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 21 

Abstract  22 

The carbon system in the water masses of the Iberian basin (North Atlantic Ocean) 23 

has been affected over the last two decades by the raise of the anthropogenic CO2 (Cant). In 24 

order to study the storage of Cant in the Iberian basin, the variables of the carbonic system 25 

were measured among others [i.e., pH, total inorganic carbon (CT) and total alkalinity (AT)] 26 

during the CAIBOX cruise. This cruise, conducted between July and August 2009 on board 27 

“B/O Sarmiento de Gamboa”, was included on CAIBEX project (Shelf–ocean exchanges in 28 

the Canary–Iberian Large Marine Ecosystem). The storages of Cant were estimated using 29 

two different back-calculation techniques (i.e.,    
   method and TrOCA method) and for 30 

six layers of the water column corresponding to the approximate locations of the 31 

characteristic water masses of the region and layers of water masses mixing. For the whole 32 

water column and for the year 2009 the storages of Cant were of 88.1±3.8 and 93.7±3.7 33 

molC∙m
-2

 from    
  and TrOCA methods, respectively. Moreover, the Cant storage rate 34 

from 1993 to 2009 was also estimated considering data from three additional cruises 35 

(OACES 1993, CHAOS 1998 and OACES 2003). The determined Cant storage rates were 36 

1.41±0.25 and 1.67±0.13 molC∙m
-2
∙y

-1
 for    

  and TrOCA methods, respectively. The 37 

increase of anthropogenic CO2 uptake by the ocean can be seen when comparing these 38 

results with Ríos et al. (2001). Between the periods 1977-1997 and 1993-2009, the Cant 39 

concentration increased around 28-49 % in the first 2000m. 40 

Key words: anthropogenic CO2, back calculation 41 

 42 
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1. Introduction 43 

Since the 18th century, the beginning of the industrial period, humankind has emitted 44 

large quantities of CO2 into the atmosphere (Le Quéré 2009b) rising the global average 45 

atmospheric CO2 from 280 ppm at the start of industrial revolution to 381 ppm in 2006 46 

(Canadell et al. 2007). Nevertheless, less than a half of these emissions remain in the 47 

atmosphere and so, the anthropogenic CO2 must have been taken up by the ocean or by the 48 

land biosphere (Sabine et al. 2004). Ongoing efforts are being taken to quantify the 49 

magnitude of these two sinks with high enough accuracy. Results from state-of-the-art 50 

models constrained the mean CO2 uptake rates of land and ocean to 2.6±0.7 and 2.2±0.4 Pg 51 

C y
−1

, respectively for the period 1990-2000. For the 2000-2008 period, the models 52 

estimated that the CO2 uptake rates were 2.7±1.0 and 2.3±0.5 Pg C y
−1

, for land and ocean 53 

respectively (Le Quéré et al. 2009a). These results show the variability of these CO2 sinks 54 

and the decreasing trend in the ocean CO2 uptake fraction. In fact, in spite of the increasing 55 

of the total amount of emitted CO2, the oceanic CO2 uptake fraction decreased from 27% in 56 

the period from 1990-2000 to 25% in 2000-2008 period. The main causes for this decrease 57 

could be a weak or limited transport rate of CO2 from the surface to the deep ocean and also 58 

the nonlinearity in carbon chemistry that reduces the CO2 capture capacity of water when 59 

its CO2 concentration increases (Bindoff et al. 2007). As the World’s Ocean reservoir 60 

accounts for approximately 90% of the natural carbon (Sabine & Tanhua 2010) a better 61 

knowledge of the variability in the rate of uptake and size of the ocean CO2 sink is needed 62 

to predict global climate effects. 63 

The attention of the marine scientific community is more concretely focussed on 64 

estimations of the anthropogenic component (Cant) of the total inorganic carbon (CT). 65 
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Despite all new techniques and technological progress, discerning between natural CO2 and 66 

Cant is quite complex. In the end of XX century, back-calculation techniques have been 67 

developed to calculate Cant accumulation in the oceans (Brewer 1978). Back-calculation 68 

techniques were born with the aim of indirectly estimate Cant in the oceans by subtracting to 69 

CT the effects of remineralisation of organic matter (ROM), dissolution of calcium 70 

carbonate (Chen & Millero 1979) and CO2 air-sea disequilibrium (Grubber et al. 1996). 71 

From them on, several kind of these methods have been applied to the global ocean or 72 

partial regions of it: ∆C* (Gruber et al. 1996),   
 
    

 (Lo Monaco et al. 2005), TrOCA 73 

(Körtzinger et al. 1998, Touratier et al. 2007) and    
  (Pérez et al. 2008, Vázquez-74 

Rodríguez et al. 2009a, hereinafter VR´09). Furthermore, other methods such as pCFC-age 75 

method (“shortcut method”, Thomas & Ittekkot, 2001) and Transient Time Distribution 76 

(TTD) method (Waugh et al. 2006) emerged based on using CFCs as tracers to estimate the 77 

age for the water masses.  78 

In this work, the Iberian basin, a specific region of the North Atlantic basin, was 79 

studied in terms of Cant. The importance of the North Atlantic basin in terms of Cant storage 80 

stems from the fact that, despite covering only 15% of the global ocean area, the North 81 

Atlantic basin stores 23% of the total oceanic Cant (Sabine et al. 2004). The region of study 82 

is located in front of the Iberian peninsula and enclosed from 45ºN of latitude to the Canary 83 

Islands (25ºN) and between 20ºW and 8ºW of longitude (Fig. 1). This zone is inside the 84 

North Atlantic gyre, which is known as “the inter-gyre zone” (Pollard et al. 1996) enclosed 85 

between the North Atlantic Current (45-53ºN) and the Azores Current (34-35ºN, Péliz et al. 86 

2005). The vertical thermohaline structure of this region (Carracedo et al. 2012 this issue) 87 

is clearly dominated in the upper layer by the Madeira Mode Water (MMW) (Álvarez et al. 88 
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2005), the East North Atlantic Central Water (ENACW) with differentiated branches of 89 

subpolar (ENACWP) and subtropical (ENACWT) origin (Ríos et al. 1992, Castro et al. 90 

1998, Álvarez et al. 2005) and a little percentage of Antarctic Water (AA) (Ríos et al. 1992, 91 

Álvarez et al. 2005). Between intermediate and deep water masses it is important the 92 

presence of the Mediterranean Water (MW) (Fraga et al. 1982), which is the outflow from 93 

the Mediterranean Sea and the most saline water of the water column located at 94 

approximately 1000dbar. Deeper layers of the water column are dominated by the Labrador 95 

Sea Water (LSW) (Castro et al. 1998) while the North East Atlantic Deep Water 96 

(NEADW), divided in its upper (NEADWu) and lower (NEADWl) branches, and the 97 

Iceland Scotland Overflow Water (ISOW) are spanned in the bottom layers (Álvarez et al. 98 

2005). The main properties of all these water masses are shown in Table 2. 99 

Taking into account the thermohaline distribution in the Iberian basin and AT, CT, pH 100 

and nutrients measurements, estimations of Cant concentrations and Cant storage rates have 101 

been determined in the present work. Data collected during CAIBOX cruise in 2009 were 102 

used to estimate concentrations of Cant. The estimated Cant was obtained through two 103 

different back-calculation techniques,    
  and TrOCA, for 6 layers of the water column. In 104 

order to obtain the Cant storage rates, data from three earlier cruises (OACES 1993, CHAOS 105 

1998, OACES 2003) were added closing almost two decadal periods. The Cant storages 106 

were compared between cruises and with the results that Pérez et al. (2010a) obtained for 107 

the Azores region. The estimated Cant storage rates were compared to the results of Ríos et 108 

al. (2001) obtaining considerable increments of the rates for the two back-calculating 109 

techniques applied. The higher increase of the oceanic Cant storage rate found for the last 110 
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decade in the Iberian basin can be a reflection of the corresponding increment reported for 111 

the atmosphere.  112 

2. Data and methodology 113 

The CAIBOX cruise was integrated in CAIBEX project (“Shelf-ocean Exchanges in 114 

the Canary–Iberian Large Marine Ecosystem”) and was spanned from 25
th

 July to 14
th

 115 

August in 2009 on board of B/O Sarmiento de Gamboa. This cruise was constituted by one 116 

latitudinal section in front of Vigo coast (41.5ºN), one transversal section near the Canary 117 

Islands (from 20ºW 30ºN to 13ºW 28.6ºN), and one longitudinal section along 20ºW (Fig 118 

1). The longitudinal section was chosen for this study. A General Oceanic CTD with a 24 119 

Niskin bottles (12 L) rosette was thrown in twenty four stations along the 20ºW section. In 120 

each station 24 depth levels were selected depending on the bathymetry which varied from 121 

3000m to more than 5000m. The distance between depth levels was approximately constant 122 

in the first 1000m of the water column. Temperature, salinity, oxygen (O2) and pH were 123 

measured in each depth level, whereas nutrients and the rest of carbonic variables, i.e., pH, 124 

total alkalinity (AT), total inorganic carbon (CT) were taken at specific depths according to 125 

the thermohaline distribution.  126 

The nutrients were determined by segmented flow analysis with a Technicon II 127 

Autoanalyzer (Mouriño & Fraga 1985, Álvarez-Salgado et al.1992). The accuracy of nitrate 128 

and phosphate was ±0.1 and ±0.01 µmol∙kg
-1

, respectively. The O2 samples were analysed 129 

by the Winkler (1888) method. 130 

Seawater pH measurements were made using the spectrophotometric method 131 

described in Clayton & Byrne (1993) adding m-cresol purple as indicator. Absorbance 132 

measurements were performed with a Shimadzu UV 2401. During all sessions the 133 
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temperature was controlled by a thermostatic bath at 25ºC. The precision of the 134 

measurements with this method is estimated to be less than ±0.005 pH units (SOP 6b, 135 

2007) and the values of pH are given in total scale.  136 

Measurements of AT were done by a one endpoint method using an automatic 137 

potentiometric titrator (Titrando 801 Metrohm) with a combined glass electrode (Mintrop et 138 

al. 2000) obtaining a precision of less than ±2 µmol·kg
-1

 (SOP 3b 2008). Potentiometric 139 

titration was carried out in an open flask (~250 cm
3
) with HCl (0.1 M) and using two pH 140 

endpoints very close between them, i.e., 4.45 and 4.42 (Pérez & Fraga 1987). In order to 141 

estimate the accuracy of the AT method, alkalinity measurements of certified reference 142 

material (CRM) of CO2 from batch 84 provided by Dr. Andrew Dickson have been 143 

analysed.  144 

The CT was determined using a SOMMA (single-operator multiparameter metabolic 145 

analyzers) system connected to a model CM101_093 coulometer (UIC.INC, Joliet, 146 

ILLINOIS, USA, Johnson et al. 1998). The CO2 is carried in this equipment by a free-CO2 147 

gas (N2) into a coulometric cell, where it is quantitatively absorbed after reacting with 148 

ethanolamine (Johnson et al. 1993). In every CT-analysis session, calibrations were 149 

performed with Certified Reference Material (CRM) of CO2, supplied by Andrew Dickson 150 

(Scripps Institution of Oceanography, University of California), to check for the accuracy 151 

of the measurements. The precision of this method is ±4 µmol·kg
-1

 (SOP 2, 2007). In those 152 

levels of the water column where CT data were not measured it was calculated from AT and 153 

pH using the inorganic carbon system thermodynamic equations and the acid constants 154 

from Mehrbach et al. (1973) fitted by Dickson & Millero (1987). The goodness of this 155 
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approximation can be seen in the Figure 2, where calculated CT fits well with measured CT 156 

(R
2
=0.99). 157 

Apart from CAIBOX cruise, other three cruises have been taken into account: 158 

OACES 1993, CHAOS 1998 and OACES 2003 (Fig. 1, Table 1). Stations from each one of 159 

them were selected in order to cover the area between 29ºN to 42ºN of latitude and 18ºW to 160 

24ºW of longitude, near to the 20ºW longitudinal section of CAIBOX (Fig 1). The same 161 

variables as in CAIBOX cruise were taken from the three additional cruises, which can be 162 

downloaded from the CARINA website (Carbon in Atlantic Ocean; 163 

http://cdiac.ornl.gov/oceans/CARINA/Carina_inv.html). With these additional data, the 164 

combined dataset (20ºW CAIBOX cruise included) extends over 16 years (1993-2009).  165 

Among all back-calculating techniques, two recent ones, TrOCA and    
 , have been 166 

selected in order to obtain Cant estimations. Both of them are based on removing from CT 167 

the carbon contributions after the time of water mass formation due to oxidation/reduction 168 

processes of organic matter and processes of dissolution of CaCO3.  169 

TrOCA method is an easy-to-apply technique because it only needs measurements of 170 

potential temperature (θ), O2, CT and AT to define its TrOCA tracer (Tracer combinig 171 

Oxygen, inorganic Carbon and total Alkalinity). The equation to obtain Cant is unique for 172 

the whole ocean and the resulting estimations of Cant seem to be better correlated with 173 

anthropogenic tracers (Touratier et al. 2007) than other methods as the classical ∆C* 174 

(Gruber et al. 1996). The TrOCA approach estimates the anthropogenic CO2 using the 175 

following equation: 176 

    
      

            

 
    (1) 177 

http://cdiac.ornl.gov/oceans/CARINA/Carina_inv.html
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where the tracer       is defined as: 178 

           (    
 

 
  )   (2) 179 

and        is a conservative tracer which was deduced from Δ
14

C and CFC-11 tracers and 180 

defined as:  181 

        
(    θ  

 

  
 )

            (3) 182 

The dimensionless coefficients a, b, c and d on equations 1, 2 and 3 were properly 183 

defined and established in Touratier et al. (2007) with an uncertainty associated to the Cant 184 

estimations of ±6.25 µmol·kg
-1

.   185 

On the other hand, the    
  method is an approach oriented to biogeochemical 186 

processes that introduces several improvements to the ∆C* method described by Lee et al. 187 

(2003). This back-calculation method uses parameterizations of the terms of   
  and ΔCdis 188 

(i.e. preformed total alkalinity and air-sea disequilibrium of CO2 at the moment of the water 189 

mass formation) obtained from the sub-surface layer (100-200m), which accurately 190 

represents the wintertime water masses formation conditions (VR’09). Apart from this 191 

advantage, the    
  method proposes an approximation to the horizontal (spatial) and 192 

vertical (temporal) variability of ΔCdis (ΔΔCdis) in terms of Cant and ΔCdis itself. The    
  and 193 

ΔCdis parameterizations are applied directly to calculate Cant in those waters above the 5ºC 194 

isotherm. For cold deep waters (< 5ºC), the    
  method improves the Cant estimations via 195 

an extended Optimum MultiParameter (eOMP) analysis that take into account the water 196 

masses mixing processes. The equation that describes Cant calculated from    
  is the 197 

following: 198 
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    (4) 199 

where      
  is the present-day ΔCdis,     

    is the theoretical saturation concentration of Cant 200 

of the sample, depending mostly on the atmospheric pCO2 at the moment of the water mass 201 

formation,   = 0.55±0.10 is a proportionality factor assumed to be constant elsewhere from 202 

the equator where it is positive, and ∆C* is described after Gruber et al (1996): 203 

       
   

  
             

        
   (5) 204 

where 
   

  
 and             

   accounts for ROM and CaCO3 dissolution, respectively, 205 

          
      is the Apparent Oxygen Utilization,     and    

  are the total and 206 

preformed potential alkalinity, respectively and      
  is the preformed total inorganic 207 

carbon concentration in equilibrium with the pre-industrial atmosphere. 208 

Rigorous description of the     
  method can be found in VR´09 who estimated an 209 

uncertainty of ±5.2 µmol·kg
-1 

for the Cant estimation by a random propagation of the errors 210 

associated with the input variables. The MATLAB script to run    
  method is available at 211 

the “CO2 Group” webpage: http://oceano.iim.csic.es/co2group/index.html.  212 

 213 

3. Results  214 

Cant concentration (hereinafter [Cant]) was estimated from    
  and TrOCA methods 215 

for each of the cruises previously described, i.e., OACES 1993, CHAOS 1998, OACES 216 

2003 and section 20ºW from CAIBOX 2009, and the distributions of the variable obtained 217 

with each method are shown in Figure 3. Negative values of [Cant] using the TrOCA 218 

http://oceano.iim.csic.es/co2group/index.html
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method are showed as zeros in order to better visualize the differences. All plots show very 219 

similar vertical gradients of [Cant] independently of the methodology used in the 220 

estimations, with the highest quantities in the warm surface waters and low values near the 221 

bottom. The range of variation depends on the cruise (year) and slightly on the method and 222 

gradually increases from 0-50 µmol·kg
-1

 in OACES 1993 (Fig. 3a, b) to 0-70 µmol·kg
-1

 in 223 

CAIBOX 2009 (Fig. 3g, h). In general,    
  method estimates [Cant] slightly higher than 224 

those from TrOCA method on deep waters (>3000dbar) for all the cruises. On the contrary, 225 

[Cant] estimated using TrOCA method are higher near the surface (<500dbar). In 226 

intermediate layers both method estimate very similar [Cant] values. Actually, both methods 227 

show high determination coefficients on each cruise, as it can be seen in Figure 4.  228 

In general, [Cant] is importantly related to the characteristics of the water masses 229 

present in the water column. The 20ºW section from CAIBOX cruise was selected in order 230 

to study the distribution of the variables in the Iberian basin (Table 2, Fig. 5). AOU, AT and 231 

CT distributions along the selected section are shown in Figure 5. The vertical thermohaline 232 

structure is clearly dominated in the upper layers (<500dbar) by the NACW with values of 233 

AOU ranging between 20-60 µmol·kg
-1

 (Fig. 5a). At ~1000dbar in the south part of the 234 

section, a little percentage of AA is identified by the AOU maximum (~110 µmol·kg
-1

, 235 

Fig.5a). At the same depth but in the centre of the section, MW emphasizes its presence 236 

performing an AT maximum (2375 µmol·kg
-1

, Fig.5b). In the north part of the section, 237 

LSW shows its intense influence through AOU, AT and CT minima (Fig. 5a, b, c). The 238 

distribution of CT (Fig. 5c) reveals the effect of biogeochemistry over the values of this 239 

variable. In the upper layers (<500dbar) the lowest CT values (Fig. 5c) are due to the high 240 

quantities of CO2 taken up by the photosynthesis of primary producers. In deeper layers 241 
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(>3000dbar) the high values of CT (Fig. 5c) are due to the processes of ROM and CaCO3 242 

dissolution, which is also represented by the relatively high values of AT (Fig. 5b). The 243 

ROM is also detected by the steady and high values of AOU found at these depths (Fig. 244 

5a).   245 

In order to relate the values of [Cant] to the thermohaline distribution of the region, the 246 

water column was divided into six layers distinguished in base of density ranges. These 247 

density ranges were selected according to a T-S diagram performed with data from all the 248 

cruises (Fig. 6). The uppermost layers (NACW, MW, Fig. 6a) were delimited using 249 

1000dbar as the pressure level of reference, while 2000dbar was the level of reference for 250 

deeper layers (Fig. 6b). NACW layer involves all data from surface to the isopycnal of 31.8 251 

kg·m
-3

. MW layer contains all data from 31.8 to 32.25 kg·m
-3

 density isolines. Mixed MW-252 

LSW layer includes all data between the 32.25 kg·m
-3

 isopycnal calculated at 1000dbar as 253 

level of reference and the 36.89 kg·m
-3

 isopycnal calculated at 2000dbar as level of 254 

reference. In deep waters, the LSW layer and the Deep Mixed layer can be distinguished 255 

enclosing all data between 36.89 and 36.95 kg·m
-3

, and 36.95 to 37.05 kg·m
-3

 isopycnals, 256 

respectively. At last, the upper and lower NEADW and the ISOW were included in the 257 

NADW (North Atlantic Deep Water) layer, which encloses data from the 37.05 kg·m
-3

 258 

isopycnal to the bottom. 259 

Once the layers have been defined, [Cant] values are obtained using    
  and TrOCA 260 

methods and separately for each cruise (year). Mean [Cant] values are obtained for each 261 

layer through a vertical and horizontal integration (Pérez et al. 2010a). The thickness of 262 

each layer was computed as the average vertical distance between layers, weighted by the 263 

separation between stations. The vertical integration was done between the upper and lower 264 
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limits of the layers, while the limits in the horizontal integration were consequent with each 265 

cruise (Fig. 1). In Table 3, the average values of thickness and [Cant] estimated from    
  266 

([Cant] ) and TrOCA ([Cant]TrOCA) methods are shown for each layer and for each cruise 267 

(denoted by the year in which each one was performed). The integrated-average values of 268 

salinity, θ, and AOU are also shown. In general terms, the [Cant] tends to increase in all the 269 

layers and decreases downward in the water column, as was previously shown in Figure 3. 270 

The highest [Cant]  and [Cant]TrOCA were found in the NACW layer for 2009 with values of 271 

55.1±0.6 and 56.8±0.6µmol∙kg
-1

, respectively (Table 3). It must be emphasized the 272 

relatively high values of [Cant]  and [Cant]TrOCA in the MW layer whose ranges vary from 273 

18.8±0.9 to 28.9±0.7µmol∙kg
-1 

and 22.2±1.0 to 33.8±0.8 µmol∙kg
-1

, respectively (Table 3). 274 

[Cant]  and [Cant]TrOCA are very similar for all layers and years being [Cant]TrOCA slightly 275 

higher than [Cant]  in almost all the cases except for the NADW layer. The differences 276 

between [Cant]  and [Cant]TrOCA range from 6.4 µmol·kg
-1

 in the MW-LSW layer to 1.2 277 

µmol·kg
-1

 in the Deep Mixed layer (Table 3). In the NADW layer, [Cant]  shows values of 278 

around 3.0 µmol·kg
-1

 higher than [Cant]TrOCA (Table 3), being the average values of [Cant]  279 

and [Cant]TrOCA in this layer of 4.5±0.7 µmol∙kg
-1

 and
 
1.5±0.2 µmol∙kg

-1
, respectively. It is 280 

also noticeable in this deep layer that the variability of [Cant]TrOCA between years is almost 281 

null compared to that of [Cant] . Furthermore, Cant storages are given for each year and each 282 

method estimated by the addition of [Cant]  and [Cant]TrOCA in each layer multiplied by the 283 

thickness of the respective layer. The storages of Cant range between 66.9±4.1 molC·m
-2

 284 

and 88.1±3.8 molC·m
-2

 for    
  method and between 67.9±4.0 molC·m

-2
 and 93.7±3.7 285 

molC m
-2

 for TrOCA method (Table 3). The storages obtained with TrOCA method are 286 

between 1 molC·m
-2

 and 7 molC·m
-2

 higher than those obtained with    
  method for the 287 
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year 1993 and 2003, respectively. In general, the Cant storages increase with the year 288 

independently of the method of estimation. 289 

Despite the fact that a first overview of the temporal evolution of [Cant] between 1993 290 

and 2009 can be perceived from previous results, temporal evolution of [Cant]  and 291 

[Cant]TrOCA for each layer together with that of Cant storages and     
    (in µmol·kg

-1
) are 292 

shown in Figure 7. In this figure, the decrease in [Cant] with depth and the generally higher 293 

values of [Cant]TrOCA (dashed lines in Fig. 7) respect to [Cant]  (solid lines in Fig. 7) 294 

mentioned before can be also seen. It is also noticeable that storages estimated from 295 

TrOCA method (iTrOCA, Fig. 7) are higher than those from    
  method (i   

   Fig. 7). 296 

There is a general increasing trend in the [Cant]  and [Cant]TrOCA in each of the layers and of 297 

the Cant storages for both methods. The slopes of the different lines (Fig. 7) give the values 298 

of [Cant] rates (in µmol·kg
-1

·y
-1

) and Cant storage rates (in molC·m
-2

·y
-1

) shown in Table 3. 299 

The same pattern found for [Cant] is also seen in [Cant] rates with high values of the trend in 300 

the upper layers and very low values in the NADW layer (Table 3). For instance, the [Cant] 301 

rate in the NACW layer varies from 0.85±0.24 to 0.95±0.13 µmol∙kg
-1

 y
-1

 estimated by 302 

   
  and TrOCA, respectively while in the NADW layer the [Cant] rates from    

  and 303 

TrOCA methods are of 0.01±0.07 and 0.02±0.01 µmol∙kg
-1

·y
-1

, respectively (Table 3). It is 304 

worth highlighting the high [Cant] rates that appear in the MW layer, i.e, 0.61±0.06 and 305 

0.70±0.06 µmol∙kg
-1

·y
-1 

for    
  and TrOCA methods, respectively (Table 3). The [Cant] 306 

rates do not depend on neither of the two methods of estimation. Although [Cant] rates from 307 

TrOCA method seem generally higher than those from    
  method the differences 308 

between them are not statistically significant. The trend for the Cant storage rates in the 309 
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studied region is also positive, with Cant storage rates of 1.41±0.25 and 1.67±0.13 molC∙m
-

310 

2
∙y

-1
 for    

  and TrOCA, respectively. 311 

 312 

4. Discussion  313 

Two methods were used to estimate the distribution and temporal variability of [Cant] 314 

along the Iberian Basin region,    
  method and TrOCA method. Six vertical layers were 315 

defined in agreement with the thermohaline distribution of the region in order to relate the 316 

estimations of [Cant] to the water masses present in the region. In general terms, the results 317 

obtained from both methods are quite similar, given the same pattern in the vertical 318 

distribution of [Cant] (Fig. 3, Table 3). The values of [Cant] are higher in the upper NACW 319 

layer (between 41.0±0.6 and 55.1±0.6 µmol∙kg
-1

 for    
  method and between 42.0±0.6 and 320 

56.6±0.6 µmol∙kg
-1 

for TrOCA method) but close to the expected values when seawater is 321 

in equilibrium with the increasing atmospheric pCO2. These values progressively descend 322 

(Table 3, Fig. 7) from the upper layer to the NADW layer, where the [Cant] are between 323 

3.6±0.8 and 5.1±0.8 µmol∙kg
-1

 and between 1.4±0.8 and 1.7±0.7 µmol∙kg
-1

 for    
  and 324 

TrOCA methods, respectively. Specifically, TrOCA method estimates higher values of 325 

[Cant] than    
  method for all layers except the NADW layer. This likely overestimation of 326 

[Cant] by TrOCA method has been also concluded in the work of Yool et al. (2010), who 327 

analysed the method from a theoretical standpoint. The same results have been reported for 328 

the Atlantic basin after comparison with others back-calculation methods (Vázquez-329 

Rodríguez et al. 2009b). Moreover, Huertas et al. (2009) found an increase of [Cant] 330 

estimated by TrOCA method with depth in the Gibraltar Strait, contrary to the results 331 

present here, which points out the not-universal appliance of TrOCA method. Even in a 332 
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completely different oceanic area, the eastern South American coast (Ríos et al. 2010) high 333 

values of [Cant]TrOCA (some of them over the theoretical limit of     
   ) have been found in 334 

the upper layers. The reason for this bias in TrOCA method probably relays on the 335 

assumption that air-sea flux of CO2 scales with temperature and alkalinity (Yool et al. 336 

2010). In the NADW layer the estimations of [Cant]TrOCA are lower than [Cant] . Actually, 337 

the low values of [Cant]TrOCA for this layer are obtained after assuming zero all negative 338 

[Cant]TrOCA estimations (approximately 70% of TrOCA estimations in the NADW layer are 339 

negative), which help in terms of comparison between methods but corroborates the 340 

existence of important bias in TrOCA method at least in some areas. Negative results 341 

around bottom layers using TrOCA method were also observed for the whole Atlantic 342 

Ocean by Vázquez-Rodríguez et al. (2009b). On the other hand, [Cant]  never exceed the 343 

    
    values in the upper layers because the    

  method is limited in surface to saturation 344 

values and it is constrained to keep negative disequilibria (ΔΔCdis<0) in relation to the pre-345 

industrial era (VR’09). These slight differences between both methods estimations can also 346 

be a consequence of the ΔΔCdis term. This term is assumed zero in the TrOCA method 347 

whereas in the    
  method it stems from the main assumption that ΔCdis vary with time, 348 

contrary to the classical assumption of invariability of ΔCdis in the classical back-349 

calculating methods (Gruber et al. 1996, Lo Monaco et al. 2005, Sabine & Tanhua 2010). 350 

This same pattern, i.e., higher values of [Cant]TrOCA in all water column except near the 351 

bottom where [Cant]  are higher than [Cant]TrOCA estimations, is also found in the Azores 352 

region (Pérez et al. 2010a), which is a very close region to the Iberian basin. 353 

The Cant storages obtained separately for each cruise were also very similar for both 354 

methods varying from 66.9±4.1 to 88.1±3.8 molC·m
-2

 for    
  method and from 67.9±4.0 355 
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to 93.7±3.7 molC·m
-2

 for TrOCA method and clearly indicating an increase of the Cant 356 

storage of the Iberian basin with time. In order to have a quantitative comparison of these 357 

data, results from the work of Pérez et al. (2010a) in the Azores region were considered. In 358 

this work, data from the AZORES I (1998), OACES 1993 and METEOR 2004 cruises were 359 

studied among others. OACES 1993 is also included in this work and the other two cruises 360 

are inside the period of time studied here. Pérez et al. (2010a) obtained higher values of the 361 

Cant storages in the OACES 1993, with differences respect to the results obtained here of ~3 362 

molC∙m
-2

 and ~6 molC∙m
-2

 for    
  and TrOCA method, respectively. Interestingly, these 363 

differences are attributed to the different methodology in the vertical integration of [Cant] 364 

which in Pérez et al. (2010a) was made in base of an average profile of [Cant] and not in 365 

base of a more-realistic mean-layered [Cant] as it was done here. Moreover, for the Iberian 366 

basin more stations than in Pérez et al. (2010a) were taken into account. The Cant storage 367 

estimated for AZORES I (Pérez et al. 2010a) was ~10 molC∙m
-2 

(approximated for the two 368 

back-calculating methods) higher than the value found here for CHAOS 1998. In spite of 369 

the different vertical integration method, this difference could also be due to the different 370 

location of AZORES I cruise (Fig. 1 in Pérez et al. 2010a) respect to CHAOS 1998 (Fig. 371 

1).  AZORES I spans close to the Mid-Atlantic Ridge, so higher proportions of LSW with 372 

high [Cant] are sampled. Nonetheless, the METEOR 2004 cruise gives Cant storages of 87±1 373 

and 92±1 molC∙m
-2

 for    
  and TrOCA, respectively (Pérez et al. 2010a), very close to 374 

those values for OACES 2003 (78.9±4.2 and 85.0±4.1 molC∙m
-2

 for    
  and TrOCA, 375 

respectively) but higher, thus corroborating the temporal increase in the Cant storage of the 376 

Iberian basin. In this sense, there is also good consistence with the Cant storages of 87±5 377 
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and 95±5 molC∙m
-2

 for    
  and TrOCA methods, respectively, obtained for the Biscay 378 

Bay during VACLAN-2005 (Castaño-Carrera et al. 2012, in this issue).   379 

The [Cant] rates estimated in the Iberian basin for each one of the layers show high 380 

values in the NACW layer and in the MW layer (~0.90 and ~0.65 µmol∙kg
-1
∙y

-1
, 381 

respectively) and a progressive descend of the rates toward the bottom. For the whole water 382 

column, the Cant storage rates were 1.41±0.25 molC∙m
-2
∙y

-1
 for    

   method and 1.67±0.13 383 

molC∙m
-2
∙y

-1
 for TrOCA method. Importantly, all rates show no-statistically significant 384 

differences between the two estimating methods. No methodology dependent results were 385 

also obtained by Pérez et al. (2010a) for the period 1981-2004 in the Azores region, where 386 

the Cant storage rates were 1.32±0.11 molC∙m
-2
∙y

-1
 for    

   method and 1.18±0.16 molC∙m
-

387 

2
∙y

-1
 for TrOCA method. The Cant storage rates found here for the period 1993-2009 are 388 

higher than those found by Pérez et al. (2010a) which can be a signal of an acceleration of 389 

the Cant uptake by the ocean, at least in the Iberian basin region. 390 

In order to look for a more reliable sign of this acceleration Cant storage rate 391 

estimations from older periods of time can be of great help. From 1977 to 1997, Ríos et al. 392 

(2001) estimated [Cant] in the Iberian Peninsula coast by a back-calculation technique 393 

obtaining a Cant storage rate of 0.95 molC∙m
-2
∙y

-1 
for the upper 2000m. In order to compare 394 

two periods of time, all data (1993-2009) were recalculated for the first 2000m in the 395 

Iberian basin, finding that the average percentage of Cant storage between 0-2000m 396 

represents 80.6±1.4 and 86.7±1.1 % of the total Cant storage for    
  and TrOCA, 397 

respectively. Thus, the Cant storage rates in the upper 2000m estimated by    
  and TrOCA 398 

method are 1.21±0.18 and 1.42±0.19 molC∙m
-2
∙y

-1
, respectively. These rates, respect to the 399 
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value found by Ríos et al. (2001), mean an increase of Cant storage rate of around 28% 400 

considering    
  method and of ~49% according to TrOCA method.  401 

The cause of this increase in the Cant storage rate found in the Iberian basin could be 402 

linked to a similar increase in the atmospheric CO2. According to the Mauna Loa annual 403 

mean CO2 data (Dr Pieter Tans, NOAA/ESRL http:/www.esrl.noaa.gov/gmd/ccgg/trends) 404 

the atmospheric CO2 increased from ~334 ppm in 1977 to ~387 ppm in 2009. Splitting 405 

these increasing trends into the two periods previously mentioned, 1977-1997 and 1993-406 

2009, the average CO2 rates were 1.49±0.02 and 1.92±0.02 ppm∙y
-1

, for each period 407 

respectively. The increase of CO2 rate in the atmosphere is of ~29%, which is a value very 408 

close to the increase in the ocean Cant storage rate found here (~28-49%). Nevertheless, 409 

Pérez et al. (2010b), for the region of the North Atlantic Subpolar Gyre (where the Iberian 410 

basin region is partially included) found a decrease of ~48% in the Cant storage rates from 411 

the first half of the 1990s to the period 1997-2006. According to Pérez et al. (2010b) this 412 

decrease is linked to the high and low NAO phases which act over the volumetric census of 413 

the water masses present in the region. As can be deduced from these results, the storage 414 

rates can vary between close areas depending on the dynamics of the region and also on the 415 

time period studied. Owing to all these different quantities found, more insight into Cant 416 

storages and Cant storages rates is needed in order to get a better understanding of the 417 

carbon cycle in the atmosphere-ocean system. 418 
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Tables and table captions 563 

 564 

Table 1. Summary of the characteristics of the cruises taken into account for the 565 

study. The year, the principal investigator (P.I.) and the number of stations are shown for 566 

each cruise . 567 

 568 

 569 

 570 

 571 

 572 

 573 

 574 

 575 

 576 

CRUISE INFORMATION 

Cruise Section Year P.I. Expocode Stations 

OACES 1993 OACES/CO2-93 1993 R. Wanninkhof OACES93_A16N 83 

CHAOS 1998 WOCE A16N/AR21 1998 Smythe-Wright 74DI19980423 137 

OACES 2003 CLIVAR A16N 2003 J. Bullister, N. Gruber 3RO20030604 150 

CAIBOX 2009 CAIBOX 2009 E. D. Barton CAIBOX09 73 
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Table 2. Characteristic properties (θ, salinity, nutrients, AT, CT and O2) of the main 577 

water masses present in the Iberian basin region: Antartic Water (AA), Subpolar East North 578 

Atlantic Central Water (ENACWP), Subtropical East North Atlantic Central Water 579 

(ENACWT), Iceland Scotland Overflow Water (ISOW), Labrador Sea Water (LSW), 580 

Madeira Mode Water (MMW), Mediterranean Water (MW), Lower North East Atlantic 581 

Deep Water (NEADWl) and Upper North East Atlantic Deep Water (NEADWu).  582 

 583 

Water 

mass 
θ, ºC 

Salinity, 

psu 
SiO4, mmol NO3, mmol PO4, mmol AT, mmol O2, mmol CT, mmol 

ENACWT 15.3±0.4 36.1±0.02 2.24±1.7 2.12±1.2 0.15±0.05 2363±10 244±3 2096±6 

ENACWP 8.3±0.3 35.23±0.01 10.33±0.6 9.58±1.3 0.73±0.08 2320±7 285±2 2112±12 

MW 11.74±0.1 36.5±0.01 8.62±0.8 5.16±0.8 0.31±0.1 2411±1 262±5 2151±4 

LSW 3.4±0.2 34.89±0.12 9.85±2.5 12.03±0.7 0.91±0.02 2301±7 320±2 2118±19 

ISOW 1.93±0.08 34.96±0.02 11.12±5 9.26±2.7 0.85±0.13 2290±3 331±3 2099±4 

NEADWu 2.4±0.003 34.93±0.003 35±6 11.95±0.2 0.9±0.07 2359±2 328±2 2139±22 

NEADWl 1.92±0.003 34.88±0.002 49.85±5 12.94±0.4 1.02±0.03 2360±2 332±3 2147±10 

AA 7.5±0.1 35±0.02 24.9±0.8 12.4±3.3 0.96±0.3 2320±1 290±2 2092±4 

MMW 20±0.5 37±0.04 0.39±0.3 0.23±0.01 0.01±0.06 2418±13 223±9 2103±3 

 584 
 585 
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 586 

Table 3. Mean values (± standar error of the estimation) of thickness, salinity (Sal), 587 

potential temperature (θ), apparent oxygen utilization (AOU) and [Cant] estimated from 588 

   
  and TrOCA methods in each one of the six layers defined. Cant storages for each year 589 

are also shown together with the [Cant] rates for each layer and the Cant storage rates for the 590 

water column. 591 

 592 

Year 
Thickness 

(m) 
Salinity θ (ºC) 

AOU    

(µmol kg-1) 

[Cant]φ 

(µmol kg-1) 

[Cant]TrOCA 

(µmol kg-1) 

[Cant]φ rate 

(µmol kg-1y-1) 

[Cant]TrOCA rate 

(µmol kg-1y-1) 

NACW 
      

0.85 ± 0.24 0.95 ± 0.13 

1993 753 ± 11 35.947 ± 0.001 13.979 ± 0.002 45.7 ± 0.1 41.0 ± 0.6 42.0 ± 0.6 
  

1998 729 ± 21 35.876 ± 0.001 13.467 ± 0.002 44.9 ± 0.1 42.9 ± 0.6 43.9 ± 0.6 
  

2003 736 ± 25 35.926 ± 0.001 14.341 ± 0.002 42.1 ± 0.1 45.0 ± 0.5 50.7 ± 0.5 
  

2009 722 ± 11 35.878 ± 0.001 13.652 ± 0.002 42.9 ± 0.1 55.1 ± 0.6 56.6 ± 0.6 
  

MW 
      

0.61 ± 0.06 0.70 ± 0.06 

1993 481 ± 31 35.492 ± 0.001 8.443 ± 0.004 104.6 ± 0.2 18.8 ± 1.1 22.2 ± 0.9 
  

1998 545 ± 39 35.556 ± 0.001 8.857 ± 0.004 100.4 ± 0.2 21.9 ± 1.0 25.8 ± 1.0 
  

2003 473 ± 32 35.565 ± 0.001 8.913 ± 0.003 99.2 ± 0.1 23.9 ± 0.7 28.2 ± 0.7 
  

2009 509 ± 15 35.653 ± 0.001 9.148 ± 0.003 94.2 ± 0.1 28.9 ± 0.6 33.8 ± 0.8 
  

MW-LSW 
      

0.32 ± 0.07 0.40 ± 0.06 

1993 446 ± 48 35.305 ± 0.001 5.891 ± 0.004 76.0 ± 0.2 15.9 ± 1.0 21.6 ± 0.9 
  

1998 420 ± 47 35.273 ± 0.001 5.689 ± 0.004 72.5 ± 0.2 16.0 ± 1.3 22.3 ± 1.4 
  

2003 462 ± 39 35.336 ± 0.001 6.059 ± 0.004 76.7 ± 0.2 18.7 ± 1.0 25.1 ± 0.9 
  

2009 411 ± 22 35.333 ± 0.001 5.953 ± 0.004 73.6 ± 0.2 20.7 ± 1.0 27.7 ± 0.9 
  

LSW 
      

0.47 ± 0.08 0.59 ± 0.05 

1993 437 ± 54 35.112 ± 0.001 4.247 ± 0.005 71.2 ± 0.2 10.5 ± 1.2 13.6 ± 1.2 
  

1998 339 ± 47 35.061 ± 0.001 4.004 ± 0.006 64.0 ± 0.3 12.1 ± 1.2 16.5 ± 1.3 
  

2003 473 ± 41 35.100 ± 0.002 4.218 ± 0.007 67.5 ± 0.4 16.2 ± 1.8 20.4 ± 1.5 
  

2009 406 ± 33 35.074 ± 0.001 4.088 ± 0.005 61.8 ± 0.2 17.5 ± 1.2 22.8 ± 1.2 
  

deep mixed 
      

0.16 ± 0.06 0.16 ± 0.02 

1993 673 ± 78 34.990 ± 0.001 3.104 ± 0.004 69.9 ± 0.2 7.3 ± 1.0 8.2 ± 1.0 
  

1998 883 ± 63 34.993 ± 0.001 3.161 ± 0.004 71.1 ± 0.2 7.3 ± 0.9 9.0 ± 0.8 
  

2003 833 ± 78 34.982 ± 0.001 3.038 ± 0.004 70.2 ± 0.2 9.4 ± 1.0 10.1 ± 1.1 
  

2009 880 ± 55 34.979 ± 0.001 2.990 ± 0.004 71.4 ± 0.2 9.4 ± 0.9 10.6 ± 0.9 
  

NADW 
      

0.01 ± 0.07 0.02 ± 0.01 

1993 1 710 ± 151 34.916 ± 0.001 2.216 ± 0.003 84.7 ± 0.2 4.8 ± 0.8 1.4 ± 0.8 
  

1998 1 584 ± 142 34.911 ± 0.001 2.184 ± 0.003 85.0 ± 0.2 3.6 ± 0.8 1.6 ± 0.8 
  

2003 1 523 ± 200 34.908 ± 0.001 2.160 ± 0.003 84.8 ± 0.1 5.1 ± 0.8 1.4 ± 0.9 
  

2009 1 572 ± 85 34.917 ± 0.001 2.219 ± 0.003 84.9 ± 0.1 4.5 ± 0.7 1.7 ± 0.7 
  

Cant storage (molC m-2) 
  

1993 
    

66.9 ± 4.1 67.9 ± 4.0   

1998 
    

68.3 ± 4.1 73.8 ± 4.2   

2003 
    

78.9 ± 4.2 85.0 ± 4.1   

2009 
    

88.1 ± 3.8 93.7 ± 3.7   

Cant storage rate (molC m-2 y-1) 1.41 ± 0.25 1.67 ± 0.13 
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Figure captions 594 

 595 

Figure 1. Iberian basin region and location of the cruises included in the study: 596 

OACES 1993, CHAOS 1998, OACES 2003 and CAIBOX 2009. In CAIBOX 2009 only 597 

the 20ºW section (empty circles in bold) was taken for the study. 598 

Figure 2. Correlation between calculated and measured CT. Units in µmol∙kg
-1

. The 599 

linear equation of the fit is: [CT (calc)-2000] = (0.9997 ± 0.0109)∙[CT (meas)-2004.6 ± 1.9]  600 

with a R
2
=0.994 (n=50). 601 

Figure 3. Vertical profiles of Cant estimated from    
  and TrOCA methods in the 602 

Iberian basin. 603 

Figure 4. Correlation between estimated data calculated by TrOCA and    
  method 604 

for each cruise. Fit equations and determination coefficients for each of them are also 605 

given. 606 

Figure 5. 20ºW vertical distributions of: a) AOU (µmol∙kg
-1

, b) AT (µmol∙kg
-1

) and c) 607 

CT (µmol∙kg
-1

). 608 

Figure 6. T-S diagram with the locations of the principal water masses of the region 609 

(black dots). Circles correspond to CAIBOX 2009 cruise data, triangles correspond to 610 

OACES 2003 data, and crosses and squares correspond to CHAOS 1998 and OACES 1993 611 

data, respectively. The six layers in which the water column was divided are also shown: a) 612 

upper layers: NACW, MW and MW-LSW layers and b) deep layers: LSW, Deep Mixed 613 

and NADW layers. The isopycnals that limit each one of the layers are also represented 614 

(dashed lines). 615 
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Figure 7. Time evolution of Cant (µmol·kg
-1

) estimated from    
  (continuous lines) 616 

and TrOCA (dashed lines) approaches in each layer (full symbols: sums, diamonds, 617 

crosses, squares, circles and triangles) and of Cant storages in molC·m
-2

 (empty circles). The 618 

    
    (empty squares) is also shown in µmol·kg

-1
.  619 

 620 

 621 
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Figure 1 622 

 623 

 624 
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Figure 2 626 
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Figure 3 631 
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Figure 4 634 
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Figure 5 637 
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Figure 6 641 
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Figure 7 646 
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