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Atlantic Ocean CO, uptake reduced by weakening
of the meridional overturning circulation

Fiz F. Pérez'*, Herlé Mercier?, Marcos Vazquez-Rodriguez', Pascale Lherminier?, Anton Velo',
Paula C. Pardo’, Gabriel Rosén* and Aida F. Rios'

Uptake of atmospheric carbon dioxide in the subpolar North Atlantic Ocean declined rapidly between 1990 and 2006. This
reduction in carbon dioxide uptake was related to warming at the sea surface, which—according to model simulations—
coincided with a reduction in the Atlantic meridional overturning circulation. The extent to which the slowdown of this
circulation system—which transports warm surface waters to the northern high latitudes, and cool deep waters south—
contributed to the reduction in carbon uptake has remained uncertain. Here, we use data on the oceanic transport of volume,
heat and carbon dioxide to track carbon dioxide uptake in the subtropical and subpolar regions of the North Atlantic Ocean
over the past two decades. We separate anthropogenic carbon from natural carbon by assuming that the latter corresponds
to a pre-industrial atmosphere, whereas the remaining is anthropogenic. We find that the uptake of anthropogenic carbon
dioxide—released by human activities—occurred almost exclusively in the subtropical gyre. In contrast, natural carbon dioxide
uptake—which results from natural Earth system processes—dominated in the subpolar gyre. We attribute the weakening
of contemporary carbon dioxide uptake in the subpolar North Atlantic to a reduction in the natural component. We show
that the slowdown of the meridional overturning circulation was largely responsible for the reduction in carbon uptake,
through a reduction of oceanic heat loss to the atmosphere, and for the concomitant decline in anthropogenic CO, storage

in subpolar waters.

ocean has been estimated to be 1.6 £0.9PgCyr~! from

an observation-based CO, flux climatology’ referenced to
the year 2000. Contemporary atmospheric CO, consists of a mix
of molecularly identical natural and anthropogenic CO, (Cunr).
The whole North Atlantic (from the Equator to the Bering Strait,
including the Arctic seas) represents only 13% of the global
ocean area and yet annually accounts for about one-third of
the contemporary ocean CO, uptake (0.47 PgCyr~') and has the
largest of Cynr storage rates (0.49 £ 0.04 PgCyr~! referenced to
2004) of all oceans®. However, air—sea CO, uptake in the North
Atlantic is not necessarily predominantly anthropogenic>*. In fact,
air—sea CO, fluxes in the North Atlantic result from anthropogenic
forcing and progressive northward cooling of the upper limb
of the meridional overturning circulation (MOC). The latter is
responsible for the North Atlantic uptake of natural CO, (ref. 5)
that would occur even in the absence of the anthropogenic forcing.
This air—sea flux of natural CO, is driven by thermal processes’—
not biological processes—and has been estimated to be 0.31-
0.39PgCyr~! (refs 5,6), which represents roughly three-quarters
of the contemporary air—sea CO, uptake. The remaining uptake
(0.08-0.16 PgCyr™"') comes from the anthropogenic perturbation,
which alone cannot account for the Canr storage rate of the
North Atlantic (ref. 2). The other source of Cyyr comes from
the northward transport of Cayr-laden south-latitude waters*’~
by the upper limb of the MOC. Air-sea CO, fluxes in the
subpolar and subtropical regions have similar rates (0.27 and
0.22PgCyr~!, referenced to 2000, respectively'), but the flux
per unit area in the subpolar North Atlantic is twice that in

C ontemporary CO, uptake from the atmosphere by the global

the subtropical North Atlantic (2.0 versus 1.0 mol Cm™2yr™!).
At multi-decadal timescales, sea-surface pCO, trends in these
regions follow the atmospheric increase'. However, these two
regions also have contrasting responses to different North Atlantic
Oscillation (NAO) periods. The Hurrell NAO winter index is
computed as the difference in the surface atmospheric pressure
between Iceland and Azores (time series values available at www.
cgd.ucar.edu/cas/jhurrell/indices.html). In the early 1990s (1989—
1995) the 5-year mean = standard deviation of this index was
3.3 £ 0.8, indicating a high phase of the NAO. A low-NAO
phase period followed during the years 2002-2006, when the
index value dropped to —0.140.6. Between 1993 and 2006, the
CO, uptake rate in the western subpolar'® and, more generally,
in the subpolar gyre'' markedly weakened as evidenced by the
rapid increase in sea-surface pCO, compared with atmospheric
pCO,. Changes in the NAO and the associated weakening of the
northward transport of subtropical water by the North Atlantic
Current (NAC) have been identified, using inverse atmospheric
CO, and physical-biological models'>"?, as the main causes for
the decrease in CO, uptake in the subpolar North Atlantic. In
contrast, in the subtropical North Atlantic, CO, uptake increased
during the years with a low NAO index'*'>. There are, however,
few observations of Cyyr transport reported for different NAO
conditions. In addition, numerical models have shown contrasting
CO, uptake responses'>!® and discrepancies with field data,
suggesting that more observations are required to better understand
the interactions between ocean circulation and the carbon cycle,
in particular regarding the mechanisms governing the exchange,
advection and accumulation of CO,.

TInstituto de Investigaciones Marinas, [IM-CSIC, 36208 Vigo, Spain, 2CNRS, Laboratoire de Physique des Océans, UMR6523, CNRS, Ifremer, IRD, UBO,
29280 Plouzané, France, 3Ifremer, Laboratoire de Physique des Océans, UMR6523, CNRS, Ifremer, IRD, UBO, 29280 Plouzané, France, 4Faculty of Marine
Sciences, University of Vigo, Campus Lagoas-Marcosende, 36200 Vigo, Spain. *e-mail: fiz.perez@iim.csic.es.

146

NATURE GEOSCIENCE | VOL 6 | FEBRUARY 2013 | www.nature.com/naturegeoscience

© 2013 Macmillan Publishers Limited. All rights reserved.


https://domicile.ifremer.fr/doifinder/10.1038/,DanaInfo=www.nature.com+ngeo1680
mailto:fiz.perez@iim.csic.es
www.cgd.ucar.edu/cas/jhurrell/,DanaInfo=www.nature.com+indices.html
www.cgd.ucar.edu/cas/jhurrell/,DanaInfo=www.nature.com+indices.html
https://domicile.ifremer.fr/,DanaInfo=www.nature.com+naturegeoscience

NATURE GEOSCIENCE

60° N foe

40°N

ARTICLES

60°W

2,000

3,000

Depth (m)

Irminger Basin

4,000

Cant (umol kg™

5,000
G®

! 1,000

Denmark Sttait Qverflow Waters

1.575

1400

1.225

1.050

0.875

0.700

(LA _w D jow) sajed a8eioys NV

0.525

0.350

0.175

0.000

20°W 0°

(189 jownd) [*NV5]

Ocean data view

2,000
Distance along OVIDE (A25) section (km)

3,000

Figure 1| Circulation and Cant in the North Atlantic. a, CanT Storage rates (mol Cm~2yr~") and the main currents and water masses participating in the
MOC (black line: NAC, Gulf Stream; grey line: LSW; white lines: Denmark Strait and Iceland-Scotland Overflow Waters). The 25°N, FOUREX and OVIDE
section tracks are indicated (blue dotted lines). b, Vertical distribution of [CanT] (umol kg=") during the OVIDE 2004 cruise. Potential temperature (°C;
white lines) and the isopycnal o1 = 32.10 (solid black line) separating the upper and lower limbs of MOC are also shown.

CO, transport by the MOC

The analysis of repeated trans-Atlantic sections at 25° N showed that
the upper limb of the MOC carries 18.7£2.1Sv (Sv=10°m’s™")
northwards!” (northward transport is considered positive). Most of
this transport occurs through the Gulf Stream and, downstream,
through the NAC (Fig. 1). The warm water moving northwards
in the upper limb of the MOC has high concentrations of Canr
([Cant]), whereas the cold, deep water moving southwards®” has
very low [Cyanr]. This pattern yields net northward transports of
heat'® and Cynp of 1-1.3PW and 0.19-0.23 PgCyr~! (refs 4,7 ),
respectively. The overturning and the southward transport of deep
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water of the MOC happen in the northern North Atlantic and
Nordic seas, where high wintertime heat loss generates vertical
convection and produces cold, fresh and well-ventilated deep
waters'® that are entrained in the deep western boundary current.
Recent estimations of the MOC across the repeated A25 section
(Greenland to Portugal; Fig. 1) showed slightly weaker mass
transports®®?! (12-18.5Sv) than at 25° N. The upper and lower
limbs of the MOC showed contrasting temperatures and [Canr]
(Fig. 1b, see Methods for details on Canr computations), but both
properties are positively correlated. The small westward increase
in [Canr] at constant temperature indicates recent ventilation of
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Figure 2 | Integrated transports of volume, heat and Cant across the A25 section (Greenland-Portugal) in 0.01 density bins. a, Volume transport
(106 m3s™1). b, Heat transport (PW). ¢, CanT transport (kmol s="). The coloured lines refer to years 1997 (grey), 2002 (yellow), 2004 (red) and 2006
(blue). The o1 =32.10 horizon (solid black horizontal lines) represents the boundary between the upper and lower limbs of the MOC. NAC, North Atlantic

Current; uLSW, upper LSW; cLSW, classical LSW.

the western side of the section. In the surface layer, [Canr] is close
to saturation. East of the NAC, the low values (<10 umolkg™)
in deep waters create a larger vertical gradient of Cynr between
the surface and the deep ocean than to the west of the NAC, that
is in the subpolar region, where the Labrador Sea Water (LSW),
the Denmark Strait Overflow Water and the Iceland-Scotland
Overflow Water show moderate [Cynr].

Numerical models have shown that NAO conditions influence
air-sea CO, uptake in the North Atlantic (ref. 12) by modulating
the strength with which the NAC carries subtropical waters into the
subpolar gyre'®. However, these results have not been confronted
with measurements of volume, heat and CO, transports owing
to the lack of observations during different NAO conditions.
We examined several occupations of the A25 Greenland—Portugal
section (Fig. 1a) conducted in August 1997 (FOUREX cruise) and
in June 2002, 2004 and 2006 (OVIDE cruises). The year 1997
came after an unusually long high-NAO period followed by a
period of lower NAO between 2002 and 2006. The A25 cruise
was specifically designed to run perpendicularly across the main
North Atlantic currents (the different branches of the NAC and
the boundary currents linked to the topography) to minimize
the transports due to eddies?. Measurements from these cruises
were used to calculate MOC, transport?®*"?, taking o, (density
anomaly referenced to 1,000 dbar) as the vertical coordinate
(Fig. 2). MOC, varied from 20.5£2.2Sv in 1997 to the average
value of 14.6 £ 1.7 Sv for the 2002-2006 period (see Methods
and Supplementary Information for details on the removal of
the seasonal cycle and the computation of the uncertainties).
When integrated from Greenland to Portugal along constant
o1-lines, heat and Cynr transports resemble the vertical profiles
of the overturning circulation (Fig.2). Volume, heat and Cunr
transport profiles are highly correlated (0.92 > r* > 0.89), because
the upper limb of the MOC transports warmer waters with higher
[Cant] than the lower limb. On average, the net volume transport
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is negligible, and there is a net northward transport of heat
(0.59 + 0.09PW) and Cayr (0.092 =+ 0.010PgCyr~'). In 1997,
the circulation showed a strong southward volume transport at
intermediate levels (32.4 < 0, < 32.5) that corresponds to the
layer of the classical LSW (Fig. 2). On the other hand, during the
lower NAO period, the southward volume transport was slightly
stronger in the layer of the upper LSW (32.2 < 0 < 32.3; ref. 19).
In addition, the upper limb of MOC, (o7 < 32.1) showed a
stronger transport in 1997 than in 2002-2006 (Fig. 2a), which is
attributed to the NAC variability”. The heat and Cayr transports
in 2002-2006 (0.41 £ 0.06 PW and 0.074 & 0.009 PgCyr—') were
lower than in 1997 (0.76 £0.09 PW and 0.110+0.012 PgCyr™").
Most remarkably, although the weakening of MOC, and of Canr
transport were very similar (29 and 33%, respectively), heat
transport underwent a more pronounced reduction (46%) between
1997 and 2002-2006. This contrasting behaviour of volume and
heat transports agrees with results from high-resolution circulation
models*. We will treat the observations obtained in 1997 as a case
study of circulation linked to a high-NAO period, as opposed to
the measurements obtained during 2002—2006 that were associated
with a low/neutral-NAO period.

Anthropogenic CO, budget of the North Atlantic

The Cunr budget of any oceanic region is the result of the
balance between lateral advection, air—sea fluxes and storage rates.
Hereafter, we will refer to the North Atlantic as the region extending
from 25° N to the Bering Strait. We calculated the North Atlantic
Cant budget referenced to 2004 from updated data sets and for
four different subregions or boxes (Fig. 3). In the subtropical box,
the Canr storage rate was computed as described in the Methods,
whereas the estimates in other boxes were obtained from the
literature (Supplementary Information). For the North Atlantic, we
obtained a storage rate of 0.386£0.012 PgCyr~"' (0.95+£0.05 mol
Cm~yr™!) consistent with previous results (0.39+0.02 PgCyr~!,
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Figure 3 | Cant budget in the North Atlantic referenced to 2004. The upper panel represents the North Atlantic and the lower panels represent the four
subregions. The horizontal arrows show the lateral transports of Cant in PgCyr~" (blue font) and heat transports in petawatts (brown font). The black
numbers in the panels are the CanT Storage rates in PgC yr~". The vertical arrows show the anthropogenic (numbers in blue font) and contemporary (red
font) air-sea CO> fluxes in PgC yr~. Errors appear in grey font. The surface area (m2) of each box and the latitudinal boundaries between them are shown.

referenced to 2004; ref. 25). The Cyyr transports at 25° N (refs 4,7)
were updated from 1992 and 1998 to 2004, resulting in a mean
value of 0.25+0.05PgCyr~' (Methods) that is consistent with a
long-term average MOC (ref. 17). Comparatively, Cynr transport
in the Bering Strait is low (0.008 & 0.003 PgCyr~'; refs 7,25).
Closing the Cant budget in the North Atlantic, an air—sea Cyyr flux
of 0.13+0.05PgCyr~' was inferred. This estimate is compatible
with the value of 0.17 £0.06 PgCyr~! (rescaled to 2004) derived
from 8°C observations’. Overall, these results indicate that the
net advective transports contribute to 65 & 13% of the North
Atlantic Cunr storage rate (Fig. 3). Importantly, our observation-
based estimate of the contribution of lateral transports to the Cayr
storage rate is larger than the 30% obtained by ocean inversions
that combine Cyyr observations with transports and mixing from
general circulation models®. By way of contrast, our result is
consistent with a biogeochemical model* that predicted larger
northward Cunr transports than ocean inversions in the North
Atlantic. Subtracting our estimate of air—sea Cyyr flux from the
contemporary CO, uptake for the North Atlantic (0.49 PgCyr™';
ref. 1), we obtained a natural CO, uptake of 0.36 PgCyr~!, thereby
corroborating independent estimates™®. The air-sea Cyyr flux
represents about 26% of the contemporary air—sea CO, uptake,
which is much smaller than the 63% obtained from oceanic
inversions®. The relevance of our result is that the air—sea Cayr and
natural CO, uptake estimates from the C,nr budget are consistent
with independent 1*C/'?C observations® and with other estimates
of the air—sea natural CO, uptake>®.

The Canr storage rate estimated for the subtropical box
is 0.280 £ 0.011 PgCyr—1 (1.41 + 0.05mol Cm™ yr_l). Thus,
the subtropical box contributes 73% of the North Atlantic
Canr storage rate, even though it represents only 49% of
the North Atlantic area. By closing the Cunr budget for
this box (Fig.3), we inferred an air-sea Cyyr uptake of
0.1240.05PgCyr='(0.60£0.25mol Cm~? yr~'). Here, the air-sea
Canr flux is predominant in the contemporary air-sea CO, flux
(1.0mol Cm=2yr™!). It represents 92% of the North Atlantic
air—sea Cunr uptake. In contrast, in the subpolar box, the Cunr
storage rate per unit area (0.99 +0.06 mol Cm™2yr™!) amounts
to ~70% of that in the subtropical box?”. To derive the Cynr
budget for the subpolar box, the Cynr lateral transport over the
Nordic sills (0.063+0.019 PgCyr~') was calculated from available

NATURE GEOSCIENCE | VOL 6 | FEBRUARY 2013 | www.nature.com/naturegeoscience

volume transports®?® and from [Cyyr] estimated from water mass

ages and mixing models* (Supplementary Information). Then, the
air-sea Cnr flux was estimated to be 0.016£0.012PgC yr~*, which
represents 35% of the Canr storage rate in this box. The air—sea Canr
flux per unit area in the subpolar box (0.36+0.25 mol Cm =2 yr ") is
about 60% of the subtropical box, which gives the subtropical box
a prevailing role in Cayr uptake. Furthermore, the contemporary
air-sea CO, uptake per unit area (2.0mol Cm=2yr~!) in the
subpolar box is five times higher than the air-sea Canr uptake.
This means that the natural component largely prevails over the
anthropogenic component in the subpolar box. Interestingly, this
result is in contrast with the subtropical box, where the air-sea
anthropogenic flux is the main component (~60%).

The net heat and Cunr transports flowing into the Nordic
seas reach 0.25+0.05 PW and 0.063+0.019 PgCyr™, respectively
(Fig. 3 and Supplementary Information). The Cyr lateral transport
almost fully accounts for the Canr storage rate in the Nordic™
and Arctic seas®', meaning that air-sea Canr fluxes are practically
zero (Fig. 3). Analyses based on *C/!2C measurements**** have
determined that the upper waters entering the Nordic seas are
saturated with Canr, preventing any further Cynyr uptake from
the atmosphere and possibly causing outgassing owing to the
decline in buffering capacity. The strong air—sea heat loss in the
Nordic and Arctic seas actually drives the uptake of natural CO,,
as corroborated by observations in climatological analyses' that
indicate a high air-sea CO, uptake (2.0 mol Cm™2yr™!) north of
50°N. In summary, whereas heat loss causes a strong natural CO,
uptake in the Nordic and Arctic regions, the low anthropogenic
component is less affected by the air—sea heat fluxes.

NAO impact on CO; fluxes

The subpolar gyre is a remarkably rapid entrance portal for
Cant into the deep ocean owing to deep convection. In the
early 1990s, the highly positive NAO period coincided with
exceptional convection activity in the Labrador'*** and Irminger®
seas. Between 1997 and 2003, lower LSW formation rates prompted
a decrease of 20 mol C m~? in the Cuyr inventory, as inferred from
chlorofluorocarbon data®. In the subpolar box, the Cyyr storage
rate dropped from 0.083 0.008 during high-NAO conditions in
1997 to 0.026 £ 0.004 PgCyr~' during the 2002-2006 low-NAO
period”. Hence, Cuyr storage rates per unit area were nearly three
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Figure 4 | Variability of the Cant budget in the subpolar box during high
NAO (1997) and low NAO (2002-2006). The arrow and number formats
are the same as in Fig. 3, except for the numbers in green font that are the
natural air-sea CO; fluxes in PgC yr~', and in maroon font that are the
air-sea heat flux in petawatts. Areal Cant storage rates (mol Cm=2yr~")
are also given. For 1997, the heat budget includes a heat accumulation rate
of 0.10+0.05PW.

times lower during low-NAO than high-NAO periods (Fig. 4).
The decrease in northward Cyyr transport (Fig. 4) that followed
the high-to-low NAO transition (from 0.110 to 0.074 PgCyr~")
is strongly related to the weakening of the intensity of the
MOC (from 20.5+2.2 to 14.6 £ 1.7 Sv). Most remarkably, the
converging Cynr lateral transports in the subpolar box decreased
from 0.053£0.021 to 0.011£0.020 PgC yr~"'. In these estimations,
we assumed that the volume transport over the Nordic sills was
constant, as suggested by observations®, and [Canr] was time-
rescaled using a rate of increase of 1.6%yr~' (Supplementary
Information). After these calculations, the inferred air—sea Cnr
flux for the subpolar region was 0.53 £0.22 mol Cm ™2 yr~! during
the high-NAO period and 0.33 £ 0.25molCm™yr~! during the
low-NAO period. During the low-NAO period, the Canr storage
rate decreased owing to the decrease in Cyyr lateral transport
associated with the weakening of the MOC. Our results also
suggest that this decrease was associated with a weakening in the
air—sea Canr uptake.

The variability of the air—sea CO, flux in the subpolar gyre
has already been described, modelled and discussed in regard
to NAO variability'>'**3%_ In the northwestern subpolar gyre, a
reduction in the contemporary air-sea CO, flux of ~1.2 mol
Cm™2yr' was observed between 1993-1994 and 2003-2005
(refs 11,37) and numerical simulation linked it to the weakening
of the advection of subtropical waters with low total inorganic
CO, (Cr) into the subpolar gyre'®. This weakening is in agreement
with our results (Fig.4). During high-NAO periods, heat loss
increased”, favouring the decrease in the surface pCO,. The
opposite is true during low-NAO periods. Assuming a constant
heat flux of 0.25 £ 0.05PW over the sills?®, we inferred, from
the heat budget, a heat loss that is 1.5-3 times higher during
high-NAO than during low-NAO periods (Fig.4). Using the
relationship between heat loss and natural CO, flux (see Methods),
we inferred a decrease in the air—sea flux of natural CO, of
3.0£1.0 to 1.7£1.0mol Cm~?yr~! (0.13-0.05 PgCyr~'; Fig. 4).
This estimate is compatible with the rate of decrease in air-sea
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CO; fluxes in the subpolar gyre (2.3—1.0 mol Cm~2 yr~') reported
from surface observations®®. Most importantly, this result strongly
suggests that variability in the air-sea flux of natural CO, over
the subpolar gyre responds to variability in the advection of
subtropical waters with low [Cr] and can be determined from
the air-sea heat flux.

A possible explanation for the contrasting behaviour of the
subtropical and subpolar regions lies in the origin of the water
masses crossing the Florida Strait where ~45% of the volume
transport comes from the South Atlantic as warm and intermediate
waters®® with low [Canr] (ref. 4). These low-[Canr] waters are
part of the upper limb of the MOC and reach C,yr saturation
levels on their path to the subpolar gyre. They incorporate about
0.08 PgCyr~!, which represents two-thirds of the air-sea Canr
flux in the subtropical box and contributes to the local response
to anthropogenic forcing (Fig. 3). This explains why the air-sea
Canr flux in the subtropical region is higher than that observed in
the subpolar region. Furthermore, the intermediate water flowing
through the Florida Strait is oversaturated with natural CO,
(~30 umol kg™') owing to biological remineralization*. This allows
the waters in the upper limb of the MOC to remain CO,-saturated
with low additional atmospheric uptake, despite the ~7 °C cooling
undergone as they travel through the subtropical box, thereby
explaining the low natural air-sea CO, flux in this box.

Our results give a coherent and observation-based understand-
ing of the CO, budget in North Atlantic regions. Our analysis
provides evidence that the air—sea Canr flux contribution to the
Canr storage and to the total air—sea CO, flux in the North Atlantic
is lower than expected from ocean inversions. Advection is the main
contribution to the Canr storage rate north of 25° N. Practically, the
entire air—sea C,nr uptake in the North Atlantic occurs in the sub-
tropical region, where the contemporary air—sea CO, flux is mainly
anthropogenic, whereas the natural component predominates in
the subpolar region. The high-to-low NAO transition was followed
by a decrease in the heat and Caynr transports into the subpolar
region due to the weakening of the MOC and the simultaneous de-
crease in the Cynr storage rate. As the anthropogenic contribution is
aminor component of the contemporary air—sea CO, uptake in the
subpolar region, we attribute the weakening of the contemporary
air—sea CO, uptake to the decrease in natural CO, uptake. Our
estimate of the decrease in natural CO, uptake inferred from the
heat budget is in agreement with independent surface observations.

Finally, our study suggests that the long-term prediction of
a reduction in the intensity of the MOC would be a positive
climate—carbon feedback leading to a decrease in the Canr storage.
Concomitant air—sea heat-loss reduction may lead to a decrease in
the abiotic component of the natural CO, uptake, which would be
an even more important feedback.

Methods

Canr estimations. [Canr] was computed using the back-calculation ¢C3.
method*"*? with an overall uncertainty of +5.2 umolkg™'. [Cxxr] in the
subtropical region was estimated using the gridded CARINA (carbon dioxide
in the Atlantic Ocean) data set* and applying the ¢C3, TrOCA (tracer
combining oxygen, inorganic carbon and total alkalinity; ref. 44) and TTD
(transit time distribution; ref. 45) methods. Canr storage rates obtained
from each of these methods were in good agreement. The final Cayr storage
rate and its uncertainty for the subtropical region were calculated as the
mean and the standard deviation of Cynr storage rates obtained from
each method. For the subpolar, Nordic and Arctic boxes, the storage rates
were from refs 27,30,46, respectively. Further details are provided in the
Supplementary Information.

Transport computations across A25. Absolute geostrophic currents were
estimated using an inverse model constrained by subsurface acoustic Doppler
current profiler measurements and an overall mass conservation constraint?*»*"?*,
The absolute velocity field is consistent with independent altimetry measurements®
and estimates of the western boundary current transport*” at the time of the OVIDE
cruises. They are representative of the month of the cruise?? and the seasonal
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variability was removed as explained in the Supplementary Information. Heat
and Cayr transports were calculated from current velocities perpendicular to the
sections and from the potential temperature and Canr fields, respectively. The
uncertainties of the MOC, heat and Cayr transports were estimated to be £2 Sv,
0.05 PW and 0.014 PgCyr™", respectively (see Supplementary Information for
full calculation details).

The errors of the mean transports (volume, heat or Cynr) across the A25
section were calculated as the standard deviation of the transport values divided
by the square root of the number of transport values included in the estimate.
As only one transport estimate was available for the high-NAO conditions, the
error equals the standard deviation of the transports between 1997 and 2006, after
removing a linear trend.

Canr transport at 25° N. We used the estimates of Canr transports across

25° N reported in refs 4,7 that were respectively obtained from hydrographic
cruises carried out in 1992 and 1998 and from C,yr estimates based on a classic
back-calculation method and on the C* method. We rescaled both estimates to
the year 2004 by removing the effect of the inter-annual variability of the MOC
in Canr transports along 25° N. In addition, we corrected the MOC estimates for
their intra-annual variability. The resulting value obtained after the rescaling was
0.2540.05 PgCyr~". Details on these computations and the uncertainty estimates
are given in the Supplementary Information.

Relationship between air—sea fluxes of heat and natural CO,. The linear
regression of natural Cr transports versus heat transports reported in
Supplementary Table $4 for the A25 line has a slope of —0.56£0.10 PgCyr~" per
petawatt (P < 0.05). Assuming that the variability of heat and natural Cr transports
over the sills and of accumulative terms are negligible?*®, this slope can be
interpreted as a relationship between the air—sea flux of natural CO, and the air-sea
heat loss in the subpolar box. In the Nordic seas, a similar relationship is found
between air—sea flux of natural CO, and air-sea heat loss. Using the mean value of
the observed air-sea CO, uptake (0.0940.01 and 0.11£0.06 PgCyr~! as reported
in refs 1,49, respectively) and the heat loss given in Fig. 3, we obtained a value of
—0.5+0.1PgCyr~! of air-sea flux per petawatt of heat loss in the Nordic seas. This
relationship can also be applied to the natural CO, air—sea fluxes of the Nordic seas,
because here the Cyyr air—sea flux is negligible, as shown in Fig. 3.
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