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Abstract

The North Atlantic Ocean is a major sink region for anthropogenic carbon (Cant) and a major
contributor to its storage. While it is in general agreed that the intensity of the meridional
overturning circulation (MOC) modulates uptake, transport and storage of Cant in the North
Atlantic Subpolar Ocean, processes controlling their recent variability and 21% century evolution
remain uncertain. This study aims to investigate the relationship between the transport of Cant
across the Greenland-Portugal OVIDE section and the storage of Cant in the North Atlantic
Subpolar Ocean over the past 44 years. Its relies on the combined analysis of a multi-annual data set
(OVIDE program) and output from a global biogeochemical ocean general circulation model
(NEMO/PISCES) at '42° spatial resolution forced by the atmospheric reanalysis Drakkar Forcing Set
4. The skill of the model to reproduce observed physical and biogeochemical characteristics, as well
as their year-to-year variability is assessed over the period covered by observations. While the
analysis of the 44 year long hindcast simulation reveals that the interannual variability of the
storage rate of Cant is controlled by the northward transport during low NAO phases, as opposed to
the air-sea flux during strong NAO phases, the progressive and continuous increase of the subpolar
North Atlantic Cant inventory over the period 1958-2012 is driven by the regional uptake of Cant
from the atmosphere. Our results suggest thus an increase of the Cant inventory in this region over
the 21* century assuming unabated emissions of COz and MOC fluctuation within observed

boundaries.
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1. Introduction

Since the start of the industrial period and the subsequent rise of atmospheric CO2, the ocean carbon
sink and the inventory of anthropogenic C (Cant) in the ocean have increase substantially (e.g.
Sabine et al., 2004; Le Quér¢ et al., 2009; 2014; Khatiwala et al., 2013). Overall, the ocean has
absorbed 28% of all anthropogenic CO» emissions, thus providing a negative feedback to global
warming and climate change (Ciais et al., 2013). Uptake and storage of Cant are, however,
characterized by a significant variability on interannual to decadal time scales (LeQuéré et al., 2015;
Wanninkhof et al., 2013) and any global assessment will hide important regional differences, which

prevents to detect correctly the change in oceanic sink [Séférian et al., 2014; McKinley et al., 2016).

The North Atlantic Ocean is a key region for Cant uptake (e.g. Sabine et al., 2004; Mikaloff-
Fletcher et al., 2006; Gruber et al., 2009) and stores currently as much as 20% of the total oceanic
inventory of 155431 PgC (Khatiwala et al., 2013). Uptake and enhanced storage of Cant in this
region result from the combination of two processes: (1) winter deep convection in the Labrador
and Irminger Seas, which efficiently transfers Cant from surface waters to the deep ocean
(Kortzinger et al. 1999; Sabine et al., 2004; Pérez et al., 2008) and (2) the northward transport of
warm and Cant-laden tropical waters by the upper limb of the meridional overturning circulation
(MOC; e.g. Alvarez et al., 2004; Mikaloff-Fletcher., 2006; Gruber et al., 2009; Pérez et al., 2013).
Both terms, deep water formation and circulation, are characterized by high temporal variability in
response to the leading mode of atmospheric variability in the North Atlantic, the North Atlantic
Oscillation (NAO). Hurrell (1995) defined the NAO index as the normalized sea-level pressure
difference in winter between Azores and Iceland. A positive (negative) NAO phase is thus
characterized by a high (low) pressure gradient between these two systems coupled to strong (weak)
westerly winds in the subpolar region. Between the mid-1960s and the mid-1990s, the North
Atlantic evolved from a negative to positive NAO phase. The change in wind conditions induced an
acceleration of the North Atlantic Current (NAC), as well as increased heat loss and vertical mixing
in the subpolar gyre (e.g. Dickson et al., 1996; Curry and McCartney, 2001; Sarafanov, 2009;
Delworth and Zeng, 2015). Concomitant enhanced deep convection led to the formation of large
volumes of Labrador Sea water (LSW) with a high load of Cant (Lazier et al., 2002; Pickart et al.,
2003; Pérez et al., 2008; 2013). Between 1997 and the yearly 2010°s, the region undergoes a decline
in NAO index. This has caused a reduction of LSW formation (Yashayaev, 2007; Rhein et al., 2011)
and a slowing-down of the northward transport of subtropical water by the NAC (Hakkinen and
Rhines, 2004; Bryden et al., 2005; Pérez et al., 2013). As a result, the increase in the subpolar Cant

inventory is below that expected from rising atmospheric anthropogenic CO; levels alone
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(Steinfeldt et al., 2009; Pérez et al., 2013).

Based on the analysis of a time series of physical and biogeochemical properties between 1997 and
2006, Pérez et al. (2013) propose that Cant storage rates in the subpolar gyre are primarily
controlled by the MOC intensity. A reduction in the MOC intensity would thus lead to a decrease in
Cant storage and would give rise to a positive climate-carbon feedback. The importance of MOC in
modulating the North Atlantic Cant inventory was previously suggested by model studies. Those
projected a decrease in the North Atlantic Cant inventory over the 21% century in response to a
projected MOC slow-down under future climate warming (Crueger et al., 2008). Based on the same
sections than Pérez et al. (2013), Zunino et al. (2014) extended the time window of analysis to
1997-2010 and have proposed a novel proxy for Cant transport. It is defined as the difference of the
Cant concentration between the upper and the lower limbs of the overturning circulation times
MOC intensity (see section C in Supplement for a model-based discussion of the proxy). They
observed that while the multi-annual variability of transport of Cant was controlled by the
variability of MOC intensity, its long-term change could depend on the increase in Cant
concentration in the upper limb of the MOC. As the latter reflects uptake of Cant through air-sea gas
exchange at the atmosphere-ocean boundary, it questions the dominant role of ocean dynamics in
controlling Cant storage in the subpolar gyre (Pérez et al., 2013). If the storage rate of Cant in the
subpolar gyre is indeed at first order controlled by the load of Cant in the upper limb of the MOC,
the subpolar Cant inventory is expected to increase along with increasing atmospheric CO; - albeit
not necessarily at the same rate - and to provide a negative feedback on rising atmospheric CO»

levels over the 21 century.

The objective of the present study is to evaluate the relationship between Cant transport, air-sea
fluxes and storage rate in the Subpolar North Atlantic, along with their combined evolution over the
past 44 years (1958-2012). It relies on the combination of a multi-annual data set gathered along the
OVIDE section (Mercier et al., 2015) and output from the global biogeochemical ocean general
circulation model NEMO/PISCES at 1/2° spatial resolution forced by the atmospheric reanalysis
Drakkar Forcing set 4 (DFS4, Bourgeois et al., 2016).

2. Material and methods

2.1. NEMO-PISCES model

This study is based on a global configuration of the ocean model system NEMO (Nucleus For
European Modelling of the Ocean) version 3.2 (Madec, 2008). The quasi-isotropic tripolar grid
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ORCA (Madec and Imbard, 1996) has a resolution of 0.5° in longitude and 0.5° x cos(¢) in latitude
(ORCADOS) and 46 vertical levels with 10 levels in the upper 100m. It is coupled online to the
Louvain-la-Neuve sea ice model version 2 (LIM2) and the biogeochemical model PISCES-v1
(Pelagic interaction Scheme for Carbon and Ecosystem studies; Aumont and Bopp, 2006).
Parameter values and numerical options for the physical model follow Barnier et al. (2006) and
Timmermann et al. (2005). Two atmospheric reanalysis products, DFS4.2 and DFS4.4, were used
for this study. DFS4.2 is based on ERA-40 (Brodeau et al., 2010) and covers the period 1958-2007
while DFS4.4 is based on ERAlInterim and covers 2002-2012 (Dee et al., 2011). The simulation was
spun up over a full DFS4.2 forcing cycle (50 years) starting from rest and holding atmospheric CO>
constant to 1870 levels (284 ppm). Temperature and salinity were initialized as in Barnier et al.
(2006). Biogeochemical tracers were either initialized from climatologies (nitrate, phosphate,
oxygen, dissolved silica from the 2001 World Ocean Atlas, Conkright et al. (2002); preindustrial
dissolved inorganic carbon (DIC) and total alkalinity (Alk) from GLODAP, Key et al. (2004)), or
from a 3000 year long global NEMO/PISCES simulation at 2° horizontal resolution (Iron and
dissolved organic carbon). The remaining biogeochemical tracers were initialized with constant
values.

At the end of the spin-up cycle, two 143-year long simulations were started in 1870 and run in
parallel. The first one, the historical simulation, was forced with spatially uniform and temporally
increasing atmospheric CO2 concentration (Le Quéré et al., 2014) whereas in the second one, the
control simulation, the mole fraction of CO, was kept constant in time at 1870 level. Both runs were
forced by repeating 1.75 cycles of DFS4.2 interannually varying forcing over 1870 to 1957. Then
DFS4.2 was used from 1958 to 2007. Simulations were extended from 2002 to 2012 by switching
to DFS4.4. No significant differences were found in tracer distributions and Cant related quantities
between both atmospheric forcing products during the years of overlap (2002-2007). Carbonate
chemistry and air-sea CO2 exchanges were computed by PISCES following the Ocean Carbon

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

velocity relation provided by Wanninkhof (1992). Cant concentrations and anthropogenic CO-
fluxes were calculated as the difference between historical (total C) minus control (natural C
component) simulations. The global ocean inventory of Cant simulated by the model in 2010
amounted to 126 PgC. It is at the lower end of the uncertainty range of the estimate by Khatiwala et
al. (2013) of 155431 PgC (Fig. 1). At the global scale, the error of the model is close to 6% (values
excluding arctic regions and margin seas). The mismatch between the modeled Cant inventory and
that of Khatiwala et al. (2013) is largely explained by the difference in the starting year of
integration: 1870 for this study as opposed to 1765 in Khatiwala et al. (2013). The coupled model
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configuration is referred to as ORCAO05-PISCES hereafter. The reader is invited to refer to

Bourgeois et al. (2016) for a detailed description of model and simulation strategy.

This study followed a two-step approach. The model was first evaluated against the OVIDE data set
from year 2002 to 2010 (DFS4.4). The data set consists of observations for June only (see below).
As the water column distribution of hydrological and biogeochemical properties are comparable
between May and July, model output was subsampled along the section in June for a comparison to
data (Tables 1 and 2). Next, the period of study is extended to 1958-2012 (DFS4.4 up to 2001;
DFS4.4 over 2002 to 2012) to study the long-term variability of the Cant fluxes, storage and budget.

2.2. OVIDE data set

Observations used to evaluate model output from ORCAO5-PISCES in the North Atlantic Ocean
were collected within the framework of the OVIDE program. The program aims to document and
understand the origin of the interannual to decadal variability in circulation and properties of water
masses in the Subpolar North Atlantic in the context of climate change (http://www.umr-

lops.fr/Projets/Projets-actifs/OVIDE). Since 2002, one spring-summer cruise is run every two years

(Table 1) between Greenland and Portugal following the track presented on figure 2. Dynamical
(ADCP), physical (Temperature -T- and Salinity -S-) and biogeochemical (e.g. Alk, pH, dissolved
oxygen -O2- and nutrients) properties are sampled during each cruise at full depth hydrographic
stations spaced by 25 nautical miles (NM) and reduced to 16 NM in the Irminger sea and 12 NM or
less over steep topographic features. An overview of instruments, analytical methods and accuracies
of each parameter is summarized in Zunino et al. (2014). pH and Alk are used to calculate the
concentration of DIC following the recommendations and guidelines from Velo et al. (2010). DIC is
used in turn together with T, S, nutrients, Oz and Alk to derive the Cant concentration following the
@CT method (Pérez et al., 2008; Vazquez-Rodriguez, 2009). This data-based diagnostic approach
uses water mass properties of the subsurface layer between 100-200m as reference to evaluate
preformed and disequilibrium conditions. The random propagation of errors associated with input
parameters yields an uncertainty of 5.2 pmol kg'! on Cr values (Pérez et al., 2010). The OVIDE
data set is available for the period 2002-2010 on the CARINA website
(http://cdiac.ornl.gov/oceans/CARINA/; Table 1).

2.3. Diagnostic of Cant transport and budget

Transport of Cant across a section

The simulated transport of Cant (Tcan) across a section is evaluated either from online or from
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offline diagnostic for each ORCAO0S5 grid-level. The transport of Cant is then integrated vertically
from bottom to surface and horizontally from the beginning (4) to the end (B) of a section along a
continuous line defined by zonal (y) or meridional (x) grid segment (Fig. S1). Positive values stand

for northward and/or eastward transport (see section A in Supplement for the description of section).

In the online approach, the transport of Cant (" Tcan”"") is the sum of the advection ("Tcun ), the
diffusion ("Tcan’) and the eddy ("Tcan") contribution (Eq. (1)). The " Tcan " term corresponds to
the product of velocities orthogonal to the section (¥) times Cant concentration (/Cant]). The
"Tcan’ term is the transport of Cant due to the horizontal diffusion. Finally, the "Tcqn " term is the
transport of Cant due to eddies; it is based on the use of Gent and McWilliams (1990)
parameterization. All these terms are diagnosed online and averaged over 5-days for the period

2003-2011.

il [ PR R o )

In the offline approach, Cant transport is reduced to the advective component because the
contribution of diffusion and eddies are negligible for sections studied in the model (see Fig. S2)
that echoes results from Treguier et al. (2006) for the OVIDE section. Evaluation of the advective
transport of Cant is based on 1) monthly averaged model output over the period 2002-2010 to
compare to observation-based results along the OVIDE section (Zunino et al., 2014), and 2) yearly
averaged model output over the period 1958-2012 to study the long-term variability of Cant fluxes
and storage rates. This last evaluation is completed by the heat transport. It is evaluated in
ORCAO05-PISCES simulations from velocities orthogonal to the section (¥) and the heat term
provided by the international thermodynamic equations of seawater (TEOS 2010).

Budget of Cant in the North Atlantic Ocean

The budget of Cant is computed for three North Atlantic regions (see below for definition of
regions). This budget is defined as the balance between i) the time rate of change in Cant, vertically
and horizontally integrated, ii) the incoming and outgoing transport of Cant across boundaries of
each region and iii) the anthropogenic air-sea CO2 exchange, spatially integrated. This is then
completed by the heat transport for the period 2003-2011. All terms are estimated from model
output either from monthly or yearly averages depending on the period analyzed (monthly for 2003-
2011; yearly for 1958-2012). Finally, relationships between Cant fluxes and its storage rate are
investigated for each region. A moving average (windows: 12 month for 2003-2011, 10 years for

1958-2012) has been used beforehand for the smoothing of times series data, followed by a least-
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square fit to remove linear trend. Results of smoothing are displayed on Fig. S3.

3. Model evaluation over the OVIDE period

3.1. Distribution of hydrological and biogeochemical parameters along the Greenland-
Portugal OVIDE section

Figure 3 illustrates the distribution of salinity (a and b), dissolved oxygen (c and d) and dissolved
silica (e and f) concentrations along the Greenland-Portugal OVIDE section, as simulated by
ORCAO05-PISCES (a, ¢ and e) and compared to the OVIDE data set (b, d and f). The distributions
of these hydrological and biogeochemical tracers are characterized by typical regional features
which reflect the origin and properties of water masses. These regional features are particularly
useful for the validation of model simulations.

The highest salinity along the section is found in surface and subsurface waters of the Eastern North
Atlantic and Iberian basin (east of 1500 km, Fig. 3b). It corresponds respectively to East North
Atlantic Central Water (ENACW) and to Mediterranean Water (MW) (Harvey, 1982; Tsuchiya et
al., 1992; Pollard et al., 1996, van Aken and Becker, 1996, Alvarez et al., 2004). While these
properties are well reproduced by the model (Fig. 3a), simulated salinity maxima are either
underestimated for MW (SORCA%>35 6 vs SOVIPE>36 1, Garcia-Ibafiez et al., 2015; Fig. 3a) or lack
the expected distribution for ENACW (values too high or too small compared to observations).
There is another core of relatively high salinity in both the OVIDE data (Fig. 3b) and the model
output (Fig. 3a). It is located in the subsurface water over the Reykjanes Ridge and reflects the
influence in the subpolar region of the saltier central Atlantic water carried by the Eastern
Reykjanes Ridge Current (ERRC) derived from the NAC (Pickart et al., 2005; Véage et al., 2011,
Daniault et al., 2016).

In the water column, two cores of relatively low salinity and high O concentration are identifiable
on both sides of the Reykjanes Ridge in the OVIDE data (Fig. 3d). They are reproduced by
ORCAO05-PISCES (Fig 3c), albeit with lower levels than the in-situ data (02°%“A% > 260 pmol kg™
vs 0,0VIPE = 285+ 2 nmol kg™!, Garcia-Ibafiez et al., 2015). They are consistent with the two
pathways of LSW (Pickart et al., 2003; Alvarez et al., 2004; Daniault et al., 2016) and take up the

largest volume of water of the section like in Garcia-Ibafiez et al. (2015).

High dissolved silica (Si(OH)4) concentrations below 2500m depth in the Iberian basin (Fig. 3f)
correspond to the lower limb of North-East Atlantic Deep Water (NEADW]1), which is
predominantly formed by the mixing between the recirculation of Iceland-Scotland Overflow Water

7
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(ISOW), rich in oxygen, and the Antarctic Bottom Water (AABW), poor in oxygen but rich in
Si(OH)4 (van Aken and Beker, 1996; van Aken et al., 2000, Garcia-Ibanez et al., 2015). In the
model, the Si(OH)4 signal characteristic of NEADWI is identified in the same location, but it is
stronger and associated to a lower oxygen concentration compared to OVIDE (Si(OH)4°R¢A% > 55
umol kg! vs Si(OH)4°VPE < 50 umol kg™, Figs. 3e and f; 02°%CA% <200 umol kg! vs 0,°VIPE >
230 pumol kg'!, Figs. 3b and c). Moreover, high values of simulated dissolved silica concentrations
are found in the deep Iceland and Irminger basins, contrasting with observations. Both basins are
generally occupied at depth by Denmark Strait Overflow Water (DSOW) and by ISOW. Recently
ventilated in the Artic region (Rhein et al., 2002; Tanhua et al., 2005), DSOW and ISOW result
from a complex mixture of various water masses and flow over the bottom along the Greenland
continental slope and on both sides of the Reykjanes Ridge (Tanhua et al., 2005; Yashayaev et
Dickson, 2008; Garcia-Ibafiez et al., 2015). The DSOW is traced by its maximum in Oz (>280 pmol
kg!, Rhein et al., 2002; Garcia-Ibafiez et al., 2015) and its relative minimum in nutrients (< 15
umol kg'!, Fig. 3c; Tanhua et al., 2005), whereas the ISOW is characterized by a relative maximum
in salinity (close to 35, Garcia-Ibafez et al., 2015). The comparison between observed (Figs. 3b, d
and f) and simulated (Figs. 3a, ¢ and ¢) properties suggests that the model fails to correctly
reproduce dense overflows. The underestimation of DSOW and ISOW by the model results in a
predominant contribution of water masses coming from the Antarctic to deep waters in the Iceland

and Irminger basins.

3.2. Mass transport across the Greenland-Portugal OVIDE section

Figure 4 illustrates the monthly evolution of the net volume transport across the Greenland-Portugal
OVIDE section from model simulations over the period 2002-2010. Values vary between -0.46 Sv
(1 Sv=10°m’s™") and 1.88 Sv without any clear and obvious seasonal cycle. As expected, the net
transport is towards the North (Lherminier et al., 2007; Mercier et al., 2015) with a mean annual
flow of 0.67 £ 0.46 Sv. Compared to estimates derived from the OVIDE data set for the month of
June, the model simulates a net transport in line with these estimates for June 2002 and 2004, but
underestimates the net transport by up to 50% for June 2006 and 2008, respectively and by up to
120% for June 2010 (Table 2). Considering the large modeled month-to-month variability of net
transport, the model misfit could correspond to a slight phase shift between modeled and true yet
unresolved variability. If indeed the net transport is as variable as suggested by ORCAO05-PISCES
on sub-seasonal to interannual time scales, then observation-based estimates derived for June only
would not represent the annual mean value. This is confirmed for the model by an independent two

samples t-test, which rejects the null hypothesis of the averaged-mass transport computed for the
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month of June (0.19 £+ 0.33 Sv; Table 2) being representative of the annual mean.

The computation of mass transport using a meridional overturning stream function (see section C in
Supplement for details) reveals a vertical and horizontal accumulated arrangement in ORCAO0S5-
PISCES in relative agreement with the OVIDE data set (Fig. 5). The model does, however, not
reproduce the interannual variability present in observations (Figs. 5a and 5b). Moreover, it
underestimates the magnitude of MOC by around 2 Sv (with a model estimate at 13.4+0.6 Sv vs
15.5+2.3 for OVIDE-based estimate, Mercier et al., 2015; Table 2). The upper limb of the MOC, the
NAC (Lherminier et al., 2010), flows northeastward in the Eastern part of the section (East of 1100
km; Fig. 5b), with its modified branch, the Irminger Current, in the Western part (around 700km off
the Greenland Coast) in model and data as defined by Mercier et al. (2015) (Fig. 5b). The NAC is
simulated with a lower variability and weaker intensity (Fig. 5b; ORCAO05-PISCES increase in
cumulative mass transport of 15 Sv instead of 25 Sv between 1100km and 2500km from Greenland
coast). In addition, the vertical stream function (Fig. 5a) reveals a stronger current between the
surface and the density anomaly (c1) 31.5 kg m™ in the model, only observed at the east of the
Reykjanes Ridge (not show here). This overestimation of the overturning stream function in the
model is likely due to a shift in the position of the Western limit of the NAC. The Western limit is
detected close to zero values for mass transport. It occurs around 1000 km off Greenland in the
model, instead of 1300 km in observations (Fig. 5b).

The lower limb of MOC, mainly related to the Western Boundary Current (WBC), flows southward
in the western part of the section (Lherminier et al., 2007; 2010; Mercier et al., 2015). Sigma 1
separating both limbs of the MOC simulated by the model is lower (32.01£0.01 kg m™) than those
estimated with in situ data (32.14 kg m™). It follows that the lower (upper) limb in the model takes
up a bigger (smaller) volume along the section in the model compared to the OVIDE data set (Fig.
6). The model underestimates the intensity of the southward transport of the WBC in the Irminger
Sea, and the ERRC in the Iceland basin (Fig. 5b), which are the most intense currents flowing in the
lower limb of the MOC. It also underestimates the cumulative mass transport for o1 >32.40 kg m
(c0>27.7 kg m™), which is close to 0 Sv in the model (Fig. 5a) as opposed to 7 Sv recorded by
Lherminier et al. (2007) and Garcia-Ibafiez et al. (2015). These densest water masses correspond to
NEADWI, DSOW and ISOW. Taken together, the misfit between observation-derived estimates and
modeled mass transport being the largest in the Irminger and Iceland basins and the preceding
discussion of biogeochemical properties (III.1) suggest that the significant underestimation of mass
transport in the highest density classes is probably due to the close to zero contribution of overflow

waters to the transport in the model at the latitude of the OVIDE section.
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312  Finally, mean values of the magnitude of the MOC computed for the month of June from model
313 output over the period 2002-2010 are equal to the annual average computed over the same period
314  (two sampled t-test; 13.4 = 2.4 Sv, Table 2). However, its variability computed as the standard
315  deviation of June estimates (£ 0.6 Sv) is not representative for its variability in ORCAO05-PISCES
316  when computed over the full period (+ 2.4 Sv, Table 2).

317

318 3.3. Cant distribution along the Greenland-Portugal OVIDE section

319  Concentrations of Cant computed by the model or from the OVIDE data set represent estimates
320  derived by two inherently different approaches: the former is the difference between two

321  simulations (historical minus control), the latter is computed following the CT method (sections
322 1II.1 and I1.2). Both methods yield comparable distributions along the OVIDE section with higher
323 concentrations in surface waters and lower levels at depth (Figs. 6a and 6b). The surface to depth
324  gradient is more pronounced in the Eastern basin. The two LSW cores, relatively rich in Cant, are
325  present on both sides of the Reykjanes Ridge. During the OVIDE period, values simulated by

326  ORCAO5-PISCES are nevertheless lower by 6.3£0.6 umol kg™! compared to observed-based

327  estimates (Table 2). This deficit is more pronounced in the upper limb of MOC (ACant mdel-data — _
328 5.9£0.7 umol kg™") than in the lower limb (ACant ™*%dt = _3 6106, Table 2). The largest

329  difference between model and data, up to -20 umol kg™ (Fig. 6¢), is detected in the subsurface
330  waters at the transition between ENACW and MW and between both limbs of the MOC. Its

331  interannual variability (standard deviation (of model-data) up to 10 umol kg''; Fig. 6d) is also

332 largest at the boundary between upper and lower limbs of the MOC, mainly between 700 km to
333 2000 km off Greenland. The higher interannual variability in this region could be explained by the
334  interannual variability of the NAC intensity, which is underestimated by ORCAO05-PISCES.

335  Moreover, this region is also a potential area for mode water formation (de Boisséson et al., 2012),
336  but this processus has not been studied in this paper. It is not the scope of this paper. Figure 6 also
337  reveals an underestimation by the model of Cant levels in NEADWI by 5 to 10 pmol kg'! which is
338  inline with a close to zero contribution of dense Cant rich overflow waters along the OVIDE

339  section.

340

341 3.4. Budget of Cant in the North Atlantic Ocean (north of 25° N)

342 Figure 7 summarizes the budget of Cant in the North Atlantic simulated by the model over the
343 period 2003-2011. In order to facilitate the comparison of the modeled budget to Pérez et al. (2013),
344  we defined two boxes separated by the Greenland-Portugal OVIDE section. The first one extends
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from 25° N to the OVIDE section; the second box extend from the OVIDE section to the Nordic

sills. Seasonality was removed beforehand using a 12-month running filter (section I1.3).

In the model, over one third of Cant entering in the southern box at 25° N (0.092+0.016 PgC yr'!) is
transported across the OVIDE section (0.035+0.005 PgC yr'!) and leaves the domain at the Nordic
sills (0.034+0.004 PgC yr'!). The latter corresponds to a net northward transport resulting from a
northwards flux across the Iceland-Scotland strait (0.053+0.005 PgC yr'!) and a southward flux
across the Denmark strait (-0.020+0.014 PgC yr'!). The remainder of the regional Cant storage is
provided by the air to sea exchange with the largest values south of the OVIDE section (South:
0.156+0.008 PgC yr'!; North 0.044+0.003 PgC yr'!). As a consequence, 88% of the incoming Cant
flux (computed as (0.092 + 0.156+0.044-0.034)/(0.092 + 0.156+0.044); Fig. 7) is stored inside the
region every year, predominantly south of the OVIDE section (South : 0.216+0.019 PgC yr'' ; North
: 0.045+0.006 PgC yrh).

Compared to the previous studies of Pérez et al. (2013) and Zunino et al. (2014; 2015a and b), the
transport of Cant is three time smaller at 25° N and the OVIDE section and two time smaller at the
sills. From our discussion in sections II1.2 and III.3, it follows that the underestimation of Cant
transport in ORCAOS-PISCES is likely due to the underestimation of both circulation and Cant
concentration. The hypothesis is supported by the analysis of the heat transported from southern
latitudes at 25° N and the OVIDE section which is also underestimated by the model (Fig. 7)
compared to Pérez et al (2013). Pérez et al. (2013) estimated 1.10+0.01 PW and 0.59+0.09 PW at,
25° N and OVIDE respectively, while the model yields a corresponding heat transport of 0.78+0.06
PW and 0.39+£0.02 PW. The discrepancy between model and observation-based estimates of heat
transport is, however, not as large as for "Tcan®®, probably due to a better simulation of temperature
than Cant concentration by the model (mean model-data bias along the section:-0.4+0.9°C for a
mean value of 5°C (8% of error) for temperature, 7 pmol kg™! for a mean value of 25.4 umol kg!
(27%) for Cant). The underestimation of meridional heat transport by the model reflects thus
predominantly the weak MOC (Mercier et al., 2015). The comparison between biases in ™Tcan?®
and heat transport highlights the contribution of both circulation and Cant concentration in setting
the discrepancy between observed and modelled meridional transport of Cant. Concerning the air-
sea flux of Cant, the model estimates are larger than those derived from in situ data: Southern box:
model = 0.156 £ 0.008 PgC yr'!, Pérez et al. (2013) = 0.12+0.05 PgC yr'!; Northern box: model =
0.044 £ 0.003 PgC yr'!, Pérez et al. (2013) = 0.016+0.012 PgC yr'!. The overestimation of air to sea
anthropogenic CO» fluxes in the model could be due to the underestimation of Cant concentration in

the ocean by the model, which increases the Cant gradient between the atmosphere and the ocean
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and ultimately enhances the estimate of Cant uptake by the ocean. Finally, storage rates of Cant
estimated for the period 2003-2011 are close to results from Pérez et al. (2013), referenced to 2004:
Southern box: model =0.216 + 0.019, Pérez et al. (2013) = 0.280+0.011; Northern box: model =
0.045 + 0.006 and Pérez et al. (2013) = 0.045+0.004 PgC yr.

We derive the contribution of air-sea uptake and transport of Cant to the variability of the North
Atlantic Cant inventory from the analysis of multi-annual time series of air-sea Cant fluxes, the
transport divergence of Cant (defined as the difference between incoming and outgoing Cant fluxes
computed at the borders of boxes) and Cant storage rate for each box. Time series were smoothed as
explained previously and the potential trends were removed as noted in section II.3. Correlation
coefficient (r), p-value and Coefficient of determination (r?) are summarized in table 3. Our results
suggest that, over the period 2003-2011, the rate of Cant storage between 25° N and the Nordic sills
is strongly correlated with the northward transport of Cant-laden waters coming from South of 25°
N (25° N: r=0.96, p-value = 0.00; OVIDE: r = 0.95, p-value = 0.00), which explains 89%
(OVIDE) to 93% (25° N) of its interannual variability. The dominance of transport over gas
exchange is corroborated by observation-based assessments (Pérez et al., 2013; Zunino et al., 2014;

2015a and b).

The evaluation of model output against hydrological and biogeochemical observations, as well as
the assessment of drivers of the temporal variability of Cant transport, air to sea fluxes and storage
rates leads to the conclusion that major controls of the Cant budget and of its variability are well
reproduced by the model for the period 2003-2011, despite the underestimation of absolute Cant

concentrations and meridional circulation.

4. Long-term change in Cant fluxes and storage rate in the Subpolar North Atlantic region

In this section, we extend the analysis to the full simulation period (1958-2012) with the objective
to better understand 1) the relative contribution of the variability of circulation and the increase in
Cant concentration to the variability of Cant transport through the North Atlantic Ocean, and 2) the
long-term change of the Cant inventory in this region as well as driving processes. For this section,
the study area is limited to the mid-latitude and subpolar North Atlantic region and extends from
36° N (instead of 25° N, which includes the northern part of the subtropical region) to the Nordic
sills (Mikaloff-Fletcher et al., 2003). The transport of Cant over the Nordic sills corresponds to the

closure term of the regional budget.
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4.1. Contribution of variability of both circulation and Cant accumulation on Cant
transport variability

Figure 8 presents annual time series (1958-2012) of the magnitude of MOC and the transport of
heat and Cant at 36° N and across the OVIDE section. While between 57% (OVIDE, r=0.76, p-
value = 0.00) and 81% (36° N, r=0.90, p-value = 0.00) of the variance of ™Turar®® over the study
period is explained by the variability of MOCGo, it resolves only 44% of the variance of ™Tcan e at
36° N and no significant relationship is found at the OVIDE section (r=0.02, p-value = 0.90). The
circulation is thus the major mechanism driving the inter-annual to decadal variability of the heat
content transferred across both sections. Its impact on the variability of Cant transport is, however,
masked by several other mechanisms. Figure 8 reveals that "Tcan™® is characterized by a significant
and continuous increase from 0.009+0.001 PgC yr! in 1958-60 to 0.050+0.018 PgC yr! in 2010-12
at 36° N and from 0.008+0.001 PgC yr™! to 0.043+0.005 PgC yr'! at the OVIDE section. This large
increase is neither detected on ™Trear®® (0.0016+0.0004 PW yr'! at 36° N and 0.0003+0.0002 PW
yr'! at OVIDE) nor on MOCo (0.015+0.006 sv yr'! at 36° N and 0.003+0.007 sv yr'! at OVIDE),
nor on the net volume of water transported across both sections (0.001+0.001 sv yr'! at 36° N and -
0.000 +0.003 sv yr'! at OVIDE). The latter (net mass transport) implies an equivalent evolution
(increase or decrease) of circulation strength in the upper and the lower limb of the MOC. It follows
that the increase in the northward transport of Cant ("Tca®") since 1958 is due to the increase in
Cant concentration in the upper limb of the MOC as suggested by Zunino et al. (2014). In order to
isolate the effect of circulation, we removed the positive trend from ™Tcan™®. The relationship
between the detrendy ™Tcan*® and the magnitude of MOC (36° N : 12=0.51; OVIDE : 1> = 0.02)
does not change over the period of analysis, thus suggesting that a third mechanism, air sea Cant
fluxes, has a relevant role on the variability of northward transport of Cant in the subpolar North

Atlantic region.

4.2. Long-term change in Cant storage rate and driving processes

In order to assess the long-term change in Cant storage rate in the Subpolar North Atlantic and to
identify underlying drivers, we focus on three well-documented periods of the last decades
corresponding to NAO phases. In the model, the response of the ocean to leading mode of North
Atlantic climate variability is detected from interannual anomalies of the MOC intensity at the
OVIDE section (Fig.9). The anomaly of MOC intensity is a good indicator of regional circulation
strength with negative anomaly for low MOC intensity, positive anomaly for high MOC intensity
(Desbruyzéres et al., 2013). The first period is defined by negative MOCo anomalies from 1967 to
1977 during the low NAO event of the mid-1960s (Hurrell et al., 1995). The second period is
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characterized by predominantly positive values between 1985 and 1997 and corresponds to the
strong NAO event of the mid-1990s (Hurrell et al., 1995; Osborn, 2006). The third period is
associated with low NAO once again (Osborn 2006; 2011) and a significant decrease in MOC
intensity since 2002. To identify processes driving the long term change in Cant storage rate,
modeled time series are smoothed with a 10 year time-window and positive trends are removed

(section I1.3, Fig. S3). As a consequence, time series are reduced to the period 1964-2006.

Figure 10 provides the budget of Cant for two boxes, North and South of the OVIDE section. In
both regions, the significant increase in MOC intensity recorded between 1967-77 (low NAO phase;
36° N: 11.1£0.1 Sv; OVIDE: 12.5+0.2 Sv) and 1985-97 (strong NAO phase; 36° N: 11.8+0.2 Sv;
OVIDE : 13.3+£0.2 Sv) is concomitant to a significant increase in incoming and outgoing lateral
Cant fluxes (74%), as well as in regional air-sea Cant fluxes (70%) and Cant storage rate (70% to
77%). The high (85-97) to low (2002-06) NAO transition phase is nevertheless characterized by a
rather homogeneous yet not significant decrease in MOC magnitude at 36° N (11.8+0.2 Sv to
11.7+0.2 Sv) and across the OVIDE section (13.3+£0.2 Sv to 12.9+£0.2 Sv). South of the OVIDE
section, this is concomitant to a progressive and significant intensification by 29% in northward
transport of Cant at 36° N and 8% in air-sea Cant fluxes. North of the OVIDE section, the high to
low NAO transition phase coincides with an average increase by 15% in incoming and outgoing
Cant fluxes (transport and gas exchange), in opposition to results by Pérez et al. (2013). The large
interannual variability of these fluxes revealed by Figs. 8 and S3 highlighted the significant role
played by the time window size on the trend evaluation (e.g. consider trend between 1990-91 and
1999-2000 in the model at the OVIDE section) that could explain differences observed with Pérez
et al. (2013). The increase in Cant fluxes for each box is, however, not as large over the 16-year
period (1985-2006, from strong to low NAO) compared to 1967-1997 (from low to strong NAO)
(+70-72%) and lead to an increase in regional Cant budget of 13% (south) to 19% (north).
Moreover, statistical analysis of each individual NAO period shows that the regional Cant storage
rate is strongly correlated with the air sea Cant fluxes during the strong NAO phase (85-97, South: r
=0.94, p-value = 0.00, r? = 0.88; North : r = 0.97, p-value = 0.00, r> = 94; table 3, hatched arrows
on Fig. 10), consistent with the strong ventilation observed during this period (e.g. Sarafanov,
2009). It is nevertheless related to Cant transport divergence (incoming — outgoing Cant transport)
during the low NAO phase (67-77: South: r = 0.81, p-value = 0.00, r> = 0.66; North : r = 0.99 p-
value = 0.05, r> =98; 2002-06 : South: r = 0.96, p-value = 0.01, r? = 0.92; North : r = 0.93, p-value
=0.02, > = 0.87; table 3), consistent with result from section III. Although the transport divergence

of Cant explains more than 70% of the interannual variability of the regional Cant storage rate over
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these two low NAO periods with low atmospheric forcing, its longer-term mean values close to zero
(67-77; 85-97; 2002-06) cannot explain those of Cant inventory in the subpolar North Atlantic
region (Fig. 10). Over the period 1964-2006, the Cant storage rate is in fact strongly correlated to
the air to sea anthropogenic COz exchange (south : r = 0.92, p-value = 0.00; north : r = 0.77, p-value
=0.00, table 3), as opposed to the transport divergence recorded in both region (1964 to 2006, south
11 =-0.53, p-value = 0.00; north : r? = 0.34, p-value = 0.02). The long term change in air-sea Cant
fluxes explains thus 59% (north) to 84% (south) of the multi decadal variability of Subpolar North
Atlantic Cant inventory. As the anthropogenic CO; concentration increase in the atmosphere, the

North Atlantic Cant inventory increase substantially.

To conclude, although the interannual variability of Cant storage rate in the Subpolar North Atlantic
region is controlled by the northward advective transport divergence during the low NAO phase, its
long term change is driven by air to sea anthropogenic CO» exchange over the period 1964-2006.
Moreover, the northward advective transport of Cant, modulated by the MOC intensity, seems to be
also controlled by the increasing Cant concentration in the upper limb of MOC through
preconditioning in the subtropical region. Our model analysis suggests that assuming unabated
emissions of CO», the storage rate of Cant in the Subpolar North Atlantic is expected to increase
assuming MOC fluctuations within observed boundaries. However, under a future strong decrease
in MOC in response to global warming (IPCC projection 25%, Collins et al., 2013) the storage rate

might nevertheless decrease.
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719
720
721
722
723
724

725
726
727
728

OVIDE name Month/year Vessel Reference CARINA expocode
OVIDE 2002  06-07/2002 N/O Thalassa Lherminier et al., 2007 35TH20020611
OVIDE 2004  06-07/2004 N/O Thalassa Lherminier et al., 2010 35TH20040604
OVIDE 2006  05-06/2006  R/V Maria S. Merian Gourcuff et al., 2011 06MM20060523
OVIDE 2008 06-07/2008 N/O Thalassa Mercier et al. 2015 35TH20080610
OVIDE 2010 06-07/2010 N/O Thalassa Mercier et al., 2015 35TH20100608

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

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

3 to 5). Model output: (1) June average with SD being a measure of interannual variability, (2)

average year with SD corresponding to the average seasonal variability, or (3) average over the full

period with SD being representative of total variability (interannual + seasonnal).

ORCAO05-PISCES

OVIDE data set
June only average year full period
Mass transport (sv) 0.74+0.75 0.19+0.33 0.67+0.24 0.67+0.46
MOCeo (sv) 15.542.3 13.4+0.6 12.7+0.6 13.4+2.43
6MOC (kg m™) 32.14 32.02+0.05 31.95+0.04 31.98+0.12
[Cant]section (wmol kg™) 25.4+1.8 18.4+1.1 18.4+1.1 18.4+1.1
[Cant]upper (wmol kg™ 45.243.0 38.943.0 39.443.0 39.4+3.0
[Cant]jower (wmol kg™) 19.4+1.6 14.8+1.0 14.9£1.0 14.9£1.0
A[Cant"°"] (umol kg™") 25.8+1.4 24.1£1.6 24.6+1.6 24.54£2.2

Table 3: Correlation coefficient (r), p-value and coefficient of determination (1?) between the time

rate of change (Trate), the divergence of Cant transport (DTcant) and air sea Cant fluxes (Fcant) for

the three boxes. DTcant = incoming — outgoing Cant fluxes across the boundaries of boxes.

Box 25° N to OVIDE section
Trate/DTcant : r = 0.96, p-value = 0.00, r? = 0.93
Trate/Fcant : r = - 0.54, p-value = 0.00, r2 = 0.30

2003-11

Box OVIDE section to Nordic sills

2003-11

Trate/DTcant : r = 0.95, p-value = 0.00, r? = 0.89
Trate/Fcant : r=-0.71, p-value =0.00, r> = 0.51

Box 36° N to OVIDE section
Trate/DTcant : r = 0.81, p-value = 0.00, r? = 0.66

1967-77
Trate/Fcant : r = - 0.66, p-value = 0.02, r> = 0.45
= _ - 2 _
1985-97 Trate/DTcant : r = -0.65, p-value =0.02, r* =0.42
Trate/Fcant : r = 0.94, p-value = 0.00, r? = 0.88
r= - = 2 =
2002-06 Trate/DTcant : r = 0.96, p-value = 0.01, r>=0.92
Trate/Fcant : r=0.61, p-value =0.27, r>=0.37
r=- - = 2 =
1964-06 Trate/DTcant : r = -0.53, p-value = 0.00, r> = 0.28

Trate/Fcant : r = 0.92, p-value = 0.00, r2 = 0.84
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Box OVIDE section to Nordic sills
Trate/DTcant : r = 0.99, p-value = 0.05, r> = 0.98

1967-77
Trate/Fcant : r = - 0.22, p-value = 0.05, r? = 0.05
r= - = 2 =
1985-97 Trate/DTcant : r = 0.87, p-value = 0.00, r>=0.74
Trate/Fcant : r = 0.97, p-value = 0.00, r? = 0.94
r= - = 2 =
2002-06 Trate/DTcant : r = 0.93, p-value = 0.02, r>=0.87
Trate/Fcant : r = 0.60, p-value = 0.28, r>=0.36
r= - = 2 =
1964-06 Trate/Dtcant : r = 0.34, p-value = 0.02, r*=0.12

Trate/Fcant : r=0.77, p-value = 0.00, r?=0.59

Figures captions

Fig. 1: Year 2010 column inventory (molC m-2) of anthropogenic Carbon: (a) model output and (b)
after Khatiwala et al. [2009].

Fig. 2: Year 2010 North Atlantic column inventory (molC m2) of anthropogenic Carbon: model
output from 25° N to Greenland-Iceland-Scotland sills. The OVIDE cruise track between Greenland

and Portugal is indicated by the continuous line.

Fig. 3: Water column distribution of (a-b) salinity, (c-d) dissolved oxygen (umol kg™') and (e-f)
dissolved silica (umol kg™!) along the Greenland-Portugal OVIDE section in June 2002: model
output (left) and sampled during the OVIDE cruise (right). Water masses and currents cited in
section III.1 are identified on the right panel: East North Atlantic Central Water (ENACW)),
Mediterranean Water (MW), Labrador Sea Water (LSW), lower North-East Atlantic Deep Water
(NEADWI) and Eastern Reykjanes Ridge Current (ERRC). Four basins are delimited by grey
dashed vertical lines. From Greenland to the coast of Portugal: Irminger basin (IrB), Iceland basin

(IcB), East — North Atlantic basin (ENAB) and Iberian Basin (IbB).

Fig. 4. Monthly evolution of the net volume transported across the Greenland-Portugal OVIDE
section (Sv): model output (black continuous lines) and estimates derived from the OVIDE data set

(orange dots) over the period 2002-2010

Fig. 5. Vertically integrated cumulative mass transport (Sv): model output for the month of June
over the period 2002-10 (continuous line for mean value; shadows for confidence interval) (a) from
bottom to each specific density level (o1 with 0.01 kg m™ resolution), note that the sign of the

profile has been changed, and (b) from Greenland to Portugal (km) compared to estimates derived
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from OVIDE (dashed lines). On panel (a) the black horizontal lines indicate the density of MOCo
maximum corresponding to the separation between the upper (red) and lower (blue) limbs of MOC,
in the model (omoc = 32.02+0.05 kg m3, black continuous line) and observation-based assessments
(omoc = 32.14 kg m™, Zunino et al., 2014; black dashed line). On panel (b) the position of the
Western and Eastern NAC branches as well as the Irminger current, a NAC modified branch, are

indicated in grey (Mercier et al., 2015).

Fig. 6 : Water column distribution of anthropogenic C concentrations (umol kg™!) along the
Greenland-Portugal OVIDE section in June 2002: (a) model output and (b) as estimated from the
OVIDE data set. The difference between these both assessments (model — OVIDE) over the OVIDE
period (June 2002-04-06-08-10) and its standard deviation are displayed on Fig. ¢ and d. Grey
dashed lines delimit the four basins identified on Fig. 3. Black continuous and dashed lines indicate

the limit between the upper and the lower limbs of the MOC in the model and the OVIDE data set.

Fig. 7: Anthropogenic C budget of the Subtropical and Subpolar North Atlantic regions over the
period 2003-2011. Average values and their standard deviation were estimated from smoothed time
series. The horizontal arrows show the lateral Cant transport in PgC yr! (black font). Red numbers
in the panel indicate the Cant storage rate in PgC yr™'. The vertical arrows show the anthropogenic
air-sea CO> fluxes in PgC yr'!. Green numbers represent the heat transport across sections in PW.

Boundaries and surface area (m?) of each box are indicated below the panels.

Fig. 8: Simulated annual time series of MOC magnitude (MOCo, Sv) and transport of heat (PW)
and anthropogenic C (PgC yr'!) at 36° N and at the OVIDE section estimated over the period 1958-
2012.

Fig. 9: Simulated annual time series of MOCo anomaly over the period 1958-2012 along the
Greenland-Portugal OVIDE section. Three particular periods are highlighted by grey areas: 1967-
77 characterized by a weak MOCo (negative MOCo anomaly), 1985-97 with a strong MOCo
(positive MOCo anomaly) and since 2002 (negative trend in MOCo).

Fig. 10: Anthropogenic C budget for the period 1967-1977 (weak MOCo), 1985-1997 (strong
MOCo) and 2002-2006 (MOCo negative trend) in the Subpolar North Atlantic region defined from
36° N to Nordic sill and divided in two boxes by the OVIDE section. Average values and their

standard deviation were estimated from smoothed times series (Fig. S3). Vertical arrows show the
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air to sea anthropogenic CO; fluxes in PgC yr'!, black horizontal arrows correspond to the advective

transport of Cant across section in PgC yr'!. Red numbers indicate the Cant storage rate in each box.

The size of arrows and fonts used for the storage rate are proportional to the 2002-2006 budget.
Hatched arrows indicate a strong correlation between the term and the regional Cant storage rate

over the period of interest.
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a. ORCAO0S5 - PISCES b. data base from Khatiwala et al. (2013)

Latitude

Lamgitude LONGITUDE

Fig. 1: Year 2010 column inventory (molC m-2) of anthropogenic Carbon: (a) model output and (b) after Khatiwala
et al. [2009].

9¢



Biogeosciences Discuss., doi:10.5194/bg-2016-541, 2017 . .
Manuscript under review for journal Biogeosciences BlogeOSC|e nces
Published: 4 January 2017 Discussions
(© Author(s) 2017. CC-BY 3.0 License.

Latitude
£
wm
F
|

Anthropogenic Carbon (molC m2)

o
7 o~
g,
18N —\\_‘ ",

T T T T T T T T T T T 0
s s0°w 40w 207w o 207

Longitude
Fig. 2: Year 2010 North Atlantic column inventory (molC m2) of
anthropogenic Carbon: model output from 25° N to Greenland-
Iceland-Scotland sills. The OVIDE cruise track between
Greenland and Portugal is indicated by the continuous line.
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Fig. 3: Water column distribution of (a-b) salinity, (c-d) dissolved oxygen (umol kg-') and (e-
f) dissolved silica (umol kg') along the Greenland-Portugal OVIDE section in June 2002:
model output (left) and sampled during the OVIDE cruise (right). Water masses and
currents cited in section 1.1 are identified on the right panel: East North Atlantic Central
Water (ENACW), Mediterranean Water (MW), Labrador Sea Water (LSW), lower North-
East Atlantic Deep Water (NEADWI) and Eastern Reykjanes Ridge Current (ERRC). Four
basins are delimited by grey dashed vertical lines. From Greenland to the coast of
Portugal: Irminger basin (IrB), Iceland basin (IcB), East — North Atlantic basin (ENAB) and
Iberian Basin (IbB).
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Fig. 4. Monthly evolution of the net volume transported across the Greenland-Portugal OVIDE
section (Sv): model output (black continuous lines) and estimates derived from the OVIDE data set
(orange dots) over the period 2002-2010
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Fig. 5. Vertically integrated cumulative mass transport (Sv): model output for
the month of June over the period 2002-10 (continuous line for mean value;
shadows for confidence interval) (a) from bottom to each specific density level
(o, with 0.01 kg m= resolution), note that the sign of the profile has been
changed, and (b) from Greenland to Portugal (km) compared to estimates
derived from OVIDE (dashed lines). On panel (a) the black horizontal lines
indicate the density of MOCo maximum corresponding to the separation
between the upper (red) and lower (blue) limbs of MOC, in the model (Oyoc =
32.02 + 0.05 kg m?3, black continuous line) and observation-based
assessments (Oyoc = 32.14 kg m3, Zunino et al., 2014; black dashed line). On
panel (b) the position of the Western and Eastern NAC branches as well as the
Irminger current, a NAC modified branch, are indicated in grey (Mercier et al.,
2015).



Biogeosciences Discuss., doi:10.5194/bg-2016-541, 2017 . .
Manuscript under review for journal Biogeosciences BlogeOSC|e nces
Published: 4 January 2017 Discussions
(© Author(s) 2017. CC-BY 3.0 License.

0 GG 1000 1500 2000 2500 3000 1000 1500 2000 2600

2]

1000
1500
2000
2000
3000
3800
4000
4500 ; ;
el  c. Mean difference
5500 1 ‘

0 500 1000 1500 2000 2500 3000 GO0 1000 1500 2000 2500

Distance from Greenland coast (km)

Fig. 6 : Water column distribution of anthropogenic C concentrations (umol kg') along the
Greenland-Portugal OVIDE section in June 2002: (a) model output and (b) as estimated from
the OVIDE data set. The difference between these both assessments (model — OVIDE) over
the OVIDE period (June 2002-04-06-08-10) and its standard deviation are displayed on figures
(c) and (d). Grey dashed lines delimit the four basins identified on figure 3. Black continuous
and dashed lines indicate the limit between the upper and the lower limbs of the MOC in the
model and the OVIDE data set.
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Fig. 7: Anthropogenic C budget of the Subtropical and Subpolar North Atlantic regions
over the period 2003-2011. Average values and their standard deviation were
estimated from smoothed time series. The horizontal arrows show the lateral Cant
transport in PgC yr' (black font). Red numbers in the panel indicate the Cant storage
rate in PgC yr-'. The vertical arrows show the anthropogenic air-sea CO, fluxes in PgC
yr'. Green numbers represent the heat transport across sections in PW. Boundaries
and surface area (m?) of each box are indicated below the panels.

32



Biogeosciences Discuss., doi:10.5194/bg-2016-541, 2017
Manuscript under review for journal Biogeosciences

Published: 4 January 2017
(© Author(s) 2017. CC-BY 3.0 License.

T T T T T T T T T T T T T T T T T 0;55
L o 3
13 36°N ,
L I 0.6
12,5+ / | A ;
fh ._ ]
o) | !

8 1.5} | .f iV ' 0,5
= Uy h ; ) | Y0, 45
10,5 V‘ i ' { ]

|I ¥ |.I 3
1ok | | __'3'.4
S 5 1 1 1 1 1 1 | 1 1 1 1 1 1 1 1 1 1 1 1 1 1 -0'35
*“{9p0 1965 1970 197% 1930 1935 1930 1995 2000 2005 2010
15 T T T T T T T T T T T T 0,5
. OVIDE ]
14] do.45
= ]
2
o)
8 13 0,4
o)
=
12| 0,35
11 &

THeat (PW)

Theat (PW)

0,05

003

0,05

0,02

1 L 1 L 1 L |
1860 1965 1970 1975

L 1 L 1 L 1 L 1 L 1 L 1 L 1
1380 1985 1990 1335 2000 2005 2010

T

007

0,06

0,04

0,02

0,01

0,07

0,08

0,04

0,03

0,01

Tcant (PgC yr<1 )

Tcant (PgC yr-1 )

Fig. 8: Simulated annual time series of MOC magnitude (MOCg, Sv) and transport of heat (PW)
and anthropogenic C (PgC yr') at 36° N and at the OVIDE section estimated over the period

1958-2012.

33



Biogeosciences Discuss., doi:10.5194/bg-2016-541, 2017
Manuscript under review for journal Biogeosciences
Published: 4 January 2017

(© Author(s) 2017. CC-BY 3.0 License.

2,5 T T T T T T T T T T T
2

1.5

MOCo anomaly (sv)

I 1 1 1 1 1 1 1 1 1 I
1360 1365 1870 19745 1330 1335 1330 1335 2000 2005 2010

Fig. 9: Simulated annual time series of MOCo anomaly over the period 1958-2012 along
the Greenland-Portugal OVIDE section. Three particular periods are highlighted by grey
areas: 1967-77 characterized by a weak MOCo (negative MOCo anomaly), 1985-97
with a strong MOCo (positive MOCo anomaly) and since 2002 (negative trend in
MOCo).
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Fig. 10: Anthropogenic C budget for the period 1967-1977 (weak MOCo), 1985-1997 (strong MOCo)
and 2002-2006 (MOCo negative trend) in the Subpolar North Atlantic region defined from 36° N to
Nordic sill and divided in two boxes by the OVIDE section. Average values and their standard
deviation were estimated from smoothed times series (Fig. S3). Vertical arrows show the air to sea
anthropogenic CO, fluxes in PgC yr, black horizontal arrows correspond to the advective transport
of Cant across section in PgC yr'. Red numbers indicate the Cant storage rate in each box. The
size of arrows and fonts used for the storage rate are proportional to the 2002-2006 budget. Hatched
arrows indicate a strong correlation between the term and the regional Cant storage rate over the
period of interest.
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