from high spatial resolution in situ CO2 system 104 

measurements performed in 1992 (Rosón et al., 2003), in 1998 (Macdonald et al., 2003) and 105 

in 2004 (Brown et al., 2010). Two new recent occupations, in 2010 and 2011, add to this 106 

historical record. 107 

Estimating the Cant storage in the ocean is not simple because Cant is a small perturbation (3% 108 

at the most) on the natural bulk of oceanic inorganic carbon (CT). Since Cant is not directly 109 

measured in the ocean, it has to be estimated based on indirect techniques from in-situ 110 

observations. Brewer (1978) and Chen and Millero (1979) presented the first Cant calculations 111 

in the late 1970s, which attempted to separate the Cant signal from the background CO2 112 

distribution by correcting the measured CT for changes due to biological activity and by 113 

removing an estimate of the preindustrial preformed CT. Several authors have tried to improve 114 
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those first back-calculation methods (also called carbon-based), leading to a number of 115 

methodologies: ∆C*(Gruber et al., 1996), ∆CT
0 (Kortzinger et al., 1998), TrOCA (Touratier 116 

and Goyet, 2004; Touratier et al., 2007) and φCT
0 (Vázquez-Rodríguez et al., 2009b). Overall, 117 

they rely on the general assumption that ocean circulation and the biological pump have 118 

operated in a steady state since the preindustrial time. In addition, some more recent 119 

conceptual approaches (Broecker and Peng, 1974; Thomas and Ittekkot, 2001; Haine and 120 

Hall, 2002) do not use CT measurements and treat Cant as a conservative tracer (i.e. a tracer 121 

that is not influenced by biological processes in the ocean), avoiding the uncertainties related 122 

to the biological correction of the back-calculation methodologies. Tracer distributions can be 123 

established by using the so-called TTD functions (Transient Time Distributions), that are 124 

mathematical expressions which serve to constrain the time elapsed since a water parcel was 125 

last in contact with the surface (Waugh et al., 2004; Waugh et al., 2006; Steinfeldt et al., 126 

2009), to describe how the oceans circulation connects and transports Cant from the surface to 127 

the ocean interior. Nevertheless, there is no clear consensus about the more appropriate 128 

method to estimate Cant (Sabine and Tanhua, 2010). While some authors have reported Cant 129 

estimations using only one method, ∆C* (Macdonald et al., 2003; Rosón et al., 2003), TTD 130 

(Tanhua et al., 2008) or φCT
0 (Pérez et al., 2010a; Ríos et al., 2012), other authors have 131 

decided running together two or more methods to compare the obtained results: TrOCA and 132 

φCT
0 (Pérez et al., 2010b; Castaño-Carrera et al., 2012; Fajar et al., 2012), TrOCA, φCT

0 and 133 

∆C*,  (Flecha et al., 2012), ∆C*, ∆CT
0 and TrOCA (Lo Monaco et al., 2005) or ∆C*, TrOCA, 134 

IPSL, TTD and φCT
0 (Vázquez-Rodríguez et al., 2009b). Moreover, some authors suggest that 135 

a combination of approaches should be necessary to achieve a robust quantification of the 136 

ocean sink of Cant (Khatiwala et al., 2013). 137 

The A05 repeat section cruises provide a valuable time series to better constrain the decadal 138 

variability of the North Atlantic Cant storage from observational data. To this aim, the present 139 

work studies the Cant changes between 1992 and 2011 along 24.5°N through four 140 

methodological procedures. Three back calculation methods (∆C* (Gruber et al., 1996), 141 

TrOCA (Touratier et al., 2007) and φCT
0 (Vázquez-Rodríguez et al., 2009b)) and a tracer 142 

based technique (TTD (Waugh et al., 2006)) are used to quantify the temporal changes in the 143 

Cant concentrations within six different water masses of the Subtropical North Atlantic. This 144 

study also faces possible longitudinal differences in the decadal Cant storage rates and provides 145 
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a general approximation of the results to a transient stationary state of oceanic Cant 146 

accumulation.  147 

2. Data 148 

Five cruises of the A05 repeated section are used to study the temporal evolution of the Cant 149 

storage in the Subtropical North Atlantic Ocean. Table 1 summarizes the information of 150 

interest relative to each one. The cruises carried out in 1992, 1998 and 2004 are referred as 151 

earlier cruises, with respect to the two most recent occupations in 2010 and 2011. All the 152 

cruises tracks are depicted in figure 1a: the 1992 occupation was carried out along 24.5°N, 153 

lying south of the following cruises at boundary regions and sampling the Florida Strait at 154 

26°N. Subsequent occupations were set starting from 28°N next to the African shelf, joining 155 

the 24.5°N line at 24°W and angling northward near the opposite shelf to complete the line at 156 

26.5°N, sampling the Florida Strait at 27°N. Among them, only the 2010 cruise crossed the 157 

Mid Atlantic Ridge (MAR) following the Kane Fracture Zone, thus slightly deviating from 158 

the common track.  159 

 160 

2.1. Earlier cruises 161 

The corresponding datasets are available on the CDIAC website (http://cdiac.ornl.gov/). The 162 

1992 cruise was conducted under the frame of the WOCE Project. Procedures for CO2 system 163 

parameters analysis and its adjustment are described in Rosón et al. (2003) and Guallart et al. 164 

(2013). The 1998 measurements are reported in Peltola et al. (2001) and Macdonald et al. 165 

(2003). Due to the lack of nutrient data to compute Cant, nutrient gaps in positions where CT 166 

and AT were available were filled by interpolation using a multiparameter linear regression 167 

(MLR) technique (Velo et al., 2010). In 2004, the section was reoccupied within the 168 

framework of the CLIVAR Program. The analysis methodologies are described in 169 

Cunningham (2005) and Brown et al. (2010). The 2004 dataset used in this work is a 170 

combination between the data available at CDIAC and the Florida Strait measurements 171 

submitted to the British Oceanographic Data Center (http://www.bodc.ac.uk/). The AT gaps in 172 

bottles where CT was available were filled from interpolated normalized AT (NAT = AT · 35 / 173 
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salinity). The interpolation was done on NAT data because it is less variable than AT (Millero 174 

et al., 1998).  175 

 176 

2.2. Recent cruises 177 

In 2010, the CT was measured by coulometry (Dickson et al., 2007) and AT was determined 178 

by potentiometric titration (Dickson et al., 2007) using a VINDTA system (Marianda, Kiel, 179 

Germany). Certified reference material (CRM, batch 97) supplied by Scripps Institution of 180 

Oceanography was analysed twice daily. Accuracy was calculated as ±2.9 µmol·kg-1
 (n = 399) 181 

for CT and ±1.9 µmol·kg-1 (n = 397) for AT. After Secondary Quality Control (2ndQC) 182 

(Tanhua et al., 2010b) on CT, AT, nutrients and oxygen (O2) data, O2 and silicate were bias-183 

adjusted (Table 1). The CT and AT data are further described in Schuster et al. (2013). The 184 

CFCs were measured at the LGMAC lab following Smethie et al. (2000) and Law et al. 185 

(1994). Nutrient gaps were filled as described above. In 2011, the last occupation of the A05 186 

section was carried as part of the Circumnavigation Expedition MALASPINA 2010 187 

(http://www.expedicionmalaspina.es/). The pH was measured spectrophotometrically 188 

(Clayton and Byrne, 1993) and AT was determined potentiometrically by titration at endpoint 189 

detection (Mintrop et al., 2000). AT gaps were filled as reported above. The CT was calculated 190 

from AT and pH using the dissociation constants of Mehrbach et al. (1973) refitted by 191 

Dickson and Millero (1987) using the CO2sys program (Pierrot et al., 2006).  Discrete CT 192 

samples were taken in 11 stations and analysed for quality control at the IIM-CSIC laboratory 193 

by coulometric determination using a SOMMA system (Johnson et al., 1998). The internal 194 

consistency between calculated and measured CT was estimated to be of 0.9 ± 3.5 µmol·kg-1 195 

(n=22). No adjustments were needed after 2ndQC.  196 

 197 

3. Methods 198 

3.1. Cant determinations 199 

Three back-calculation methods (∆C*(Gruber et al., 1996), φCT
0 (Vázquez-Rodríguez et al., 200 

2009b) and TrOCA (Touratier and Goyet, 2004; Touratier et al., 2007)) and one tracer-based 201 

method (TTD (Waugh et al., 2006)) were selected to determine the Cant distributions. The 202 

overall uncertainties in Cant are ±9 µmol·kg-1, ±5.2 µmol·kg-1, ±6.25 µmol·kg-1 and ±6 203 
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µmol·kg-1 for ∆C*, φCT
0, TrOCA and TTD estimates, respectively. Further details on the 204 

specific assumptions of each of the four methodologies are provided in Appendix A, in the 205 

Supplementary information.  206 

 207 

3.2. Averaging by regions and layers 208 

The five A05 datasets were divided vertically in six density layers and longitudinally into five 209 

regions that are depicted in figure 1b, over the salinity distribution of the 2011 cruise. The 210 

water column was divided by identifying the main water masses representative of the 211 

Subtropical North Atlantic Ocean following (Talley et al., 2011): North Atlantic Central 212 

Waters (NACW), Antarctic Intermediate Water (AAIW), North Atlantic Deep Waters (NADW) 213 

and Antarctic Bottom Water (AABW). The subducted thermocline (NACW) was further split in 214 

two main cores: the upper (uNACW), including a warm and saline component related with the 215 

SubTropical Mode Water and the lower (lNACW), denser and fresher, related with the 216 

SubPolar Mode Waters (McCartney and Talley, 1982). The limit between the AAIW and the 217 

uNADW was also better constrained according to the TS properties. Thus, the three uppermost 218 

layers were delimited using σ0 along the isopycnals σ0 = 26.7 kg·m-3, σ0 = 27.2 and σ0 = 27.6 219 

kg·m-3 (Fig.1b). The uNACW layer includes depths between ~150 - 450 dbar. Since the 220 

isopycnal is tilted up towards the east, it is far shallower on the eastern side of the section, 221 

until ~250 dbar. This layer shows the highest salinity values of the water column, within an 222 

average of 36.6. The lNACW layer is located between ~250 and ~850 dbar. The AAIW (from 223 

~600 to ~1100 dbar) encompasses the oxygen minimum zone in the shallower levels of the 224 

layer. The slight eastward salinization at these depths comes from the MW influence, as it 225 

spreads through the layer below. The two NADW components were delimited according to a 226 

reference level of 2000 dbar (σ2), along σ2 = 37 kg·m-3 (Fig.1b). The uNADW layer extends 227 

from ~1100 to ~2500 dbar. Its freshening close to the western margin is related to the 228 

Labrador Sea Water (LSW) spreading. The lNADW layer fills the eastern basin from ~2100 229 

dbar to the ocean floor but extends to ~4500 dbar in the western basin. The AABW was 230 

delimited in the western basin along the isopycnal σ4 = 45.9 kg·m-3. In addition to the water 231 

masses classification, the section was zonally divided separating the eastern and western 232 

basins at 45°W, each side of the Mid-Atlantic Ridge. The division of the western basin was 233 
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refined in order to better constrain, in terms of its circulation features, the temporal variability 234 

of Cant distributions. The Florida Strait was identified as an independent region ranging from 235 

80°W to 78°W. It was isolated from the main section due to its independent behaviour in 236 

terms of transports (Schmitz and Richardson, 1991; Macdonald et al., 2003; Rosón et al., 237 

2003). The zone of deep ventilation by the Deep Western Boundary Current (DWBC), Region 238 

1 (R1), was separated from the ocean interior at 70°W, isolating it from Region 2 (R2), where 239 

AABW fills a considerable volume of the deep ocean. Despite not showing a priori 240 

remarkable oceanographic particularities, the eastern basin was also halved at 30°W, 241 

differentiating Region 3 (R3) and Region 4 (R4) to isolate the relative maximum of salinity of 242 

Mediterranean Water (MW) that enters the section from the African Coast. 243 

A total of 25 boxes (Fig. 1b) were obtained, and the temporal variability of the mean Cant 244 

estimations within them was studied. Data above 150 dbar were removed to avoid seasonal 245 

biological effects, since conservative tracers do not vary seasonally in the subsurface (100-246 

200m) (Vázquez-Rodríguez et al., 2012). Mean Cant values ([C���
φ��

�
], �C���

	
���, �C���
∆�∗

, �C���
		�, 247 

in µmol·kg-1) of the φCT
0, TrOCA, ∆C* and TTD estimates within each box were computed 248 

as the mean and standard deviation of the corresponding ensembles of 100 averages obtained 249 

through random perturbations of the φCT
0, TrOCA, ∆C* and TTD estimates in each box. The 250 

random perturbation of the data was done according to each method uncertainty. The values 251 

obtained are shown, for each cruise, in Appendix B of the Supplementary Information. Mean 252 

values ± standard error of the mean (x ± σ/√N) of pressure (dbar), salinity, O2 (µmol·kg-1), 253 

potential temperature ϴ (ºC) and Apparent Oxygen Utilization (AOU, µmol·kg-1) within each 254 

box are also shown as supporting information of the Cant data. 255 

 256 

3.3. Decadal trend and rate of change in Cant storage 257 

In order to study the temporal changes in the mean Cant concentrations ([Cant]) of φCT
0, 258 

TrOCA and ∆C* within each box for the period 1992-2011, an ensemble of 100 linear 259 

regressions between the five years and the 100 random-perturbed averages was obtained. 260 

Linear regressions for TTD were performed from 1992 to 2010. The mean and the standard 261 

deviation of the 100 linear regressions were considered as the Decadal Trend (DT) and the 262 
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uncertainty (in µmol·kg-1 yr-1) for [Cant]) inside each box. (Table C1 in Appendix C). As each 263 

Cant method yields a specific DT, hereafter they will be denoted as DT (method), e.g. 264 

DT(φCT
0), DT(TrOCA), DT(∆C*) and DT(TTD). Table C1 in the Supplementary Information 265 

shows the DT values in each box, per method.  266 

Tanhua et al. (2006) found that Cant is in transient steady state (TSS) in the North Atlantic 267 

from comparison of the observed changes in CT and CFC fields with those predicted from an 268 

eddy-permitting ocean circulation model. This means that Cant increases over time through the 269 

whole water column in a manner that is proportional to the time-dependent surface 270 

concentration. Hence, Cant changes for a given time period can be determined from [Cant] 271 

(Tanhua et al., 2007; Steinfeldt et al., 2009; Khatiwala et al., 2013; Pérez et al., 2013) 272 

considering the exponential fit C���
� � Aeλ� , that describes the history of atmospheric CO2 and 273 

C���
�  in the ocean surface mixed layer since the Industrial Revolution. Steinfeldt et al. (2009) 274 

reported an increase rate of 1.69% for the factor λ(yr-1), for characteristic NADW properties. 275 

The uncertainty associated to λ was found to be 0.10%, based on the variability found 276 

between 1992 - 2012 in the estimated rates of C���
�  increase in the surface mixed layer.  The 277 

Cant storage rate (µmol·kg-1·yr-1) under a transient steady state can be calculated within each 278 

box as the product between λ (yr-1) and [Cant] (µmol·kg-1), being the term [Cant] variable 279 

depending on the method used to estimate Cant:  280 

�����

��
� λ � �C���																																																		�1� 

To obtain robust 
���� 

�!
 within each box, an ensemble of 100 

���� 

�!
 were obtained per each 281 

cruise via equation (1), from the 100 random-perturbed averages ([C���
φ��

�
], �C���

	
���, �C���
∆�∗

, 282 

�C���
		�) obtained as reported above and also considering the random perturbation of λ. Since 283 

all the cruises were grouped off to increase the amount of  
���� 

�!
 estimations, the 100 random-284 

perturbed averages relative to each cruise were previously time-normalized (Khatiwala et al., 285 

2013) to the year 2000, via equation 2:  286 

                                           C��"� � C��#�eλ��"$�#�																																									 �2� 287 
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where t1 corresponds to each A05 cruise occupation year and t2 is the reference year 2000. 288 

C(t1) corresponds to [Cant] in each cruise, and C(t2) to the one normalized to year 2000. The 289 

temporal rescaling was performed to reduce the variability in the obtained storages due to the 290 

difference in [Cant] between years, obtaining TSSR storages that were set in the middle of the 291 

studied period. The TSSR and its uncertainty were considered as the mean and standard 292 

deviation of the 500 
���� 

�!
	(100 per cruise). Hereafter, the Cant storage rates (µmol·kg-1 yr-1) 293 

computed following the Transient Stationary State approximation will be denoted as TSSR 294 

(method), e.g. TSSR(φCT
0), TSSR(TrOCA), TSSR(∆C*) and TSSR(TTD).  Table C1, in the 295 

Supplementary Information, shows the TSSR values in each box, per method. Taking into 296 

account that sometimes the Cant estimates from different methods extend over a broad range 297 

of values, Khatiwala et al., (2013) suggesed that a combination of Cant estimation methods, 298 

each with its own strengths and weaknesses, should be necessary to achieve a robust 299 

quantification of the ocean sink of Cant. By applying their consideration to the Cant storage, 300 

table C1 shows the mean DT and TSSR within each box, where the four methods used to 301 

compute Cant are combined. Since DT uncertainties were more variable, the averaging was 302 

done by weighting the back-calculations with respect to the tracer method. The time-303 

normalized [Cant] (to year 2000) obtained averaging the four methods estimates is also shown. 304 

 305 

4. Results 306 

4.1. Modern Cant distribution 307 

Figure 2 shows the average distributions of C���
φ��

�
 in 1992 and 2011, for the eastern and 308 

western basins separately. All profiles show a common overall shape in space and time, with 309 

higher C���
φ��

�
 values near the surface that decrease towards the bottom. The vertical gradient is 310 

really strong in the upper ocean, from 150 to 1000 dbar, whilst concentrations remain low and 311 

almost constant deeper than this. Below 1000 dbar, only the DWBC contributes to the deep 312 

ocean ventilation, mostly through the LSW spreading pathway. Its role can be identified as 313 

the relative maximum in C���
φ��

�
 between 1100 and 1800 dbar, in the western basin. Temporal 314 

differences in the profiles reveal a systematic full-depth enrichment in C���
φ��

�
 in both basins that 315 
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is substantially greater in the first 1000 dbar. These pressure ranges encompass the three 316 

uppermost density layers. Among them, uNACW and lNACW, which are formed at relatively 317 

close subtropical and temperate latitudes, show the largest accumulation detected in the water 318 

column, in a similar magnitude in each basin. Instead, in the deep ocean the C���
φ��

�
 penetration 319 

occurs faster in the western than in the eastern basin due to the DWBC spreading. The C���
φ��

�
 320 

increase is larger between 1000 and 2000 dbar, while it is difficult to differenciate changes 321 

below that level to the bottom as the uncertainty estimates overlap (Fig.2).  322 

 323 

4.2. Decadal Trends in Cant storage by layers 324 

4.2.1. uNACW (σ0 < 26.5 kg m-3) 325 

The four Cant methods show the greatest [Cant] of the whole water column in uNACW, as it is 326 

the most ventilated layer (Fig.3). The range in [Cant] during the 1992 - 2011 period is wide 327 

and depends on the method used, suggesting a rise of about ~ 10 - 22 µmol·kg-1. The four 328 

methods show consistent DT values between them in the eastern basin (R3 and R4, Fig. 4) but 329 

different DT in the Cant accumulation of the western basin (R1 and R2). There, DT(TTD) 330 

indicates much lower decadal increases in �C���
		� than any DT obtained by using back-331 

calculation methods. Thus, while [C���
φ��

�
], �C���

	
��� and �C���
∆�∗

 are estimated to have been 332 

increasing up to nearly ~ 1 µmol·kg-1 yr-1, �C���
		� shows a decadal increase quite below this 333 

amount (DT and TSSR values are reported in table C1 of the Supplementary Information). 334 

The TTD method typically produces the highest estimates in the upper layers (Vázquez-335 

Rodríguez et al., 2009a; Khatiwala et al., 2013). However, �C���
		� show a noticeably common 336 

change with time (Fig. 3) along the entire layer: a systematically changing offset with respect 337 

to the other three estimations from 1992 onwards, whereas the offset remains generally 338 

constant between cruises in the layers below. This can presumably be attributed to the decline 339 

in the atmospheric CFC concentrations since their peak during the past decade (Tanhua et al., 340 

2008), which would lead to an even greater underestimation of �C���
		� in this layer (the most 341 

recently ventilated) moving closer to the end of the studied period. 342 
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4.2.2. lNACW (26.5< σ0 < 27.1 kg m-3) 343 

Regardless of the cruise, [C���
φ��

�
], �C���

	
���, &Cant
∆�∗

* and �C���
		� are in general higher moving 344 

towards the east along the lNACW, coinciding with a higher ventilation due to the tilting of 345 

the isopycnal (Fig. 3). This layer shows a continuous and considerable increase in [Cant], of 346 

about ∼ 6 to 11 µmol·kg-1, when considering the four methods. The four methods agree in 347 

pointing to R4 as the region with the highest storage at these depth ranges (Fig. 4). Close to 348 

the western margin (R1), DT(TTD) suggests lower storage than back-calculations, which 349 

could also be explained as in the layer above, from the decline in the atmospheric CFC 350 

concentrations and the intense mixing with the layer above due to the winter outcrop (Bates, 351 

2012). 352 

 353 

4.2.3. AAIW (27.1< σ0 < 27.5 kg m-3)  354 

The four methods agree in showing a higher storage in R1 compared with the remaining 355 

regions (Figure 4). Moreover, DT(φCT
0), DT(TrOCA) and DT(TTD) results show a similar 356 

longitudinal pattern: their high DT in R1 is reduced in the ocean interior (R2-R4) until quite 357 

similar DT values in R2 and R4 and a near absence of significant accumulation in R3. A 358 

noticeable exception concerns the stabilization of [C���
φ��

�
] and �C���

	
��� in R3 (Fig. 3), which 359 

seems a real feature and not an artefact from the methodologies used, since �C���
		� do not 360 

show either changes in time. However, the values of DT(TTD) are low in general compared to 361 

back-calculations (Fig. 4). DT(∆C*) results mostly coincide with this zonal pattern but 362 

suggest a considerable increase in �C���
∆�∗

 in R3 and R4. It is important to remark that 363 

determining Cant in this layer is particularly difficult for a number of reasons. The AAIW layer 364 

encompasses characteristic biogeochemical singularities, it includes the O2 minimum layer, 365 

for instance, and it is strongly influenced by the dynamic water mass front between AAIW and 366 

MW and the coastal upwelling (Brown et al., 2010). Alltogether, the different behaviour in 367 

�C���
∆�∗

 could be related to the fact that this method appears to be more sensitive than the other 368 

methods to changes in ϴ and O2 horizons shifts that occur in R3 and R4, in AAIW and 369 

uNADW (tables B3 and B4 in the Supplementary Information), which could have an effect on 370 

the computation of the disequilibrium term in these regions. Thus, a number of factors make 371 
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inherently difficult to correctly compute [Cant] or interpret its decadal trend at these depth 372 

ranges. Moreover, the fact that the temporal evolution of the Cant averages along the AAIW 373 

layer practically parallels that of uNADW (Fig. 3) suggests that it might also be somewhat 374 

influenced by the LSW Cant ventilation. Steinfeldt et al., (2007) also found a noticeable 375 

increase in the CFC-12 concentration with time close to the western boundary, at depth ranges 376 

right above the layer where the LSW spreads. 377 

 378 

4.2.4. uNADW ( σ0> 27.5 and σ2<37 kg m-3) 379 

The DT results from the four methods highlight a significantly higher accumulation in R1 380 

with respect to the remaining regions of the layer (Fig. 4), of up to  ∼ 8 to 11 µmol·kg-1, due to 381 

the LSW penetration into the section. The DT values in R1 are consistent with, or even higher 382 

than in the layer above, with the four values amounting to ∼ 0.5 µmol·kg-1 yr-1. This value 383 

confirms the important Cant advection in depth associated to the LSW, as it matches the yearly 384 

Cant accumulation along lNACW and half of that along uNACW. As reported above, the 385 

DT(∆C*) results are somewhat high compared with the other three methods in the eastern 386 

basin (Fig. 4), giving to significant storages along the entire layer. Instead, a significantly 387 

lower accumulation of �C���
φ��

�
], �C���

	
��� and �C���
		�	appears to take place in R4 (at least half 388 

of that in �C���
∆�∗

), whereas no increase in any of them occurred in R3.  389 

 390 

4.2.5. lNADW ( σ2> 37 and σ4<45.9 kg m-3) 391 

As shown in Figure 3, �C���
∆�∗

, �C���
φ��

�
], �C���

	
��� and �C���
		� are different in magnitude in some 392 

regions but, nonetheless, their temporal trends do suggest relatively consistent results (Fig. 4). 393 

DT values from the four methods agree in showing a significant, albeit low, decadal increase 394 

in [Cant] in R1, that amounts to about half of the annual increase in the layer above. ∆C* and 395 

TTD methods agree in suggesting significant �C���
		� and �C���

∆�∗
 accumulation in the entire 396 

western basin, while φCT
0 and TrOCA do not indicate any build-up in R2 (Fig. 4). In the 397 
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eastern basin, none of the methods indicates accumulation of Cant during the last two decades, 398 

despite the fact that significant mean concentrations are exhibited (Fig. 3).  399 

 400 

4.2.6. AABW (σ4>45.9 kg m-3)  401 

In this layer, [Cant] changes in time appear to be negligible in general (Fig. 3). Although the 402 

Cant content can be considered to be significant by the four methods (mostly from 2004 on), 403 

the error bars are too high to confirm a significant rise in their concentrations. In R1, 404 

DT(φCT
0) and DT(TrOCA) results suggest a low accumulation from back-calculation 405 

methods, while �C���
		� remain almost constant in time (Fig. 4). Regarding R2, DT results 406 

neither reveal any changes during the last two decades. That could be related to the 407 

quantification limits of the methods, as in the layer above, making difficult to evidence, 408 

during a bi-decadal period, the slow increase of the really diluted Cant signal by the time it 409 

arrives at these latitudes. Alternatively, ir could be related, to the more pristine characteristics 410 

of the AABW.  411 

 412 

4.2.7. Florida Strait 413 

As shown in Figure 3, [Cant] increases are observable in the three layers that move though the 414 

FS. Although higher variability is found in the [Cant] estimates within the FS, DT results in 415 

this region show, in general, a higher accumulation than in R1 in central waters (uNACW and 416 

lNACW). However, the values in the AAIW layer suggest a lower accumulation than in R1 that 417 

is really noticeable when using the TTD method. According to Schmitz and Richardson 418 

(1991), the vertical pattern with regard to the main section could be explained by the 419 

respective origins of the three layers entering the FS. The uNACW and lNACW find its origin 420 

at closer latitudes, in relation with the recirculation of the North Equatorial Current. In 421 

contrast, the AAIW layer in the FS proceeds directly from the South Eastern Atlantic. While 422 

the two uppermost layers show similar ϴ/S and oxygen values with the next region, the AAIW 423 

shows respectively lower ϴ/S and higher AOU values than those in the main section (tables in 424 

Appendix B of the Supplementary Information). Thus, DT(TTD) suggests lower decadal 425 
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increases than back-calculation methods (Fig. 4), as there is no increase in �C���
		� during the  426 

last two decades. DT results by using back-calculation methods show consistent values 427 

between TrOCA and ∆C* in the FS. DT(φCT
0) are slightly lower in the two first layers while 428 

it is consistent with them in the AAIW layer.  429 

 430 

4.3. TSSR Cant storage rates by layers    431 

Purple dashed lines in Figure 3 correspond to the mean TSSR reported in Table C1 of 432 

Appendix C, taking into account its confidence interval. Long-term storage (TSSR) results 433 

indicate the expected storage according to the [Cant] levels found in each box taking into 434 

account the exponential fit of the Cant accumulation in the surface ocean on long time scales. 435 

Thus, TSSR values follow the [Cant] distribution (i.e. boxes containing the greater 436 

concentrations exhibit the highest storages, and the accumulation rates decrease in depth or 437 

along the different layers according to the progressively lower concentrations). TSSR results 438 

are in general more consistent between the four methods than they are from the DT approach, 439 

which indicates that [C���
φ��

�
], �C���

	
���, &C���
∆�∗

* and �C���
		� estimations are, actually, very close 440 

between them. However, TSSR results do not always match those obtained from the DT 441 

approach (Fig. 4). They also show much lower uncertainties than the DT approach, mainly in 442 

the deep ocean, due to the time-normalization of the data. This is the main benefit of using the 443 

TSSR approach. By referring the mean [Cant] of the five cruises to the year 2000 (values in 444 

table C1 in the Supplementary Information), possible biases in any dataset are smoothed from 445 

the averaging with the other ones. Thus, the uncertainties of the obtained storages are reduced, 446 

making them more robust. In contrast, the DT approach is more sensitive to the data quality 447 

from each cruise, taking into account that few averages (n=5) are used to perform the linear 448 

regressions. However, the DT approach allows the detection of a more realistic Cant storage in 449 

relation to the specific bi-decadal period of study, since changes are computed only 450 

considering data from this time period. Conversely, TSSR results need to be interpreted in 451 

terms of a previous accumulative history of the estimated [Cant] due to the fact that the storage 452 

is computed based on the assumption of the observed Cant increase in the surface since the 453 

preindustrial era that follows an exponential fit. Thus, possible real variations in [Cant] 454 

increase which deviate from a steady-state accumulation could become masked in the TSSR 455 
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results due to its integration into the past accumulative history of Cant. Comparisons between 456 

the two approaches are helpful to interpret the observed temporal changes in [Cant], especially 457 

if these changes can be compared between estimations obtained following both CO2 (back-458 

calculation) and tracer based methods. When the outputs of both approaches (DT and TSSR) 459 

coincide, this could be interpreted as situations in which the more punctual or short-term (here 460 

bi-decadal) Cant storage (i.e. the DT) is confirmed with the integrated or long-term 461 

(centennial) Cant storage (i.e. the TSSR). 462 

 463 

4.3.1. The upper ocean: uNACW, lNACW and AAIW 464 

Central Waters (uNACW and lNACW) show progressively higher TSSR values from R1 to R4 465 

(Fig. 4), suggesting a higher expected storage in the eastern than in the western basin. This 466 

pattern is in accordance with the [Cant] distributions along the layers. In the uNACW, TSSR 467 

and DT results from any method are fairly coincident in R4. However, the storages obtained 468 

from both approaches start to differ while moving towards the west (R1): in one hand, TSSR 469 

values from the three back-calculation methods slightly decrease moving from R3 to R1 (as 470 

[Cant] do) but their analogous DT remain more or less equal (φCT
0) or even increase (TrOCA 471 

or ∆C*)  in that direction (Fig. 4). On the other hand, the observed DT(TTD) values suggest a 472 

lower �C���
		� accumulation towards the west while TSSR(TTD) results indicate that a quite 473 

similar accumulation should be expected along the layer. The noticeable difference between 474 

DT and TSSR approaches is significant for the four methods in the western basin. While 475 

DT(TTD) suggest that �C���
		� has been accumulating slower than expected from the 476 

inventory, at least during the last two decades, DT(φCT
0), DT(TrOCA) and DT(∆C*) results 477 

suggest the contrary for [C���
φ��

�
], �C���

	
���, &C���
Δ�∗

*, which have increased their values in the 478 

basin more substantially than would have been expected from a steadier behavior. In contrast 479 

to this, the eastern basin shows decadal trends closer to a more stationary build-up. In water 480 

masses below, the most noticeable feature along the lNACW is the strongest longitudinal 481 

gradient in the storage rates between the eastern (higher) and the western (lower) basins 482 

suggested from TSSR results in comparison with the DT results that are more consistent along 483 

the entire layer. This is due to the strong gradient in [Cant] associated to the shallowing of the 484 

isopycnals towards the east. However, only DT(TTD) shows the same pattern since DT from 485 
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back-calculation methods, in general, are more similar along the layer. In the AAIW, TSSR 486 

values from the four methods are really close between them and indicate very similar storages 487 

along the entire layer (Fig. 4). A noticeable common feature is that no method suggests an 488 

expected greater accumulation in the DWBC region (R1) compared with the remaining layer, 489 

as their relative DT results indicate. The expected TSSR storages in the ocean interior (R2 to 490 

R4) are mostly similar between the TTD and the back-calculated TSSR results, which is not 491 

paralleled always in the DT(TTD) values, that are low in general. The TSSR storages found 492 

from R2 to R4 are consistent to the observed DT values for φCT
0 and TrOCA. The only 493 

mismatch occurs in R3 where a TSSR storage similar to the surrounding regions is expected, 494 

as the Cant concentrations are significant, but neither [C���
φ��

�
], nor �C���

	
��� nor	�C���
		� actually 495 

appear to have been increasing during the  two decades. 496 

  497 

4.3.2. The deep ocean: uNADW, lNADW and AABW  498 

In the deep layers (uNADW and lNADW) both approaches coincide in pointing out R1 as the 499 

leading region in the Cant build-up with respect to the ocean interior. However, TSSRs results 500 

exhibit a softer zonal gradient in the storage rates along the section than their respective DT 501 

values (Fig.4), mostly in the uNADW.  This result highlights the significant role of the DWBC 502 

on the observed [Cant] entrance in the deeper western basin and the noticeable contribution of 503 

the LSW to this penetration during the period of study.  The boxes of the ocean interior where 504 

[Cant] are close to the detection limits show low but significant TSSR storages (Fig. 4). 505 

Opposite to this, their related DT values are not always significant. This might be related to 506 

the inherent difficulty to accurately estimate the Cant levels in deep waters and also to its 507 

(slow) temporal increase, as they are assumed to contain very low concentrations that are 508 

quite close to the detection capacity of the methods. It is thus difficult to ascertain if the 509 

absence of rising [Cant] observed in the deep ocean interior (mainly in the lNADW) is real or, 510 

as reported above, just a consequence of the time series not being long enough in duration. 511 

This restriction is also relevant for the AABW, where TSSR and DT approaches do describe 512 

consistent storages in R1, indicating the likely [Cant] presence and its increase at very low 513 

rates (significant from φCT
0 and TrOCA) in old waters close to the bottom. The Cant build-up 514 
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could be considered to be occurring in R2 as well, according to the coincidence of the TSSR 515 

results with those in R1. 516 

 517 

5. Discussion 518 

The mean TSSR storage rate for the whole uNACW layer, considering the results obtained 519 

with the four methods, gives an expected accumulation of 0.84 ± 0.07 µmol·kg-1 ·yr-1. The 520 

equivalent mean DT suggests a slightly higher observed value of 0.93 ± 0.09 µmol·kg-1·yr-1 
521 

(Fig. 4) that is mostly influenced by the significant dissimilarity between the two approaches 522 

in the western basin, opposite to the eastern one, that shows DT values closer to a steadier 523 

accumulation. DT results from the back-calculation methods make the difference, indicating a 524 

significant higher storage than expected in the uppermost layer (1.07±0.08 µmol·kg-1 ·yr-1 on 525 

average) mainly due to the high storage found in FS, R1 and R2 (1.10±0.07 µmol·kg-1 ·yr-1) 526 

with respect to that in R3 and R4 (0.98±0.12 µmol·kg-1 ·yr-1). Our findings are in accordance 527 

with those reported in the time series stations in the Subtropical North Atlantic. Observations 528 

at BATS (Bermuda Atlantic Time-series Study), situated in the Western Subtropical North 529 

Atlantic, suggest a three-decade trend (1983-2011) of 1.08 ± 0.06 µmol·kg-1 ·yr-1 for surface 530 

salinity-normalized CT (nCT) (Bates et al., 2012). Conversely, at ESTOC (European Times 531 

Series Canary Islands), situated opposite to BATS in the Eastern basin, a surface nCT storage 532 

rate of 0.99 ± 0.20 µmol·kg-1·yr-1 was reported (1995-2004) (Santana-Casiano et al., 2007). 533 

Although both values indicate an equivalent nCT storage taking into account error bars, a 534 

slightly faster nCT accumulation could be suggested for the western basin. In addition, the 535 

particular Cant storage rate for Subtropical Mode Water (the main component of the uNACW 536 

layer in the western basin) was estimated at 1.06 µmol·kg-1·yr-1 between 1988 and 2011 537 

(Bates, 2012). In ESTOC, a Cant storage rate of 0.85 ± 0.6 µmol·kg-1·yr-1 was reported for the 538 

first 200m, matching the observed increase in nCT (0.85 ± 0.16 µmol·kg-1·yr-1) for the 539 

seasonal thermocline (about 120 meters) (González-Dávila et al., 2010).  Moreover, net CO2 540 

air-sea fluxes of -0.81 ± 0.25 to – 1.3 ± 0.3 mol·m2·yr-1 (1983 – 2005) and -0.051 ± 0.036 to – 541 

0.054 ± 0.03 mol·m2·yr-1 (1995 – 2004), reported respectively for BATS (Bates, 2007) and 542 

ESTOC (Santana-Casiano et al., 2007), would also indicate that the eastern side of the 543 

NASTG has been acting as a much weaker sink of atmospheric CO2 compared to the BATS 544 
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site. These findings are consistent with previous results where BATS was found to be in a 545 

region of strong spatial gradients in air-sea CO2 flux (Nelson et al., 2001). These results 546 

support our finding that during the last two decades Cant might have been absorbed more 547 

intensely in the western side of the NASTG. Circulation patterns would support these findings 548 

as STMW water that forms near the Sargasso Sea recirculates near the formation site and also 549 

travels to the eastern NASTG through the Azores Current (Schmitz and Richardson, 1991; 550 

Follows et al., 1996). Larger amounts of CO2 entering into the ocean near Bermuda, 551 

according to the larger CO2 fluxes described (Bates, 2007), would be thus advected to the 552 

opposite part of the section below the surface. The arrival of Cant enriched waters into the east 553 

could have an effect in both the lower uptake observed in the eastern side (Santana-Casiano et 554 

al., 2007) and the higher [Cant] described estimations (tables in appendix A). The winter 555 

outcrop in the west (Bates, 2012) could also favour lower [Cant]  of lNACW due to the mixing 556 

with the less saturated underlying waters. The mixing of lNACW with uNACW could be also 557 

responsible of the observed opposite TSSR and DT zonal gradients, thus supporting a higher 558 

Cant uptake by central waters at the western side of the section.  559 

Opposite to central waters that show a general sustained long-term increase in [Cant]  values 560 

over their whole extent during the last two decades, the layers below (AAIW, NADW, AABW) 561 

show a generalized contrasting behaviour between the DT results in R1 and those in the ocean 562 

interior (R2-R4). The DWBC influence extends to R2 in most layers, resulting in contrasting 563 

DT between the western and eastern basins as a whole. In AAIW, the greater rise in 564 

concentrations appears to occur in the western basin. (Brown et al., 2010) pointed out that the 565 

variability in [Cant] at these intermediate depths most likely results from changing mixing 566 

characteristics of waters of southern and Mediterranean origin, mainly due to a lateral 567 

movement of the water mass front that occurs between the AAIW and the MW. Regardless of 568 

the modulation of the Cant budget  from the MW spreading (Álvarez et al., 2005), the eastern 569 

basin shows almost no (R3) or slight (R4) [Cant] changes in time, which indicates that the 570 

observed DT storage rate for the whole AAIW  (0.22 ± 0.08 µmol·kg-1·yr-1) might have been 571 

mainly driven by R1. Although the higher DT in R1 represents a relative minimum compared 572 

to those in uNACW and uNADW in the same region, it might have been mainly influenced by 573 

the Cant signal of the LSW spreading underneath (Steinfeldt et al., 2007). The prevailing role 574 

of R1 in the full section storage variability on decadal scale becomes much more evident in 575 

deep waters below 1000 dbar (Macdonald et al., 2003; Brown et al., 2010). In R1 the storage 576 
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rates in uNADW and lNADW are significantly higher than those in R2 to R4 (Fig. 4). This is 577 

the region influenced by the DWBC (Fig. 2), which is Cant loaded (Steinfeldt et al., 2009; 578 

Pérez et al., 2010a) with respect to the less-ventilated layers that recirculate in the ocean 579 

interior, which show small (uNADW) or not significant (lNADW) DT values.  580 

Regarding AABW, weighted DT results in R1 also show a non significant trend of about 0.11 581 

± 0.14 µmol·kg-1·yr-1 (Fig. 4), while those in R2 suggest no increase in [Cant]. However, the 582 

corresponding TSSR values (0.12 ± 0.05 µmol·kg-1·yr-1 in R1 and 0.11 ± 0.04 µmol·kg-1·yr-1 
583 

in R2) suggest similar storages for the whole layer that are in turn equivalent to the observed 584 

DT results in R1. Ríos et al. (2012) reported a significant Cant storage rate of 0.15 ± 0.04 585 

µmol·kg-1·yr-1 (1971 to 2003) in AABW in the Western South Atlantic (55ºS-10N). For this 586 

same basin, Wanninkhof et al. (2013) were able to detect small CT changes, from pCO2 587 

measurements, in deep waters from 44°S to the Equator, obtaining a storage rate of 0.47 588 

mmol·m2·yr-1 for depths under 2000 m. Considering an average thickness for the water 589 

column of about ~3000 m (from ~2000 m to the ocean bottom) it can be deducted that they 590 

found storage rates equivalent to ~0.15 µmol·kg-1·yr-1, that are applicable to deep and bottom 591 

water masses at these latitudes in the North Atlantic, in agreement with Ríos et al.(2012). 592 

Both results are consistent with the mean TSSR values obtained in the AABW (table C1 in 593 

Appendix C) which indicate the expected storage according to the estimated [Cant] in this 594 

layer. Only the weighted DT in R1 appears to confirm this. In addition, a mean TSSR of 0.12 595 

± 0.05 µmol·kg-1·yr-1 is also obtained for the whole lNADW layer, which is also consistent to 596 

Ríos et al. (2012) and Wanninkhof et al. (2013). Only DT(TTD) and DT(∆C*) suggest a 597 

similarly observed result for the lNADW layer in R2 (table C1 in Appendix C). Brown et al. 598 

(2010) described a significant nonzero Cant signal at 24.5°N for depth ranges between 4000 - 599 

6000 dbar in the deep eastern basin (Fig 7 in Brown et al.(2010)), that was confirmed from 600 

CCl4 measurements). The authors suggested that those [Cant] levels might be related to the 601 

arrival of ventilated waters from the North along the eastern flank of the Mid-Atlantic Ridge, 602 

which (Paillet and Mercier, 1997) described as Iceland-Scotland Overflow Water. Roughly, it 603 

would correspond to and approximate storage of about ~ 0.2 - 0.3 µmol·kg-1·yr-1, which is 604 

consistent with our results, given the fact that our storage is referred to a layer with almost 605 

double thickness (between 2500- 5500) dbar.  606 

 607 
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6. Conclusions 608 

The 2010 and 2011 most recent occupations of the A05 section, across 24.5°N in the 609 

Subtropical North Atlantic, were put into historical context with respect to their CO2 system 610 

measurements through comparison with data of three previous cruises. The five A05 repeated 611 

sections permitted the estimation of the Cant storage on decadal timescales, taking into account 612 

changes in circulation during this period. To better constrain the accumulation of Cant, this 613 

was estimated by using four different methods that include back-calculation (∆C*, TrOCA 614 

and φCT
0) and tracer (TTD) principles. Regardless of the method used to estimate [Cant], the 615 

overall distribution showed higher Cant concentrations near the surface that decreased towards 616 

the bottom. From the study of the Cant accumulation along the different water masses found in 617 

the section, we found that the greatest decadal storage rates were observed in the central water 618 

masses: the uNACW showed a mean storage rate close to ~1 µmol·kg-1·yr-1 and the lNACW 619 

displayed half of that (~0.5 µmol·kg-1·yr-1) on average. Our results along the uNACW are also 620 

in accordance with the reported storage rates of Cant and nCT for BATS (Bates, 2012) and 621 

ESTOC (González-Dávila et al., 2010) time series stations and suggest that during the last 622 

two decades Cant might have been absorbed more intensely in the western side of the NASTG. 623 

Below the central layers, neither intermediate nor deep water masses showed average storage 624 

rates greater than ~0.25 µmol·kg-1·yr-1. However, the four methods gave evidence of the 625 

strong zonal gradient in the Cant storage rates below 1000 dbar, in which the western basin 626 

presented a noticeable Cant accumulation close to the continental margin due to the conveyer 627 

role of the DWBC, in comparison with the low storage rates of the ocean interior. In 628 

particular, the storage rate of the uNADW within the DWBC region amounted to ~0.5 629 

µmol·kg-1·yr-1 due to the great ventilation by the LSW.  630 

In general, the four methods gave consistent storage rates indicating a good agreement 631 

between tracer and CO2-based results. However, some differences in the obtained storage 632 

rates were observed: the TTD method may lead give to underestimated storages in the 633 

uppermost layer (uNACW), likely because of the decrease in the atmospheric CFC 634 

concentrations after 1992. During our studied period, CFCs would not be a proper proxy to 635 

track the atmospheric Cant increase in the younger water masses, while would it not 636 

compromise the older ones. The ∆C* method suggested decadal storage values slightly higher 637 

than the other three methods in the eastern basin in intermediate and deep layers, which likely 638 
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results from the estimation of its disequilibria. The Cant accumulation by using TrOCA method 639 

usually fells between ∆C* and φCT
0 results, with the last method indicating storage rates 640 

closer to the TTD method. There was generally better agreement between the storage rates of 641 

the four methods in the layers where the estimation of Cant is more robust. Differences 642 

between the storage rates found between methods were more evident where the Cant detection 643 

limits became more important. In deep homogeneous waters with very low Cant, absolute 644 

uncertainties were of the same order of magnitude as the Cant concentrations, making 645 

significant trends difficult to separate from the background noise on a timescale of two 646 

decades. This is the case of most lNADW and AABW, where there was no obvious 647 

accumulation of Cant considering the uncertainties, despite the fact that the estimated Cant 648 

content could be considered to be significant. Here, we found significant bi-decadal trends in 649 

the Cant storage rates of the deepest Subtropical North Atlantic waters by using all five A05 650 

datasets and the assumption of a transient steady state of the Cant distributions, in order to 651 

reduce the uncertainties related to deep waters measurements. Our results are consistent with 652 

Ríos et al. (2012) who used the same methodology than our study (CT and AT measurements) 653 

but a larger timescale (three decades) to compute the Cant storage in the Western South 654 

Atlantic basin. Our findings also match those obtained by Wanninkhof et al. (2013), who 655 

studied the Cant change along the entire Atlantic Ocean during a period of time similar to ours, 656 

almost two decades, though with more precise pCO2 measurements.  657 

The A05 repeat hydrography thus permits the robust estimation of the storage of Cant on 658 

decadal timescales and allows a better constraint of the interactions between the ocean 659 

circulation and the carbon cycle, in particular regarding the mechanisms governing the 660 

accumulation of Cant along the Subtropical North Atlantic.  661 
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Figure Legends  876 

Figure 1. a) A05 section tracks for the 1992 (green), 1998 (red), 2004 (dark blue), 2010 (light 877 

blue) and 2011 (yellow) cruises. b) Regions, layers and defined boxes over the salinity 878 

distribution of the 2011 cruise. The sections were zonally divided into five regions: 879 

Region 0 (Florida Strait, 80°W to 78°W), region 1 (78°W to 70°W), region 2 (70°W to 880 

45°W), region 3 (45°W to 30°W) and region 4 (30°W to 10°W). Six density layers were 881 

defined identifying the main water masses of the Subtropical North Atlantic: uNACW 882 

(σ0<26.7 kg·m-3), lNACW (26.7 kg·m-3<σ0<27.2 kg·m-3), AAIW (27.2 kg·m-3<σ0<27.6 883 

kg·m-3), uNADW (σ0>27.6 kg·m-3 and σ2<37 kg·m-3), lNADW (σ2>37 kg·m-3 and 884 

σ4<45.9 kg·m-3) and AABW (σ4>45.9 kg·m-3). 885 

 886 

Figure 2. Mean distributions of C���
φ��

�
 (µmol·kg-1) along the A05 section for the eastern (right 887 

panel) and western (left panel) subtropical North Atlantic basins, in 1992 (red line) and 888 

2011 (blue line). The respective shaded areas correspond to the standard deviation of the 889 

mean C���
φ��

�
 estimates. 890 

 891 

Figure 3. Averaged Cant concentrations (µmol·kg-1) within each box and its uncertainty 892 

indicated by the coloured dots and the corresponding error bars (double of std): [C���
φ��

�
] 893 

(red), �C���
	
��� (blue), �C���

∆�∗
 (green), �C���

		� (grey). The associated coloured lines are 894 

the respective DT (µmol·kg-1·yr-1). Each horizontal panel corresponds to each layer, 895 

which are divided in subpanels identifying the regions. Mean TSSR ± standard 896 

deviation is indicated in each box as the area between purple dotted lines 897 

 898 

Figure 4. Cant storage rates (µmol·kg-1 yr-1), with their uncertainty. The storage rates 899 

calculated trough the DT (coloured circles) or the TSSR (coloured crosses) approaches, 900 

by using each method: ∆C* (green), φCT
0 (red), TrOCA (blue) and TTD (grey). Mean 901 

values, considering the four methods, through the DT (pink) and the TSSR (purple) 902 

approaches are also shown. Each horizontal panel corresponds to each layer, which are 903 

divided in subpanels identifying the regions. The yellow dashed-dotted line indicates the 904 

average DT along each whole layer, summing up the regions. Vertical thicker lines 905 
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highlight the boundary between the Florida Strait and the main section and between the 906 

western and the eastern basins along the Mid-Atlantic Ridge. The corresponding values 907 

are reported in Table C1, in Appendix C 908 

 909 



Table 1. Cruises information on the repeat section A05. 

 

Cruise name 

(Expocode) 
Dataset Year Period Research Vessel 

Sampled 

stations 

CO2 

parameters
a
 

Carbon related 

data PI(s) 

Data adjustments in this 

study (µmol·kg
-1

) 

29HE06_1-3 GLODAP 1992 7/14 -8/15 
R/V Bio 

Hespérides 
112 

AT(m), pH(m), 

CT (calc) 

F. Millero /A. 

Ríos 

AT(+4)
b 
 

pH(-0.009 units)
b
 

33RO19980123 CARINA 1998 1/23-2/24 
R/V Ronald H. 

Brown 
130 

AT(m), pH(m), 

CT(m) 

R. Wanninkhof/ 

R.Feely 
O2(*0.99)

c
 

74DI20040404 
CARINA 

own data 
2004 4/4-5/10 R/V Discovery 125 AT(m), CT(m) U. Schuster 

SiO4 (*0.98)
d 
 

NO3 (*0.97)
d
 

74DI20100106 New data
e 

2010 1/6-2/18 R/V Discovery 135 AT(m), CT(m) U. Schuster 
O2(*1.03)

f 
 

SiO4 (*0.94)
f
 

-- New data 2011 1/28-3/14 
R/V Sarmiento de 

Gamboa 
167 

AT(m), pH(m), 

CT (calc) 
E F. Guallart -- 

         
a 
(m) = measured parameter, (calc) = calculated parameter. 

b
(Guallart et al., 2013) 

c
(Stendardo et al., 2009) 

d(
Tanhua et al., 2010a) 

e
(Schuster et al., 2013) 
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