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Abstract 21 

The North Atlantic Ocean is a major sink region for anthropogenic carbon (Cant) and a major 22 

contributor to its storage. While it is in general agreed that the intensity of the meridional 23 

overturning circulation (MOC) modulates uptake, transport and storage of Cant in the North 24 

Atlantic Subpolar Ocean, processes controlling their recent variability and 21st century evolution 25 

remain uncertain. This study aims to investigate the relationship between the transport of Cant, the 26 

air-sea anthropogenic CO2 fluxes and the storage of Cant in the North Atlantic Subpolar Ocean over 27 

the past 44 years. Its relies on the combined analysis of an annual to multi-annual in situ data set 28 

and output from a global biogeochemical ocean general circulation model (NEMO/PISCES) at ½° 29 

spatial resolution forced by the atmospheric reanalysis Drakkar Forcing Set 4. Despite an 30 

underestimation of Cant transport and an overestimation of anthropogenic air-sea CO2 fluxes in the 31 

model, Cant storage rate, its variability and driving processes are well simulated. At the 32 

interannnual time scale, this study confirms that the time rate of changes in Cant storage in 33 

NEMO/PISCES is controlled by the divergence of the northward transport of Cant between 25°N 34 

and the Greenland-Iceland-Scotland sills. Our results highlight the key role played by the 35 

divergence of the NACW transport to the storage of Cant in the upper oceanic layer of the 36 

subtropical region and to supply IW then NADW. In addition, this study shows that Cant uptake by 37 

NADW in the lower limb of the MOC mainly occurs in the OVIDE-sills box and only one quarter is 38 

exported to the subtropical region. Finally, at the multi-decadal scale, the long-term changes in the 39 
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north Atlantic Cant storage rate is rather driven by the increasing air-sea fluxes of anthropogenic 40 

CO2.  41 

 42 

1. Introduction  43 

Since the start of the industrial era and the concomitant rise of atmospheric CO2, the ocean sink and 44 

inventory of anthropogenic carbon (Cant) have increased substantially (e.g. Sabine et al., 2004; Le 45 

Quéré et al., 2009; 2014; Khatiwala et al., 2013). Overall, the ocean has absorbed 28 ± 5% of all 46 

anthropogenic CO2 emissions, thus providing a negative feedback to global warming and climate 47 

change (Ciais et al., 2013). Uptake and storage of Cant are, however, characterized by a significant 48 

variability on interannual to decadal time scales (Le Quéré et al., 2015; Wanninkhof et al., 2013) 49 

and any global assessment will hide important regional differences, which hampers the detection of 50 

changes in the ocean sink in response to global warming and unabated emissions (Séférian et al., 51 

2014; McKinley et al., 2016). 52 

 53 

The North Atlantic Ocean is a key region for Cant uptake (e.g. Sabine et al., 2004; Mikaloff-54 

Fletcher et al., 2006; Gruber et al., 2009) and stores currently as much as 20% of the total oceanic 55 

inventory of 155±31 PgC (Khatiwala et al., 2013). Uptake and enhanced storage of Cant in this 56 

region result from the combination of two processes: (1) winter deep convection in the Labrador 57 

and Irminger Seas, which efficiently transfers Cant from surface waters to the deep ocean 58 

(Körtzinger et al. 1999; Sabine et al., 2004; Pérez et al., 2008) and (2) the northward transport of 59 

warm and Cant-laden tropical waters by the upper limb of the meridional overturning circulation 60 

(MOC; e.g. Àlvarez et al., 2004; Mikaloff-Fletcher., 2006; Gruber et al., 2009; Pérez et al., 2013). 61 

Both terms, deep-water formation and circulation, are characterized by high temporal variability in 62 

response to the leading mode of atmospheric variability in the North Atlantic, the North Atlantic 63 

Oscillation (NAO). Hurrell (1995) defined the NAO index as the normalized sea-level pressure 64 

difference in winter between the Azores and Iceland. A positive (negative) NAO phase is 65 

characterized by a high (low) pressure gradient between these two systems coupled to strong (weak) 66 

westerly winds in the subpolar region. Between the mid-1960s and the mid-1990s, the North 67 

Atlantic evolved from a negative to positive NAO phase. The change in wind conditions induced an 68 

acceleration of the North Atlantic Current (NAC), as well as increased heat loss and vertical mixing 69 

in the subpolar gyre (e.g. Dickson et al., 1996; Curry and McCartney, 2001; Sarafanov, 2009; 70 

Delworth and Zeng, 2015). Concomitant enhanced deep convection led to the formation of large 71 

volumes of Labrador Sea water (LSW) with a high load of Cant (Lazier et al., 2002; Pickart et al., 72 

2003; Pérez et al., 2008; 2013). Between 1997 and the yearly 2010’s, the region undergoes a decline 73 
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in NAO index. This has caused a reduction of LSW formation (Yashayaev, 2007; Rhein et al., 2011) 74 

and a slowing down of the northward transport of subtropical water by the NAC (Häkkinen and 75 

Rhines, 2004; Bryden et al., 2005; Pérez et al., 2013). As a result, the increase in the subpolar Cant 76 

inventory is below that expected from rising atmospheric anthropogenic CO2 levels alone 77 

(Steinfeldt et al., 2009; Pérez et al., 2013).  78 

 79 

Based on the analysis of a time series of physical and biogeochemical properties between 1997 and 80 

2006, Pérez et al. (2013) proposed that Cant storage rates in the subpolar gyre are primarily 81 

controlled by the MOC intensity. A reduction in the MOC intensity would thus lead to a decrease in 82 

Cant storage and would give rise to a positive climate-carbon feedback. The importance of MOC in 83 

modulating the North Atlantic Cant inventory was previously suggested by model studies. Those 84 

projected a decrease in the North Atlantic Cant inventory over the 21st century in response to a 85 

projected MOC slow-down under future climate warming (e.g. Maier-Reimer et al. 1996; Crueger 86 

et al., 2008; Schwinger et al., 2014). Based on the same section than Pérez et al. (2013), Zunino et 87 

al. (2014) extended the time window of analysis to 1997-2010 and proposed a novel proxy for Cant 88 

transport. It is defined as the difference of the Cant concentration between the upper and the lower 89 

limbs of the overturning circulation times MOC intensity (see section S1 in Supplement for a 90 

model-based discussion of the proxy). They observed that while the multi-annual variability of 91 

transport of Cant at the OVIDE section was controlled by the variability of MOC intensity, its long-92 

term change could depend on the increase in Cant concentration in the upper limb of the MOC. As 93 

the latter reflects uptake of Cant through air-sea gas exchange at the atmosphere-ocean boundary, it 94 

questions the dominant role of ocean dynamics in controlling Cant storage in the subpolar gyre at 95 

the decadal time scale (Pérez et al., 2013). If the storage rate of Cant in the subpolar gyre is indeed 96 

at first order controlled by the load of Cant in the upper limb of the MOC, the subpolar Cant 97 

inventory is expected to increase along with increasing atmospheric CO2 - albeit not necessarily at 98 

the same rate - and to provide a negative feedback on rising atmospheric CO2 levels over the 21st 99 

century.  100 

 101 

The objective of the present study is to evaluate the relationship between Cant transport, air-sea 102 

fluxes and storage rate in the Subpolar North Atlantic, along with their combined evolution over the 103 

past 44 years (1958-2012).  It relies on the combination of an annual to multi-annual data set 104 

gathered from 25°N to the Greenland-Iceland-Scotland sills over the period 2003-2011 and output 105 

from the global biogeochemical ocean general circulation model NEMO/PISCES at 1/2° spatial 106 

resolution forced by an atmospheric reanalysis (Bourgeois et al., 2016). The paper is organized as 107 
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follow: NEMO/PISCES and in situ data sets are detailed in Sect. 2 and compared in Sect. 3 to 108 

evaluate the model performance; main results of the interannual to decadal change of the North 109 

Atlantic Cant fluxes and storage rate as well as the evaluation of their main drivers are presented in 110 

Sect. 4 and discussed in Sect. 5 regarding model-data comparison. 111 

 112 

2. Material and methods 113 

2.1. NEMO-PISCES model 114 

This study is based on a global configuration of the ocean model system NEMO (Nucleus For 115 

European Modelling of the Ocean) version 3.2 (Madec, 2008). The quasi-isotropic tripolar grid 116 

ORCA (Madec and Imbard, 1996) has a resolution of 0.5° in longitude and 0.5° x cos() in latitude 117 

(ORCA05) and 46 vertical levels whereof 10 levels lie in the upper 100m. It is coupled online to the 118 

Louvain-la-Neuve sea ice model version 2 (LIM2) and the biogeochemical model PISCES-v1 119 

(Pelagic interaction Scheme for Carbon and Ecosystem studies; Aumont and Bopp, 2006). 120 

Parameter values and numerical options for the physical model follow Barnier et al. (2006) and 121 

Timmermann et al. (2005). Two atmospheric reanalysis products, DFS4.2 and DFS4.4, were used 122 

for this study. DFS4.2 is based on ERA-40 (Brodeau et al., 2010) and covers the period 1958-2007 123 

while DFS4.4 is based on ERAInterim (Dee et al., 2011) and covers the years 2002-2012. The 124 

simulation was spun up over a full DFS4.2 forcing cycle (50 years) starting from rest and holding 125 

atmospheric CO2 constant to levels of the year 1870 (284 ppm). Temperature and salinity were 126 

initialized as in Barnier et al. (2006). Biogeochemical tracers were either initialized from 127 

climatologies (nitrate, phosphate, oxygen, dissolved silica from the 2001 World Ocean Atlas, 128 

Conkright et al. (2002); preindustrial dissolved inorganic carbon (CT) and total alkalinity (AT) from 129 

GLODAP, Key et al. (2004)), or from a 3000 year long global NEMO/PISCES simulation at 2° 130 

horizontal resolution (Iron and dissolved organic carbon). The remaining biogeochemical tracers 131 

were initialized with constant values. 132 

At the end of the spin-up cycle, two 143-year long simulations were started in 1870 and run in 133 

parallel. The first one, the historical simulation, was forced with spatially uniform and temporally 134 

increasing atmospheric CO2 concentrations (Le Quéré et al., 2014). In the second one, the natural 135 

simulation, the mole fraction of CO2 was kept constant in time at 284 ppm. Both runs were forced 136 

by repeating 1.75 cycles of DFS4.2 interannually varying forcing over 1870 to 1957. Then DFS4.2 137 

was used from 1958 to 2007. Simulations were extended from 2002 to 2012 by switching to 138 

DFS4.4. No significant differences were found in tracer distributions and Cant related quantities 139 

between both atmospheric forcing products during the years of overlap (2002-2007). Carbonate 140 
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chemistry and air-sea CO2 exchanges were computed by PISCES following the Ocean Carbon 141 

Cycle Model Intercomparison Project protocols (www.ipsl.jussieu.fr/OCMIP) and the gas transfer 142 

velocity relation provided by Wanninkhof (1992). Because climate change trends and natural modes 143 

of variability are part of the forcing set used to force both simulations, potential alterations of the 144 

natural carbon cycle in response to climate change (e.g. rising sea surface temperature) are thus also 145 

captured by the natural simulation. The concentration of anthropogenic C, as well as anthropogenic 146 

CO2 fluxes is calculated as the difference between the historical (total C = natural + anthropogenic 147 

contribution) and the natural simulations following Orr et al. (2017).  148 

The global ocean inventory of Cant simulated by the model in 2010 amounted to 126 PgC. It is at 149 

the lower end of the uncertainty range of the estimate by Khatiwala et al. (2013) of 155±31 PgC 150 

(Fig. 1). At the global scale, the error of the model is close to 6% (values excluding arctic regions 151 

and marginal seas). The mismatch between the modeled Cant inventory and that of Khatiwala et al. 152 

(2013) is largely explained by the difference in the starting year of integration: 1870 for this study 153 

as opposed to 1765 in Khatiwala et al. (2013). The coupled model configuration is referred to as 154 

ORCA05-PISCES hereafter. The reader is invited to refer to Bourgeois et al. (2016) for a detailed 155 

description of the model and the simulation strategy. 156 

 157 

 158 

2.2.  Observation data sets 159 

Observations used to evaluate Cant transport computed from ORCA05-PISCES in the North 160 

Atlantic Ocean were collected along the Greenland-Portugal OVIDE section and at 24.5°N 161 

following the tracks presented on Fig. 2. Model output of air-sea CO2 fluxes are compared to the 162 

observation-based gridded sea surface pCO2 product of Landschützer et al. (2015a). Programs 163 

and/or data sets are briefly summarized below.   164 

 165 

OVIDE data set 166 

The OVIDE program aims to document and understand the origin of the interannual to decadal 167 

variability in circulation and properties of water masses in the Subpolar North Atlantic in the 168 

context of climate change (http://www.umr-lops.fr/Projets/Projets-actifs/OVIDE).  Since 2002, one 169 

spring-summer cruise is run every two years (Table 1) between Greenland and Portugal (Fig. 2) 170 

Dynamical (ADCP), physical (temperature, T and salinity, S) and biogeochemical (e.g. alkalinity, 171 

AT, pH, dissolved oxygen, O2, and nutrients) properties are sampled at full depth hydrographic 172 

stations spaced by 25 nautical miles (NM). The spacing is reduced to 16 NM in the Irminger sea 173 

and to 12 NM or less over steep topographic features. An overview of instruments, analytical 174 

http://www.ipsl.jussieu.fr/OCMIP
http://www.umr-lops.fr/Projets/Projets-actifs/OVIDE
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methods and accuracies of each parameter is summarized in Zunino et al. (2014). The concentration 175 

of CT is calculated from pH and AT following the recommendations and guidelines from Velo et al. 176 

(2010). The OVIDE data set is distributed as part of GLODAPv2 (Olsen et al., 2016) (Table 1).  177 

 178 

24.5°N data set 179 

Data were collected along 24.5°N in 2011 between January 27th and March 15th as part of the 180 

Malaspina circumnavigation expedicion (https://www.expedicionmalaspina.es/) (Table 1). A total of 181 

167 full depth hydrographic stations, whereof 13 were in the Florida Straits, were sampled along the 182 

transect, spaced by 27 NM or less across the boundary currents and topographic slopes [Hernández-183 

Guerra et al., 2014]. As for the OVIDE program, ADCP, T, S, AT, pH, O2 and nutrients were 184 

sampled during the cruise and CT was calculated from AT and pH. For details on methods and 185 

accuracies, please refer to Hernández-Guerra et al. (2014) for dynamical and physical properties 186 

and to Guallart et al. (2015) for the carbonate system. This data set is made available by GO-SHIP 187 

and delivered by CCHDO (Table 1).  188 

 189 

 For both data sets, CT is combined with T, S, nutrients, O2 and AT to derive the Cant concentration 190 

following the φCT method which fix the preindustrial xCO2 in 278.8 ppm to computed the 191 

preindustrial CT (Pérez et al., 2008; Vàzquez-Rodrìguez et al., 2009). This data-based diagnostic 192 

approach uses water mass properties of the subsurface layer between 100-200m as reference to 193 

evaluate preformed and disequilibrium conditions. The random propagation of errors associated 194 

with input parameters yields an uncertainty of 5.2 µmol kg-1 on Cant values (Pérez et al., 2010). An 195 

intercomparison between different methods to separate the anthropogenic component Cant from the 196 

background of CT carried out in the Atlantic Ocean (Vàzquez-Rodrìguez et al., 2009) and along 197 

24.5°N (Guallart et al., 2015) concluded on a good agreement between φCT and the other methods. 198 

 199 

pCO2 data base 200 

The gridded sea surface pCO2 product of Landschützer et al. (2015a) was created using the 201 

SOCATv2 dataset (Bakker et al., 2014) and a 2-step neural network method detailed in 202 

Landschützer et al. (2015b). It consists of monthly surface ocean pCO2 values from 1982 to 2011 at 203 

a spatial resolution of 1°x1°. Total air-sea CO2 fluxes were derived from equation 1 where dCO2 is 204 

defined as the difference of CO2 partial pressures between the atmosphere and surface ocean, Kw is 205 

the gas transfer velocity and sol, the CO2 solubility.  206 

              (1) 207 

As explain in Landschützer et al. (2014), Kw was computed as a function of wind speed following 208 
 

https://www.expedicionmalaspina.es/
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Wanninkhof (1992) rescaled to a global mean gas transfer velocity of 16 cm h-1 and using winds 209 

from ERA-interim (Dee et al. 2011). sol was computed following Weiss (1974) as a function of sea 210 

surface temperature (Reynolds et al., 2002 and Hadley center EN4 sea surface salinity (Good et al. 211 

2013).  212 

 213 

 214 

2.3. Diagnostic of Cant transport and budget 215 

Transport of Cant across a section 216 

The simulated transport of Cant (TCant) across a section has been evaluated either from online 217 

diagnostics (computed when the simulation is performed) or offline diagnostics (obtained after the 218 

simulation is finished, and computed using model outputs of velocities and concentrations). The 219 

transport of Cant is the sum of advective, diffusive and eddy terms. These terms are integrated 220 

vertically from bottom to surface and horizontally from the beginning (A) to the end (B) of a section 221 

along a continuous line defined by zonal (y) or meridional (x) grid segment (Fig. S2). Positive 222 

values stand for northward and/or eastward transport (see Sect. S2 in Supplement for the description 223 

of section).  The advective term corresponds to the product of velocities orthogonal to the section 224 

(V) times the concentration of Cant ([Cant], Eq. 2).  225 

dxydzCantVT
B

A

surface

bottom

adv

CANT

m ][           (2) 226 

The diffusive term corresponds to the transport of Cant due to the horizontal diffusion. The eddy 227 

transport is based on the parameterization of Gent and McWilliams (1990). While the online 228 

approach allows quantifying the contribution of each component, we only derived the advective 229 

term from the offline approach. We diagnosed all terms of TCant over 2003-2011, which is the only 230 

period for which the online diagnostics were available, to compare simulated TCant with the 231 

observation-based estimates from 24.5°N to the Greenland-Iceland-Scotland sills (section 3.1), and 232 

verify that  the advection term was the dominant one. To study the long-term variability of Cant 233 

fluxes and storage rates (section 3.2), the time window of analysis was next extended to 1958-2012 234 

and Cant transport was derived offline from yearly averaged model outputs according to equation 2. 235 

These estimations were completed by the heat transport along the section computed from velocities 236 

orthogonal to the section (V) and the heat term provided by the international thermodynamic 237 

equations of seawater (TEOS 2010).  238 

 239 

Budget of Cant in the North Atlantic Ocean 240 

The budget of Cant was computed for three North Atlantic sub-regions (see below for definition of 241 
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regions). The budget was defined as the balance between i) the time rate of change in Cant, 242 

vertically and horizontally integrated, ii) the incoming and outgoing transport of Cant across 243 

boundaries of each region and iii) the anthropogenic air-sea CO2 exchange, spatially integrated. 244 

Budget estimates were completed by the total air-sea CO2 flux and the heat transport over 2003-245 

2011. All terms were estimated from model output either from monthly or yearly averages 246 

depending on the period analyzed (monthly for 2003-2011; yearly for 1958-2012). Relationships 247 

between Cant fluxes and storage rates were investigated for each individual region.  248 

 249 

 250 

3. Model evaluation over the period 2003-2011 251 

Figure 3 summarizes the budget of Cant in the North Atlantic simulated by the model over the 252 

period 2003-2011. In order to enable the comparison of the model-derived budget to previous 253 

estimates (e.g. Jeansson et al., 2011; Pérez et al. 2013; Zunino et al., 2014, 2015a,b; Guallart et al., 254 

2015), we defined two boxes separated by the Greenland-Portugal OVIDE section. The first one 255 

extends from 25° N to the OVIDE section and the second box extends from the OVIDE section to 256 

the Greenland-Iceland-Scotland sills. Seasonality was removed beforehand using a 12-month 257 

running filter. 258 

In the model, over one third of Cant entering in the southern box at 25° N (0.092±0.016 PgC yr-1) is 259 

transported across the OVIDE section (0.035±0.005 PgC yr-1) and leaves the domain at the 260 

Greenland-Iceland-Scotland sills (0.034±0.004 PgC yr-1). The outgoing flux corresponds to a net 261 

northward transport resulting from a northwards flux across the Iceland-Scotland strait 262 

(0.053±0.005 PgC yr-1) and a southward flux across the Denmark strait (-0.020±0.014 PgC yr-1). 263 

The remainder of the regional Cant storage is provided by the air to sea exchange with the largest 264 

values south of the OVIDE section (South: 0.156±0.008 PgC yr-1; North 0.044±0.003 PgC yr-1). As 265 

a consequence, 88% of the incoming Cant flux (computed as (0.092 + 0.156+0.044-0.034)/(0.092 + 266 

0.156+0.044); Fig. 3) is stored inside the region every year, predominantly south of the OVIDE 267 

section (South : 0.216±0.019 PgC yr-1 ; North : 0.045±0.006 PgC yr-1). In the next sections, Cant 268 

transport, anthropogenic air-sea CO2fluxes and Cant storage rate are successively compared to 269 

published estimates and to the observations described in section 2.2 in order to evaluate the model 270 

performance and to study the long term change in Cant storage rate and its driving processes.  271 

 272 

3.1. Advective transport of Cant  273 

The comparison between online and offline estimates of Cant transport across the OVIDE section 274 

confirms the dominant contribution of advection (Fig. S3), suggested already by Tréguier et al. 275 
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(2006). Compared to previous studies, our simulated transport of Cant (Fig. 3) is nevertheless 276 

clearly underestimated: it is three times smaller at 25° N and at the OVIDE section (Pérez et al., 277 

2013; Zunino et al., 2014, 2015a and b) and 1.5 to 2 times smaller at the sills (Jeansson et al., 2011, 278 

Pérez et al., 2013). The net Cant flux entering the OVIDE box through the Denmark strait is only 279 

one third of the estimation of Jeansson et al. (2011), whereas the outgoing flux at the Iceland-280 

Scotland strait is only half. The following paragraphs focus on mass transport and concentration of 281 

Cant (equation 2) in order to identify the causes of the significant underestimation of modeled TCant. 282 

 283 

Mass transport across the Greenland-Portugal OVIDE section and 25°N 284 

The analysis of the stream function simulated by ORCA05-PISCES along the Greenland-Portugal 285 

OVIDE section reveals a general pattern that is very similar to that estimated from observation (Fig. 286 

4). The model does not, however, reproduce the interannual variability present in the observations 287 

(Figs. 4a and 4b). Moreover, the magnitude of MOC (see Sect. S1 for details of its estimation) 288 

computed for the month of June from model output (13.4±0.6 Sv), comparable to the annual 289 

average values (12.7±0.6 Sv), is underestimated by around 2 Sv (dated-based estimate: 15.5±2.3 Sv, 290 

Mercier et al., 2015; Table 2). The upper limb of the MOC, the NAC (Lherminier et al., 2010), 291 

flows northeastward in the Eastern part of the section (East of 1100 km; Fig. 4b), with its modified 292 

branch, the Irminger Current, in the Western part (around 700km off the Greenland Coast) in model 293 

and data as defined by Mercier et al. (2015) (Fig. 4b). The NAC is simulated with a lower 294 

variability and weaker intensity (Fig. 4b; ORCA05-PISCES increase in cumulative volume 295 

transport of 15 Sv instead of 25 Sv between 1100km and 2500km from Greenland coast). In 296 

addition, the vertical stream function (Fig. 4a) reveals a stronger current between the surface and 297 

the density anomaly (σ1) 31.5 kg m-3 in the model, only observed at the east of the Reykjanes Ridge 298 

(not show here). This overestimation of the overturning stream function in the model is likely due to 299 

a shift in the position of the Western limit of the NAC. The Western limit is identified by close to 300 

zero values for volume transport. It occurs around 1000 km off Greenland in the model, instead of 301 

1300 km in observations (Fig. 4b).  302 

The lower limb of MOC, mainly related to the Western Boundary Current (WBC), flows southward 303 

in the western part of the section (Lherminier et al., 2007; 2010; Mercier et al., 2015). Sigma 1 304 

separating both limbs of the MOC simulated by the model is lower (32.01±0.01 kg m-3) than 305 

estimated from in situ data (32.14 kg m-3). It follows that the lower (upper) limb in the model takes 306 

up a bigger (smaller) volume along the section compared to the OVIDE data set (Fig. 5). The model 307 

underestimates the intensity of the southward transport of the WBC in the Irminger Sea, and the 308 

East Reykjanes Ridge current in the Iceland basin (Fig. 4b), which are the most intense currents 309 
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flowing in the lower limb of the MOC. It also underestimates the cumulative volume transport for 310 

σ1 >32.40 kg m-3 (σ0 >27.7 kg m-3), which is close to 0 Sv in the model (Fig. 4a) as opposed to 7 Sv 311 

recorded by Lherminier et al. (2007) and García-Ibáñez et al. (2015). These densest water masses 312 

correspond to lower North East Atlantic Deep Water (lNEADW), Denmark Strait Overflow Water 313 

(DSOW) and Iceland Scotland Overflow Water (ISOW). Taken together, the misfit between 314 

observation-derived estimates and modeled volume transport is largest in the Irminger and Iceland 315 

basins. This suggests that the significant underestimation of volume transport in the highest density 316 

classes is probably due to the close to zero contribution of overflow waters to the transport in the 317 

model at the latitude of the OVIDE section. 318 

At 25°N, the upper limb of the MOC, composed by North Atlantic Central Water (NACW), 319 

Antarctic Intermediate Water (AAIW) and Mediterranean Water (MW) (Talley et al., 2008;  320 

Hernández-Guerra et al., 2014), flows northward with an intensity of 8.99±2.28 Sv in the model 321 

from January through March 2011 (Fig. 6a). The lower limb, transporting southward North Atlantic 322 

Deep Water (NADW) and northward Antarctic Bottom Water (AABW; Kuhlbrodt et al., 2007; 323 

Talley et al., 2008; Fig. 6b), is characterized by a net maximal flux of -10.82±2.14 Sv (Fig. 6a) 324 

detected at the density level (σ1) 31.95±0.00 kg m-3. While there is a large seasonal variability (Fig. 325 

6b), the magnitude of the winter MOC (10.82±2.14 Sv) is representative of the annual value in 2011 326 

(11.59±1.86; Table 3) and over 2003-2011 (11.13±0.80; Table 3). The intensity of simulated MOC 327 

is weaker (Table 3) and the limit between upper and lower limb is shallower (Fig. 7) than results 328 

reported by Hernández-Guerra et al., (2014) (20.1±1.4 Sv at γn = 27.82 or σ1 = 32.27) for the same 329 

period, as well as reported by McCarthy et al. (2012) at 26°N between 2005 and 2008 (18.5±1.0 330 

Sv). McCarthy et al. (2012) highlighted nevertheless a decline in MOC intensity of 30% over the 331 

period 2009-2010 mainly due to the increase in the southward upper ocean recirculation (shallower 332 

than 1100m) and the decrease in the southward transport of lower (l)NADW.  lNADW is essentially 333 

made up of Nordic overflow waters (Pickart, 1992; Smethie et al., 2000), which the model fails to 334 

reproduce correctly. The preceding suggests that the underestimation of the volume transport in the 335 

model is likely due to the large underestimation of dense overflow waters. 336 

 337 

Cant distribution in the North Atlantic Ocean and along the OVIDE section and 25°N 338 

Compared to the observation-based product of Khatiwala et al. (2013), Cant concentrations 339 

simulated by ORCA05-PISCES are relatively well represented from 25°N to the Greenland-340 

Iceland-Scotland sills (Fig. 1). Minimum values are found in the subtropical region whereas the 341 

maximum values are simulated in the subpolar gyre, especially in the Labrador Sea. Figure 1 points 342 

nevertheless to an under-estimation of up to 40 molC m-2 of modeled maxima. The comparison 343 
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between modeled and observed Cant along the Greenland-Portugal OVIDE section and 25°N 344 

reveals a comparable distribution with higher concentrations in surface waters and lower levels at 345 

depth (Figs. 5 and 7). The surface to depth gradient is more pronounced in the Eastern basin of two 346 

sections. Along the OVIDE section (Figs. 5a and b), the two LSW cores, relatively rich in Cant, are 347 

identified on the two sides of the Reykjanes Ridge. Despite the good agreement of spatial patterns, 348 

modeled concentrations are lower by 6.3±0.6 µmol kg-1 compared to observed-based estimates 349 

(Table 2). Half of this underestimation is due to the preindustrial atmospheric CO2 condition used 350 

by the model (284 ppm) compared to φCT method (278.8 ppm). This deficit is more pronounced in 351 

the upper limb of MOC (Cant model-data = -5.9±0.7 µmol kg-1) than in the lower limb (Cant model-data 352 

= -3.6±0.6, Table 2). The largest difference between model and data (up to -20 µmol kg-1, Fig. 5c) is 353 

detected in subsurface waters at the transition between East North Atlantic Central Water (ENACW) 354 

and Mediterranean Water (MW) and between both limbs of the MOC.  355 

The variability of the model-data difference, diagnosed as its standard deviation, peaks at 10 µmol 356 

kg-1 (Fig. 5d). It is largest at the boundary between upper and lower limbs of the MOC, mainly 357 

between 700 km to 2000 km off Greenland. The higher variability in this region could be explained 358 

by the variability of the NAC intensity, which is underestimated by ORCA05-PISCES.  359 

Figure 5 also reveals an underestimation by the model of Cant levels in NEADWl (below 3500m 360 

depth in the western European basin) by 5 to 10 µmol kg-1 which is in line with a close to zero 361 

contribution of dense Cant rich overflow waters along the OVIDE section. 362 

At 25°N, a subsurface pool of Cant is detected in the western part of the section in both products 363 

(Figs. 7a and b) around 1500m depth, albeit with smaller concentrations in the model. The model 364 

underestimates the Cant concentration, especially in the lower limb of the MOC with mean values 365 

of 2.89±0.09 µmol kg-1 compared to 12.00 µmol kg-1 calculated from observations (Table 3). The 366 

largest difference between ORCA05-PISCES and observations, up to -30 µmol kg-1, is found 367 

around 500m depth in the upper limb of the MOC. Finally and like along the OVIDE section, Fig. 7 368 

reveals an under-estimation of Cant levels below 3500m depth by about 10 µmol kg-1. This water 369 

mass corresponds to AABW that becomes NEADW during its northward transport by mixing with 370 

lNADW (Talley et al., 2008).   371 

 372 

From the preceding follows that the underestimation of Cant transport in ORCA05-PISCES is likely 373 

due to the underestimation of water mass transport intensity (mainly attributed to a too weak 374 

contribution of dense overflow waters) and of Cant concentrations. The hypothesis is supported by 375 

the analysis of the heat transported at 25° N and the OVIDE section, which is also underestimated 376 

by the model (Fig. 3) compared to Pérez et al (2013). Pérez et al. (2013) estimated a heat transport 377 
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of 1.10±0.01 PW and 0.59±0.09 PW at 25° N and OVIDE, respectively, while the model yields a 378 

corresponding heat transport of 0.78±0.06 PW and 0.39±0.02 PW. The discrepancy between model 379 

and observation-based estimates of heat transport is, however, not as large as for the advective 380 

transport of Cant, probably due to a better representation of temperature than Cant concentration by 381 

the model (mean model-data bias along the section:-0.4±0.9°C for a mean value of 5°C (8% of 382 

error) for temperature, 7 µmol kg-1 for a mean value of 25.4 µmol kg-1 (27%) for Cant). 383 

 384 

3.2. Air-sea fluxes of total and anthropogenic CO2 385 

Estimates of modeled air-sea fluxes of total and anthropogenic CO2 are higher than those derived 386 

from in situ data by Pérez et al. (2013) : Southern box: model = (anth) 0.156 ± 0.008 PgC yr-1 / 387 

(total) 0.303 ± 0.013 PgC yr-1, Pérez et al. (2013) = (anth) 0.12±0.05 PgC yr-1 / (total) 0.20 PgC yr-1; 388 

Northern box: model = (anth) 0.044 ± 0.003 PgC yr-1 / (total) 0.103 ± 0.006 PgC yr-1, Pérez et al. 389 

(2013) = (anth) 0.016±0.012 PgC yr-1 / (total) 0.09 PgC yr-1 . While the model overestimates CO2 390 

uptake, the ratio anthropogenic/natural is comparable to Gruber et al. (2009) and Schuster et al. 391 

(2013). As a consequence, the model overestimates both natural and anthropogenic components 392 

with quite similar proportion. To understand the large over-estimation of fluxes, simulated average 393 

air-sea fluxes of total CO2 over the period 2003-2011 are next compared to estimates by 394 

Landschützer et al., (2015a), taken as a representative observation-based product from the SOCOM 395 

exercise (Rödenberk et al. 2015). The area extending from 25°N to the Greenland-Iceland-Scotland 396 

sills is a sink for atmospheric CO2 in the model and the data-based product (Fig.8). Three areas 397 

present nevertheless differences from observations. The first one is located south of Newfoundland 398 

and centered at 35°W-45°N. In this region, which corresponds to the NAC path in the observations 399 

(see figure 1 in Daniault et al., 2016), modeled total air-sea CO2 fluxes are around 0 molC m2 yr-1 400 

compared to values up to -3.5 molC m2 yr-1 reported in Landschützer et al. (2015a). The second area 401 

is found close to the Western African coast, where the model simulates a CO2 source to the 402 

atmosphere shifted to the north and extending more to the west along 25°N than in observations. 403 

The third zone that differs from observations is the northern box between the OVIDE section and 404 

the Greenland-Iceland-Scotland sills. Here, the modeled oceanic CO2 sink is overestimated in 405 

average by a factor of 2 to 3. Panels 8c and 8d show the month of the maximum, respectively 406 

minimum value of air-sea CO2 flux for the period 2003-2011. It reveals a seasonal phase shift 407 

between ORCA05-PISCES and Landschützer et al. (2015a), north of 50°N where the model over-408 

estimates strongly gas exchange. Fluxes peak in winter in observations while they are at a 409 

maximum in summer in the model. According to Takahashi et al. (2002), the seasonal change in 410 

surface water pCO2 is dominated by the biological effect north of 40°N and by the temperature (or 411 
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thermodynamic) effect between 20°N and 40°N. The main driving process of seasonal variability of 412 

air-sea CO2 fluxes is well reproduced by the model in the subtropical region.  However, the 413 

dominant effect of temperature extends too far north in the model. As a result, the seasonal change 414 

in CO2 fluxes is dominated by the thermodynamic effect in the subpolar gyre. Despite the seasonal 415 

phase shift noted in the subpolar gyre, the amplitude of the interannual variability of total air-sea 416 

CO2 fluxes (standard deviation of the 1982-2011 time series without seasonality, Fig. 9) is well 417 

reproduced by the model over the total domain and even north of 40°N where the variability is the 418 

largest.  419 

 420 

3.3. Storage rate of Cant 421 

The storage rates of Cant estimated for the period 2003-2011 are close to the estimates from Pérez 422 

et al. (2013), referenced to 2004: Southern box: model = 0.216 ± 0.019, Pérez et al. (2013) = 423 

0.280±0.011; Northern box: model = 0.045 ± 0.006 and Pérez et al. (2013) = 0.045±0.004 PgC yr-1.  424 

These results suggest that there may be a compensation in the model between the underestimation 425 

of Cant transport and the overestimation of anthropogenic air-sea CO2 fluxes detailed above.  426 

Next, the contribution of air-sea uptake and transport of Cant to the variability of the North Atlantic 427 

Cant inventory is derived for each box from the analysis of multi-annual time series of 428 

anthropogenic air-sea CO2 fluxes, transport divergence of Cant (defined as the difference between 429 

incoming and outgoing Cant fluxes at the borders of the boxes) and Cant storage rate. Time series 430 

were smoothed as explained previously and the potential trends were removed. Correlation 431 

coefficient (r) and p-value are summarized in table 4. Our results suggest that, over the period 2003-432 

2011, the rate of Cant storage between 25° N and the Greenland-Iceland-Scotland sills is strongly 433 

correlated with a positive transport divergence of Cant (25° N: r = 0.96, p-value = 0.00; OVIDE: r = 434 

0.95, p-value = 0.00). The dominance of Cant transport divergence over gas exchange is 435 

corroborated by observation-based assessments (Pérez et al., 2013; Zunino et al., 2014; 2015a and 436 

b). Despite an underestimation of Cant transport and an overestimation of anthropogenic air-sea 437 

CO2 fluxes, modeled storage rate, its variability and driving processes are coherent with 438 

observations allowing the simulation to be used to study drivers of changes in Cant storage rate 439 

since 1958. 440 

 441 

 442 

4. Cant fluxes and storage rate in the North Atlantic Ocean (North of 25°N) since 1958 443 

In this section, we present the analysis of the full period covered by our simulations (1958-2012) 444 

with the objective of better understanding the interannual to decadal variability of the Cant 445 
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inventory in the North Atlantic Ocean as well as its driving processes. The study area, from 25°N to 446 

the Greenland-Iceland-Scotland sills, is divided in 3 boxes instead of 2 in section 3: the first box 447 

extends from 25°N to 36°N; the second box from 36°N to the OVIDE section and the third box is 448 

between the OVIDE section and the Greenland-Iceland-Scotland sills. The section 36°N was added 449 

to delimit the northern part of the subtropical region from the Subpolar gyre (Mikaloff-Fletcher et 450 

al., 2003).  451 

 452 

4.1. Contribution of variability of circulation and Cant accumulation on Cant transport 453 
variability 454 

Figure 10 presents annual time series (1958-2012) of the magnitude of the MOC and transports of 455 

heat and Cant at 25°N, 36°N and across the OVIDE section. The heat transport and the MOC 456 

intensity are strongly correlated at each section (25°N, r = 0.92, p-value = 0.00; 36° N, r=0.90, p-457 

value = 0.00; OVIDE, r=0.76, p-value = 0.00) whereas a significant relationship between the MOC 458 

strength and the Cant transport is only found at 36°N (25°N, r= 0.30, p-value = 0.02; 36°N, r=0.67, 459 

p-value = 0.00; OVIDE,  r=0.02, p-value = 0.90). As expected, the circulation is thus the major 460 

driver of interannual to decadal variability of heat transferred across these sections (Johns et al., 461 

2011, Mercier et al., 2015). Its impact on the variability of Cant transport is, however, masked by 462 

several other mechanisms. The transport of Cant across the three sections is characterized by a 463 

continuous increase over the period of study (Fig. 10): it increases from 0.030±0.002 PgC yr-1 in 464 

1958-60 to 0.095±0.024 PgC yr-1 in 2010-12 at 25°N, from 0.009±0.001 PgC yr-1 to 0.050±0.018 465 

PgC yr-1 at 36°N and from 0.008±0.001 PgC yr-1 to 0.043±0.005 PgC yr-1 at the OVIDE section. 466 

Such a large increase is observed neither on the heat transport (0.0003±0.0004 PW yr-1 at 25°N, 467 

0.0016±0.0004 PW yr-1 at 36° N and 0.0003±0.0002 PW yr-1 at OVIDE) nor on the MOC 468 

magnitude (0.001±0.005 Sv yr-1 at 25°N, 0.015±0.006 Sv yr-1 at 36° N and 0.003±0.007 Sv yr-1 at 469 

OVIDE), nor on the net volume of water transported across the sections (-0.000 ±0.000 Sv yr-1 at 470 

25°N, 0.001±0.001 Sv yr-1 at 36° N and -0.000 ±0.003 Sv yr-1 at OVIDE). Following Zunino et al. 471 

(2014), we conclude that the increase in the northward transport of Cant since 1958 was mainly due 472 

to Cant accumulation in the northward flowing upper limb of the MOC. In order to isolate the effect 473 

of circulation, we removed the positive trend from Cant transport time series. The correlation (r) 474 

between the detrended Cant transport and the magnitude of the MOC increased from 0.30 (p-value = 475 

0.02) to 0.74 (p-value = 0.00) at 25°N and from 0.67 (p-value = 0.00) to 0.70 (p-value = 0.00) at 476 

36°N. It did not change at the OVIDE section (r=0.1, p-value = 0.4). We conclude that the 477 

circulation controls the interannual to decadal variability of Cant transport but only at 25°N and 478 

36°N. In the following section, we study the impact of circulation on Cant storage rate regarding the 479 
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Cant transport divergence. 480 

 481 

4.2. Interannual to decadal variability of the North Atlantic Cant inventory 482 

Figure 11 provides the budget of Cant from 1959 to 2011 for the three boxes. Each budget is 483 

composed of the Cant storage rate, the anthropogenic air-sea CO2 flux and the transport divergence 484 

of Cant. We observe a continuous increase in the North Atlantic Cant inventory over the last 44-485 

years, especially in box 2 (36°N-OVIDE) where the storage rate is multiplied by 3 (from 486 

0.043±0.000 PgC yr-1 (1959-1961) to 0.127±0.010 PgC yr-1 (2009-11)) and in box 1 (25°N-36°N) 487 

where it doubled (from 0.039±0.000 PgC yr-1 to 0.094±0.004 PgC yr-1). Taking into account the 488 

anthropogenic perturbation in the surface layer and assuming the transient steady-state, we expected 489 

a factor of 2.9 that is in line with and validate our result in box 2. Air-sea flux of Cant and Cant 490 

transport divergence contribute equally to changes in Cant inventory in the southern box. Between 491 

36°N and the OVIDE section, the contribution of gas exchange dominates prior to 1985. Since 492 

1985, the transport divergence gained in importance, albeit with a pronounced interannual 493 

variability. In the northern box, changes in Cant inventory follow air-sea fluxes (weak contribution 494 

of transport divergence limited to interannual variability).  495 

The significant positive correlation (Table 5a, no trend removed) between storage rate and air-sea 496 

gas exchange in all three boxes suggests the latter to be, over the past 42 years, a main control of 497 

Cant storage rate on the longer time scales. Nevertheless, the transport divergence of Cant in the 498 

southern box and between 36°N and the OVIDE section from 1985 onward, which increased 499 

continuously over the period, also correlates with the change in Cant storage rate (Table 5a, trend 500 

included). It did not however influence the long-term change in Cant inventory between the OVIDE 501 

section and the Greenland-Iceland-Scotland sills (OVIDE-Sills; r = 0.32, p-value = 0.02; Table 5), 502 

where it is close to zero (incoming TCant = outgoing TCant). In this analysis (correlation with trend 503 

included), the trend in response to increasing atmospheric CO2 levels dominates the signal and the 504 

correlation at the expense of interannual variability. In order to identify controls of the interannual 505 

variability, the analysis was repeated with detrended time series. It reveals a strong correlation 506 

between the Cant storage rate and the transport divergence of Cant for all three boxes (Table 5b), as 507 

opposed to correlation with air-sea gas exchange which is either not significant or weak (Table 5b). 508 

The model output analysis suggests that while the long term changes in Cant storage rate are 509 

controlled by anthropogenic air-sea CO2 fluxes, its interannual variability is on the contrary driven 510 

by the transport divergence of Cant. Additional analyses are made to identify which role is played 511 

by the circulation in the annual evolution of Cant storage rate. In this context, we estimated for each 512 

box the correlation between the detrended time series of Cant transport divergence and the 513 
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incoming and outgoing transport of Cant. These estimates, summarized in table 6, show that the 514 

transport divergence of Cant is always correlated with the incoming transport of Cant and not with 515 

the outgoing transport of Cant. Results of this section suggest that the interannual variability of the 516 

North Atlantic Cant storage rate is driven by the transport of Cant coming from south latitude. 517 

According to Sect. 4.1, the interannual changes of both terms at 25°N and 36°N depends on MOC 518 

intensity. These results corroborate the conclusion of section 3.3 for the period 2003-2011 and are in 519 

line with previous studies (Pérez et al., 2013; Zunino et al., 2014).   520 

 521 

4.3. Contribution of advection of water masses to the storage rate of Cant 522 

In this section, we analyze major water masses taking part to the upper and lower limb of the MOC 523 

in order to identify their contributions to the regional Cant storage rate over the period 1958-2012. 524 

The general circulation from 25°N to the Greenland-Iceland-Scotland sills is well documented (e.g. 525 

Arhan, 1990; McCartney, 1992; Hernández-Guerra et al., 2015; Daniault et al., 2016). Based on 526 

these studies and the water column distribution of zonally integrated mass transport at 25°N, 36°N, 527 

OVIDE and the Greenland-Iceland-Scotland sills (Fig. 12), we identify three water classes : North 528 

Atlantic Central Water (NACW, Class 1), Intermediate waters (IW; Class 2) and North Atlantic 529 

Deep Water (NADW, Class 3).  530 

NACW (Class 1) is transported by the upper ocean circulation, either northward (Class 1N) by the 531 

Gulf Stream and the NAC, or southward (Class 1S) by the subtropical gyre recirculation in the 532 

western European basin. The southeastward recirculation is characterized by cool and dense waters 533 

(Talley et al., 2008) allowing distinction of Class 1S from Class 1N in our study (Fig. 12). NACW 534 

loses heat during its northward journey and becomes denser. As a result, its density limit changes 535 

with latitude (Fig. 12). Based on Fig. 12, we define the class 1N from surface to the density 536 

anomaly σ1 = 29.1 kg m-3 at 25°N, 30 kg m-3 at 36°N and 31 kg m-3 at the OVIDE section. This 537 

class is not found at the Greenland-Iceland-Scotland sills. The class 1S, proper to the subtropical 538 

region, is found from 29.1 kg m-3 to 31 kg m-3 at 25°N and from 30 kg m-3 to 31 kg m-3 at 36°N.  539 

IW (Class 2) encompasses the densest water masses of the upper MOC limb, such as Antarctic 540 

Intermediate Water (AAIW), Subantarctic Intermediate Water (SAIW) or Mediterranean Water 541 

(MW). The class 2 circulates northward between σ1 = 31 and 31.8 kg m-3 from 25°N to OVIDE and 542 

between σ1 = 31 and 31.9 kg m-3 through the Greenland-Iceland-Scotland sills (Fig. 12). 543 

NADW (Class 3) supplies the lower limb of the MOC. It flows southward from the subpolar gyre 544 

to the subtropical region. In the model, it is found below σ1 = 31.7-31.9 kg m-3 (Fig. 12).  545 

 546 

 The long term changes in simulated volume and Cant transports for these three specified classes 547 
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across the four sections highlight two periods, before and after 1995. The distinction between these 548 

two periods is based on Class 1N (northward NACW) at the OVIDE section and Class 2 (IW) at 549 

36°N where both Cant and volume transport increased after 1995 (Fig. S4). No remarks are reported 550 

on Cant storage rate in previous section. Based on these comment, we focus this section on the 551 

period 1958-1994 to understand how each water mass contributes to Cant storage rate. The period 552 

1996-2011 is discussed is Sect. 5 to understand causes of the increase in volume and Cant transports 553 

after 1995. Results for the first period (1958-1994) are summarized on Fig. 13.  554 

 555 

Before 1995, more than 50% of Cant transported by NACW flowing northward (Class 1N) at 25°N 556 

crossed 36°N whereas 30% recirculated southward with Class 1S. At the OVIDE section, the 557 

transport of Cant was equal to 12% of 25°N, whereas it is close to zero at the sills (Fig. 13). The 558 

transport divergences of Cant for Class 1 in Box 1 (0.034 PgC yr-1= 0.096-0.056+0.022-0.028), Box 559 

2 (0.022 PgC yr-1 = 0.056-0.012-0.022) and Box 3 (0.012 PgC yr-1 = 0.012 – 0.000) are positive and 560 

higher than Cant storage rate (Fig. 13). Figure 13 also reveals a positive anthropogenic CO2 fluxes 561 

from atmosphere to surface Ocean. The Cant budget of Class 1 for each box suggests in fact a 562 

vertical transport of Cant from Class 1 to Class 2. Our results from this section and Sect. 4.2 563 

indicate that the NACW plays a key role in the Cant storage rate between 25°N and the OVIDE 564 

section but also in the Cant transfer into the lower layer during its northward transport. This cross-565 

isopycnal transport evidenced between Class 1 and Class 2 during its northward journey (Fig. 13) is 566 

related to a large decrease in the northward transport in Class 1 associated with a large increase in 567 

the northward transport in Class 2 from 25°N to the OVIDE section (Fig. S4). This is in line with 568 

results from De Boisséson et al. (2012) who highlight the densification of subtropical central water 569 

by winter air-sea cooling and mixing with intermediate waters along the NAC path. Moreover, our 570 

results from Cant transport (Fig. 13) also suggest that IW is enriched in Cant between 25°N and the 571 

OVIDE section over the studied period. The large Cant uptake north of 36°N is explained by 572 

regional winter deep convection that occurs along the NAC that mixed NACW, rich in Cant, with 573 

IW, poor in Cant. Figure 13 also shows that 64% of Cant entering into Box 3 by advection and air-574 

sea gas exchange is exported southward by Class 3, 20% is stored whereas 16% is exported 575 

northward through the Greenland-Iceland-Scotland sills by Class 2. In addition, the budget of Cant 576 

computed for Class 2 reveals a significant vertical transport of Cant from IW to NADW, especially 577 

north of the OVIDE section. NADW is thus enriched in Cant from NACW/IW essentially between 578 

the OVIDE section and the Greenland-Iceland-Scotland sills, which is in agreement with results 579 

from Sarafanov et al. (2012). Finally, a small fraction of Cant entering in Box 2 within Class 3 580 

leaves the area across 25°N (24%, Fig. 13). The remainder is stored within Class 3 between 25°N 581 
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and OVIDE.  582 

 583 

5. Discussion and Conclusion 584 

The model-data comparison highlights a large underestimation (by 2 or 3 times) of the Cant 585 

transport by the model, resulting from an underestimation of both volume transport and Cant 586 

accumulation in the water column. The underestimation of the volume transport is likely due to the 587 

too small contribution of overflow waters. Their misrepresentation leads to an underestimation of 588 

the intensity of the lower limb of the MOC and as a consequence, of that of the upper branch. It 589 

results a smaller than expected export of Cant from the subtropical region to the subpolar gyre. The 590 

insignificant southward flow of overflow waters also contributes to make the net export of Cant to 591 

the Arctic region relatively large (outgoing flux at Iceland-Scotland Ridge is only divided by 2 592 

while incoming flux at Denmark Strait is divided by 3 compared to observations). Our analysis also 593 

reveals a strong overestimation of the modeled air-sea anthropogenic CO2 exchange. This 594 

discrepancy is associated with a larger total CO2 uptake by the ocean north of the OVIDE section. 595 

Moreover, we observe an overestimation of the modeled anthropogenic CO2 flux. North of 40°N, 596 

this overestimation of the total air-sea CO2 flux is partially due to a seasonal change dominated by 597 

the thermodynamic effect rather than the biological effect. While anthropogenic CO2 exchange as 598 

defined in the model is not impacted by the biological activity, thermodynamic mechanism affect 599 

positively anthropogenic CO2 fluxes. The overestimation of the modeled anthropogenic air-sea CO2 600 

fluxes could also be a response to the low Cant concentration in the North Atlantic surface Ocean 601 

due to the model initial condition and the small Cant fraction transported inside the subpolar gyre 602 

that enhanced the air-sea anthropogenic pCO2 gradient. These results are clearly a limit of the 603 

model that underestimates the contribution of Cant transport to storage rate. This is especially true 604 

for the OVIDE-Sills box where we observe an unexpected transport divergence close to zero (no 605 

contribution) along with an overestimation of the air-sea flux. The modeled Cant storage rate is, 606 

however, in line with data-based estimates that reflect a compensation between the underestimation 607 

of Cant transport and the overestimation of air-sea gas exchange. The spatial distribution of Cant 608 

storage is well reproduced by the model. In line with independent studies (Sabine et al., 2004; 609 

Khatiwala t al., 2013), the North Atlantic Ocean, north of 25°N, acts as a sink for the atmospheric 610 

anthropogenic CO2, a large part of which being stored between 36°N and the OVIDE section. 611 

Moreover, mechanisms controlling the interannual to decadal changes in Cant storage rate as well 612 

as Cant and heat transport match with data-based estimates (Pérez et al., 2013; Zunino et al., 2014, 613 

2015b; Johns et al., 2011). The satisfying reproduction of interannual variability by the model 614 

allowed its use to explore the interannual to multidecadal changes in the North Atlantic Cant 615 
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inventory and its driving processes.  616 

At the interannual time scale, the time rate of change of Cant storage in the model is controlled by 617 

the divergence of the northward transport of Cant in the region between 25°N and the Greenland-618 

Iceland-Scotland sills, similarly to the data-based results reported by Pérez et al. (2013) and Zunino 619 

et al. (2014; 2015b). At the OVIDE section, the interannual variability of Cant transport is 620 

controlled by Cant accumulation in the upper MOC limb whereas it is also influenced by the MOC 621 

magnitude at 25°N and 36°N. Additional analysis of the Cant transport in density classes highlights 622 

the key role played by the divergence of the NACW transport to the storage of Cant in the upper 623 

oceanic layer of the subtropical region and to supply IW then NADW. These water mass 624 

conversions are consistent with previous study (Sarafanov et al., 2012; De Boisséson et al., 2012; 625 

Pérez et al., 2013). The Cant uptake by Class-3 in the lower limb of the MOC mainly occurs in the 626 

OVIDE-sills box. A significant correlation between the volumes of NADW transported across the 627 

OVIDE section and the NAO winter index is highlighted (Fig. 14; r = 0.68, p-value = 0.00). A 628 

positive (negative) anomaly of volume transport is associated with a positive (negative) NAO index.  629 

Previous studies also reported an acceleration of the NAC during the transition phase period (e.g. 630 

Dickson et al., 1996; Curry and McCartney, 2011). The increase in transport of the NAC is well 631 

reproduced by the model with the anomaly of NACW mass transport being correlated with the 632 

NAO winter index (Fig. 14). This study also highlights a specific period before and after 1995 633 

likely to explain the lack of correlation. According to Fig. 15 and S4, the period after 1995 is 634 

characterized by i) an increase in the transport of Cant and volume through the OVIDE section by 635 

NACW, ii) an increase in IW production between 25°N and 36°N but a decrease between 36°N and 636 

OVIDE associated with iii) an increase in NACW recirculation at 36°N. In the other word, since 637 

1995, we observed more Class 1 rich in Cant advected through the OVIDE section. As shown in 638 

Fig. 16, the subpolar gyre undergoes a warming of its mixed layer since 1995. Such warming was 639 

reported by De Boisséson et al. (2012) for the year 1998. Authors explained this by an increase in 640 

the inflow of subtropical water into the Iceland basin. This enhanced advection of subtropical water 641 

into the subpolar gyre could explain the decreasing contribution of anthropogenic air-sea CO2 642 

fluxes to Cant storage in favor of the advective transport of Cant reported in Sect. 4.2 between 36°N 643 

and the OVIDE section. Warm, alkalinity rich subtropical waters carry a relatively high load of Cant 644 

and their enhanced northward advection decrease the air-sea gradient of anthropogenic pCO2 and 645 

slow down air-sea gas exchange (Thomas et al., 2008).  646 

To conclude, at the multi-decadal time scale, the long term change in anthropogenic air-sea CO2 647 

fluxes over the whole domain exert the dominant control on the Cant inventory of the North 648 

Atlantic subpolar gyre. The contribution of Cant transport from 25°N across the OVIDE section 649 
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emerges as the important driver on interannual to decadal time scales through its divergence. Our 650 

model analysis suggests that assuming unabated emissions of CO2, the storage rate of Cant in the 651 

Subpolar North Atlantic is expected to increase assuming MOC fluctuations within observed 652 

boundaries. However, under a future strong decrease in MOC in response to global warming (IPCC 653 

projection 25%, Collins et al., 2013) the storage rate might  decrease. 654 

 655 
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Table captures 946 

Table 1: Summary of cruises and data set used throughout this study 947 

OVIDE name Month/year Vessel Reference expocode 

OVIDE 2002 06-07/2002 N/O Thalassa Lherminier et al., 2007 35TH20020611 

OVIDE 2004 06-07/2004 N/O Thalassa Lherminier et al., 2010 35TH20040604 

OVIDE 2006 05-06/2006 R/V Maria S. Merian Gourcuff et al., 2011 06MM20060523 

OVIDE 2008 06-07/2008 N/O Thalassa Mercier et al. 2015 35TH20080610 

OVIDE 2010 06-07/2010 N/O Thalassa Mercier et al., 2015 35TH20100608 

24.5°N-2011 01-03/2011 Sarmiento de Gamboa 
Hernández-Guerra et al. 

2014 
29AH20110128 

 948 
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Table 2: Model-data comparison over the period covered by the OVIDE cruises (2002-2010). 949 

Average and standard deviation (SD) for observation-based estimates (column 2) and model output 950 

(columns 3 to 4). Model output: (1) June average with SD being a measure of interannual variability 951 

and (2) average year with SD corresponding to the average interannual variability. 952 

 
OVIDE data set 

ORCA05-PISCES 

 June only average year 

MOCσ (sv) 15.5±2.3 13.4±0.6 12.7±0.6 

σMOC (kg m-3) 32.14 32.02±0.05 31.95±0.04 

[Cant]section (µmol kg-1) 25.4±1.8 18.4±1.1 18.4±1.1 

[Cant]upper (µmol kg-1) 45.2±3.0 38.9±3.0 39.4±3.0 

[Cant]lower (µmol kg-1) 19.4±1.6 14.8±1.0 14.9±1.0 

 953 

Table 3: Model-data comparison along 25°N. Average and standard deviation (SD) for observation-954 

based estimates (column 2) and model output (columns 3 to 5). Model output: (1) January from 955 

March 2011 average with SD being a measure of winter variability, (2) average 2011 year with SD 956 

corresponding to the average seasonal variability and (3) average 2003-2011 year with SD being 957 

representative of interannual variability.  958 

 

24.5°N data set 

ORCA05-PISCES 

 Winter only Average 2011 year 
Average 2003-2011 

year 

MOCσ (sv) 20.1±1.4 10.82±2.14 11.59±1.86 11.13±0.80 

σMOC (kg m-3) 32.27 31.95±0.00 32.02±0.03 32.00±0.03 

[Cant]section (µmol kg-1) 19.73 8.69±0.02 8.73±0.04  

[Cant]upper (µmol kg-1) 40.36 39.15±0.01 38.86±0.90  

[Cant]lower (µmol kg-1) 12.00 2.89±0.1 2.86±0.08  

 959 

Table 4: Correlation coefficient (r) and p-value between the time rate of change (Trate), the 960 

divergence of Cant transport (DTCant) and air sea Cant fluxes (FCant) for the two boxes, 25°N-961 

OVIDE and OVIDE-Sills, over the period 2003-2011. DTCant = incoming – outgoing Cant fluxes 962 

across the boundaries of boxes. 963 

Box 25° N to OVIDE  

Trate/DTCant : r = 0.96, p-value = 0.00 

Trate/FCant : r = - 0.54, p-value = 0.00 

Box OVIDE to sills 

Trate/DTCant : r = 0.95, p-value = 0.00 

Trate/FCant : r = - 0.71, p-value = 0.00 

 964 

Table 5: Correlation coefficient (r) and p-value between the time rate of change (Trate) of Cant 965 
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storage, the divergence of Cant transport (DTCant) and air sea Cant fluxes (FCant) for the three boxes, 966 

25°N-36°N, 36°N-OVIDE and OVIDE-Sills, over the period 1959-2011. DTCant = incoming – 967 

outgoing Cant fluxes across the boundaries of boxes. The analyses were done, first, with the 968 

original time series (left column in the table) and after, with the detrended Cant transport time series 969 

(right column in the table). 970 

 971 

a. Including trend   b. without trend 

 Box 25° N to 36°N 

 

  Box 25° N to 36°N 

Trate/DTCant : r = 0.93, p-value = 0.00  Trate/DTCant : r = 0.94, p-value = 0.00 

Trate/FCant : r =  0.90, p-value = 0.00  Trate/FCant : r = 0.04, p-value = 0.78 

Box 36°N to OVIDE  Box 36°N to OVIDE 

Trate/DTCant : r = 0.73, p-value = 0.00  Trate/DTCant : r = 0.61, p-value = 0.00 

Trate/FCant : r =  0.97, p-value = 0.00  Trate/FCant : r =  0.52, p-value = 0.00 

Box OVIDE to sills  Box OVIDE to sills 

Trate/DTCant : r = 0.32, p-value = 0.02  Trate/DTCant : r = 0.76, p-value = 0.00 

Trate/FCant : r = 0.95, p-value = 0.00  Trate/FCant : r = 0.22, p-value = 0.12 

 972 

Table 6: Correlation coefficient (r) and p-value between the divergence of Cant transport (DTCant) 973 

and the incoming (in) or outgoing (out) transport of Cant (TCant) for the three boxes, 25°N-36°N, 974 

36°N-OVIDE and OVIDE-Sills, over the period 1959-2011. DTCant = incoming – outgoing Cant 975 

fluxes across the boundaries of boxes. Linear trend is removed from each times series beforehand.  976 

 Box 25° N to 36°N 

 

 

inTCant/DTCant : r = 0.51, p-value = 0.00  
outTCant/DTCant : r =  -0.31, p-value = 0.03  

Box 36°N to OVIDE  

inTCant/DTCant : r = 0.79, p-value = 0.00  

outTCant/DTCant : r =  0.07, p-value = 0.62  

Box OVIDE to sills  

inTCant/DTCant : r = 0.68, p-value = 0.00  
outTCant/DTCant : r = -0.05, p-value = 0.70  

 977 

Figures captions 978 

Fig. 1: Column inventory (molC m-2) of anthropogenic carbon for the year 2010: (a) model output 979 

and (b) Khatiwala et al. [2009]. 980 

 981 

Fig. 2: The Greenland-Portugal OVIDE and 24.5°N sections: observational data set (red points) and 982 

ORCA05-PISCES (black thick line). 983 

 984 

Fig. 3: Anthropogenic C budget of the Subtropical and Subpolar North Atlantic regions over the 985 
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period 2003-2011. Average values and their standard deviations were estimated from smoothed time 986 

series. The horizontal arrows show the lateral Cant transport in PgC yr-1 (black font). Red numbers 987 

in the panel indicate the Cant storage rate in PgC yr-1. The vertical arrows show the total (blue font) 988 

and anthropogenic (black font) air-sea CO2 fluxes in PgC yr-1. Green numbers represent the heat 989 

transport across sections in PW. Boundaries and surface area (m²) of each box are indicated below 990 

the panels.  991 

 992 

Fig. 4. Cumulative volume transport in Sv. (a) Vertically integrated transport from bottom to each 993 

specific density level (σ1 with 0.01 kg m-3 resolution). Note that the sign of the profile has been 994 

changed. (b) Surface-to-bottom integrated transport cumulated from Greenland to Portugal (km). 995 

Model outputs for the month of June over the period 2002-10 (continuous line for mean value; 996 

shadows for confidence interval) are compared to estimates derived from OVIDE (dashed lines). On 997 

panel (a) the black horizontal lines indicate the density of MOC maximum corresponding to the 998 

separation between the upper (red) and lower (blue) limbs of MOC, in the model (σMOC = 999 

32.02±0.05 kg m-3, black continuous line) and observation-based assessments (σMOC = 32.14 kg m-3, 1000 

Zunino et al., 2014; black dashed line). The position of the Western limit of the NAC as observed 1001 

from model simulations (dashed line) and from OVIDE data set (dashed-dotted line) as well as the 1002 

Irminger current are indicated on panel (b). 1003 

 1004 

Fig. 5 : Water column distribution of anthropogenic C concentrations (µmol kg-1) along the 1005 

Greenland-Portugal OVIDE section in June 2002: (a) model output  and (b) as estimated from the 1006 

OVIDE data set. The mean and standard deviation of the differences between these two assessments 1007 

(model – OVIDE) over the OVIDE period (June 2002-04-06-08-10) are displayed on Fig. c and d. 1008 

Black continuous and dashed lines indicate the limit between the upper and the lower limbs of the 1009 

MOC in the model and the OVIDE data set.  1010 

 1011 

Fig. 6: Zonally integrated volume transport (Sv) at 25°N computed either (a) for main water masses 1012 

between January and March 2011 or (b) for density level (σ1 with 0.1 kg m-3 resolution) over the 1013 

year 2011 from model output. Main water masses identified at this latitude are North Atlantic 1014 

Central Water (NACW) Antarctic Intermediate Water (AAIW) and Mediterranean Water (MW), 1015 

which constitute the upper limb of the MOC (red), as well as North Atlantic Deep Water) and 1016 

Antarctic Bottom Water (AABW), which compose the lower limb of the MOC (blue). Results from 1017 

panel (a) are compared to observation-based estimates from Hernández-Guerra et al. (2014) 1018 

(hatched bar plot). On panel (b) the black horizontal lines indicate the density of MOC maximum 1019 
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corresponding to the separation of both limb in the model (σ1 = 32.05 from July to September and 1020 

σ1 = 21.95 other months). 1021 

 1022 

Fig. 7: Water column distribution of anthropogenic C concentrations (µmol kg-1) along 24.5°N-1023 

25°N during winter (JFM) 2011: (a) model output and (b) as estimated from the 24.5N-data set. (c) 1024 

Difference between both assessments (model – observation) in 2011. Black continuous and dashed 1025 

lines indicate the limit between the upper and the lower limbs of the MOC in the model and the 1026 

observation data set.  1027 

 1028 

Fig. 8: (a-b) averaged total air-sea CO2 fluxes (mol m2 yr-1) and month during which (c-d) the 1029 

maximum or (e-f) the minimum value is reached in the North Atlantic Ocean over the period 2003-1030 

2011 as simulated by ORCA05-PISCES (a-c-e) and compared to the observation-based product of 1031 

Landschützer et al. (2015a) (b-d-f). Black lines delimitate both boxes, 25°N-OVIDE and OVIDE 1032 

sills. 1033 

 1034 

Fig. 9: Interannual variability of total air-sea CO2 fluxes (mol m2 yr-1) for the period 1982-2011 1035 

computed as the time series of its standard deviation: (a) ORCA05-PISCES and (b) the observation-1036 

based product of Landschützer et al. (2015a). Black lines delimitate both boxes, 25°N-OVIDE and 1037 

OVIDE sills. 1038 

 1039 

Fig. 10: Simulated annual time series of MOC magnitude (MOCσ, Sv) and transport of heat (PW) 1040 

and anthropogenic C (PgC yr-1) at at 25°N, 36° N and at the OVIDE section estimated over the 1041 

period 1958-2012. 1042 

 1043 

Fig. 11 : Simulated annual time series of anthropogenic carbon (Cant) budget (Pg yr-1) from 25°N to 1044 

36°N bottom), from 36°N to OVIDE section (middle) and from OVIDE section to Greenland-1045 

Iceland-Scotland sills (top) over the period 1959-2011. Each budget is composed by the storage rate 1046 

of Cant (red line), the air-sea flux of Cant (black dashed line) and the transport divergence of Cant 1047 

(black full line).  1048 

 1049 

Fig. 12: Distribution of mass transport integrated into density (sigma 1) layers with a 0.3 kg m-3 1050 

resolution for 25°N, 36°N, OVIDE section and the Greenland-Iceland-Scotland sills over the period 1051 

1958-2012 (colorbar). Dashed lines indicate the density limits of three major oceanic water class :  1052 

Class 1N = northward North Atlantic Central Water; Class 1N = southward North Atlantic Central 1053 
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Water ; Class 2 = Intermediate waters; Class 3 : North Atlantic Deep Water. 1054 

 1055 

 Fig. 13 : Simulated anthropogenic C budget (PgC yr-1) between 25°N and the Greenland-Iceland-1056 

Scotland sills over the period 1958-1994. Horizontal arrows represent the transport of Cant by 1057 

NACW (purpose), IW (red) and NADW (blue) across 25°N, 36°N, OVIDE and sills. Grey vertical 1058 

arrows show anthropogenic air-sea CO2 fluxes for each box whereas orange values indicate Cant 1059 

storage rate. Black vertical arrows represent the deduced vertical transport of Cant between two 1060 

Classes. 1061 

 1062 

Fig. 14: Annual time series of the anomaly of mass transport (Sv, bar plot) compared to the winter 1063 

NAO over the period 1959-2011 for (a) Class 1 at 36°N (r = 0.55, p-value = 0.00) and (b) Class 3 at 1064 

OVIDE (r = 55, p-value = 0.00). Winter NAO index is index provided by the Climate Analysis 1065 

Section (Hurrell and NCAR, https://climatedataguide.ucar.edu/climate-data/hurrell-north-atlantic-1066 

oscillation-nao-index-station-based).  1067 

 1068 

Fig. 15: Simulated annual averaged transport of Cant by NACW (purpose), IW (red) and NADW 1069 

(blue) across 25°N, 36°N, the OVIDE section and the Greenland-Iceland-Scotland sills (a) before 1070 

and (b) between 1996 and 2012 1071 

 1072 

Fig. 16: Simulated annual averaged temperature of mixed layer between 36°N and the OVIDE 1073 

section (red line) and between  the OVIDE section and the Greenland-Iceland-Scotland sills (black 1074 

line) as simulated by the model over the period 1958-2012. 1075 

https://climatedataguide.ucar.edu/climate-data/hurrell-north-atlantic-oscillation-nao-index-station-based
https://climatedataguide.ucar.edu/climate-data/hurrell-north-atlantic-oscillation-nao-index-station-based


Fig. 1: Column inventory (molC m-2) of anthropogenic carbon for the year 2010: (a) model output and (b)

Khatiwala et al. [2009].

a. ORCA05 - PISCES b. data base from Khatiwala et al. (2013)
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Fig. 2: The Greenland-Portugal OVIDE and 24.5°N sections: observational

data set (red points) and ORCA05-PISCES (black thick line).
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Fig. 3: Anthropogenic C budget of the Subtropical and Subpolar North Atlantic
regions over the period 2003-2011. Average values and their standard
deviations were estimated from smoothed time series. The horizontal arrows
show the lateral Cant transport in PgC yr-1 (black font). Red numbers in the
panel indicate the Cant storage rate in PgC yr-1. The vertical arrows show the
total (blue font) and anthropogenic (black font) air-sea CO2 fluxes in PgC yr-1.
Green numbers represent the heat transport across sections in PW. Boundaries
and surface area (m²) of each box are indicated below the panels. h.
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Fig. 4. Vertically integrated cumulative mass transport (Sv): model output for
the month of June over the period 2002-10 (continuous line for mean value;
shaded band for confidence interval) (a) from bottom to each specific density
level (σ1 with 0.01 kg m-3 resolution), note that the sign of the profile has been
changed, and (b) from Greenland to Portugal (km) compared to estimates
derived from OVIDE (dashed lines). On panel (a) the black horizontal lines
indicate the density of MOCσ maximum corresponding to the separation
between the upper (red) and lower (blue) limbs of MOC, in the model (σMOC =
32.02 ± 0.05 kg m-3, black continuous line) and observation-based
assessments (σMOC = 32.14 kg m-3, Zunino et al., 2014; black dashed line). On
panel (b) the position of the Western and Eastern NAC branches as well as the
Irminger current, a NAC modified branch, are indicated in grey (Mercier et al.,
2015).Mass transport (Sv)
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Fig. 5 : Water column distribution of anthropogenic C concentrations (µmol kg-1) along the
Greenland-Portugal OVIDE section in June 2002: (a) model output and (b) as estimated from
the OVIDE data set. The mean and standard deviation of the differences between these two
assessments (model – OVIDE) over the OVIDE period (June 2002-04-06-08-10) are displayed
on Fig. c and d. Black continuous and dashed lines indicate the limit between the upper and
the lower limbs of the MOC in the model and the OVIDE data set.
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Mass transport (Sv)

NACW + AAIW

NADW

AABW

Fig. 6: Zonally integrated volume transport (Sv) at 25°N computed either (a) for main water

masses between January and March 2011 or (b) for density level (σ1 with 0.1 kg m-3

resolution) over the year 2011 from model output. Main water masses identified at this latitude

are North Atlantic Central Water (NACW), Antarctic Intermediate Water (AAIW) and

Mediterranean Water (MW), which constitute the upper limb of the MOC (red), as well as

North Atlantic Deep Water) and Antarctic Bottom Water (AABW), which compose the lower

limb of the MOC (blue). Results from panel (a) are compared to observation-based estimates

from Hernández-Guerra et al. (2014) (hatched bar plot). On panel (b) the black horizontal lines

indicate the density of MOC maximum corresponding to the separation of both limb in the

model (σ1 = 32.05 from July to September and σ1 = 21.95 other months).

a. From January to March 2011 b. Year 2011 

+ MW
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a. ORC05-PISCES 2011                b. 24.5°N data base 2011
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Fig. 7: Water column distribution of
anthropogenic C concentrations (µmol kg-

1) along 24.5°N-25°N during winter (JFM)
2011: (a) model output and (b) as
estimated from the 24.5N-data set. (c)
Difference between both assessments
(model – observation) in 2011. Black
continuous and dashed lines indicate the
limit between the upper and the lower
limbs of the MOC in the model and the
observation data set.
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ORCA05-PISCES Data-based product from Landschützer et al. (2015a)

Fig. 8: (a-b) averaged total air-sea CO2 fluxes (mol m2 yr-1) and month during which (c-d) the
maximum or (e-f) the minimum value is reached in the North Atlantic Ocean over the period
2003-2011 as simulated by ORCA05-PISCES (a-c-e) and compared to the observation-based
product of Landschützer et al. (2015a) (b-d-f). Black lines delimitate both boxes, 25°N-OVIDE
and OVIDE sills.
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a. ORCA05-PISCES b. Data-based product from Landschützer et al. (2015a.)
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Fig. 9: Interannual variability of total air-sea CO2 fluxes (mol m2 yr-1) for the period 1982-2011
computed as the time series of its standard deviation: (a) ORCA05-PISCES and (b) the
observation-based product of Landschützer et al. (2015a). Black lines delimitate both boxes,
25°N-OVIDE and OVIDE sills.
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Fig. 10: Simulated 1958-2012 annual time series of the magnitude of the MOC (Sv), the transport
of heat (PW) and the transport of Cant (PgC yr-1) through (a) the OVIDE section, (b) 36° N and ©
25°N.

b. 36° N

c. 25°N

a. OVIDE
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OVIDE - Sills

36°N - OVIDE

25°N – 36°N

Storage rate

Air-sea flux

Transport divergence

Fig. 11 : Simulated annual time series of anthropogenic carbon (Cant) budget (Pg yr-1) from 25°N

to 36°N bottom), from 36°N to OVIDE section (middle) and from OVIDE section to Nordic sills (top)

over the period 1959-2011. Each budget is composed by the storage rate of Cant (red line), the air-

sea flux of Cant (black dashed line) and the transport divergence of Cant (black full line).
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Fig. 12: Distribution of mass transport integrated into density (sigma 1) layers with a 0.3 kg m-3 resolution for 25°N, 36°N, OVIDE

section and the Nordic sills over the period 1958-2012 (colorbar). Dashed lines indicate the density limits of three major oceanic water

class : Class 1N = northward North Atlantic Central Water; Class 1S = southward North Atlantic Central Water ; Class 2 = Intermediate

waters; Class 3 : North Atlantic Deep Water.
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Fig. 13 : Simulated anthropogenic C budget (PgC yr-1) between 25°N and the

Greenland-Iceland-Scotland sills over the period 1958-1994. Horizontal arrows

represent the transport of Cant by NACW (purpose), IW (red) and NADW (blue)

across 25°N, 36°N, OVIDE and sills. Grey vertical arrows show anthropogenic air-sea

CO2 fluxes for each box whereas orange values indicate Cant storage rate. Black

vertical arrows represent the deduced vertical transport of Cant between two Classes.
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a. Class 1 at 36°N

b. Class 3 at OVIDE 

Fig. 14 : Annual time series of the anomaly of

mass transport (Sv, bar plot) compared to the

winter NAO over the period 1959-2011 for (a)

Class 1 at 36°N (r = 0.55, p-value = 0.00) and (b)

Class 3 at OVIDE (r = 55, p-value = 0.00). Winter

NAO index is index provided by the Climate

Analysis Section (Hurrell and NCAR,

https://climatedataguide.ucar.edu/climate-

data/hurrell-north-atlantic-oscillation-nao-

index-station-based).

47

https://climatedataguide.ucar.edu/climate-data/hurrell-north-atlantic-oscillation-nao-index-station-based


25°N 36°N OVIDE sills

1996-2012

BOX 1 BOX 2 BOX 3

0.000±0.0000.106±0.013 0.047±0.0240.176±0.023

0.052±0.019
0.054±0.018

0.025±0.016 0.141±0.0290.005±0.003 0.040±0.011

0.032±0.004 0.152±0.0160.030±0.004 0.014±0.008

Fig. 15: Simulated annual averaged transport of Cant by NACW (purpose), IW (red) and

NADW (blue) across 25°N, 36°N, the OVIDE section and the Greenland-Iceland-

Scotland sills (a) before and (b) between 1996 and 2012.
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Fig. 16: Simulated annual averaged temperature of mixed layer between 36°N and the OVIDE section (red line) and
between the OVIDE section and the Nordic sills (black line) as simulated by the model over the period 1958-2012.
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