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Highlights:

North-East Atlantic climatology-based Cant storage rate of 0.020 + 0.003 Pg-C yr!
Cant import (43 + 14 kmol s'1) driven by the upper overturning circulation limb
Net Cant advection contributes to 60% of the Cant storage rate

Atmospheric Cant uptake contributes to 40% of the Cant Storage rate

78 + 30% of the annual air-sea CO2 uptake is of anthropogenic nature (21 + 10 kmol s1)
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Abstract
Climatology-based storage rate of anthropogenic CO2 (Cant, referred to year 2000) in the
North-East Atlantic (53 + 9 kmol s1,0.020 + 0.003 Pg-C yr1) is described on annual mean terms.

Cant advection (32 + 14 kmol s*) occurs mostly in the upper 1800 m and contributes to 60% of the
Cant storage rate. The Azores and Portugal Currents act as ‘Cant streams’ importing 389 £ 90 kmol
s1, most of which recirculates southwards with the Canary Current (-214 + 34 kmol s1). The
Azores Counter Current (-79 = 36 kmol st) and the northward-flowing Mediterranean Water
advective branch (-31 + 12 kmol s1) comprise secondary Cant export routes. By means of Can
transport decomposition, we find horizontal circulation to represent 11% of the Cant Storage rate,
while overturning circulation is the main driver (48% of the Cant storage rate). Within the domain
of this study, overturning circulation is a key mechanism by which Cant in the upper layer (0-500
dbar) is drawdown (74 + 14 kmol s1)to intermediate levels (500-2000 dbar), and entrained (37 +
7 kmol s1) into the Mediterranean Outflow Water to form Mediterranean Water. This newly
formed water mass partly exports Cant tothe North Atlantic at a rate of -39 + 9 kmol st and partly
contributes to the Cant Storage in the North-East Atlantic (with up to 0.015 + 0.006 Pg-C yr?).
Closing the Cant budget, 40% of the Cant Storage in the North-East Atlantic is attributable to
anthropogenic CO2 uptake from the atmosphere (21 + 10 kmol s1).

1 Introduction

Human activities such as fossil fuel burning or deforestation have emitted large amounts of
CO2 into the atmosphere (anthropogenic CO2, Cant) since the Industrial Revolution (1750s),
thereby increasing the global atmospheric CO:2 content (Stocker et al., 2013). The ocean plays an
important role in the global carbon budget, acting as a net CO2 sink (Watson et al., 2009). Global
model-based studies refer to a mean (2004-2013) CO2 ocean uptake rate of 2.6 + 0.5 Pg-C yr! (Le
Quéré et al., 2015). Of the world’s oceans, the North Atlantic represents only 13% of the global
ocean area, but yet accounts for about one-third of the contemporary global air-to-sea annual CO-
flux and contains the largest Cant inventory (Sabine et al, 2004). The Atlantic meridional
overturning circulation plays a strong part on it by driving the variability of the Cant transport from
subtropics to the subpolar North Atlantic (Zunino et al., 2014) and by favoring the CO:2 sink
through deep water mass formation (Steinfeldt et al., 2009). Actually, Pérez etal. (2013) suggested
that changes in the strength of the overturning circulation in the North Atlantic correlated
positively with the Cant Storage rate, so the observed reduction of the overturning could be leading
to a decrease of COz2 storage capacity in the subpolar North Atlantic. Therefore, quantifying the
transport and storage of Cant in the oceans is relevant for predicting its future evolution in a world
of growing CO2 emissions (Rhein etal., 2013).

More regionally, in the North-East Atlantic (Fig. 1), there is also an overturning cell
primarily responsible for the transfer of Cant from surface to deeper levels (Alvarez et al., 2005).
In this region, the Strait of Gibraltar yields a unique water mass exchange between salty
Mediterranean Outflow Water and East North Atlantic Central Water. The spilling down of
Mediterranean Outflow Water towards the Atlantic generates an area of convergence and
subduction (overturning circulation) west off the Strait, in the Gulf of Cadiz (Fig. 1). There, central
waters are entrained and mixed with Mediterranean Outflow Water to form Mediterranean Water
(MW) (van Aken, 2000; Fusco et al., 2008; Carracedo et al., 2016), the salty water mass that
ultimately spreads over the entire North Atlantic. Previous studies have focused on the North-East
Atlantic as a potential sink for Cant (Rios et al., 2001; Alvarez et al., 2005; Pérez et al., 2010; Fajar
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et al., 2012): evaluating the influence of the MW in the CO:2 inventories of the North Atlantic
(Alvarez et al., 2005); quantifying the Cant Storage in the Gulf of Cadiz (Ait-Ameur and Goyet,
2006; Flecha et al., 2012; Ribas-Ribas et al., 2011); or computing the CO2exchange in the Strait
of Gibraltar (Huertas et al., 2009).

This paper aims to provide a description of the mean annual climatological Cant transport in
the North-East Atlantic across a box defined west of the Gibraltar Strait (Fig. 1), based on
GLODAPV2 cruise bottle data (Key et al., 2015; Olsen et al., 2016) and the World Ocean Atlas
2009 climatological database (WOAQ9, Boyer et al., 2009). We study the contribution of the
horizontal and overturning circulation to Cant Storage and, as a residual term of the Cant budget, we
also provide the anthropogenic contribution to air-sea CO2 exchange. We first present the data and
methods to calculate Cant concentrations (section 2.1), transports (section 2.2) and storage rates
in/into/within the box (section 2.3); next, we describe the annual mean Cant spatial distribution
(section 3.1) and the part taken by horizontal circulation in Cant redistribution (section 3.2); we
then examine and discuss the Cant budget and the main role played by the overturning circulation
(section 3.3); and, finally, we present a summary and concluding remarks in section 4.
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Figure 1. Study area, showing main bathymetric features. Yellow arrows indicate the main surface
currents (PC, Portugal Current; AC, Azores Current; CC, Canary Current); yellow dotted arrow
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the subsurface Azores Counter Current (ACC); and red arrows the main spreading paths for
Mediterranean Water (MW). Red dots mark WOAQ9-Box station-like positions and red numbers
1 to 30 the station pairs as used for velocity estimates (see section 2.2 for details). Inset figures:
upper panel, world map location; lower panel, GLODAPV2 bottle data (red dots), WOAQ9 grid
(blue crosses) and WOAQ9-Box section (red polygon).

2 Materials and M ethods

2.1 Cant concentration

Cant concentrations were estimated by means of a back-calculation technique, the ¢Ct°
method (Vazquez-Rodriguez et al., 2009a, 2009b, 2012) (Appendix A.1), which involves the
carbonate system variables (total inorganic carbon, total alkalinity and pH) as input data. In this
study, these required data were obtained from the GLODAPV2 ocean bottle database (Key et al.,
2015; Olsen et al., 2016). A total of 10023 observations were used (Fig. 1, bottom inset figure, red
dots). Cant estimates were scaled from their original cruise year to year 2000, for analogy with the
sea-air CO2flux climatology of Takahashi et al. (2009) (see section 2.4), using the transient steady
state approach (Tanhua et al., 2006) (see Appendix A.1).

Once estimated, Cant values were interpolated to the 5574 nodes of the 1°x1°x33 levels
WOAQ9 grid resolution of the World Ocean Atlas 2009 (WOAQ9) database (Boyer et al., 2009)
(Fig. 1, bottom inset figure, blue crosses). The interpolation was done using a WMP (Water Masses
Properties) multi-parametric interpolation method (Velo et al., 2010) based on WOAO09 physical
(potential temperature 0, and salinity S) and biogeochemical tracers (“NO” and “PO”, where NO
= 9 *nitrate + oxygen, PO = 135 * phosphate + oxygen (Anderson and Sarmiento, 1994; Broecker,
1974; Takahashi et al., 1985)). The WMP method consists in an inverse distance weighting
algorithm in which the distance is taken in the multi-parametric space from each WOAOQ9 node.
Those Cant (ref. 2000) samples with higher associated multi-parametric distance are down-
weighted while those closer to the climatologic mean WOAQ9 nodes are up-weighted. Therefore,
the method pushes the final Cant interpolation to a solution closer to the WOAQ9 climatologic
mean, somehow reducing the time discrepancies present onthe GLODAPV2 ancillary parameters.

Next, 31 adjacent WOAOQ9 grid nodes were selected as hydrographic “stations” (vertical
profiles) so that they formed an enclosed box west of the Gibraltar Strait, as in Carracedo et al.
(2014) (referred to as the WOAQ9-Box hereafter) (Fig. 1). This box was approximately coincident
with the 2009 CAIBEX (Shelf-Ocean Exchanges in the Canaries-Iberian Large Marine Ecosystem
Project) cruise track (CAIBOX-2009) (Carracedo et al., 2015; Fajar et al., 2012; Lgnborg and
Alvarez-Salgado, 2014). In Fig. 2b, Cant concentrations for the WOAQ9-Box limits are shown. For
further illustration, spatial distributions of the Cant averaged concentrations (anomalies) at three
different depth ranges (0-150, 150-800 and 800-1200 m) are shown in Appendix B (Fig. B1).
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Figure 2. a) 0/S diagram of the surface-to-bottom WOAOQ9-Box enclosed data. Color scale
represents the concentration of anthropogenic CO2 (Cant, in umol kgt). Black dots denote the
source water types of the main water masses present in the region. MMW, Madeira Mode Water;
ENACWT, Subtropical East North Atlantic Central Water; ENACWe, Subpolar East North
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Atlantic Central Water; MW, Mediterranean Water; MOW, Mediterranean Outflow Water;
AAIW, Antarctic Intermediate Water; LSW, Labrador Sea Water; ISOW, Iceland—Scotland
Overflow Water; NEADW., Lower North-East Atlantic Deep Water. Inset figure: horizontal
distribution of Cant (umol kg!) averaged in the first 150 m of the water column. b) Vertical
distribution of Cant (umol kg?) along the South-West-North limits of the WOAQ9-Box (section
distance refers to accumulated distance from Portugal to Africa). Note color scale is the same as
for Fig. la.Dark grey isolines correspond to central waters (MMW+ENACWT+ENACWp)
contribution (per one percentage). Dark blue isolines refer to MW contribution (per one
percentage).

2.2 Cant transports

The transport of Cant perpendicular to the WOAQ09-Box, TCant, Is computed as:

tp2 z2
TCn :Z;fstm Ax; [} pj Cant; vj dz, 1)

For each station pair j, pj is seawater density profile (kg m3), Cantj= Cantj(z) is the Cax
concentration profile (umol kg'1) and vj = vj(z) is the (absolute) velocity profile (m s1). Ax is the
horizontal coordinate (station pair spacing along the perimeter of the WOA-Box, in m), with stp:
and stpz referring to two different station pairs. Station pair notation refers to the mid-point
between the 31 WOAQ9 nodes. z is the vertical coordinate (depth, in m), with z1 and z referring
to two different depths. For the Cant transport across the limits of the whole domain (stpi=1,
stp2=30, za=surface, zo=bottom), we will refer to TgoxCant. NOte equation (1) expresses the
horizontal summation of transports per station pair integrated in depth (1-m resolution profiles).
For the across-section absolute velocity field, v, we used the estimate by Carracedo et al. (2014),
solved by means of a two-dimensional geostrophic inverse ocean model (Mercier, 1986). Briefly,
the inverse box model was applied to the three oceanic transects selected from the annual WOAOQ09
dataset. The model, which includes the surface Ekman transport, solves for the reference-level
velocities that best satisfy the conservation of volume, salt and heat (and/or other a priori specified
constraints). Afterwards, the absolute velocity field is computed as the sum of that estimation of
velocities at the reference level, and the relative velocities calculated from the density field (i.e.,
geostrophic velocities obtained by the thermal wind equations). For further details about the
method used to compute the absolute volume transports and description of the large-scale gyre
circulation in the North-East Atlantic region (Azores Current; Azores Counter Current; Canary
Current; Portugal Current; and Iberian Poleward Current), we refer the reader to Carracedo et al.
(2014). Hereafter, positive (negative) transports indicate flows into (out of) the box.

Finally, to further assess the elements of the circulation that influence the advection of Cant,
TCantwas decomposed into three components (Alvarez et al., 2005): a throughflow or barotropic
term due to the net transport across the box and the section-averaged Cant (TbharoCant); @ baroclinic
or overturning term due to the horizontally averaged vertical structure of the velocity and Cant
fields (ToverCant); and finally, a horizontal term due to the residual velocities and residual Cant
concentrations after the barotropic and overturning components have been subtracted that is
associated with the gyre circulation (ThorizCant). According to that, TCant was split as:

TCant = TbaroCant + ToverCant + ThorizCant
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TCant: p <Cant) V()fL(Z) dZ +,0 f(Cam)(Z)(v)(z) L(Z) dZ +,0 thfsztpl Ax] f Cantj /(Z) vj'(Z) L/(Z) dZ

2)

where p refers to the mean seawater density, Vois the section-averaged velocity (Vo= Tsox/A, with
Tsox being the net volume transport across the section, i.e., the North, West and south bounds of
the box, and A the total area of the section). <v>(z) is the mean vertical profile of the velocity
anomalies (v(X,z) - Vo). vj’(z) represents the deviations from the mean vertical profile (vj’(z) =vj(z)
- <v>(2)). For Cant, <Cant>represents the section mean, <Cant>(z) is the mean vertical profile of
Cant anomalies (Cant(X,z) - <Cant>), and Cantj’(z) are the deviations from the corresponding mean
vertical profile (Cantj’(z) = Cantj(z) - <Cant>(2)).

In order to evaluate the contribution of central waters and MW to the Cant budget, we used
the water mass fractions solved by Carracedo et al. (2014), by means an Optimum MultiParame ter
mixing analysis (OMP analysis, Tomczak, 1981; Pardo et al., 2012). cwm j=Cwm j(z) is the water
mass contribution profile with values in the range 01, that reflects the proportion of a given water
mass involved in the mixing process (O indicates no contribution and 1 100% contribution). By
combining Cant transports with water mass fractions, we can estimate the relative contribution of
each water mass as follows:

tp2 z2
(TCa”me:Z;fStplej zl Pj Cantj Y Cij dz (3)

Likewise, to determine the MW or central waters contribution to the Cant transport decomposition
(Eq. 2), each component (TnetCant, ToverCant, ThorizCant) Was multiplied by the respective contribution
matrix (cmw, for MW; or ccw, for central waters). Central waters and MW contribution are shown
in Fig. 2b. Note in this study, central waters account for the sum contribution of three end-
members, as solved by Carracedo et al. (2014): the Madeira Mode Water (MMW) and the
Subtropical and Subpolar East North Atlantic Central Water (ENACWt and ENACWe,
respectively) (Fig. 2a, Table A2).

2.3 Calculation of Cant budget

In order to study the Cant budget in the region, the inventory of Cant (Cant inventory) was
computed by integrating Cant concentrations vertically and horizontally, considering all WOAQ9
nodes inside the box (Fig. 1, inset figure):

C,,, inventory= [[[ C,,, dx dy dz 4)
Cant Inventory can be given as a total inventory, in Pg-C (1 Pg-C=1 GtC), or, alternatively, as
specific inventory (per unit area), in molC nr2. Provided the transient steady state assumption
(Tanhua etal., 2006; Keeling and Bolin, 2010), the time derivative of Cant (Cant Storage rate) can

be obtained by multiplying the Cantinventory by the annual Cant rate of increase ki (ki =0.0169 *
0.0010 y'%, Steinfeldt et al. (2009)) Therefore,

Cant storage rate = k¢ Cantinventory (5)



201
202
203
204
205
206
207

208
209

210

211
212
213
214
215
216
217
218
219
220

221

222
223
224
225
226
227
228
229
230
231
232

233

234

235
236
237
238
239

Author’s version submitted to Progress in Oceanography

The transient steady state assumption implies that through the whole water column, Cant will
increase over time at a rate that is proportional to the Cant increase in the mixed layer. In a recent
study carried out in the Equatorial Atlantic Ocean, Fajar et al. (2015) found that the estimated Cant
storage rates were consistent, within the uncertainties, to those based on the steady state
assumption. This supports the feasibility of using this premise in a climatological data-based
framework. As for the Cantinventory, note the Cantstorage rate can also be given as specific storage
rate (per unit area), in molC m2y1; or as total storage rate, in Pg-C y* or kmol s1.

The final Cant budget within any oceanic basin will result from the balance between lateral
advection (box across-boundaries’ transports), air-sea fluxes and the storage rate in the form:

Cantstorage rate= TgoxCant + TstraitCant+ Fair-seaCant (6)

where CantStorage rate is estimated with Eq. (5). TsoxCant refers to the net transport of Cant across
the northern, western and southern limits of WOAOQ09-Box, as estimated from Eq. (1). TstraitCant
refers to the net transport of Cantacross the Strait of Gibraltar. For TstraitCant, we used the estimate
of Huertas et al. (2009), who calculated a 2-year mean net flux of Cant towards the Mediterranean
basin of 4.20 + 0.04 Tg Cyr!, that is, 11 + 1 kmol s™. This value is in agreement with Alvarez et
al. (2005). Note that according to our sign convention (fluxes out of WOAQ09-Box take a negative
sign) TstraitCant becomes-11 + 1 kmol st. Finally, Fair-seaCantrefers to the net air-sea anthropogenic
CO2 flux in the region. Among the four terms of the equation, Fair-seaCant is the one introducing a
higher uncertainty to the budget estimate, so that this term was isolated from Eq. (6), considered
an unknown and, therefore, became our final target.

2.4 Air-sea CO2 exchange

In order to assess the Cant budget depicted by our results, the Flir-seaCans estimate (Eq. 6) was
compared to the total air-sea COz exchange in the region (F4ir-sea CO2). The annual average of the
monthly air-sea CO2 fluxes was obtained from the global climatology of Takahashi et al. (2009).
Their monthly F4ir-sea CO:> estimate is the product of the sea—air pCO2 difference (4pCO2, in patm;
see Fig. B2 in Appendix B) and the air-sea gas transfer rate (77, in kmol m? month'! patmr!), both
referenced to year 2000. For more details about the source datasets required for the monthly
climatologic air-sea CO2 flux calculation and/or for 7r formulation, the reader is referred to
Takahashi et al (2009). From their original spatial resolution of 4° (latitude) x 5° (longitude), we
spatially interpolated the data to the WOAOQ9 grid. Finally, we averaged the flux estimates
considering the whole WOAO09-Box surface (1.36 x 10'2 m?) so that obtaining the annual mean
air-sea CO2 exchange within our domain of study.

3 Results and Discussion

3.1 Cant distribution

The Cant distribution shows the characteristic vertical decreasing gradient in depth (Fig. 2b).
Maximum concentrations of Cant (~60 umol kg 1) are found in the first 150 m of the water column,
where the highest proportion of East North Atlantic Central Water is present (Carracedo et al.,
2014). Within this layer, the horizontal Cant distribution (Fig. 2a, inset figure) shows a marked
latitudinal gradient, with increasing concentration towards the equator. Lower Cant values off the
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African coast are due to the year-round upwelling of deep waters with low Cant (Speth et al., 1978).
Below the upper layer (>150 m), Cant decreases slowly down to 1200 m (Fig. 2b), with a sharper
gradient in the southern side of the box compared to the northern side. That relates to the presence
of Antarctic Intermediate Water with lower Cant content (~22 umol kg 1) south of the region, in
contrast to the occurrence, further north, of MW with a higher Cant (30-35 pmol kg1). The relative
maximum at the 2000-m level (~20 pumol kg 1) is linked to the Labrador Sea Water entering the
box through its north-west corner (Carracedo et al, 2014). At depths below 2000m, Cant
concentration is low (<15 pmol kg'1) but still noticeable, due to the deep penetration of Cant in the
high-latitude regions of the North Atlantic by the formation and subsequent spreading of the North
Atlantic Deep Water (Woosley et al., 2016). The lowest Cant values are found in the southern corner
of the box, related to the presence of the deepest component of the North-East Atlantic Deep Water,
the remains of the southern-ocean origin Antarctic Bottom water (Carracedo et al., 2014).

3.2 Role of the horizontal advection in the Cant distribution

The advective Cant transports across the limits of WOAQ9-Box are shown in Fig. 3a. We
obtained a net flux of 43 + 14 kmol s (TeoxCant, EQ. 1). For a similar box in the same region, but
built by combination of three different non-synoptic cruise sections, Alvarez et al. (2005) obtained
anet Cant transport of 66 + 14 kmol s-1. Although being higher the latter, neither value is statistically
distinguishable within the uncertainties. It is notable, however, that quasi-synoptic cruise-based
tracer transport estimates are affected by mesoscale and seasonal variability and may not
necessarily be representative of an annual climatology.

As depicted in Fig. 3a, Cant transport is stronger in the upper 1500 m. In fact, the 0-1500 m
depth range accounts for more than 90% of the Cant advection. This underlines the
upper/intermediate circulation as responsible for Cant redistribution and transport into/out of the
region. By estimating TCantOf the main currents (see integration limits by currents in Table 1), we
find that the Canary Current is the main current exporting Cant out of the box (-214 + 34 kmol s1),
while the Azores Current is the main input source (314 + 88 kmol s'1). From the total net 389 + 90
kmol st of Cant being imported by Portugal and Azores Currents, around 20% recirculates
westwards and northwards, within the Azores Counter Current (-79 + 36 kmol s1) and the Iberian
Poleward Current (-11 + 3 kmol s1), respectively; while more than a half (55%) is transported
southwards by the Canary Current.

Table 1. Spatial limits, defining main surface and subsurface currents (as in Carracedo etal., 2014,
but here with depth instead of pressure as vertical coordinate, assuming that 1dbar~1m); and their
corresponding volume (Sv, Sverdrup [= 106 m® s -1]) and Cant (kmol s1) transports. PC, Portugal
Current; IPC, Iberian Poleward Current; ACC, Azores Counter Current; AC, Azores Current; CC,
Canary Current. Tsw refers to sea water volume transport (Sv).

Spatial limits Mean properties Cant transport
: o - - 0 S Cant TCant, kmol st
St. pairs  Horiz. limits ~ Vert. limits, m Condition oC psu  umol kg'l (Net vol, Sv)
o PC 1toll 9.1to 20°W 0-800 Tsw>0 12.0 35.68 48.7 75+19 (1.4£0.4)
§ IPC 1to2 9.1t010.4°W 0-300 Tsw <0 & S>35.8 14.2 35.84 53.1 -11 + 3 (-0.98 £ 0.3)
5 ACC 12to18 34to040°N 400-1800 Tsw <0 8.4 35.55 30.3 -79+ 36 (-2.5+ 0.8)
O AC 15t022 30to37°N 0-1600 Tsw>0 11.7 35.79 39.1 314 + 88 (6.5 0.8)
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CC 19t030 20to12.9°W 0-600 Tow <0 152 36.12 50.1 -214 £ 34 (-4 £0.4)

Moving on to the Cant transport decomposition shown in Eqg. (3), the horizontal component
(ThorizCant) has a net value of -13 + 2 kmol s, which represents a 11% contribution to the net Can
transport across the limits of WOAQ09-Box. The origin of its negative sign differs latitudinally.
North of 36°N (north of the Azores Current), the negative sign of the horizontal component comes
from the combination of positive Cant anomalies (water masses with higher Cant content than the
mean) and a negative net transport, while south of that latitude, the negative sign comes from the
combination of negative Cant anomalies (water masses with lower Cant content than the mean) and
a positive net transport (Fig. 3b). To locate the main region contributing to ThorizCant, the latter was
vertically integrated and horizontally accumulated from the Iberian coast to the African coast (Fig.
3c, black line). Similarly, to locate the depth range contributing the most to ThorizCant, this
component of the Cant transport was horizontally integrated and wvertically accumulated from
surface to bottom (Fig. 4a, dark grey line). The strongest ThorizCant 0ccurs off the Iberian coast and
across the southern section, and mostly between 650 and 1500 m. This means the horizontal Cant
transport is driven by the combination of the intermediate circulation and the contrasting Cant
content of the water masses at those regions.

To evaluate the role of the central waters and MW on the advection of Cant, we isolated the
Cant transport by water masses, as explained in section 2.2. (Eq. 3). Central waters import Cant into
the WOAO09-Box from the North Atlantic Ocean at a net rate of 89 + 55 kmol s1 (0.03 + 0.02 Pg-
C yr?) (Fig. 3d, red line); whereas MW exports Cant from the region of study to the North Atlantic
at anet rate of -39+ 9 kmol s (-0.015 + 0.003 Pg-C yr 1) (Fig. 3d, blue line), most of it northwards
(-31 + 11 kmol s%; Fig. 3d, red line). These Cant transports are significantly smaller than those
obtained by Alvarez et al. (2005) (-88 + 8 kmol s or 0.03 + 0.003 Pg-C yrifor MW; 144 + 8
kmol st or 0.055 + 0.003 Pg-C yr! for central waters). Focusing just on the horizontal component
of the Cant transport (ThorizCant, EQ. 2) by water masses, we find 49% of this component is driven
by central waters (Fig. 3c, red line and bars), 45% by MW (Fig. 3c, red line and bars), and the
remaining 6% is due to the sum contribution of other water masses (not shown). Therefore, we can
point to central waters and MW as the main contributors to the horizontal component of the Cant
transport.
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Figure 3. a) Cant transports (kmol s1) orthogonal to the WOA-Box. Grey contours represent mass
transport (in Sv) (black bold line is the null transport isoline). Positive (negative) values indicate
Cant transports into (out of) the WOAQ9-Box. The white dotted line corresponds to the isopycnal
o1 = 31.65 kg m3 (potential density referred to 1000 dbar), which separates the upper and lower
limbs of the overturning circulation (Carracedo et al., 2014); b) On the left axis: the solid line is
the horizontally accumulated (from the Iberian Peninsula to Africa) volume transport (vertically
integrated for the whole water column) and the vertical bars indicate the total transport per station
pair. On the right axis: the dash-dotted grey line shows the mean value of Cant anomalies (Cant(X,
Z) - <Cant>, Where <Cant> represents the section mean), in umol kgt, vertically averaged along the
section; c¢) Horizontally accumulated (from the Iberian Peninsula to Africa) horizontal component
of the Cant transport (vertically integration for the whole water column) (black line). Mediterranean
Water horizontal Cant transport (blue dash-dotted line), and central waters horizontal Cant transport
(red dash-dotted line), accumulated from the Iberian to the African coast, are also shown. Vertical
bars indicate the net horizontal component of the Cant transport per station pair, with the
contribution of Mediterranean (blue) and Central Waters (red) specified; d) Horizontally
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accumulated (from the Iberian Peninsula to Africa) Cant transport (vertically integrated for the
whole water column, black line). Mediterranean Water Cant transport (blue dash-dotted line, right
axis), central waters Cant transport (red dash-dotted line, left axis), and the sum of Cant transports
of both water masses (dotted line, left axis), all accumulated from the Iberian peninsula to Africa,
are also shown.

3.3 Anthropogenic CO: inventory and role of the overturning circulation

For the WOAQ9-Box enclosed region, the Cant inventory was computed by vertical
integration of the Cant grid data (Eq. 4). We estimated a total inventory of 1.18 +0.20 Pg-C, which,
considering the total surface area of WOAQ09-Box (1.36 x 1012 m?), results in a specific inventory
of 72 + 12 moIlC mr2. Lee et al. (2003), based on in situ data (1990-1998 period), provided an
estimate, referenced to 1994, of 66.2 moIC m 2 for the 30°N—40°N latitudinal band. Similarly, and
also based on hydrographic cruise data (1993-2003 period), Vazquez-Rodriguez et al. (2009a)
provided a specific Cant inventory of around 75 molC m2 (referenced to 1994) at 30°N. When
rescaled to year 2000 (reference year in this study) (Eq. Al), both values (73.2 and 82.9 moIlC m2,
respectively) are comparable to our estimate within the uncertainty. At more regional scale, Flecha
etal. (2012) determined a specific Cantinventory of 33.5 + 3.2 molC m2 in the Gulf of Cadiz (Fig.
1, total area of 0.04 x 102 n?) from in situ cruise data (October 2008). The GLODAPV2-based
estimate for that particular region is 40 + 8 molC m2 (referenced to 2000). To compare both
estimates, we rescaled Flecha’s et al. (2012) value to year 2000 (Eq. Al), resulting in 29.3 + 2.8
molC nmr2. Although our estimate is slightly larger than that of Flecha’s et al. (2012), they are not
statistically different. Note the specific Cant inventory in the Gulf of Cadiz region is smaller in
comparison to the average for the entire WOAQ9-Box region (see Fig. B3 in Appendix B). That
could be interpreted as the Gulf of Cadiz, despite being the location where the exchange of Cant
between central and intermediate water masses takes place, is not the region where Cant is stored.
Finally, by multiplying the Cantinventory by k¢ (0.0169 yr?t), we obtained a Cantstorage rate of
0.020 +0.003 Pg-C yr1 (that is, 53 + 9 kmol s-1). That implies a specific Cant Storage rate of 1.22
+0.21 molC m? y!. Rios et al. (2001), who used a set of 12 cruises carried out in the North-East
Atlantic between 1977 and 1997, estimated asimilar but slightly lower specific storage rate of 0.95
molC m? yl. The good overall agreement with in situ-based studies in terms of Cax
inventory/storage rate adds confidence to our climatology-based estimates.

According to the transport decomposition (Eq. 2), there is a net overturning component,
ToverCant, 0f56 = 2 kmol s1. Note the barotropic component (TbaroCant=0.2 + 8 kmol s, Eq. 2) has
an almost negligible contribution to the net Cant flux, so we are just discussing horizontal vs.
overturning components. By vertical (surface-to-bottom) accumulation of ToverCant (Fig. 4a, light
grey line), we see that the upper limb of the overturning circulation (o1 < 31.65 kg m3, Fig. 3a,
broadly upper 500 m) is the main driver of the term. That is, the Cant-loaded surface waters (Fig.
2) imported by the upper overturning cell (72 £ 6 kmol s1) will not be compensated for the less
Cant-loaded waters (Fig. 2) exported by the lower limb (-17+ 9 kmol s1), thus resulting in a positive
ToverCant component (56 + 2 kmol s'1). This component is four times larger than the horizontal
component (ThorizCant, -13 = 2 kmol s1), meaning that net Canttransport is mostly driven by
overturning circulation (80%) rather than by horizontal circulation (20%). This resembles the
larger scale, where the North Atlantic meridional overturning circulation is found to drive both the
magnitude and variability of the Cant transport across the Subpolar North Atlantic (Zunino et al.,
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2014). Our results confirm the cruise-based findings of Alvarez et al. (2005), and let us further
denote this physical mechanism as the main driver of the net Cant transport in the North-East
Atlantic in the long-term average context of an annual climatology.

As for the overturning circulation within the box, when MW is formed in the Gulf of Cadiz
(with an upper bounded MW production rate of 2 Sv, Carracedo et al. 2014, 2015), 1.2 + 0.2 Sv
of central waters are entrained into the sinking plume of Mediterranean Outflow Water (Carracedo
et al, 2014; Barbosa Aguiar et al., 2015). Since central waters at this location have a Cant
concentration of about 60 + 6 pmol kg'! (Huertas et al., 2009), this entrainment provides about 74
+ 14 kmol st of Cant (0.03 £ 0.01 Pg-C yr?) to intermediate layers. Prior studies have reported
higher amounts of Cant drawdown to depth by central waters (185 kmol stor 0.07 Pg-C yr1, Rios
etal. 2001; 151 + 14 kmol s10r0.06 + 0.01 Pg-C yrt, Alvarez et al. 2005). Those studies, however,
could have overestimated the volume of central waters (3-4 Sv) being entrained, as shown in the
recent study by Barbosa Aguiar et al. (2015). Half of those 74 + 14 kmol s1,37 + 7 kmol s1 (0.6
+ 0.1 Sv, Carracedo et al. 2014), are finally merged with 0.78 £ 0.05 Sv (Soto-Navarro et al.,
2010) of Mediterranean Outflow Water to form MW. Considering a mean Cant concentration of 52
+ 6 umol kg?! for the Mediterranean Outflow Water (Huertas et al., 2009), this overflow provides
an input of 42 + 5 kmol s of Cant. Therefore, the resulting MW is going to contribute with around
79 + 9 kmol s of Cant. According to our results, 39 + 9 kmol s of Cant are (net) exported by MW
out of the WOAQ09-Box, so that the remaining 40 + 13 kmol s (0.015 + 0.005 Pg-C yr1) would
be available to contribute to the total Cant Storage rate within the box (0.020 + 0.003 Pg-C yr?).

In the context of the subtropical North Atlantic (total area of 16.6 x 1012 n?), the singular
overturning cell that occupies the localized region of the Gulf of Cadiz can be pointed as a relevant
conduit through which Cant sinks (0.03 Pg-C yr't) and ultimately contributes to the storage rate at
intermediate layers (0.015 + 0.005 Pg-C yr1) within the WOAQ9-Box. This contribution of the
newly formed MW to the storage rate represents a 6% of the total Cant Stored in the subtropical
North Atlantic (0.280 + 0.011 Pg-C yr! referenced to 2004, Pérez et al., 2013; 0.262 + 0.010 Pg-
C yr! referenced to 2000, Eq. Al), despite the Gulf of Cadiz accounting for less than 1% of the
subtropical North Atlantic surface.
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Figure 4. a) Vertical distribution of vertically (surface-to-bottom) accumulated Cant transports
(TnorthCant, TwestCant, TsouthCant, refer to the Cant transports across north, west and south sections,
respectively; TgoxCant, the Cant transport across the whole section; (TgoxCant)mw, (TBoxCant)cwand
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(TeoxCant)mw+cw refers to the Cant transport by the Mediterranean Water, by central waters, and by
the sum of those two water masses, respectively; and ThorizCantand ToverCant the horizontal and
overturning components, transports in kmol s1; ¢) Simplified Cant budget scheme for WOAQ9-
Box.

Finally, closing the Cant budget in the North-East Atlantic at climatological scale (Fig. 4b),
we estimated the anthropogenic air-to-sea contribution for WOA-Box following Eq. (6). The net
annual Fair-seaCant Was 21 + 10 kmol s, not distinguishable, within the uncertainty, to the value
obtained by Alvarez et al. (2005) of 13 kmol s. The magnitude of this term (21 + 10 kmol s'%)
represents 40% of the total Cant Storage (53 = 9 kmol s'1), while advection (TeoxCant + TstraitCant =
32 + 14 kmol s1) contributes the remaining 60% to the Cant budget (11% due to the horizontal
component and 48% to the overturning component). Cant advection being predominant over air-
sea Cant flux is a result in agreement with Alvarez et al. (2005). They concluded that 17% of the
Cant Storage was attributable to uptake from the atmosphere, compared to 83% coming from the
ocean circulation. Rios et al. (2001), however, had previously estimated that the atmospheric input
of Cant (0.47 mol mr2 yr1) contributed as much as advection to the Cant inventory within the Iberian
Basin (at 20°W and 37-47°N latitudinal range).

The total (natural and anthropogenic) CO: air-sea flux in the region, Fair-sea CO2 (section
2.4.), has a magnitude of 27 + 8 kmol s* (annual average of monthly estimates), meaning that on
annual timescales the North-East Atlantic acts as a sink for atmospheric CO.. The anthropogenic
portion of the total Fair-sea CO2, inferred from our results at the 28-42°N latitudinal range (21 + 10
kmol s1), represents more than three quarters of the total CO2 uptake (78 + 30%). The difference
between both magnitudes, Fair-sea CO2and Fair-seaCant, is attributable to the natural component (Fair-
seaCnat, 6 £ 12 kmol s1). In the North Atlantic, the air-sea CO2 fluxes result from anthropogenic
forcing and progressive northward cooling of the upper limb of the meridional overturning
circulation (Pérez et al., 2013), the latter being ultimately responsible for the North Atlantic uptake
of natural CO2 (Pérez et al., 2013). For a box encompassing the subtropical region (between 25°N
and the A25 section, see their Fig. 1a), Pérez et al. (2013) found the anthropogenic air-sea CO2
uptake dominated (60 + 25% of the total air-sea CO2 flux) over the natural component; whereas
for the subpolar region (between the A25 section and the Nordic sills, see their Fig. 1a), the natural
component was largely prevalent over the anthropogenic one (which only represented 18 + 13%
of the total air-sea CO2 flux). The anthropogenic air-sea CO: uptake inferred from our estimates
within the domain of the WOAQ9-Box (29.5-41.5°N latitudinal range) leads us to interpret the
region of study as part of the air-sea Cant-dominated subtropical regime, as defined by Pérez et al.
(2013). However, because of the large uncertainties accompanying the air-sea fluxes and the
indirect nature of the Fair-seaCant estimate, our interpretation about Cnat vS. Cant contribution must
be taken with some caution.

4 Summary and concluding remarks

In this study, we presented a description of the mean annual Cant transport in the Azores-
Gibraltar region and evaluated the role of the horizontal and overturning circulation in terms of
Cant storage in the North-East Atlantic. To the best of our knowledge, Cant budget estimates are
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given for the first time in this region by combination of Cant GLODAPvV2-derived concentrations
and WOAO09-derived absolute velocity field.

We obtained a net Cant transport across the WOAQ09-Box section of 43 + 14 kmol s1. The
0-1500 m depth range encompasses more than 90% of the Cant advection, underlining the
upper/intermediate circulation as responsible for Cant distribution and recirculation within the
region. Azores and Portugal Currents account for the greatest Cant inflow, with 389 + 90 kmol s1.
Most of it recirculates southwards in the Canary Current (-214 + 34 kmol st of Cant), which
provides the main advective Cant export path across the limits of WOAQ9-Box. At intermed iate
levels, we find the secondary Cant export route to be the Azores Counter Current, with a westwards
Cant flux of -79 + 36 kmol s1.

At annual mean climatological scale, we estimated a total Cant inventory of 1.18 + 0.20 Pg-
C (specific inventory of 72 + 12 molC m?) and a Cantstorage rate of 0.020 + 0.003 Pg-C yr! (53
+ 9 kmol s1). The advection of Cant contributes to 60% of the North-East Atlantic Cant Storage
rate. Of the 60% contribution, 11% is driven by horizontal circulation (-13 + 2 kmol-Cant s1) and
48% is driven by overturning circulation (56 * 2 kmol-Cant s1). Overturning circulation is,
therefore, the physical mechanism dominating the Cant transport across the limits of WOAQ9-Box
and, ultimately, the Cant Storage rate in the North-East Atlantic. The remaining 40% (21 + 10 kmol
s1)is due to the atmospheric Cant being taken up by the ocean. The anthropogenic fraction of the
atmospheric CO3 accounts for more than three quarters (78 = 30%) of the total annual air-sea
(natural and anthropogenic) CO: uptake at a climatological scale in the region (27 + 8 kmol s1).

Exploring the water mass transformation as result of the overturning cell within the box,
we found that the downward export of Cant-loaded central waters in the Gulf of Cadiz, and
subsequent formation of MW (between 800 to 1200 dbar) lets 74 + 14 kmol st of Cant be
drawndown from upper to intermediate ocean. In particular, the entrainment of central waters (37
+ 7 kmol s'1of Cant) to feed Mediterranean Outflow Water (42 +5 kmol st of Cant), provides the
resulting MW with 79 + 9 kmol s of Cant. Of that amount, 39 £+ 9 kmol s (net Cant transport by
MW across the limits of WOAQ9-Box) will be ultimately advected into the North Atlantic, while
the remaining 40 + 15 kmol st will be available to contribute to the total Cant Storage rate within
the Azores-Gibraltar Strait region.

Within the context of the entire North Atlantic, the Gulf of Cadiz represents much less than
1% of the total area, yet annually (climatological mean) the newly formed MW accounts for a Can
storage rate in the North-East Atlantic of 0.020 +0.003 Pg-C yr!, which represents 6% of the Cant
storage rate in the entire subtropical North Atlantic (0.280 + 0.011 Pg-C yr'!, referenced to 2004;
Pérez et al., 2013). Our results have let us firmly point to this singular region as a long-term Cant
sink and deep storage basin in a year-round basis. Regional estimates of the Cant inventory in key
regions such as the North-East Atlantic are, therefore, a significant contribution towards the
refinement of the global deep COx2 storage estimates.

While Cant transports could be biased towards lower-bound estimates, due to the smoothed
nature of the density field from which geostrophic velocities are derived, Cant nventory/storage
rate estimates have been proved to be n good agreement with previous cruise-data-based values.
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Overall, we aim to highlight the suitability of the joint use of the GLODAPv2 and WOAO09
databases to depict the annual mean state of the Cant budget in the ocean.
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Appendix A. Supplementary Text
A.1. The pC1” method for Can: estimate

The anthropogenic CO, in the ocean (C,,) is not a tracer that can be directly measured, as both
natural and anthropogenic CO, molecules are identical although they present different isotopic (8'*C/8'*C)

ratios (Quay et al., 2007). Moreover, the anthropogenic signal is less than 1% of the oceanic CO2
load (up to 3.5% i surface layers), thus adding difficulty to its study and accurate quantification.
In the late 1970s, authors such as Brewer (1978) or Chen and Millero (1979) introduced for the
first time the so-called back-calculation techniques, an indirect Cant estimate based on direct
measurements of total morganic carbon (Cr), total alkalinity (Ar) and dissolved oxygen. Cant is
referred to as the difference between the preformed total inorganic carbon (Ct°, note hereafter
superscript 0 will mean preformed) and its concentration after the preindustrial era (Ct%"). Cr% %
determined as Ct? = Ct - ACbho, where ACho stands for the organic matter
oxidation/remineralization processes and the dissolution of CaCO3; while Ct%is determined as
Cr0= C1°"+ ACdi", where Ct°9™is the total inorganic carbon in atmosphere-ocean equilibrium
in the preindustrial era, and ACqis™ is the disequilibrium in the atmosphere-ocean iterphase.

From the early approaches, back-calculation techniques were subject to various
improvements, one of the most recent being the so-called ¢Ct°method (Vazquez-Rodriguez et al.,
2009b, see their Eq.10). The o¢Ct° method was developed under the assumption that
biogeochemical processes that modulate oceanic Ct have operated invariably with time. The
method, which shares principles with the more classical AC* method of Gruber et al. (1996),
proposes different parameterizations to calculate ACis and the preformed alkalinity (At°)to assess
the contribution of CaCOs dissolution to Ct. At°%is based on the concept of potential alkalinity
PAT and is defined as At?=PAr - (NO3? + PO4%) (Vazquez-Rodriguez et al., 2012), where NOg°
and PO40 are determined as NO3%=NOz — AOU/Ron and PO4% = PO4 — AOU/Rop. AOU stands
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for Apparent Oxygen Utilisation, that is, the difference between the saturated concentrations of
oxygen (Benson and Krause, 1984) and the measured concentrations of oxygen; and Ron and Rop
are the Redfield ratios proposed by Anderson and Sarmiento (1994), satisfactorily applied in the
North Atlantic for the estimate of Cant by, e.g., Pérez et al. (2008; 2010; 2013) or Rios et al. (2012,
2015). A relevant aspect of the Ct°%method parameterizations is that they are not CFC-reliant
(i.e., there is no need of arbitrary references for Cant=0 based on CFCs measurements). Instead, the
¢Ct%method uses conservative properties of the subsurface layer (100-200 m) from the whole
Atlantic to build these parametrizations. In their study, VVazquez-Rodriguez et al. (2009a) used 10
WOCE cruises along the Atlantic spanning between 1993 and 2003, for which CFC-11and CFC-
12 measurements were available, to apply a shortcut method (Thomas and Ittekkot, 2001) for the
estimate of Cant in waters 6>5°C. Since the average age of the water masses in the Atlantic 100-
200m depth domain is under 25 years, the use of a shortcut method is considered to be appropriate
(Matear et al., 2003). With the shortcut-based Cant estimates, and the additional measurements of
temperature, salinity, Ct, At, and AOU, ACdis is parametrized by means of multilinear
regressions. Once parametrized, ACdis can therefore be estimated without further need of CFC
data. For waters 6<5°C, the MLR parametrization is substituted by an Optimum Multiparameter
Analysis (Vazquez etal., 2009a). This procedure lets the improvement of Cant estimations in cold
deep waters where complex-mixing processes between northern and southern hemispheric source
water masses takes place. The overall uncertainty of the @Ct°method is +5.2 umol kg?l, as
computed by Vazquez-Rodriguez et al. (2009b) by random propagation of the errors associated
with the input variables necessary to apply the method. This value was used in this study to perform
a perturbation analysis of uncertainties (see Appendix A3).

Sewveral intercomparison studies in the Atlantic Ocean support the robustness and valid ity
of the ¢Ct° method (Rios et al., 2001, 2010; Alvarez et al., 2005; Pérez et al., 2010; Fajar et al.,
2012; Flecha et al., 2012). Further details of the method can be found in VVazquez-Rodriguez et al.
(2009b), and the Matlab® code is freely available on the 1IM-CSIC CO2 Group webpage
(http://oceano.iim.csic.es/co2group/index. html).

In the current study, we applied the pCt° back-calculation technique to GLODAPV2 bottle
data (http//cdiac.ornl. gov/ftp/oceans/ GLODAPvV2/Data Products/data product/). Cant estimates
were scaled from ther origmal cruise year (Cant(t/)) to year 2000 (Cant(#2)) using the transient
steady state approach (Tanhua et al., 2006). We selected year 2000 as reference to be concordant
with the pCO: climatology of Takahashi et al. (2009) (dataset used in this study to estimate the air-
sea CO2 flux, section 2.4). Cant concentrations were time-normalized following:

Cant(tZ):Cant(tl) (1+ kt)(tz_[]) (Al)

where ¢/ corresponds to each GLODAPV2 cruise occupation year; ¢2 is the reference year 2000;
and k; is the annual Cant rate of increase (k: = 0.0169 + 0.001 y!, Steinfeldt et al. (2009)).
Normalizing Cant estimates to a year of reference ensures a time homogeneous recordset, whereas
it just entails a mmor correction, that is, it only accounts for 1.7% of the value of Cant for each year
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of difference with an error 0of 0.1% (Guallart et al. 2015). Note this error is two orders of magnitude
smaller than the 10% of error associated to the Cant transport estimate (Appendix A.2.1).

A.2. Uncertainty estimate
A.2.1. Cant transport

Tracer transports come from the product of volume fluxes and the tracer concentration. The
error associated to any transport can be computed by applying the error propagation formula (Eq.
A2). Being F=f(x1, x2, ..., XN), and assuming a zero-correlation between the independent variables,
the error propagation formula is:

. o) oF 25 oF 0
&= [(6X1) 81 + (aXZ) 82—’_. ’ .+ (aXN) SN (Az)
In view of that, the error of the Cant transport can be computed as the sum of errors due to both the

mass transport (transport-derived uncertainty, oTcant') and the Cantconcentrations (Canc-derived
uncertainty, 6Tcant®""), such as:

o= (0T )+ (oTEY %)

6TcantT was calculated from the covariance matrix of errors for mass transport (diagonal matrix of
covariance at the reference level for all station pairs), as obtained from the two-dimensional
geostrophic inverse ocean model (Carracedo et al, 2014). On the other hand, &Tcan“® was
estimated as the product of the net transport across the subregion considered and the standard
deviation of the Cant concentration at the same subregion.

To illustrate this, we show as an example the uncertainty estimate for the net Cant transport
across the WOAO09-Box. Following the error propagation formula (Eq. A3), this results m:

2
STBox Cant :\/ [GTgant] + [Std(cant) ><TBox] 2=

={/[14.0 ]2+[0.17]?> = 14 kmols™

Where std(Cant) refers to the standard deviation of Cant in the section (std(Cant)=14.8 pmol kg'!,
that is 1.52x10-> kmol m3, by multiplying by areference density for seawater of 1026 kg m3), and
TBox (0.011x10° m® s71) refers to the net volume transport across the box.

A.2.2. Cant storage rate

Vazquez Rodriguez et al. (2009a) and Pérez et al. (2013) calculated the uncertainty related
to the Cant inventory estimate by randomly propagating over depth a 5 pmol kg! standard error
for Cant. They obtained values of £1 mol-C m2 and +2 mol-C m 2 when integrated down to 3000
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m and 6000 m, respectively. By applying that +2 mol m 2 uncertainty to the WOA09-Box area, we
obtained a total value of + 9 kmol s-!.

A.2.3. Air-sea CO3 and Cant flux

The uncertainty estimate for the air-sea CO: flux was given as the mean standard error of
the monthly Fair-seaCO2i (with =1...12) estimate within the WOA(09-Box:

Std(FAir-seaCOZ') — ﬂ

cF Niw Nip

CO, = = 8 kmol ! (A4)

Air-sea

The air-sea Cant flux, Fair-seaCant, is the result from equation (5), so its uncertainty was estimated by
means of error propagation (Eq. A2), such as:

8FAir-sea Cant :\/ (Scant storage rate) 2 +(8TStrait Ca.nt)2 +(SGTBOX Cant)2

=/(9)2+(1)2+(5)? = 6 kmols™! (AS)

€Cant storage rate is the value obtained in section A.2.2; €TstritCant is the value estimated by
(Huertas et al, 2009); and, finally, £GTBoxCant corresponds to the uncertainty estimate of the net
Cant transport for the WOAO09-Box. With the particular purpose of providing a tighter final
uncertainty to the Fair-seaCant estimate, we recalculated a new uncertainty for the TgoxCant term,
€GTBoxCant, according to Ganachaud et al. (2000), such as:

n layers

€6 TaoxCont = Z \[4 %6 Tgox 12><std(Cant J)?=15kmols™!

i=1

Where eGTBoxCan Was given as the sum of the tracer transport uncertainties by horizontal layers. In
the equation, the factor 4 aims to account for possible correlations between the zonal average and
horizontal eddy component (Ganachaud et al., 2000).

A.3. Robustness of Cant transports: perturbation analysis

In section A2, the uncertainty estimates were based on the assumption that errors are
independent of one another. As this assumption may be questionable, we performed a perturbation
analysis of uncertainties (Lawson and Hanson, 1974) to validate whether uncertainties were being
underestimated and, at the same time, to check the robustness of our results. Final uncertainties
were computed here as the standard deviation of an ensemble generated by random perturbation
of the Cant transports.

A.3.1. Perturbed Cant transports

As shown in equation (1), the transport of Cant comes from the combination (product) of
the absolute velocities and Cant concentrations. Both data fields are obtained following two
different methodologies: i) water property mnversion estimating the volumetric transports (in this
study, a result by Carracedo et al. 2014); and i) back-calculation of Cant based on water properties
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(as explained in A.1). If, in addition, we want to provide the Cant transport by water mass, as shown
mn equation (3), athird factor takes part: the water mass mixing fractions, obtained by means of an
OMP analysis (in this study, a result by Carracedo et al. 2014).

The procedure followed for the perturbation analysis consisted of re-computing the transport
of Cant from 100 randomly perturbed fields of velocity, Cant and water fractions (test 1). To test
which of the perturbed fields (velocity, Cant of water masses fractions) influences the results the
most, we also re-estimated the Cant transports by perturbing just one of the factors each time, that
is, we estimated the Cant transports:

a) test2: from 100 randomly perturbed velocity fields (no perturbed Cantor water mass fractions)

b) test 3: from 100 randomly perturbed Cant fields (no perturbed velocities or water mass fractions
(test 3)

c) test4: from 100 randomly perturbed water mass fractions (no perturbed velocities or Cant)

To perturb any of the variables, we assumed they followed a normal distribution, so that the
perturbation process lay in varying the property values according to a normal distribution within a
given range.

As for the velocity field, we based on the mverse model surface-to-bottom mass conservation
constraint (Trmet=0.01 = 1 Sv, Carracedo et al. 2014), to ensure the perturbed velocity field was
consistent with mass conservation. We randomly perturbed the net volume transport across the
section with zero mean and standard deviation of 1 Sv, obtaining a cross-section perturbed velocity
vp of: vp = (Tinet)perturbed/ total section area. This velocity was (zonally and vertically) uniformly
added to the wvelocity field, so that the perturbed velocity field was still consistent with mass
conservation.

Cant concentrations were randomly perturbed with zero mean and standard deviation of 5.2 umol

kg!, being 5.2 umol kg ! the overall uncertainty for the Cant estimates (Vazquez-Rodriguez et al.,
2009b).

As for the water mixing fractions, both the properties of each water sample and of each source
water type (also referred to as source water mass, SWM) were perturbed. In terms of the OMP
analysis, the SWMs are points in the n-dimensional parameter space (n is the number of properties
that characterize SWMs) (Tomczak, 1981). In the study of Carracedo et al. (2014), the SWMs were
characterized by 0, S, 029, NO3°, PO4%and Si(OH)4° (where the superscript 0 means preformed
variables) (see Table A2). The properties of each SWM were randomly modified with the mean
being the value of the property, and the standard deviation (STD), the values given by Alvarez et
al (2005) for 6 and S, and a percentage of their value for Oz (1% of the property value) and
nutrients (2% of the property value) (Table A2). The perturbation of the water sample properties
were performed with the mean equal to the property value at each point and the standard deviation
equal to the accuracy of each water sample property (g, Table A2). 100 perturbations were done
and the OMP analysis was solved for each perturbed system. Uncertainties for the SWMs
contributions were computed as the standard deviation of the 100 water mass distribution matrices.
The mean standard distribution (referred to as uncertainty) is shown in Table A2.

Table A2. Main properties of each of the Source Water Masses (SWMs) considered in the eOMP
analysis by Carracedo et al. (2014), with therr correspondent standard deviation (STD). Note that
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what we refer to as Central Waters (CW) in the present study is the sum of MMW, ENACWr and
ENACW?p. Accuracies of the measured properties, €, used to compute the perturbation of the tracer
fields are also shown. The last column accounts for the uncertainties in the SWMs contributions,
that is, the mean of the standard deviation of the 100 perturbations (values expressed on a per one
basis).

Potential Silicate

Salinity . o  Nitrate Phosphate  Oxygen .
Ter?gsevc%ture (S5 (Slg%‘V)TI;p (NOSSWT))  (PO,0SWT) (O, SwT) Uncertainty
° : Parts
C psu umol kg-1 per unit
MMW 20.0+0.5 37.00+0.04 0+0 00 00 223+2 0.03

ENACW- 15.3+0.4 36.10+0.02 2.05+0.04 1.23+0.02 0.136+0.003 244+2 0.04
ENACW, 8.3+0.3 35.23+0.01 9.8+0.2  11.1+0.2 1.10+0.02  304+3 0.05

MW 11.7+0.1 36.50+0.01  9.1+0.2 4.0+0.1  0.31+0.01  261+3 0.02

AAIW 7.5+0.1 35.00+£0.02 24.8+0.5 16.2+0.3  0.95+0.02  290+3 0.04

LSW 3.4+0.2 34.89+0.12  9.1+0.2  12.5#0.2  0.94+0.02  325+3 0.03

ISOW 2.5+0.1 34.98+0.02 13.8+0.3 7.1+01  0.60+0.01 31943 0.01

NEADW,_ 1.920+0.003 34.885+0.002 50.0+1.0 13.6+0.3  0.95+0.02  337+3 0.02
€ 0.005 0.005 0.5 0.2 0.002 3.3 -

To illustrate the results of the perturbation analysis, we recomputed as an example the net
Cant transport across the section, TsoxCant, for the 4 different tests (100 perturbations each test) and
calculated the standard deviation of the 100 values per test (see Table A3). More than 80% of the
Cant transport error estimate is due to the velocity field, whereas Cant concentration uncertainty just
accounts for less than 20% of the total error. If we consider the Cant transport by water masses,
then the water masses contribution accounts for around 65% of the total error, velocity field for
25% and Cant concentrations for 10-15%.

By comparing the uncertainty estimates from the perturbation analysis with the uncertainty
estimates from the error propagation formula (as explained in Section A2), we see the former are
smaller than the latter. In view of that, we took the uncertainties obtained by error propagation,
that is, the largest ones, as those accompanying our results in the manuscript.

Table A3. Standard deviation of the 100-times perturbed net Cant transports for each of the 4 tests
performed. In parenthesis, percentage of the total uncertainty represented by each of the variables
(v, Cant or WMs). v refers to the velocity field, Cantto the Cant concentrations; WMs to the water
masses contribution; CW to Central waters; MW to Mediterrancan Water.

Perturbation Analysis
Net Cant transport
Perturbed field (kmol/s)
Total Netby CW  Net by MW
test 1: v,Cant, WMs =4 +3 +1




679

680
681
682
683
684
685
686
687
688

689
690
691

Author’s version submitted to Progress in Oceanography

test 2: v + 4 (82%) + 1 (22%) + 0.5 (27%)
test 3: Cant +0.8(18%) =+0.6(14%) =£0.1(7%)
test 4: WMs - * 3 (64%) *+ 1 (65%)
Error Propagation
(see A.2) +14 +18 +8

A.3.2. Perturbed Air-sea Cant flux

Fair-seaCant is estimated (Eq. 6) as the difference between the Cantstorage rate and the Cant
being advected across the walls of the enclosed box (TsoxCant + TstraitCant). Therefore, the
perturbation procedure consisted in re-estimating Fair-seaCant by perturbing independently each of
the terms to be summed up as follows: i) CantStorage rate: We recomputed the Cantinventory by
randomly perturbing Cant cOncentrations according to a normal distribution with zero mean and
standard deviation of 5.2 umol kg! (Vazquez-Rodriguez et al., 2009b); i) TeoxCant: We used the
estimates from the “test 1” perturbation analysis (see previous section); iil) TstraitCant:We randomly
perturbed this value by following a normal distribution with mean 11 kmol s! and standard
deviation 1 kmol st

The standard deviation of the ensemble of 100 Fair-seaCant estimates was 4 kmol s2, an
uncertainty smaller than that obtained by error propagation (10 kmol s, section A2.3). So once
again, we kept the largest uncertainty as the most suitable one.
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Appendix B. Supplementary Figures

Supplementary figures associated with this article can be found in the online version.

[C.nido.150m (KMol kg)

Winter 15 Spring

Figure B1. a) Seasonal distribution maps of Cant anomalies i the upper 150 m of the water
column. Anomalies are estimated as the seasonal Cant concentration averaged in the upper 150 m
minus the annual Cant concentration averaged in the upper 150 m.
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700  Figure B1. b) Seasonal distribution maps of Cant anomalies between 150-800 m. Anomalies are
701  estimated as the seasonal Cant concentration averaged between 150-800 m minus the annual Cant

702  concentration averaged between 150-800 m.
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Figure B1. c¢) Seasonal distribution maps of Cant anomalies between 800-1200 m. Anomalies are
estimated as the seasonal Cant concentration averaged between 800-1200 m minus the annual Cant
concentration averaged between 800-1200 m.



Author’s version submitted to Progress in Oceanography
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708  Figure B2. Distribution maps of the climatological annual mean of the air-sea difference in CO2
709  partial pressure (4° Latitude x 5° Longitude).
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712  Figure B3. a) Averaged bathymetry (m) by grid node; b) Distribution of the area-normalized Coant

713  inventory (Pg-C m).
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