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Abstract. The interannual to decadal variability in the trans- increase on thd¢ant variability. We find thatACant keeps

port of anthropogenic C&(Cant) across the subpolar North increasing over the past decade, and it is very likely that the
Atlantic (SPNA) is investigated, using summer data of the continuous Cant increase in the water masses will cause an
FOUREX and OVIDE high-resolution transoceanic sections,increase inTcant across the SPNA at long timescale. Nev-
from Greenland to Portugal, occupied six times from 1997ertheless, at the timescale analyzed here (1997-2010), the
to 2010. The transport of Cant across this sectigs: here- MOC, controls thel;ant variability, blurring anyTeanttrend.

after, is northward, with a mean value of 25629 kmols?! Extrapolating the observefiCant increase rate and consid-
over the 1997-2010 period. We find thBi;n: undergoes  ering the predicted slow-down of 25 % of the M@Clcant
interannual variability, masking any trend different from 0 across the SPNA is expected to increase by 430 kiialiar-

for this period. In order to understand the mechanisms coning the 21st century. Consequently, an increase in the storage
trolling the variability of Tcant across the SPNA, we pro- rate of Cant in the SPNA could be envisaged.

pose a new method that quantifies the transport of Cant
caused by the diapycnal and isopycnal circulation. The di-

apycnal component yields a large northward transport of

Cant (400 29 kmol s'1) that is partially compensated by a 1 Introduction

southward transport of Cant caused by the isopycnal compo-

nent (-171+ 11 kmol s 1), mainly localized in the Irminger ~ The ocean acts as an important sink for the;@@itted by

Sea. Most importantly, the diapycnal component is found tohuman activities. It has stored approximately one third of the
be the main driver of the variability &f.antacross the SPNA.  total anthropogenic C&Cant hereafter) emissions since the
Both the Meridional Overturning Circulation (computed in beginning of the industrial era (Sabine et al., 2004). Cant is
density coordinates, MQQJ and the Cant increase in the wa- Uptaken by the air-sea interface and its distribution depends
ter column have an important effect on the variability of the On mixing processes and transport into the ocean interior;
diapycnal component and @antitself. Based on this anal- this is the reason why Cant generally decreases with increas-
ysis, we propose a simplified estimator for the variability of ing depth. The storage of Cant in the deep ocean depends on
Teantbased on the intensity of the MQGnd on the differ- the ventilation and formation of intermediate and deep wa-
ence of Cant between the upper and lower limb of the MOC ters (Tanhua et al., 2006; Rhein et al., 2007; Steinfeldt et al.,
(ACant). This estimator shows a good consistency with the2009).

diapycnal component &f.an, and help to disentangle the ef- ~ Among all oceans, the highest rate of Cant storage is found

fect of the variability of both the circulation and the Cant in the North Atlantic, mainly in the subpolar region (Sabine
et al.,, 2004; Khatiwala et al., 2013). An increase in Cant
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storage is associated with an increase in the Cant concerecean (model) inversions or by biogeochemical models, the
tration of the water masses. The rate at which the Cant conebservation-based estimations are in general larger than the
centration increases in the different water masses depends athers (see Table 1), but all of them present large errors. This
both their ages and their positions in the water column. In theshows that further improvements are necessary to provide
subpolar North Atlantic (SPNA hereafter), the upper layersmore realisticTcant €stimations. To bridge the gap between
that contain the Subantartic Intermediate Water (SAIW), theobservations and models, it is necessary to understand better
Subpolar Mode Water (SPMW) and the North Atlantic Cen- which circulation mechanisms contr@}an: and its tempo-
tral Water (NACW) present the highest Cant increase trendstal variability. For example, following the results of Pérez et
changing from average values of 35-40 umotkin 1991—  al. (2013), it seems crucial that models reproduce a realistic
1993 up to 55 umol kg in 2006 (Pérez et al., 2010). Be- variability of the Atlantic Meridional Overturning Circula-
sides, the production of Labrador Sea Water (LSW) fostergion.
a fast injection of Cant in the intermediate and deep waters, In this work, in order to analyze thH&ant variability across
so that this water mass also presents a high trend of Carthe SPNA, data measured between 1997 and 2010 from
increase. Otherwise, the deeper water masses of the Easte@reenland to Portugal (FOUREX and OVIDE sections, see
North Atlantic show no significant tendencies in their Cant Fig. 1) were used. The circulation across this section was
content between 1991 and 2006 (Pérez et al., 2010). described by Lherminier et al. (2007, 2010) and Mercier et
In the North Atlantic the highest air—sea fluxes of Cant areal. (2013). Briefly, at gyre scale, the structures intersecting
detected at mid-latitude (Mikaloff Fletcher et al., 2006). Be- the section are a cyclonic circulation in the Irminger Sea, a
sides, Pérez et al. (2013) have inferred that Cant is the maigyclonic circulation in the Iceland Basin, the North Atlantic
component of the air-sea G@uxes at mid-latitude in the Current (NAC) flowing directly northward east of Eriador
North Atlantic, while the natural component is the dominant Seamount, and lastly, an anticyclonic circulation dominating
one in the subpolar region. They also detected a decrease the West European Basin. Beside this gyre-scale circulation,
the storage rate of Cant between 1997 and 2006 in the sulthe MOG,; is an important feature of the circulation across
polar region that was related to the reduction in the inten-the OVIDE section. It transports warm, Cant-laden surface
sity of the Meridional Overturning Circulation (computed in water northward in its upper limb, mainly by the NAC. North
density coordinates, MQG. Based on those findings, they of the section, waters are transformed in cold waters that are
elucidated the important contribution of the lateral advectionpoorer in Cant and flow southwards at depth (the lower limb)
of Cant from middle to high latitudes to the Cant storage inmainly close to Greenland, in the Deep Western Boundary
the SPNA. The other important element of the Cant storageCurrent (DWBC). The limit between the upper and lower
in the SPNA is the advection of water masses recently venlimbs of the MOG is defined by (potential density refer-
tilated such as the different vintages of Labrador Sea Waterenced to 1000 dbar) equal to 32:4.03 kmol nt2 (called
Consequently, how Cant is transported in the SPNA is a cruomoc, Mercier et al., 2013).
cial issue for understanding how the ocean is storing Cant The MOG, has been identified as the element of the
and for modeling the future role of the ocean damping thecirculation mainly driving the heat transport across several
atmospheric C@increase caused by mankind. transoceanic sections in the North Atlantic; meanwhile, the
Nowadays, there is an important international effort in un-isopycnal transport has a minor impact (Ganachaud and
derstanding how the ocean uptakes, distributes and storé&/unsch, 2003; Mercier et al., 2013). Recently, Pérez et
Cant. On the one hand, there are estimations of €@xes al. (2013) evaluated the Cant storage rate and’thg vari-
computed from sea surface pgOneasurements, ocean ability across the subpolar gyre, finding a significant impact
(model) inversion, atmospheric inversion and/or ocean bio-of the MOG, on both of them.
geochemical models. On the other hand, some of these meth- Following Pérez et al. (2013) and using a longer time se-
ods also provide an estimation of the transport of Ca&gt( ries, we want to go further. First, we evaluate for the first
hereafter) in the ocean (see Mikaloff Fletcher et al., 2006;time the variability ofT¢ant across the SPNA at interannual
Gruber et al., 2009; Tjiputra et al., 2010), but unfortunately, to decadal timescales. Second, we propose a new method in
direct estimations of.antare not abundant and they are con- order to evaluate the effect of the different elements of the
centrated in the Atlantic Ocean. In the North Atlantigant ocean circulation on th&;an; variability. Third, we propose
has been estimated from observational data acrgsh 24d a simplified estimator fof;gntacross the SPNA based on the
across a transversal section betweenM@nd 60 N. T¢ant factors chiefly responsible of its variability. Finally, we ana-
is larger at mid-latitudes than in the northernmost sectionlyze the influence of the increase in Cant in the ocean in the
(see Table 1). There are large differences between the uriFant variability. The paper is organized as follows: data and
certainties given for th@cant estimations in Table 1. These the main water masses circulating across the OVIDE section
differences are very likely due to the different methods usedare detailed in section Z¢ant cOmputation as well as a new
to compute the volume transport since most of Thgy er- method to clarify the effect of the different component of the
rors come from the volume transport uncertainties. Com-circulation onTgantare explained in Sect. 3; the main results
paring the observation-basé@an: and Teant €stimated by
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Table 1. Estimations of transport of CantTdan) in the North Atlantic from the literatureTcant is often given in PgCyrl
(1PgCyrl=2642kmols1).

Reference Latitude Time Method Tcant
(kmols™1)
Mikaloff Fletcher et al. (2006) 18N 1765-1995 Ocean (model) inversion 326
Gruber et al. (2009) 24°9N 1765-1995 Ocean (model) inversion 211
Tjiputra et al. (2010) 245N 1990s-2000s Biogeochemical model 39606
Roson et al. (2003) 245N 1992 Observations 634211
Macdonald et al. (2003) 248 1992-1998 Observations 582211
Pérez et al. (2013) 40-801 2002-2006 (referred to 2004) Observations 195
Mikaloff Fletcher et al. (2006) 49N 1765-1995 Ocean (model) inversion 526
Tjiputra et al. (2010) 49N 1990s-2000s Biogeochemical model ~ 100
68N
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Fig. 1. Schematic circulation in the North Atlantic. The main pathways of warm and salty waters originating from the subtropical Atlantic
Ocean are shown in red lines while the deep currents are displayed in dark blue. The cyan lines represent the fresh and cold currents ove
the shelves (Eastern Greenland Coastal Current (EGCC) and Labrador Current (LC)). The grey lines indicate the spreading of the Labrador
Sea Water (LSW). OVIDE and FOUREX sections are represented with dotted lines. The background displays the bathymetry. The other
abbreviations are DSOW = Denmark Strait Overflow Water, ISOW = Iceland Scotland Overflow Water, WBC = Western Boundary Current,
NAC = North Atlantic Current, GS = Gulf Stream, ESM = Eriador Seamount, and IAP =Iberian Abyssal Plain.

of this work are exposed in Sect. 4; finally, results are dis-by Mercier et al. (2013) and summarized hereafter. The
cussed in Sect. 5. CTDO2 measurement accuracies are better than 1 dbar for
pressureP, 0.002°C for temperature T, 0.003 for salinity
S and 1 umolkg? for dissolved oxygen @ (Billant et al.,
2 Datasets 2004; Branellec and Thierry, 2013). The current velocities
perpendicular to the section were estimated by combining

. X Cthe geostrophic currents and the velocities measured by the
FOUREX and OVIDE cruises (Table 2, Fig. 1), where full- vessel-mounted acoustic Doppler current profilers in an in-

depth hydrographic stations were carried out between Greer\?erse model using the generalized least squares (Mercier,

Iand_ and Portu.gal. An. overview O.f the Instruments and Ca“':hQSG; Lux et al., 2000). The specificities associated with
brations associated with the physical parameters is presente

The data used in the study were acquired during th
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Table 2. Hydrographic cruises.

Cruise name Month/Year Vessel Reference
FOUREX 1997 08-09/1997 R/Wiscovery Alvarez et al. (2002)
OVIDE 2002 06-07/2002 N/Ohalassa Lherminier et al. (2007)
OVIDE 2004 06-07/2004 N/Ohalassa Lherminier et al. (2010)
OVIDE 2006 05-06/2006 R/Wlaria S. Merian Gourcuff et al. (2011)
OVIDE 2008 06-07/2008 N/Ohalassa Mercier et al. (2013)
OVIDE 2010 06-07/2010 N/Ohalassa Mercier et al. (2013)

the OVIDE section are detailed by Lherminier et al. (2007, flow Water (ISOW, below cLSW) and the Denmark Strait
2010). Overflow Water (DSOW, below; = 32.53 kg n3, Tanhua
The measurements relative to the £8stem were all ob- et al., 2005). Southeast of the ESM, the deep and bottom wa-
tained from bottle samples. The pH was determined with aters are rich in Antarctic Bottom Water (AABW), which has
spectrophotometric method (Clayton and Byrne, 1993), re-not been in contact with the atmosphere for several decades
sulting in an accuracy of 0.003 pH units or better. The to-and presents the lowest concentration of Cant in the whole
tal alkalinity (A1) was analyzed with potentiometric titration section. This distribution creates a horizontal gradient of
and determined by single point titration (Pérez and FragaCant at the bottom, from Cant-free water in the southeast
1987; Mintrop et al., 2000), with an accuracy of 4 pmotkg  to intermediate Cant concentration in overflow waters in the
The total inorganic carbor(t) was calculated from the pH northwest.
and totalAT, following the recommendations and guidelines Between 2002 and 2010, the concentration of Cant in-
from Velo et al. (2009). Then the concentration of anthro- creased dramatically over the whole section (see Fig. 2), ex-
pogenic CQ (Cant) is determined fronCt, AT, oxygen, ceptin the AABW-derived water where Cant concentration
nutrients,7 and S, applying thepCt> method (Pérez et al., is very low. As we will see in the results, this increase has a
2008; Vazquez-Rodriguez et al., 2009). A random propagabig impact on the variability of the transport of Cant across
tion of the errors associated with the input variables yieldedthe section.
an overall uncertainty af 5.2 umolkg? in the Cant con- All the trends given in this work were estimated fitting a
centration. straight line by means of least squares. Confidence intervals
The vertical sections of properties (potential temperaturewere calculated considering 7 student distribution at the
0), S, Cant) are shown for 2002 and 2010 in Fig. 2. They 95 % confidence level. The mean values estimated for a pe-
show the gradient of surface properties from cold, fresh wa-iod of time are given with the standard error, i®qg/,/N,
ters in the Irminger Sea to warm, salty and Cant-rich waterswvhereN is the number of cruises.
toward Portugal. The strongest surface fronts east of the Eri-
ador Seamount (ESM) mark the branches of the North At-
lantic Current (NAC, see Lherminier et al, 2010). Note how-
ever that the penetration of Cant in the first 2000 m is com-
parak_)le n the_lrmlnger Sea anql n the Iber|ar_1 Abyssal PlalnThe transport of any property across the Greenland to Portu-
At intermediate depth, the minimum of salinity marks the al section can be computed as
Labrador Sea Water (LSW) and is observed from the Green9 P
land slope to the Azores—Biscay Rise. Following Yashayaev Portugal surface
et al. (2007), we will distinguish two vintages of the LSW:
the upper LSW (ULSW), also called L9440 (3232 < Tprop = / / vp[PRORdxdz, (1)
o1 < 32.37), and the classical LSW (cLSW), also called Greenlandottom

LSWi9g7-1994 (3240 < 01 < 32.44). Both classes of LSW \hare, s the velocity orthogonal to the sectiop,is the

are marked by arelative maximum in Cant, due to their recent, g, gensity and [PROP] is the concentration of any prop-
ventilation in the Labrador Sea, although itis much less clearyyy, note that is the horizontal coordinate along the section
for the CLSW in 20_10' consistent with the fact that this Waterandz is the vertical coordinate. The error of the transport of
mass was not ventilated between 1994 and 2008 (Yashayaea/ny property is calculated taking into account the co-variance

and Loder, 2009). _matrix of errors of the volume transport obtained from the
Deep and bottom waters below the LSW have very dif-j erse model; therefore, the errors in the transport of any

ferent properties in the SPNA and in the inter-gyre region. n.qnerty come mainly from the volume transport uncertain-

Northwest of the ESM, those waters are rich in overflow wa-tiag

ters coming from the Nordic Sea: the Iceland—Scotland Over-

3 Method: transport of anthropogenic CO, and its
decomposition
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Fig. 2. OVIDE sections of 2002 and 2010 ¢, d) potential temperature itC, (b, e)salinity and(c, f) anthropogenic C&in pmol kg‘l. The

depth of the isopycnals referenced in the manuscript are plotted in all the figures; their specific values are indipaad(e). All the water

masses cited in the manuscript are localized in the secti¢r) Bnd(f): DSOW = Demark Strait Overflow Water, ISOW =Iceland Scotland
Overflow Water, LSW =Labrador Sea Water, MW = Mediterranean Water, AABW = Antarctic Bottom Water. The other abbrevigdns in
and(d) are RR = Reykjanes Ridge, ESM = Eriador Sea Mount and ABR = Azores—Biscay Ridge. The numbers at the top of each plot indicate
the station numbers corresponding to each survey.
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Understanding the processes by which the ocean tranSFg;’i: p{v)(o1) (Cant (o1) 7

ports heat, freshwater and Cant is an important issue in cli-
mate modeling. In order to evaluate the elements of the cir-isop
culation that influence the heat transport across transoceaniccant —
sections, several authors, for example Béning and Herrma t
(1994) or Bryden and Imawaki (2002% su es?ed the decom'ii.'herefore,ngm 's the net ransport of Cant across the sec

9 Y _ » SUgges tion related to a northward transport of about 1 Sv associated
position of heat transport into three parts. This methodology . . - iap

. X : with the Arctic mass balance (Lherminier et al., 20 i

has been widely applied for both heat and salt fluxes in the . i . Cant

.y . : is the transport of Cant linked to the diapycnal circulation
majority of the oceans, but in the case of Cant, it has only,

been applied by Alvarez et al. (2003). Following the reviousthat accounts for the light to dense water mass conversion
bp y T 9 P north of the section (Grist et al., 2009) related to the overturn-
authors, for a transoceanic section velocity (Cant can be

ing circulation. Lastly,7SP quantifies the transport of Cant

o' (x,01)Cant(x, o1). (8)

split into
P due to the isopycnal circulation, i.e., the integration of how
Vix,z) = Vo+ (v)(2) + V' (x,2) 2 Cant and transport co-vary in each layer. This term is usually
called horizontal circulation when the decomposition is done
Cantx, z) = (Cany(z) + Cant(x, 2), 3) in pressure coordinates (e.g., Bonning and Herrmann, 1992);

however, in our case, itis not the horizontal circulation, since
wherev = V (x, 7)— Vo, Vo representing the section-averaged isopycnals present important slopes all along the section (see
velocity corresponding to the net transport across the sectiorfig. 2).
(v)(z) is the mean vertical profile of velocity anomalies and  Using the same methodology as Alvarez et al. (2003) but
(Cant(z) is the mean vertical profile of Cant!(x,z) and changing the vertical coordinate from pressure to density lev-
Cant(x, z) are the deviations from the corresponding meanels, we expect to find a larger contribution of the overturning
vertical profiles. In the same way the transport of Cabi; component to the totdllcantin the same way that the Merid-
Eg. 1) can be decomposed into three components (Eq. 4jpnal Overturning Circulation intensity across the section in-
where the overbar denotes the area integration: creases when it is computed in density space.

Teane=p Vo(Cant (2)+p(v) () (Canp (2)+pv' (x, z)Cant(x, z) (4)
4 Results
Alvarez et al. (2003) carried out the decompositiorTgfn

across the FOUREX section (see Fig. 1) using pressure as41 Transport of anthropogenic CG, across the
vertical coordinate, the same way as heat and salt transport ~ Greenland—Portugal section
decompositions are usually done. Because of the strong hor-
izontal density gradient and the general circulation patternshe transport of Cantlgan) across the Greenland—Portugal
across the section, we think that it is preferable to do the desection from 1997 to 2010 is shown in Fig. 3 (black line).
composition in a density coordinate £ o1). Indeed, along  The mean value for the whole period is 2629 kmols*.
the OVIDE section, the upper and lower branches of theThe standard deviation is 71 kmol’s (while the errors in
Meridional Overturning Circulation, namely, the northward €ach estimate average to 48 kmots Note that a positive
North Atlantic Current (NAC) and the southward Western TcantvValue means a northward transport of Cant while a neg-
Boundary Current (WBC), respectively, overlap in the depthative value points to a southward transport. At the beginning
coordinate, while they have nearly distinct density properties of the period, in 1997 Ttan was 289+ 32kmols™. This
Therefore, when the Meridional Overturning Circulation is value is far off the one estimated by Alvarez et al. (2003,
computed in a pressure coordinate, its intensity is underesl16+ 126 kmolst). Because both results correspond to the
timated (Lherminier et al. 2010; Mercier et al., 2013). Thus, same data, the difference between them comes from the
we think thatTzan;computation and decomposition should be methodology: on the one hand because the constrains con-
done in a density coordinate. sidered for computing the volume transport across the section
It is the very first time that th&cant decomposition ex-  in Alvarez et al. (2003) and in the present work are different
posed in Eq. (4) is computed in a density coordinate. Regard(Lherminier et al., 2007); on the other hand because they did

ing the order of the different terms, Eq. (4) can be written ashot use the,Ct approximation for calculating Cant. Later,
Pérez et al (2013) computé@antacross the OVIDE section

. diap isop between 2002 and 2006; their mean value for that period is
Teant= Teant+ Teant + Teant: (5) 195+ 24kmolst. For the same period, we obtain a mean
value of 208+ 40 kmol s, a compatible result considering
the error bars.
ngrt]t:pvom (6) _ Th_e e\_/olution of Teant betvyeen 1997 and_ 2(_)_10 (b_lack
line in Fig. 3) presents an interannual variability, with a
decrease from 1997 to the mid-2000s (see the mean value

where

www.biogeosciences.net/11/2375/2014/ Biogeosciences, 11, 23852014
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isop

600 we analyze the spatial distribution Gfarr to understand
w0l g | the origin of its southward resultant. Figure 4a displays the
Tont mean value off o over 1997-2010, accumulated from
400p 7 Greenland to Portugal and from the bottom to each den-
a0k T Teant , sity level. For water denser than 32.14 kg#the accumu-
- I\I’/I\ lated Tean; is —150 kmols2, which is the 87 % of the to-
g 2 * ] tal (—171 kmol s'1). It shows that, for the whole section, the
é 100f 1 transport of Cant along isopycnals occurs mainly in the dense

T

waters. To locate the main region contributingig ., the
latter is vertically integrated and horizontally accumulated
-100- ] from Greenland to each station along the section (Fig. 4b).
a0l _chpl/'—_'\‘\./- | The maximum negative value is reached approximately 200
km from Greenland, exactly where the maximum negative
s 1995 2000 2002 200a 2006 2008 2010 2012 value of volume transport is found (Fig. 4c). From that point
Time (years) eastward, a northward transport of Cant caused by the recir-

Fig. 3. Teant(black) and its components (blue, red and green) acros culation in the Irminger Sea diminished the total southward

the OVIDE section as a function of time. The dashed grey line is theTcant in this basin (Fig. 4b). In the intermediate and deep
transport of Cant due to the Ekman transport; this component is diswaters (deeper tham equal to 32.14 kg m®) east of Reyk-
patched between the other three components. The cyan lines are ti@nes Ridge, anomalies of Cant in isopycnal layers are quite

mean value (2002-2006) and the error bar§@ht representative  gmg||, resulting in a weak contribution tBC'SOp (Fig. 4b).

. ant
of the mid-2000s. Instead, taking into account the whole water column, there

is a southward oo in the Western European Basin (WEB,
Fig. 4b) mainly explained by a northward advection (Fig. 4c)
of a negative anomaly of Cant in the intermediate layers. In-
deed, the shallow isopycnal layers in the Irminger Sea are
richer in Cant than the same layers found deeper in the West-
ern European Basin (WEB) and the Iberian Abyssal Plain
(IAP; see Fig. 2). We can then conclude that southward trans-
port of Cant associated with the isopycnal component mainly
occurs in the Irminger Sea. In order to identify the water
masses mainly responsible for this transport, the transport
of Cant associated with the isopycnal component is hori-
zontally but not vertically integrated (Fig. 4d). Two differ-

ent ranges of densities are identified as the major contribu-
isop,

-3

for 2002—-2006 displayed in cyan in Fig. 3) and a recovery
hereafter. Note that thig.ant recovery and the significant
highest value in 2010 (388 64 kmols'1) have never been
published before. The trend for the whole period of time is
4.0+ 15.5kmolstyr~1. This result is statistically not dif-
ferent from 0 since the interannual variability blurs the longer
timescale variability, at least over this 14-year period of time.

4.2 Decomposition of the transport of anthropogenic
COg across the Greenland—Portugal section

The evolution of each of the diapycnarcdéﬁf), isopycnal , 3
(TEP) and net (12t transports of Cant are also displayed in tions 10 Tean;, the lower lobe (3218 < o1 < 3255kg =)
cant can y corresponds to the overflow waters (DSOW and ISOW),

Fig. 3. The sum of these three components is exactly the to-

tal Cant flowing across the OVIDE section. The 1997—2010WhIIe the upper lobe _corresponds to intermediate af‘f’ sur-
diap ..isop face waters of the Irminger Sea (note the shallow position of

mean values OTcariti Teant and 7oy are140(H: 29 k_mOI s o1 =3214kg n 3 in the Irminger Sea, Fig. 2). In this basin,

-171+11 km0d|ia5; - and 26+ 3kmol 577, feSpeFt'V‘aiL%pFor the waters corresponding to the density range of both lobes
all the yearsI¢ay is larger tharfcant meanwhile,Teane IS contain high concentrations of Cant (see Fig. 2) due to their
always negative. Finally, the net transport is the smallest conrecent formation and/or ventilation. To summarize, the south-

tribution to Tcantsince the net transport of volume across the ward resultant Oﬂ"é;?#’ is main|y localized in the |rminger

section is very low, less than 1 Sv, and because the sectioBea where the southward transport of Cant caused by the
average of Cant |:issground 26 umotky Western Boundary Current (WBC) is partially compensated
By definition, Tgny; is the transport of Cant along isopy- by the northward transport caused by the inner recircula-
cnals. It is the area integration of the co-variance of thetion in this basin. Concerning water masses, only LSW has
anomalies of volume transport and Cant at each station ang minor contribution tdleaer; it will be discussed further in
density level across the section; see Eq. (8). We observgect. 5.
that Tgn; shows a non-negligible southward transport of  The transport of Cant across isopycnals, thaf&?, is de-
Cant across the OVIDE section. The result contrasts withcomposed in terms of mean profiles of anomalies of volume
the isopycnal transport of heat (Mercier et al., 2013) thattransport (Fig. 5a) and Cant concentration (Fig. 5b) com-

has a minor contribution to the total heat flux in the North puted in isopycnal layers (with a resolution of 0.01 kg#))
Atlantic (Ganachaud and Wunsch, 2003). In the following,
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Fig. 4. Transport of Cant caused by the isopycnal componﬁﬁﬂb averaged over timgA) Tc's;;r’ﬁJ accumulated from the bottom to each

specific density levelB) T;?]‘t) horizontally accumulated from Greenland to each station along the section, and vertically integrated for the

whole column of water (continuous lines) and for waters denser than 32.14%gdashed lines)C) On the left axis: isopycnal volume
transport accumulated from Greenland to each station, and vertically integrated for the whole column of water (continuous black line) and
for waters denser than 32.14 kgrth(dashed black lines). On the right axis, in grey, mean value of Cant anomalies vertically averaged all
along the section(D) T;%Ft) horizontally but not vertically integrated (see Fig. 1 for the abbreviations). Note that in(glpend (D), the

vertical axes do not have the same scales.

see Eq. (7). The upper and lower M@OGmbs can be iden- and net transport. Nevertheless, it is worth mentioning that

tified in Fig. 5a, with northward (southward) volume trans- the Ekman transport causes a southward transport of Cant
ports above (belowyyvoc. The vertical profile of Cant con- (see the dashed grey line in Fig. 3), whose mean value is
centration averaged in density layers is displayed in Fig. 5b;—50+ 8 kmol s™! and the standard deviation is 21 kmots

as expected, we observe a decrease in Cant with increasing

depth. The profile of transport of Cant (Fig. 5c) follows per- 4.3 Variability of the transport of Cant

fectly the vertical profile of volume transport. The vertical . o

integration of the diapycnal component of the volume trans-IN this part of the paper, th@can variability across the

port (Fig. 5a) is equal to 0 Sv. However, because the CanPVIDE section is analyzed. We expect that changes in both
concentration is larger in the upper limb of the MQe@an  the circulation and the Cant concentration of water masses

in the lower one (see Fig. SbTCda{ﬁ? results in a strong posi- have a cgrtam influence on ttgant variability. In fche previ-
. . ) . ous section we separat@&ghn: caused by three different ele-
tive value once vertically integrated (see Fig. 3).

The Ekman transport has been estimated separately frorrrpents of the ocean circulation. In this section we are going to

wind stress data averaged over the months of the cruises (S?elélaluate W?r'](:h elem(.engglff thz C'Lcﬂftlot?] h:éve a major In-
Mercier et al., 2013) and equally distributed in the first 30 m. . uence on thdcan; variability and whether the Cant increase
After that, it has been added to the absolute geostrophic ver! the water masses affects then variability.
locity across the section and analyzed together. It has not
been considered as the fourth element of the circulation

because it is dispatched between the diapycnal, isopycnhal
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analyzed in this work. In the formulatiod, means the area of each  computed over 1997-2010.

density layer along the section and replaces the overbar given in

Eq. (7), since there is no vertical integration in the data displayed

there. 4.3.2 A simplified estimator for the variability of the
transport of Cant

4.3.1 Variability of the components of T . . . . o
y P cant The overturning circulation has been identified as the compo-

nent of the circulation mainly driving the heat flux variability
across the subpolar gyre (Mercier et al., 2013). After defining
the MOG, as the maximum of the transport streamfunction
small variability that is not correlated withtan (r = —0.44, computed in density cpor_dmates, these authors appr.OX|mated

_ : ot . _ the heat transport variability across the OVIDE section, tak-
p value=0.38), and the same is true fgfy; (-=0.40, . . :

N . . ing into account the temperature difference between the up-
p value =0.43). From this we can say that the diapycnal com-_~ . . . .

; . o per limb and the lower limb of the MOLand the intensity of

ponent mainly drives the variability (feant

In terms of volume transport, the diapycnal component isthe MOG, . This method applied t8cantcould help us to clar-

directly related to the MOE. Perez et al. (2013) suggested Ic?r/1 ttrr]fa;ﬁec\taorgai?lti?ycatﬁglfg;g?eCvr\:npgr(ca)?):sn: tﬁ:?ct)IIIZ\(/:vﬁzse
that the weakening of the lateral advection of Cant betweenestimatg?'m '
1997 and 2006, caused by the slow-down of the MOIS '

responsible for the decrease in the Cant storage rate during>  _ \ ~ont. p-MOC, )
that period. However, during the period of time studied in ~ ™ 7

this work (1997-2010), the MQLintensity (Fig. 6a) is cor-  \yhere ACant is the difference between the mean value of
related neither wittfcant (- = 0.58, p value =0.23) nor with  cant in the upper and lower limbs of the MQC is the
Teant (r=0.68, p value =0.13). These results suggest that,in situ density and MOG is the intensity of the Merid-
although the diapycnal circulation is related to the MOC jonal Overturning Circulation computed in density coordi-
in the case ofzantthere is another factor acting on tiﬂgﬁf nates (Mercier et al., 2013). The time evolution of MOC
variability. Itis very likely that the Cant concentration change and ACant is shown in Fig. 6a.

It is observed that the variability ofcant and 920 (the
black and blue lines in Fig. 3) is very well correlated
(r=0.99, p value=0.0002). By contrast.r presents a

is the other factor controlling the variability 6£.2F, and thus We expect this estimatdf.,;to be a good approximation
the variability of T¢ant of Tcd;ﬁf because it takes into account the diapycnal circula-

tion via the MOG intensity and not the isopycnal compo-
nent of the circulation. Furthermore, by using the difference
in Cant concentration between both limbs of the MQ@e
take into account the Cant increase in waters flowing through
the OVIDE section that we expect to have an important role
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in the T22P variability. As a matter of fact, the estimatdy, 50 : :
is quite similar to7 9P (blue and cyan lines in Fig. 6b) and o7 ¢
they are well correlated-£0.82, p value =0.04). . 451 ,o—--‘o'

To compare their variability, the anomalies T rdap o -7
andT.,time series are plotted in Fig. 6¢. Although we see
by eye similar patterns betweefant and 7, anomalies,
the correlation £=0.75, p value=0.09) is not as good as
betweeriTcda{ﬁ? andT,since the estimator does not consider
the isopycnal contribution.

In conclusionTcantcannot be totally inferred from the pro-
posed estimatorT{,,) since the isopycnal component has
a non-negligible contribution, but it is a good estimation of
7330 As T33P mainly drives theT.an variability across the | 77 ====-o____ AT

OVIDE section TS, at least, a fairly good indicator ofthe 15 ‘ ‘ ‘ ‘ ‘ ‘
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variability of Tcantacross the section. Moreover, it will help Time (years)
us to disentangle the relative contribution of the circulation
and the Cant increase in the variability Bt Fig. 7. Time evolution of Cant concentrations: upper limb of the

MOC, (empty black circles), section average value (empty grey

circles), and lower limb of the MOZ (empty black triangles).
4.3.3 The effect of Cant concentration changes on the ) & (empty gles)

variability of the transport of Cant

Cant increased in the upper limb of the M@C@neanwhile it
In the OVIDE section during the period 1997-2010, hardly changed in the lower limb. Taking into account these
the section-average Cant has increased at a rate Gesults we conclude that, in the period between 1997 and
0.29+0.21 pmolkgtyr—1, which means an increase of 2006, the MOG decrease prevailed on tH&an; variabil-
4umolkg! between 1997 and 2010. The Cant increaseijty. Indeed, using the proposed estimatgit,(, ), if a steady
in the upper limb of the MOE, which imports Cant into  circulation was consideredan; would increase at a rate of
the subpolar region, is larger than the increase in the7 8+ 3.2 kmolsyr—1 during the period 1997—2006. How-
lower limb, which exports Cant from the subpolar region: ever, if Cant is maintained constant between 1997 and 2006,
0.63+0.27 umol kg tyr-tand 0.2+ 0.25 umolkgyr, 7., would decrease at a rate of 1%34.6 kmol s1yr—1,

respectively; see Fig. 7. o that is, the slow-down of the MQQwould cause a decrease
In the previous section we presented an estimadiQr,  in Teanstatistically different from 0.
which is a good indicator of th&:an; variability across the Over the whole studied period, 1997-2010, we found that

OVIDE section. Using this estimator, if a steady circglation the trends infgantand 7, are not significant. In the hypo-
hypothesis is considered (MQConstant, e.9., 16 SVJant thetical case of a steady circulatidfl,cincreases at a rate of
increases at a rate of 7401.6 kmolstyr~1. It means that 7.0+ 1.6 kmol s yr—1 sinceACantis continuously increas-
the Cant increase in the ocean waters yields an increase idg. Conversely, ifACant remains constarif,, variability

the northward transport of Cant across the OVIDE section follows the MOG, variability with no trend.

However, the overturning circulation has an important role Al these results suggest that, at interannual to decadal
in the Tcant variability, and it introduces a larger variability timescales, the variability of the MQCmainly drives the
than the Cant increase at the interannual timescale. This i;’camvariabi”ty across the OVIDE section. Nonetheless, the
why the “real” trend estimated fdfcantfor the period 1997—  Cant increase also causes a long-term increaggaithat,

2010 is positive but not statistically different from 0. at the timescale analyzed here, is blurred by the interannual
To assess the relative role of the Cant concentrationariability caused by the MOCvariability.

and circulation inTcant and to compare it with the analy-

sis of Pérez et al. (2013), we choose to study the period

between 1997 and 2006. During that period, the MOC 5 Discussion and conclusions

intensity across the OVIDE section decreased (Mercier

et al., 2013) at a rate of 0.680.65Svyrl. Simultane- The continuous increase in G@oncentration in the atmo-
ously, Teant decreased at a rate of #311.7 kmolsyr-1, sphere due to human activities is softened by the oceanic
while the Cant concentration increased at a rate ofCOy uptake. The question is how long the ocean will act as
0.484+0.56 umol kglyr—1 and 0.0 0.42 umolkglyr~1  a sink for this greenhouse gas. Therefore, it is really impor-
in the upper and lower limbs of the MQCrespectively. All  tant to quantify and understand the mechanisms acting in its
these trends are not statistically different from 0, likely due transport and storage in the oceans. It is well known that the
to the low number of data, only 4, but they give insights that North Atlantic presents the highest storage rate of Cant of
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the global oceans, mainly in the SPNA (Sabine et al., 2004)ter at the sills during the process of overflow (Sarafanov et
Recently, it has been demonstrated that the lateral advectioal., 2010). _
provides the main supply of Cant to the SPNA (Pérez et al., Once the waters mainly responsible fifoF have been

2013). In the last decade, the estimationgghtby obser-  identified, the question is: why does the LSW, both upper and

vational data and models have yielded quite different resultsgassical, yield a minor contribution i:‘;? (see Fig. 4)? The

models tend to show lower values than data (Table 1). In thissnswer is likely related to changes in the formation rate of
work we have focused in the physical aspect of the transporihese water masses and their spreading all along the OVIDE
of Cant in order to understand the mechanisms drifigg:  section. On the one hand, during the first half of the 90s,
across the SPNA and to describe for the first time its interan|_s\w was abundantly formed in the Labrador Sea (Rhein et
nual to decadal variability. al., 2002), so it was enriched in Cant. In the mid-90s there
In agreement with previous works (Alvarez et al., 2003 yas a shut-down in the formation of this water mass that
and Pérez et al., 2013), we obtained a northvi@ge across  \yas compensated by an enhanced production of uULSW in the
the section. The mean value for the period 1997-2010 i aprador Sea and possibly in the Irminger Sea (Yashayaev et
254+ 29 kmol s1; its standard deviation is 71 kmot% No al., 2007; Kieke et al., 2007; Rhein et al., 2011). Thence-
significant long-term changes have been identified duringtorth, cLSW was exported to the Irminger Sea and northeast
this period, due to the clear decrease between 1997 and thgyjantic, taking between 6 months (Sy et al., 1997) to 2 years
mid-2000s (cyan values in Fig. 3) and the recover thereafter(s»[raneo etal., 2003) to reach the Irminger Sea and 3-6 years
We have observed that the initial decrease was due to thg, get to the Mid-Atlantic Ridge (Kieke et al., 2009). Be-
slow-down of the MOG and that the increase that follows cayse of this spreading, cLSW was homogenized all along
was mainly due to the increase in the Cant concentration ithe OVIDE section, resulting in small Cant anomalies. On

the ocean waters. the other hand, the evolution Gfan; in the ULSW density
Splitting TeantINto its different components, we have ob- range during the period 1997-2010 displays more temporal

served that the isopycnal component causes a non-negligiblg, i ijity (not shown), probably due to the intermittent ven-

southward transport (see Fig. 3), mainly localized in thetilation of this water mass over the 2000s and to the advection

Irminger Sea (see Fig. 4). It contrasts with the heat ﬂuxestimescales that are comparable to those of the cLSW. How-
across the North Atlantic Ocean, for which the isopycnal isop .

component has a minor contribution to the total heat flux EVer: the average dfoan in the density range of uLSW for

(Ganachaud and Wunsch, 2003); across the OVIDE sectiort1he 1997-2010 period is close to izs%o: this is why we identify

specifically, the isopycnal heat flux accounts for less than® Minor contribution of ULSW tdcan, and a more detailed
10% of the total heat flux (Mercier et al., 2013). The differ- 2nalysis of its variability is out of the scope of this study.
ent behavior betweefirand heat fluxes across the OVIDE 1€ decomg;)snmn Ofcantalso shows that the overturning
section is due to the differences in the horizontal gradientcomponent {¢ant) is the major contribution t@can; Whose
of Cant and temperature: Cant markedly decreases eastwargean value over the period 19972010 is 4089 kmol 5.
due to the age of the water masses; meanwhile the temperddoreover, as in the case of heat flux, it drives the variability
ture presents a subtle increase (see Fig. 2). As a result, highf Tcant Tcdéﬁ? is related to the MOG that transports warm
positive anomalies of Cant are found in the Irminger Sea,and enriched Cant waters northward in its upper limb and
while the temperature anomalies are closet@OTherefore, denser, colder and poorer in Cant waters southward in its
the isopycnal contribution is more important in thethan  lower limb. The estimatof,,;is a schematic representation
in the heat flux. of this mechanism and indeed we found a good correlation
To go further in the analysis of the isopycnal transport of betweerT s, andTaaP. |t also offers a simple proxy for test-
Cant in the Irminger Sea, we found that the overflow watersing numerical models. However, we are aware ﬂl’gggtdoes
(DSOW and ISOW) and intermediate and surface waters ar@ot represent all the processes involved in the transport of
mainly responsible for the southward transport (Fig. 4d). TheCant in the SPNA.
fact that intermediate and surface waters of the Irminger Sea It is well known that the MOE presents a high seasonal
have a high contribution th.eer is because its high Cant con- variability. For example, Mercier et al. (2013) showed that
centration as compared to the waters with the same densiti¢ has a seasonal amplitude of 4.3 Sv. The data analyzed in
range in the WEB and IAP as for example Mediterraneanthis work were measured during summer months. Mercier
Water (see Fig. 2). The high Cant content in the intermediateet al. (2013) show that the MQCat the OVIDE section
waters of the Irminger Sea is likely due to the recent venti-presents its yearly minimum in summer, but their results also
lation of these waters. Indeed, Vage et al. (2009) observed ahow that the interannual variability of the M@@an be
700 m-deep mixed layer in winter 2007—2008. In the case ofreliably represented by summer data. Therefore, we expect
the overflow waters, the relatively high Cant concentration isthat the interannual variability dfcant will be well captured
mainly due to the entrainment of Cant-rich thermocline wa- by our study, although the magnitudes given in the present
work are likely to be weaker than the annual means.
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To get an order of magnitude of the relative importance To sum up, although the isopycnal transport has a con-
at long timescales of the Cant content and the circulation orsiderable contribution tdcant across the OVIDE section,
Tcantacross the SPNA, we uﬂé’ant Onthe one hand, Cantis the major contribution tdcant is the diapycnal component,
increasing faster in the upper limb of the M@@an in the  which is also the main driver of its variability. In both com-
lower limb, showing trends of 0.680.27 umolkg!yr—1 ponents of the transport, the Cant concentration plays an im-
and 0.20+ 0.25 umol kgt yr—1, respectively, during the pe- portant role: the horizontal gradient of Cant across the sec-
riod 1997-2010. It means that, in the SPNA, there is moretion is responsible for the southward transport of Cant by the
Cant being imported in the upper limb than being exportedisopycnal component, while the Cant-laden waters flowing
in the lower limb, resulting in an accumulation of Cant in northward are responsible for the large positive values of the
the SPNA, in agreement with Sabine et al. (2004) and Pérediapycnal component. Finally, we have shown that the vari-
et al. (2010). The minor increase in Cant in the lower limb ability of the MOG, dominates the variability ofcantat in-
is due to the dilution of the convected and overflow wa- terannual to decadal scales, but that the Cant increase seems
ters rich in Cant with the deep waters poor in Cant. Weto control theTcant change at longer timescales. Therefore,
expect that the Cant concentration in both limbs will be in spite of the predicted slow-down of the M@y 2100,
linked to the MOG variability, although we do not know at an increase in the storage rate of Cant in the SPNA would be
which timescale. Indeed, it depends on the advection of waexpected.
ter from the subtropical areas in the upper limb, and on the
processes of deep and intermediate water formation in the
lower limb. However, it is striking thah Cant keeps increas- Acknowledgementsie are grateful to the captains, staff and
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decrease in thécant across the OVIDE section and conse-  g;ppolar and temperate North Atlantic, J. Mar. Res., 60, 191—
quently the decrease in the Cant storage rate reported by 226, 2002.
Pérez et al. (2013). Calculating the storage rate for 1997-Alvarez, M., Rios, A. F., Pérez, F. F., Bryden, H. L., and Roson, G.:
2010 is the subject of a future work. Transports and budgets of total inorganic carbon in the Subpo-
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