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1. Introduction
Understanding the ocean's capacity to mitigate or amplify human-induced climate change is essential for refining 
future climate projections, particularly for estimating the remaining carbon budget (Canadell et al., 2021). To 
date, the ocean absorbs ∼25% of CO2 emissions caused by human activities (Friedlingstein et al., 2022). The 
ocean's capacity to sequester anthropogenic CO2 makes it a key player in determining the rate at which CO2 accu-
mulates in the atmosphere. Thus an important question is how this oceanic CO2 sink will evolve under continuing 
CO2 emissions and global warming, because it will influence the pace of climate change.

The strength of the oceanic CO2 sink is set by the balance between two mechanisms. The uptake of anthropo-
genic CO2 by the ocean is primarily a chemical response to the rise in atmospheric CO2 that forces a growing 
disequilibrium of the partial pressure of CO2 (pCO2) at the air-sea interface. The carbon-concentration feedback 
parameter is a metric commonly used to measure how much anthropogenic CO2 is absorbed by the ocean for each 
additional unit of CO2 (expressed in ppm) added to the atmosphere, assuming the ocean dynamical and thermody-
namical state remains unchanged (Arora et al., 2020; Boer & Arora, 2013; Friedlingstein et al., 2006; Katavouta 
& Williams, 2021; Roy et al., 2011; Schwinger et al., 2014). However, rising atmospheric CO2 also lead to global 
warming, which modifies the ocean's state. Particularly the warming of surface waters and the increased ocean 
stratification associated with it both tend to slow down the carbon cycle, leading to a net outgassing of natural 
carbon and a reduced uptake of anthropogenic carbon at the global scale. This negative carbon-climate feedback 
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processes to better constrain the future evolution of ocean carbon uptake.
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reflects the decrease of the CO2 sink induced by each additional degree of atmospheric warming (Maier-Reimer 
et al., 1996; Sarmiento & Le Quéré, 1996; Sarmiento et al., 1998). The strength of these two feedback mechanisms 
need to be evaluated to constrain the future evolution of the net oceanic CO2 sink. Arora et al. (2020) used 11 
Earth System Models (ESMs) from the Coupled Model Intercomparison Project Phase 6 (CMIP6) and assessed 
that the carbon-climate feedback (evaluated to −17.3 ± 5.5 Pg C °C −1 in the case of an idealized climate change 
scenario in which atmospheric CO2 increases by 1% every year) partly offsets the positive carbon-concentration 
feedback (evaluated to 0.79 ± 0.07 Pg C ppm −1).

An important weakness of ESMs arises from their coarse resolution horizontal ocean grid (typically 100 km or 
coarser), which is imposed by computational constraints. In current ESMs, sub-grid scale ocean processes, which 
include mesoscale eddies and submesoscale flows (Hewitt et al., 2022), are not explicitly resolved and are instead 
incorporated with sub-grid parameterizations (Gent & McWilliams, 1990). Improvement in the performance of 
these parameterizations has lead to improved representation of the ocean carbon cycle and of its drivers, particu-
larly the global net CO2 sink over the historical period (Bronselaer et  al.,  2017; Hauck et  al.,  2020; Séférian 
et al., 2020),  the large-scale patterns of CO2 uptake and outgassing, of primary production (Séférian et al., 2020), 
of the mixed layer depth (Fu et  al.,  2022; Séférian et  al.,  2019), and of carbon subduction/obduction (Davila 
et  al.,  2022; Lévy et  al.,  2013; Sallée et  al.,  2012). However, despite recent improvements, parameterizations 
still fail at capturing aspects of the model solution, particularly when it comes to biogeochemical tracers (Ruan 
et al., 2023). Explicitly resolving eddies in ocean models instead of parameterizing them is known to better redis-
tribute energy transfers between scales and affect large-scale patterns of the ocean circulation; this affects the posi-
tioning of western boundary currents (Chassignet & Marshall, 2008; Chassignet & Xu, 2017; Lévy et al., 2010), 
alters the Meridional Overturning Circulation's strength (MOC, Hirschi et  al.,  2020; Roberts et  al.,  2020), 
and increases stratification (Chanut et  al.,  2008; du Plessis, Swart, Ansorge, & Mahadevan, 2017; Karleskind 
et al., 2011; Lévy et al., 2010). These changes impact the transport of heat and tracers, including carbon (Chen 
et al., 2019; Lévy et al., 2012; Swierczek et al., 2021; Uchida et al., 2020; Uchiyama et al., 2017). Previous studies 
have shown the strong sensitivity of the key drivers of the ocean carbon cycle to the representation of sub-grid 
processes (Bahl et al., 2020; Balwada et al., 2018; Brett et al., 2023; Couespel et al., 2021; Harrison et al., 2018; 
Mahadevan et al., 2011; Resplandy et al., 2019). Furthermore, eddy activity may evolve with global warming 
(Beech et  al.,  2022; Martínez-Moreno et  al.,  2021; Oliver et  al.,  2015), further influencing ocean circulation 
and carbon transport. Investigating these effects resulting from resolved eddies has recently started within global 
warming scenarios (Chang et al., 2020; Hewitt et al., 2022; Rackow et al., 2022; van Westen & Dijkstra, 2021), 
generally using resolutions not finer than 1/10°, and to the best of our knowledge, not in terms of their implications 
for ocean carbon cycle feedbacks.

This study assesses the impact of explicitly representing eddies and horizontal flows with scales ranging from 
10 to 100 km on the response of the oceanic CO2 uptake, and of the carbon-concentration and carbon-climate 
feedback parameters, to increasing CO2 and global warming in an ocean model. This modeling study focuses on 
an idealized double-gyre configuration intended to represent key aspects of North Atlantic circulation following 
the work of Lévy et al. (2010) and Couespel et al. (2021). The subsequent section outlines the idealized setup 
employed in this study, followed by the presentation of results and concluding with a discussion regarding the 
implications for climate projections using ESMs.

2. Methods
2.1. Model Configurations

Ocean physics were simulated with the primitive-equation ocean model NEMO (Madec et al., 2017) coupled to 
the biogeochemical model LOBSTER (Lévy et al., 2005, 2012), which includes explicit representation of the 
ocean carbon cycle (Section S1 and Table S2 in Supporting Information S1). The domain is a closed square basin 
on a mid-latitude (20–50 °N) β-plan. It is 3,180 km wide and long and 4 km deep, bounded by vertical walls and 
a flat bottom with free slip boundary conditions. A double-gyre circulation is set up by analytical zonal forcings 
(wind stress, net heat flux and freshwater flux) which vary seasonally between winter and summer extrema. 
The net heat flux comprises a restoration toward a zonal atmospheric temperature profile (Figure 1 in Couespel 
et al., 2021) and a solar radiation allowed to penetrate within the water column. CO2 is exchanged with the atmos-
phere following Wanninkhof (1992, Equation 8) and forced with a prescribed atmospheric partial pCO2.
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We compared model results over an ensemble of model configurations. We used three horizontal resolutions: 
106 km (1°), 12 km (1/9°) and 4 km (1/27°). For each resolution, time steps, numerical schemes and isopycnal/
horizontal diffusion were adapted (Table S1 in Supporting Information S1). For the 1° resolution configurations, 
we used the Gent and McWilliams (1990, GM hereafter) eddy parameterization. This parameterization relies 
on two coefficients, an isopycnal diffusion coefficient (kiso) (also often referred to as the Redi coefficient) and a 
GM coefficient (kgm). In order to test the sensitivity of the results to the GM parameterization, we compared five 
combinations of the isopycnal diffusion and GM coefficients: (a) 500 m 2s −1, (b) 1,000 m 2s −1 and (c) 2,000 m 2s −1 
for both parameters and (d) 500 m 2s −1 and (e) 2,000 m 2s −1 for the isopycnal diffusion parameter but keeping the 
GM coefficient at 1,000 m 2s −1. We thus ended up with seven different configurations: five eddy-parameterized at 
a coarse resolution (1°) and two eddy-resolving at fine resolutions (1/9° and 1/27°). In the following, results from 
the eddy-parameterized coarse resolution configurations are synthesized by showing the average ± 1 standard 
deviation across the five different configurations. For the higher resolution configurations, there is no momentum 
nor tracer diffusion but a minimal bi-Laplacian tracer diffusion at 1/27°. Contrary to the 1/27° configuration, the 
qualifier ”eddy-permitting” is probably more appropriate for the 1/9° configuration. Nevertheless, to simplify 

Figure 1. Overview of the model configurations and simulations. (a) Time series of the analytical atmospheric pressure of CO2 [ppm] forcing for the CTL and RAD 
simulation (blue line) and for the BGC and COU simulations (red line). (b) Time series of the mean analytical atmospheric temperature [°C] forcing for the CTL and 
BGC simulations (blue line) and for the RAD and COU simulations (red line). Shown is the atmospheric temperature average yearly and on the domain. (c) Barotropic 
circulation [Sv] over the model domain (average of the five 1° resolution CTL simulations). Air-sea carbon flux [mol C m 2d −1] on March, 3 nr in (d) the 1° (kgm = 1e 3 and 
kiso = 1e 3), (e) the 1/9° and (f) the 1/27° CTL simulations. Positive values indicate a flux toward the ocean.
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and as the emphasis is put on the differences between the 1° resolution and the finer ones, we use the term 
eddy-resolving for both.

The model and configurations are similar to the one described in Couespel et al. (2021) and were derived from 
prior studies (Krémeur et  al.,  2009; Lévy et  al.,  2012; Resplandy et  al.,  2019). The key elements have been 
outlined above. For further details, we refer to the aforementioned papers.

2.2. Pre-Industrial States

Starting from a physical and biogeochemical state obtained after a 2000 years spin-up at coarse resolution, a 
100 years spin-up was conducted for each model configuration, that is, for each resolution and associated param-
eters. The spin-up was performed under pre-industrial forcing, that is, a steady seasonal cycle for wind and 
atmospheric temperatures, and constant atmospheric pCO2. With this strategy, the pre-industrial state obtained 
after the spin-up is different for each configuration and represents the equilibrated control state associated with 
the given set of resolution and associated parameter. This strategy is consistent with the fact that shaping different 
pre-industrial states is part of the effect of resolution.

The main features of the model's pre-industrial solution comprise a western boundary current (Figure II.11 in 
Couespel, 2018) separating a subtropical gyre outgassing carbon in the south of the domain from a subpolar gyre 
uptaking carbon in the north (Figures 1c–1f). A rather classic MOC (Figure A8 in Couespel et al. (2021)) is simu-
lated with northward transport in the upper ocean (above ≃ 250 m), downwelling in the north and then southward 
transport at depth. In the northernmost part of the domain (2,560–3,180 northward km), deep convection occurs 
in winter with mixed layer depth reaching 1,000 m and more (Figure A9 in Couespel et al., 2021). As resolu-
tion increases, mesoscale eddies and filamentary structures emerge in the air-sea carbon flux (Figures 1d–1f). 
Dissolved Inorganic Carbon (DIC) concentration increases with depth (Figure 2a). With increasing resolution, 
vertical profiles are more homogeneous. The vertical gradients are weaker and DIC concentration are lower 
at 250–1,250 m. The small differences between resolutions of 1/9 and 1/27° are related to the sub-mesoscale 
processes that begin to appear at the finest resolution. We can also note that none of the eddy-parameterized 
configurations has achieved a pre-industrial state that comes close to the eddy-resolving configurations (e.g., 
Figure 2a). The equilibrium states have been further described in Couespel et al. (2021) and in Lévy et al. (2010, 
2012) though in a slightly different set-up.

2.3. Set of Model Experiments

After the spin-up, four different experiments are conducted in order to evaluate the carbon-concentration 
and carbon-climate feedbacks. They are forced by different combinations of atmospheric temperature and 

Figure 2. Dissolved inorganic carbon (DIC, [mmol C m −3]) vertical profiles spatially averaged over the entire domain for the three resolutions. (a) DIC pre-industrial 
state: profiles in the CTL simulation. (b) Anthropogenic DIC: change in DIC between the BGC and CTL simulations and (c) Climate feedback on total (natural and 
anthropogenic) DIC: change in DIC between the COU and BGC simulations. All profiles are averaged over the 10 last years of the simulations. The 1° resolution 
profiles shows the average of the five 1° configurations. Shading indicates ±1 inter-model standard deviation.
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atmospheric pCO2 (see Figures  1a and  1b). (a) The control simulation (CTL) is the continuation of the 
spin-up, with temperature keeping a seasonal cycle and atmospheric pCO2 staying constant. (b) In the 
biogeochemical simulation (BGC), atmospheric pCO2 increases by 1% every year, but atmospheric temper-
ature stays constant (with a seasonal cycle). (c) In the radiative simulation (RAD), atmospheric temperature 
increases by 0.04 °C every year (with a seasonal cycle), while atmospheric pCO2 is kept constant. (d) In 
the coupled simulation (COU), both atmospheric pCO2 and atmospheric temperature increase by 1% and 
0.04°C every year, respectively. The term coupled (COU) is to be coherent with the naming used with ESMs. 
However, here, atmospheric temperature and atmospheric pCO2 are not radiatively coupled. Besides, despite 
the use of the term ”atmospheric,” there is no atmospheric model. 0.04°C/year of warming is within the 
range of warming simulated by the ESMs forced with the atmospheric CO2 increasing by 1% every year 
(Arora et al., 2020).

Following (Arora et al., 2020), the carbon-concentration and carbon-climate feedbacks are defined as:

carbon-concentration feedback: 𝛽𝛽 =
Δ𝐶𝐶𝐵𝐵𝐵𝐵𝐶𝐶

Δ𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎

 (1)

carbon-climate feedback: 𝛾𝛾 =
Δ𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − Δ𝐶𝐶𝐵𝐵𝐵𝐵𝐶𝐶

Δ𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎

 (2)

where ΔCBGC and ΔCCOU are the cumulative change in carbon uptake in the BGC ou COU simulations relative to 
the CTL simulation, ΔCatm is the accumulation of CO2 in the atmosphere and ΔTatm is the change in atmospheric 
temperature.

2.4. DIC Budget

In order to provide further insights on the drivers of the carbon-concentration and carbon-climate feedbacks, 
we examine the DIC budgets in the different simulations. The anthropogenic DIC distribution and budget is 
evaluated as the difference between the BGC and the CTL simulations. The differences between the RAD and 
CTL simulations enables us to evaluate the response of natural DIC to warming-induced changes (Figure S2a in 
Supporting Information S1). The difference between the COU and BGC simulations includes both the response 
of natural DIC to warming and of anthropogenic DIC to warming-induced changes (Figure S2b in Supporting 
Information S1).

Locally, the DIC budget can be expressed as: 
𝐴𝐴 −∇⃗ ⋅

(

𝑢𝑢 ⋅𝐷𝐷𝐷𝐷𝐷𝐷
)

+ 𝜕𝜕𝑧𝑧(𝑘𝑘 ⋅ 𝜕𝜕𝑧𝑧𝐷𝐷𝐷𝐷𝐷𝐷) + 𝐿𝐿(𝐷𝐷𝐷𝐷𝐷𝐷) + 𝐵𝐵(𝐷𝐷𝐷𝐷𝐷𝐷) + 𝑓𝑓𝐷𝐷𝑓𝑓2 = 𝜕𝜕𝑡𝑡𝐷𝐷𝐷𝐷𝐷𝐷 . 𝐴𝐴 ∇⃗ ⋅

(

𝑢𝑢 ⋅𝐷𝐷𝐷𝐷𝐷𝐷
)

 is the divergence of 
the advective fluxes, ∂z(k ⋅ ∂zDIC) is the vertical diffusion term, L(DIC) is the isopycnal diffusion, B(DIC) repre-
sents the biological sources and sinks of DIC and fCO2 the air-sea CO2 flux when at the surface. u is the total 
velocity and includes the bolus velocity of the GM parametrization at coarse resolution. Integrated on the upper 
ocean (surface to 250 m depth) and along the 70 years of the simulations, the local DIC budget becomes:

��2 ������ ∶ ∫

70

0
⟨���2⟩ dt =∫

70

0 ∮ �⃗ ⋅��� ds dt ���������

− ∫

70

0
⟨� ⋅ �����

|250�⟩ dt − ∫

70

0
⟨�(���)⟩ dt ���������

+ ∫

70

0
⟨�(���)⟩ dt ��������� ���
��� ��� �����

+ Δ⟨���⟩ �	���� �� ��� �����

 (3)

The bracket stands for the volume integral on the upper ocean or the horizontal integral at the surface for the CO2 
uptake and at 250 m depth for the vertical diffusion term. The first term on the right side is the integral of the 
advective fluxes entering/exiting the upper ocean, that is, the vertical DIC advective flux at 250 m depth, here. A 
similar budget is computed for the lower ocean (250 m depth to bottom). In that case, the CO2 uptake by the ocean 
term is null. These budgets have been computed at each time step of all the simulations. Furthermore, particularly 
for relating the advective transport with the MOC, the budget is also computed with the upper and lower ocean 
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being divided latitudinally in 3 regions representing the subtropical gyre, the subpolar gyre and the convection 
zone (respectively 0–1,590, 1,590–2,560 and 2,560–3,180 northward km, see Sec. S2) Because changes in DIC 
are not affecting biological processes (e.g., primary production) in our model, changes in biological sources and 
sinks of DIC only come into play in the COU and RAD simulations.

3. Results
3.1. Sensitivity of Ocean Carbon Uptake to Resolution

All along the 70 years of the COU simulation, carbon accumulates in the ocean (Figure 3a). This accumulation 
is driven by the rise in atmospheric pCO2, slightly offset by the response to warming-induced changes in ocean 
circulation and biogeochemistry (Figures 3b and 3c). At coarse resolution, the carbon-concentration feedback is 
0.18 ± 0.01 mol C m −2ppm −1 while the carbon-climate feedback is −5.42 ± 0.28 mol C m −2°C −1. As a conse-
quence, DIC concentration increases in the BGC simulation compared with the CTL simulation (Figure 2b), and 
decreases in the COU simulation compared with the BGC simulation (Figure 2c). The strongest changes take 
place in the first 500 m.

With finer resolution, the ocean uptakes about 34% more carbon (Figure  3a and e.g., in Figure  4, 
585 − 139 = 446 Tmol C at 1/9° resolution instead of 490 − 157 = 333 Tmol C at 1° resolution). 84% (1/9°) and 
70% (1/27°) of this extra uptake is caused by a stronger response to atmospheric pCO2 increase (Figures 3b and 
e.g., in Figure 4, at 1/9° resolution, +95 Tmol C out of 446 − 333 = 113 Tmol C). The remainder is explained by 
a weaker decline in uptake because of warming (Figure 3c). The carbon-concentration feedback is stronger (0.22 
and 0.21 mol C m −2ppm −1 for the 1/9° and 1/27° resolution, respectively) while the carbon-climate feedback is 
weaker (−4.93 and −4.23 mol C m −2°C −1 for the 1/9° and 1/27° resolution, respectively). As a consequence, 
there is a stronger DIC concentration increase in the BGC simulation (as compared with the CTL simulation, 
Figure 2b), notably at subsurface (250–1,250 m).

3.2. Resolution-Induced Changes in the Carbon-Concentration Feedback

The carbon-concentration feedback depends on the ability of the ocean to transport anthropogenic carbon to the 
deep ocean, so that the uptake at the surface is maintained (Figures 2b and 4a). Once in the ocean, anthropo-
genic carbon is advected northward by the upper limb of the MOC. It is then transferred downwards (through 
mixing and advection) in the high latitude part of the domain (mainly the convection zone) before being advected 

Figure 3. Time series of (a) the cumulated air-sea total (natural and anthropogenic) CO2 flux [mol C m −2] for the three resolutions (COU − CTL simulations), (b) the 
cumulated anthropogenic CO2 flux [mol C m −2] (BGC − CTL simulations) versus atmospheric pressure of CO2 [ppm] for the three resolution and (c) the change in 
cumulated air-sea total CO2 flux [mol C m −2] due to warming (COU − BGC simulations) versus change in atmospheric temperature [°C] in the COU simulation. The 1° 
resolution line shows the average of the five 1° configurations. Shading indicates ±1 inter-model standard deviation. Positive values indicate fluxes toward the ocean.
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Figure 4. Anomalies in dissolved inorganic carbon (DIC) budgets and air-sea CO2 fluxes (integrated over space and 
time) in the upper and lower ocean (resp. above and below 250 m depth) for the three resolutions (see Equation 3). 
(a) Carbon-concentration feedback (anthropogenic carbon): differences between the BGC and CTL simulations. (b) 
Carbon-climate feedback: differences between the COU and BGC simulations. Bold numbers stand for changes in DIC 
stocks. Thin number for differences in CO2 uptake, physical transport (advection, diffusion) and the biological sources 
and sinks. The CO2 uptake arrow indicate the direction of the flux (uptake or outgas); the bracketed numbers indicate the 
difference between the finer resolution and the coarse 1° resolution. For advection and diffusion terms, positive values stand 
for a DIC transport from upper to lower ocean. The arrow indicate the direction of the difference of the fluxes. For advection, 
it is a synthetic view of Figure S1 in Supporting Information S1. The 1° resolution numbers are the average of the five 1° 
configurations ±1 inter-model standard deviation.
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back southward. A small fraction is then advected upward back to the surface (Figure S1 in Supporting Infor-
mation S1). Diffusive flux participates in this downward flux of carbon by counteracting against the gradients 
(Figure 2b). About 90% of the diffusion occurs in the convection zone.

With finer resolution, more anthropogenic carbon is transported and stored at depth (Figures 2b and 4a). Below 
250 m, there is about 90 extra Tmol C stored in the finer resolution (Figure 4a), mostly in the subtropical gyre 
(Figure S1 in Supporting Information S1). 95–79 extra Tmol C are absorbed at the air-sea interface. This extra 
carbon is advected northward at the surface, downward in the convection zone and then southward to ultimately 
being accumulated in the sub-surface of the subtropical gyre. Advection transports more anthropogenic carbon to 
the sub-surface at finer resolution. This more vigorous advection is related to the stronger MOC (Couespel et al. 
(2021, Figure A8), MOC increasing from 1.75 Sv at 1° to 3.14 Sv at 1/9° and 2.94 Sv at 1/27°). The stronger 
advection is partially offset by slightly weaker vertical mixing at finer resolution, likely related to the weaker DIC 
gradient at finer resolution (Figure 2b).

3.3. Resolution-Induced Changes in the Climate-Carbon Feedback

The decrease in carbon uptake associated with global warming is a consequence of decreasing CO2 solubility 
(induced by warming) and of the balance between changes in DIC transport, leaving more DIC at depth, and the 
decline in DIC consumption by primary production at the surface (Figure 4b). The major change is the decline in 
biological consumption of DIC at the surface (leading to +157 ± 7 Tmol C at the surface), mirrored by a decline 
in organic matter remineralization at depth (i.e., −153 ± 7 Tmol C at depth). This results in less carbon exported 
to the deep ocean. It mostly happens in the subpolar gyre and the convection zone, which are also the areas with 
the stronger decline in primary production (Figure S1 in Supporting Information S1 and Couespel et al., 2021) 
The second largest change is the increase in downward diffusive fluxes transporting more carbon from the surface 
to the deep ocean (+72 ± 12 Tmol C at depth), mostly in the convection zone (Figure S1 in Supporting Informa-
tion S1). It is likely related to the shallowing of the mixed layer depth (Couespel et al., 2021, Figure A9). Changes 
in advection have minor impact in terms of transport between the surface and deep oceans (−14 ± 14 Tmol C at 
depth). However, this comes from a compensation between a strong decrease in upward and downward advective 
fluxes (Figure S1 in Supporting Information S1) driven by the MOC decline (Couespel et al., 2021, Figure A8). 
Changes in the DIC transport results from a compensation between a decline in the upward transport of natural 
DIC and the downward transport of anthropogenic DIC (Figure S2 in Supporting Information S1). The decrease 
in upward transport of natural DIC, paired with the decrease in upward transport of nutrients, is the counterpart to 
the decrease in biological consumption. The two almost offset each other, although more carbon is left in the deep 
ocean. Finally, it should be pointed out that because the model is forced toward a restoring atmospheric temper-
ature, the warming in the surface ocean depends weakly on the resolution, thus the weak impact of resolution on 
the solubility change (Figure S5 in Supporting Information S1).

The climate change induced responses of DIC transport and biological source and sink of DIC are weaker at finer 
resolution (Figure 4b). A weaker decrease in primary production leads to a weaker decline in DIC consumption 
at the surface, as well as a weaker decline in remineralization at depth; that is, a weaker (by 20–28%) decline in 
carbon export to the deep ocean. The weaker (by 72–84%) increase in the downward diffusive flux may be related 
to a weaker shallowing of the mixed layer depth (Couespel et al., 2021, Figure A9). However, it should be noted 
that the finer resolution simulations do not include isopycnal mixing that is present in the coarse resolution simu-
lations and added to the diffusive flux. Finally, advection changes result in more (and not less) carbon left in the 
deep ocean in the 1/9° and 1/27° resolution simulations. This also stems from a compensation between decreases 
in the upward and downward advective fluxes, although the decrease is weaker at finer resolution (Figure S1 in 
Supporting Information S1). This is likely related to the weaker decline in the MOC at finer resolution (Couespel 
et al., 2021, Figure A8). As for the coarse resolution, changes in DIC transport arise from the decline in the 
upward transport of natural DIC (compensating the decline in DIC consumption) and the decline in the downward 
transport of anthropogenic DIC (Figure S2 in Supporting Information S1).

4. Discussion and Conclusions
Using a wind and buoyancy driven double-gyre ocean biogeochemical model to perform idealized simulations 
of global warming, we show that the ocean carbon sink is sensitive to horizontal grid resolution. It is about 34% 
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larger at eddy resolution. The ocean carbon sink results from the combination of direct uptake of human emitted 
CO2 (carbon-concentration feedback) as well as the negative effect induced by the carbon-cycle response to 
global warming (carbon-climate feedback). About 78–87% of the larger carbon uptake at high resolution results 
from a stronger direct uptake of anthropogenic carbon induced by a stronger transport at depth through the MOC. 
The remainder comes from a weaker negative carbon-climate feedback, likely related to a weaker decline in the 
MOC and primary production in response to warming (Figure 4 and Couespel et al., 2021).

The carbon-concentration and carbon-climate feedbacks evaluated at coarse resolution in this study are in the 
range of previous estimates from ESMs. In the North Atlantic, the region most similar to our idealized setting, they 
are respectively estimated to be about 1–10 g C m −2ppm −1 and −50 to −300 g C m −2°C −1 in simulations run with 
ESMs (Katavouta and Williams (2021, Figure 2) and Roy et al. (2011, Figure 10a and Figure 11a)). In this study, 
at coarse resolution, the feedbacks are respectively 2.16 ± 0.12 g C m −2ppm −1 and −65.04 ± 3.36 g C m −2°C −1. 
Although the North Atlantic is a key region (especially considering its relatively small size), the other ocean 
basins also contribute to the carbon-concentration and carbon-climate feedbacks and involve others drivers; for 
example, in the Southern Ocean, biology may have a greater role and compete with the decrease in solubility and 
physical ventilation (Katavouta & Williams, 2021).

In line with prior studies (Brown et  al.,  2021; Iudicone et  al.,  2016; Katavouta & Williams,  2021; Nakano 
et  al.,  2015; Ridge & McKinley,  2020), our results highlight the importance of having a reliable MOC for 
projecting future anthropogenic carbon uptake by the ocean. Indeed, we found that in the fine resolution simu-
lation, the stronger MOC implies a stronger transport of anthropogenic carbon at depth and thus a stronger 
carbon-concentration climate feedback while a weaker MOC decline was associated with a weaker carbon-climate 
feedback. Such positive correlations between the pre-industrial MOC and the carbon-concentration feedback as 
well as between the MOC decline and the carbon-climate feedback have been identified in the latest ESMs 
(Katavouta & Williams,  2021), although not in previous generations (Roy et  al.,  2011). Our model behav-
ior is unusual: the finer resolution simulations have a stronger carbon-concentration feedback and a weaker 
carbon-climate feedback, while the opposite is found in ESMs projections (Arora et al., 2020). This is likely 
related to the unusual behavior of the MOC in our simulations: the stronger MOC at finer resolution experiences a 
weaker decline, while ESMs with a stronger MOC usually project a stronger decline (Chang et al., 2020; Gregory 
et al., 2005; Jackson et al., 2020; Roberts et al., 2020; Winton et al., 2014). The reasons for the MOC sensitivity to 
resolution remains unclear in the litterature (Hirschi et al., 2020); potential causes involved, for example, stronger 
air-sea interactions at fine resolution (Roberts et al., 2016), different spatial distributions of perturbations by the 
eddies (Spence et al., 2013) or the introduction of biases (Delworth et al., 2012). In the simulation used here, the 
stronger MOC at finer resolution is coherent with the lower stratification (thus more convection) while the weaker 
decline is coherent with the weaker increase in stratification (Couespel et al., 2021).

There are two areas for improvement in the MOC: its mean state and its response to global warming. Our results 
suggest that addressing the effect of sub-grid processes on the mean state only could largely correct for the 
resolution-related uncertainty in carbon uptake and induced climate feedbacks. The improved representation 
of the MOC can be achieved by several solutions that are currently being explored: finer resolution simulations 
(Chang et al., 2020; Gutjahr et al., 2019; Haarsma et al., 2016; van Westen & Dijkstra, 2021; Yeager et al., 2021), 
the implementation of improved parametrization schemes (Bachman, 2019; Jansen et al., 2019; Mak et al., 2018), 
or the use of statistical approaches (Barthélémy et al., 2022; Bolton & Zanna, 2019; Sonnewald et al., 2021; 
Zanna & Bolton, 2020).

In this work, we identified resolution related uncertainties in the projection of future ocean carbon uptake in an 
idealized regional setting. Many other features may contribute to the sensitivity of ocean carbon uptake to resolu-
tion. Changes in the MOC may also be driven by freshwater input (Jackson et al., 2020; Le Bras et al., 2021), driven 
by changes in wind stress pattern (Yang et al., 2020), or related to changes in adjacent regions and involving the 
formation of different water masses (Bronselaer et al., 2016; Delworth & Zeng, 2008; Lique & Thomas, 2018). 
Carbon uptake is also dependent on the biological carbon pump and the vast number of interconnected processes 
involved (Henson et al., 2022), whose representation varies among the models (Laufkötter et al., 2015; Séférian 
et al., 2020). The North Atlantic is the oceanic regime closest to our configurations, but other regions have signif-
icant contributions to the global ocean carbon cycle feedbacks (Katavouta & Williams, 2021). For example, the 
Southern Ocean alone accounts for 40% of the total anthropogenic carbon uptake (DeVries, 2014). The more real-
istic configurations and the more complex global warming scenarios developed in the CMIP6 (and subsequent 
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MIPs) framework would enable these different elements to be explored. The uncertainties linked to the resolution 
in climate models are just starting to be explored. The sensitivity of ocean carbon uptake projections to resolu-
tion raises concerns about the robustness of related climate change responses such as heat uptake and transport 
(Bronselaer & Zanna, 2020; Chen et al., 2019) or ocean acidification (Kwiatkowski et al., 2020).

Data Availability Statement
The data on which this article is based are available in Couespel (2023b). Due to the large volume of model output 
(16 TB), some of the data are available on request. The Python scripts used for analyzing the model's outputs and 
for producing the figures are available in Couespel (2023a).
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