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The Atlantic Meridional Overturning Circulation (AMOC) is 
a key element of the global climate system. The northward 
transport of heat associated with the surface branch of the 

AMOC contributes, for instance, to the mild climate of western 
Europe1, which is estimated to be around 5 °C warmer than it would 
otherwise be. Continuous monitoring of the AMOC strength across 
the RAPID array at 26° N or the OVIDE line between Portugal and 
Greenland has captured a decline over the past two decades2,3, and 
recent proxy reconstructions have revealed that it is at its weakest 
state for the past few hundred years4,5. More generally, long-term 
changes in the AMOC strength are thought to be a good indicator 
of climate change6. As such, the changes in the AMOC simulated by 
a series of coupled climate models forced with a range of increasing 
greenhouse gas emission scenarios have been investigated as part of 
the different phases of the Climate Model Intercomparison Project 
(CMIP7). While discrepancies between the different model ensem-
ble members remain large, all predict a decline in AMOC strength. 
On average, it is projected to decrease by 25%–30% by 2100 (for 
CMIP3 models under scenario A1B8, and CMIP5 models provide 
qualitatively similar predictions9). Using simulations based on a 
low-resolution coupled climate model (CCSM4) forced by differ-
ent emission scenarios, the relationship between projected change 
in AMOC strength and level of CO2 in the atmosphere has been 
rationalized, suggesting that the simulated decrease of strength is 
proportional to the transient CO2 forcing (once interannual vari-
ability is smoothed out)10.

There is a large body of literature focusing on measuring, model-
ling and understanding the AMOC and its variability and long-term 
changes (see ref. 11 and references therein). Yet, a full mechanistic 
understanding of what drives the AMOC variability is still needed 
to reduce the uncertainty associated with the prediction of its future 
changes. It is widely recognized that a large part of the AMOC sea-
sonal and interannual variability is driven by winds12, while changes 
on longer timescales probably involve a complex interplay between 
wind- and buoyancy-driven processes13. Various modelling stud-
ies have linked decadal variability of the AMOC strength with the 
intensity of deep convective events occurring in the Labrador Sea14 

or the Irminger Sea15, and the intensity of the Denmark Strait over-
flow16, which is fed upstream by deep convection in the Greenland 
Sea and the Arctic Basin17. Predicting the potential changes in 
intensity and location of deep convection, and its contribution to 
AMOC, under a warming climate is thus of utmost importance to 
predict the future evolution of the global climate system.

A recently developed methodology18, based on Lagrangian parti-
cle tracking applied to model outputs, allows an exact determination 
of the contribution to the AMOC from subduction at the base of the 
mixed layer in different regions. Here we use this methodology to 
investigate the relative regional contributions in a coupled climate 
model and to assess how it changes under a warming climate. This 
is motivated by the finding that deep convection in the Arctic Basin 
could emerge under a warming climate19. Therefore, some regions, 
such as the Arctic, might exert an increasingly important control on 
the AMOC in the future.

Source region changes
To investigate the link between the region of deep convection and 
the intensity of the AMOC, we examine the time series of the AMOC 
strength, computed in two simulations performed with the Centre 
National de Recherches Météorologiques (CNRM) climate model20 
forced with constant concentrations of atmospheric CO2 represen-
tative of pre-industrial conditions (CTRL), and strong global warm-
ing conditions (4 ×​ CO2) (see Methods for more details). However, 
as for all of the state-of-the-art fully coupled climate models, the 
ocean component of the CNRM model is too low resolution to 
explicitly resolve mesoscale eddies and small-scale features, which 
might be important processes for mixed-layer subduction21 or the 
AMOC22. Here, we define the AMOC as the maximum of the zon-
ally and depth-integrated transport along the latitude of the RAPID 
array at 26° N, to allow direct comparison against observational esti-
mates. In the CTRL run, the mean and standard deviation of the 
annual mean time series are 14.2 Sv and 0.8 Sv, respectively (Fig. 1).  
This is weaker than the 17.2 Sv observed from the RAPID array for 
the period 2004–20122, but within the range of values simulated 
by the CMIP5 models (between 10 and 21 Sv23). In the 4 ×​ CO2  
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The strength of the Atlantic Meridional Overturning Circulation, a key indicator of the climate state, is maintained by the sub-
duction of dense water that feeds the deep southwards branch. At present, this subduction occurs almost entirely in the sub-
polar region, in the Labrador, Irminger and Nordic seas; however, whether this will continue under climate change is unknown. 
Here we use a quantitative Lagrangian diagnostic applied to climate model output to show that, in response to warming, the 
main source regions of this mixed-layer subduction shift northwards to the Arctic Basin and southwards to the subtropical gyre. 
These shifts are explained by changes in background stratification, mixed-layer depth and ocean circulation, highlighting the 
need to consider the full three-dimensionality of the circulation and its changes to accurately predict the future climate state.
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simulation, the AMOC strength shows a sharp decline during the 
first 50 years, corresponding to the adjustment period to increased 
atmospheric CO2, before equilibrating and oscillating around a 
mean value of 5.7 Sv. This ~60% decrease compared to the CTRL 
run is consistent with (although slightly larger than) that found in 
CMIP5 models under RCP8.5 forcing9.

A Lagrangian analysis is performed to determine the geographi-
cal origin of the water mass flowing southward within the deeper 
branch of the AMOC at 10° N (see Methods). Figure 2 summarizes 
the integrated contributions of mixed-layer subduction from differ-
ent regions to the vertical structure of the AMOC reconstructed at 
26° N. In the CTRL simulation, the largest contribution is subduc-
tion occurring in the subpolar region (9.5 Sv), while smaller con-
tributions arise from the Nordic Sea (1.9 Sv), the subtropical gyre 
(1.4 Sv, including 0.1 Sv from the Mediterranean Sea) and the Arctic 
Basin (1 Sv in total, including 0.9 Sv from the Barents Sea alone). 
The integrated subpolar region contribution is the sum of contribu-
tions from the Labrador Sea (3.6 Sv), the Irminger Sea (3.3 Sv) and 
the Rockall Basin (2.6 Sv). These model estimates can be compared 
to previous observational estimates of subduction in the Labrador 
(2 Sv)24, Irminger (3.2 Sv)25 and Nordic (5.6 Sv corresponding to 
Denmark Strait overflows)26 seas. Although the CTRL run estimates 
and observations are similar, it is clear that the model tends to: over-
estimate the contribution corresponding to open-ocean convection 
south of the Greenland–Scotland Ridge, which is a common bias 
of most coupled climate models, making it difficult to link directly 
variations of the intensity of deep convection and AMOC strength23; 
and underestimate the component formed north of it and further 
cascading of dense water. Note that the latter also encompasses 
Arctic Basin subduction, where dense waters form and are even-
tually exported to the Greenland Sea through Fram Strait17. The 
significant contribution from subduction in the subtropical gyre is 
also consistent with the 2 Sv estimated through a combination of 
observations, model results and theory27.

A very different picture emerges from the 4 ×​ CO2 run (Fig. 2b). 
In this case, the contribution from mixed-layer subduction in the 
subpolar region nearly collapses (0.2 Sv in total, with ~75% from the 
Irminger Sea). The Nordic Sea contribution also reduces (0.9 Sv). In 
contrast, new large contributions emerge at both lower and higher 
latitudes. In the 4 ×​ CO2 run, subduction occurring in the Arctic 
region sustains a significant part of the AMOC (1.7 Sv). Given the 
tendency of the CNRM model to promote open-ocean convection 
over cascading of dense water in the CTRL run, and assuming that 
the same bias exists in the 4 ×​ CO2 run, we expect that the model 
would also tend to underestimate the future contributions from 
subduction north of the Greenland–Scotland Ridge (that is, the 
contributions from the Nordic Sea and the Arctic Basin). Finally, 

the subtropical region contribution now accounts for 3.5 Sv, more 
than half of the total AMOC at 26° N. This contribution largely 
determines the vertical structure of the weakened AMOC, with 
a maximum transport peaking at 100 m, compared to the maxi-
mum AMOC transport depth of ~900 m in both the CTRL run and 
RAPID observations (Fig. 2a). This shoaling in response to a strong 
decrease of the AMOC strength has been documented in climate 
models28, and was linked to the reduction of dense water formation 
in the North Atlantic. The same processes are most likely at play 
in our 4 ×​ CO2 simulation, suggesting that a change in the vertical 
AMOC structure is, in addition to a signature of a density change in 
the deeper branch, partly a signature of the changes in the relative 
importance of the contributing regions.

Conditions for change
To determine what circumstances led to a latitudinal shift of the 
contributing regions in the 4 ×​ CO2 run, we examined the spatial 
and temporal distribution of the mixed-layer subduction in the two 
simulations, in relation to the regional ocean conditions. Figure 3 
compares the 60-year March climatology mixed-layer depth (MLD) 
in the CTRL and 4 ×​ CO2 simulations, as well as Lagrangian esti-
mates for the mixed-layer subduction rates (Sr) that directly con-
tribute to the AMOC. Sr is estimated at each model grid point, and 
corresponds to the transport of the particles initiated at 10° N that, 
when integrated backward in time, intercept the base of the mixed 
layer (see Methods). The spatial pattern of Sr broadly follows the 
March climatology MLD pattern (Fig. 3). This is expected, as most 
of the transfer from the mixed layer to the interior is thought to 
occur in March, when the mixed layer is deepest and starts shoaling 
again (a process known as ‘Stommel’s mixed-layer demon’29). Yet, 
the two quantities are not fully equivalent (for example, the deep-
est MLD and the highest subduction rates do not always coincide), 
due to the different nature of the diagnostics. Indeed, a deeper 
MLD does not necessarily translate into a larger contribution to the 
deeper branch of the AMOC as the link between MLD and higher 
subduction rate is modulated by the timing, location and environ-
ment conditions of where the MLD varies. Moreover, Sr captures 
only the water masses that subduct at the base of the mixed layer 
and eventually cross southwards at 10° N, neglecting any contribu-
tion from water masses first obducting again into the mixed layer of 
the North Atlantic or the Arctic Basin.

To investigate the potential drivers of the MLD and Sr changes 
between the two simulations, we relate them to the background oce-
anic conditions and their changes according to an estimation of the 
stratification30 (Fig. 4). To first order, mixed layers have the potential 
to deepen more where the background stratification is weaker23. In 
the CTRL simulation, the deepest MLD and highest Sr are found in 
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Fig. 1 | AMOC strength at 26° N in CTRL and 4 × CO2. The lines show the time series of the AMOC (in Sv, defined as the maximum of the zonally and 
depth-integrated transport along the RAPID section at 26° N) for the two simulations used in this study (CTRL in black and 4 ×​ CO2 in blue).
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the subpolar region, and more specifically close to the sea ice edge, 
in the Labrador Sea to the south of Cape Farewell and on the Rockall 
plateau north of Scotland (Fig. 3a,c). In the subpolar region, the 
stratification is generally weak (Fig. 4a), providing a favourable pre-
conditioning for the mixed layer to deepen in winter in response to 
atmospheric forcing. Overall, the magnitude and general pattern of 
MLD are in broad agreement with climatology based on observations 
(see Supplementary Fig. 1) as well as results from CMIP5 control 
simulations31. The main model bias is the too large depths and the 
too large southwestward extension of the Labrador Sea convective 
patch. South of Denmark Strait, Sr also reaches a peak of 900 m yr−1, 
although the MLD does not exceed 500 m in this region. This mis-
match between MLD and Sr is probably due to the entrainment of 
surrounding water by the overflow in this region, which contributes 
significantly to the deeper branch of the AMOC32. South of Svalbard, 
the convective patch (and the associated Sr) spreads to the mean ice-
covered region (Fig. 3a). This is the signature of interannual varia-
tions in the sea ice edge location, as deep convection occurs during 
years with lower sea ice extent33. Closer to the Greenland coast and 
in the Arctic Basin, the stratification is strong (Fig. 4a) due to strong 
vertical salinity gradients within the fresh surface layer. Moreover, 
the presence of sea ice inhibits exchange with the atmosphere and 
results in shallow mixed layers (Fig. 3a). These findings are in agree-
ment with observations34 and model simulations19.

In the subtropical region, mixed layers do not exceed 300 m 
despite the weak background stratification. While weak stratifica-
tion is a necessary condition for deep convection to occur, it alone is 
not sufficient and other factors, such as high-frequency variations of 
the atmospheric forcing, have been shown to be required to trigger 
convective events35. A local MLD maximum (∼​300 m) is found on 
the western side of the gyre, characteristic of the presence of 18 °C 
mode water36. In this region, Sr does not exceed 50 m yr−1, in agree-
ment with observations37. The region of small Sr values spans most 
of the subtropical gyre, resulting in a small, yet significant integrated 

subtropical contribution to the AMOC (Fig. 2a). This contribution 
has previously been identified as the wind-driven subtropical cell27, 
suggesting the existence of an interior ‘exchange window’ for the 
water mass subducted on the eastern side of the subtropical gyre38. 
In addition to the surface subtropical cell, our results suggest the 
existence of a deeper and longer path of water masses subducted at 
the base of the mixed layer in the subtropical regions, which flows in 
the subsurface layer further north (up to 50–60° N) before returning 
at depth to the south (see Supplementary Fig. 2). This may repre-
sent a component of the subsurface ocean connection proposed to 
exist between the subtropical and subpolar gyres39. Finally, Sr also 
exhibits a local maximum immediately northwest of our seeding 
section at 10° N (Fig. 3c), which corresponds to very shallow water 
masses circulating within the surface layer of the subtropical gyre 
and reaching the section at 10° N within a few months of subduc-
tion without contributing significantly to the integrated mid-depth 
contribution of the subtropical region to the AMOC.

Compared to the CTRL run, winter MLD and subduction rate 
are generally much shallower and weaker in the 4 ×​ CO2 simulation 
(Fig. 3b,d). In the subpolar gyre, where MLDs are the deepest in the 
CTRL run, MLD does not exceed 200 m anywhere, and subduction 
rates are consequently mostly negligible. The strong winter MLD 
shoaling in the subpolar region indicates the cessation of deep con-
vection, a common feature of climate models under future radia-
tive forcing31. Accordingly, the stratification in the subpolar region 
is also stronger in the 4 ×​ CO2 run than in the CTRL simulation  
(Fig. 4b), due to increased salinity gradients in this region (not 
shown). Various factors have been proposed for the increased 
stratification, including atmospheric warming40 or freshening of the 
surface layer due to increased freshwater exports from the Arctic10. 
The changes in stratification seen in Fig. 4c are in agreement with 
changes predicted by CMIP3 models30, although the changes simu-
lated by the CNRM model tend to be stronger, probably because our 
radiative scenario is stronger.
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In the Arctic Basin and the Nordic Sea, where the density (and 
thus the stratification) is primarily determined by the salinity, as in 
any cold environment, the sign of the stratification change in the 
4 ×​ CO2 run is different depending on the region considered. In the 
Canadian Basin, it is strongly enhanced and on the Eurasian side of 
the Arctic and the Nordic Sea, it is strongly reduced (Fig. 4c). The 
map of stratification changes in the CNRM model is very similar 
to the pattern found in a different climate model19, where changes 
are due to a redistribution of the Arctic freshwater content between 
the basins from a change in the wind-driven circulation. As sea 
ice cover is reduced under a warming climate, the wind input of 
momentum to the ocean increases, and thus spins up the Beaufort 
Gyre (where freshwater is accumulated) and enhances the propaga-
tion of warm and salty Atlantic water on the Eurasian side of the 
Arctic. This causes the winter mixed layer in the Eurasian Basin to 
deepen significantly19. The same mechanism is probably at play in 
the CNRM model since the Arctic Basin is seasonally ice-free in 
the 4 ×​ CO2 simulation, the winter sea ice extent is greatly reduced 
(Fig. 3c) and the change in barotropic streamfunction (that is, the 
integrated transport from the surface to the bottom of the ocean) 
indicates a spin up of the surface circulation (Fig. 4f). The March 
mixed layer deepens to ∼​300–400 m on average along the sea ice 
edge in the Eurasian Basin and the Barents and Nordic seas (Fig. 3),  
and reaches as deep as 800 m in the Arctic during certain years (not 
shown). This deepening of the mixed layer is also accompanied by 
increased Sr (Fig. 3d), resulting in a larger contribution of these 
regions to the AMOC (Fig. 2b).

In the subtropical region, the spatial pattern of the subduction 
rates estimated from the particles tracked in the 4 ×​ CO2 run is 
broadly similar to that in the CTRL simulation, although the values 
are generally higher (Fig. 3d). In contrast to the higher latitudes, 
the changes in Sr are not reflected in the changes in MLD or strati-
fication. On the western side of the basin, the MLD patch corre-
sponding to mode water formation tends to shrink in response to 
increased stratification of the upper ocean (Fig. 4b,c). Similar pro-
jected weakening of mode water formation has been documented 
in the Pacific subtropical gyre41. Yet, despite shoaling of the mixed 
layer, Sr increases. We suggest that this is not caused by an increase 
in subtropical subduction rates under climate change, but because of 
a change in the fate of the water subducted here (see Supplementary 
Figs. 2 and 3). The connectivity between the Atlantic subtropical 
and subpolar gyres has been suggested to be strongest in the sub-
surface ocean at the depth of the main thermocline, rather than at 
the surface39. After descending to this depth under the action of 
Ekman pumping, the water can flow isopycnally northwards and 
upwards towards the surface of the subpolar ocean. However, in the 
4 ×​ CO2 run, the enhanced subpolar stratification (Fig. 4b,c) inhibits 
the surface outcropping, perhaps suggesting that the subtropical-
ventilated water must recirculate at depth. With a much shallower 
overturning cell in the 4 ×​ CO2 run, the subtropical component can 
thereby contribute more directly to the overturning. There may 
also be a link between the vertical (overturning) circulation and the 
horizontal circulation, which strongly spins down in the subtropical 
gyre under climate forcing (Fig. 4e,f). The increased importance of 
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the subduction of subtropical water may help determine the verti-
cal structure of the AMOC in the 4 ×​ CO2 run, which undergoes a 
large shoaling of the deeper branch as subducting waters become 
less dense (Fig. 2b).

Concluding discussion
Year-to-year variations of the observed MLD in the convective 
regions of the subpolar gyre have been scrutinized for decades42–44, 
on the basis of the premise that the AMOC lower limb is fed by 
dense water formed in these regions, and thus MLD variation is a 
good predictor of AMOC variability23. On the basis of this axiom, 
projected changes in MLD under a warming climate have also been 
investigated31,40. This assumes, however, that the mechanisms that 
set the strength of the AMOC in present-day conditions would 
not change when transitioning to a warmer climate. Our results 

question this paradigm. Using simulations from the CNRM cli-
mate model, we suggest that, in addition to the large decrease of the 
AMOC strength under a warming climate, the mechanisms could 
change, as the regions where mixed-layer subduction contributes 
significantly to the AMOC may shift (Fig. 5). Indeed, while the 
AMOC is, as expected, almost entirely sustained by mixed-layer 
subduction in the subpolar gyre in the simulation representative 
of present-day conditions, subduction in the subtropical gyre and 
the Arctic Basin become increasingly important in response to a 
strong increase in atmospheric CO2 concentrations. The shoaling 
of the AMOC deeper branch under a warming climate consistently 
projected by other coupled models28 might be a strong indication 
that the AMOC becomes increasingly driven by subduction in the 
subtropical gyre in those models as well. While projected Arctic 
sea ice decline is widely thought to trigger a weakening of the 
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AMOC10,45, our results point to a new possible interplay between 
AMOC strength and changes in the Arctic. Indeed, as the winter sea 
ice extent shrinks, deep convection can emerge in the Arctic Basin 
itself19, resulting in a new and significant subduction contribution 
to the AMOC.

Our model results suggest that the regional increase in mixed-
layer subduction occurs concomitantly with a change in the 
wind-driven surface circulation. In the 4 ×​ CO2 simulation, the sub-
tropical gyre spins down, in agreement with the hypothesized future 
weakening of the Gulf Stream46. Meanwhile, the contribution of the 
subtropical cell subduction to the AMOC increases, suggesting that 
either the wind- and buoyancy-driven circulations are connected, 
or more subtropical ventilated water can contribute to the AMOC 
without first outcropping in the subpolar gyre. In the Arctic Basin, 
spin up of the Beaufort Gyre leads to a redistribution of the fresh-
water content between the Canadian and Eurasian basins, result-
ing in a suppression of the stratification on the Eurasian side and 
the emergence of deep convection19. Overall, our results highlight 
that horizontal and vertical circulations have to be examined in 
conjunction to understand the variability and long-term changes  
in the AMOC.

In reality, the picture might be even more complex than is 
captured by the CNRM model. For instance, the model does not 

include any dynamical representation of the Greenland Ice Sheet 
and thus the effect of its melting under a warming climate is not 
directly considered here. While results from CMIP5 models gen-
erally suggest that the effect of Greenland Ice Sheet melting on 
the AMOC future decline is of secondary importance47, including 
the details of such freshwater release in our model could, to some 
extent, alter the integrated regional contributions to the AMOC. In 
particular, it would probably further reduce the subpolar contribu-
tion under a warming climate, as increased melt is mainly expected 
to impact the Labrador Sea and the subpolar region48. Furthermore 
additional small-scale processes (that are only parameterized in the 
CNRM model) might play a key role in setting the dynamical link 
between mixed-layer subduction and AMOC. Indeed, resolving 
mesoscale eddies would probably modify the modelled convective 
processes (and thus the MLDs and properties22) or the spreading of 
tracers associated with mixed-layer subduction21. Moreover, the use 
of a higher-resolution ocean model could allow a better representa-
tion of the dense overflows and thus the AMOC22. What is less clear, 
however, is how small-scale features would differently modify the 
response of various geographical sources of deep water to climate 
change. This should be addressed in future studies based on climate 
models run at higher resolution and including more complexity 
(such as an interactive ice sheet component).
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Nordic
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Subtropical gyre

Canadian
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Present climate

4 × CO2 climate

Fig. 5 | Changes in the dominant source regions of the AMOC deep limb. Schematic diagram illustrating the latitudinal shift of the regions where mixed-
layer subduction contributes to the AMOC under a warming climate. The blue patches correspond to regions contributing the most to the AMOC in our 
present climate, while the green patches show these regions for the future warmer climate. Darker colours indicate regions where deeper mixed layer are 
found. The grey line indicates the 1,500 m isobath.
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Finally, our results may have implications for heat and carbon 
uptake in the context of climate change. Previous studies have 
pointed out the importance of the change in MLD49, the AMOC 
depth extension28, the AMOC strength50 or the horizontal circu-
lation51 to determine the rate of ocean heat and carbon uptake. 
Similarly, in the CNRM model, all of those processes appear to 
respond strongly to the increased atmospheric CO2, suggesting that 
these rates are probably changing as well. Moreover, the latitudinal 
shift of the regions where mixed-layer subduction contributes to 
the AMOC documented here imply that subduction might occur in 
regions with different air–sea heat and carbon flux under a warming 
climate, which might also contribute to the rate of the ocean heat 
and carbon uptake.

Online content
Any methods, additional references, Nature Research reporting 
summaries, source data, statements of data availability and asso-
ciated accession codes are available at https://doi.org/10.1038/
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Methods
The simulations used in this study were performed with the coupled climate model 
CNRM–CM5.2. It includes the ORCA1 configuration52 based on the NEMO ocean 
model53, a sea ice component based on the GELATO model54 and the ARPEGE-
Climat model for the atmospheric component55. The model has an atmospheric 
horizontal resolution of 1.4° both in latitude and longitude and 31 vertical levels, 
while the ocean and sea ice components use a tri-polar grid with a nominal 
horizontal resolution of 1° and 42 unevenly spaced levels in the vertical. The 
CNRM model does not include any dynamical representation of the terrestrial ice 
sheet and thus does not include the possible effect of Greenland Ice Sheet melting 
on the AMOC projected changes. For the ocean component, parameterizations 
include an along-isopycnal and a horizontal Laplacian operator for the lateral 
diffusivity and viscosity, respectively, and an energy- and enstrophy-conserving 
scheme for the momentum advection56. Eddies are parameterized by the Gent 
and McWilliams57 adiabatic mixing scheme with a latitudinally varying thickness 
diffusion coefficient. The mixed-layer dynamics are parameterized using the 
turbulent kinetic energy closure scheme58. A full description and basic evaluation 
of the model can be found in Voldoire et al.20. In particular, the model reproduces 
reasonably well the mean vertical structure of the AMOC at 26° N when compared 
against observations from the RAPID array (Fig. 2a), although the model 
transport is weaker than observed. As part of the CORE II exercise, the mean and 
interannual variability of the AMOC simulated by the ocean–sea ice components 
of the different CMIP5 models forced with the same atmospheric reanalysis have 
been compared59,60. The mean AMOC simulated by the CNRM model in forced 
mode (16.5 Sv) is within the range of values most commonly simulated by the 
different models, and its interannual variations share many similarities with the 
other models. As part of the same model intercomparison exercise, the behaviour 
of the ocean and sea ice components of the CNRM model in the Arctic Basin has 
also been extensively evaluated61–63, giving support to the ability of the model to 
simulate present-day conditions and future changes in this region. Moreover, the 
CNRM model is able to reproduce realistic patterns of the March climatology MLD 
and stratification (see Supplementary Fig. 1) when compared against observation-
based climatologies, and the performances of the model (in its previous version 
designed for CMIP5) regarding these features are again within the range of values 
commonly found in CMIP5 models23,31.

In the present study, two simulations are analysed. The first is a 130-year 
control integration (labelled CTRL) in which greenhouse gases are kept constant at 
pre-industrial concentrations (285 ppm). The second simulation (labelled 4 ×​ CO2) 
is initialized from the same initial conditions as the CTRL simulation, but the 
simulation is this time run for 130 years with constant atmospheric concentration 
of CO2 four times higher than the pre-industrial level. The idealized forcing allows 
for a clearer assessment of the response to radiative forcing than a simulation with 
more complicated scenarios of future radiative forcing, such as those used as part 
of the Intergovernmental Panel on Climate Change model intercomparison. Here, 
the level of CO2 is ~30% weaker than the value at which the least conservative 
scenario (RCP8.5) plateaus. For the present study, we use monthly mean output 
from 60 years of each simulation (years 70 to 129), allowing for an initial strong 
adjustment period of the ocean state. Yet, we acknowledge that the simulations 
used in this study are much shorter than the time required to bring the ocean–
atmosphere system into a fully equilibrated state.

We also make use of the particle-tracking tool, ARIANE64, to calculate 
Lagrangian trajectories from the model output velocity fields. We follow closely 
the methodology presented in Thomas et al.18 to perform our Lagrangian 
experiments. Briefly, we limit our domain of investigation to the North Atlantic 
and Arctic basins, bounded between a zonal section across the Atlantic at 10° N 
and the Bering Strait (65° N in the Pacific). To describe the full southward flow 
in the deep Atlantic Basin, particles have been seeded each month of the 60-year 
period in every grid cell along the 10° N Atlantic cross-section, and then run 
backward in time until they exit the domain, either back at 10° N or at the Bering 
Strait. As the timescale for North Atlantic water to complete a full overturning 
circuit can greatly exceed the 60 years of model output available here, we loop 
over 10 cycles (600 years in total) of the model output, after which almost all of 
the approximately 1.2 million particles were intercepted. In this manner, if enough 
particles are seeded, the full AMOC streamfunction can be reconstructed65 and 
the discrepancies between the AMOC estimates from the Eulerian fields and the 
Lagrangian method are small (see Supplementary Figs. 2 and 3). By then tagging 
the particles at the location where they were last subducted from the mixed 
layer, the AMOC streamfunction can be decomposed according to its different 
geographical sources of ventilated water. The mixed layer is defined by a density 
threshold of 0.01 kg m−3 compared to the surface density. The use of monthly mean 
model fields for the MLD determination and the Lagrangian analysis means that 
high-frequency fluctuations of the MLD and the subduction processes resulting, 
for instance, from high-frequency atmospheric forcing66 are not fully sampled 

by the particles in this study. Particles released within the mixed layer along the 
section at 10° N are tagged immediately on seeding and their small associated 
transport is thus incorporated to the integrated contribution from the subtropical 
region. In the following, we also omit the ‘Bering component’, which corresponds 
to the small contributions of waters from the Bering Strait that never pass through 
the mixed layer before reaching 10° N, and which contributes 0.04 Sv and 0.3 Sv 
to the CTRL and 4 ×​ CO2 AMOCs, respectively. The sensitivity of the results to 
looping is small, and discussed extensively in Thomas et al.18, along with additional 
discussion on the different sources of uncertainty associated with the methodology. 
In particular, we acknowledge that our results are probably affected by the use of 
monthly averaged fields to perform the Lagrangian analysis (ignoring in this way 
the potential effect of the nonlinear terms in the momentum equations)67, although 
previous studies have suggested that the errors arising from the use of monthly 
averaged output from a non-eddy resolving model (such as the CNRM model) are 
quite small68.

Code availability. NEMO code is available at http://www.nemo-ocean.eu and 
ARIANE at http://www.umr-lops.fr/Technologies/Logiciels/ARIANE. Specific 
configurations can be provided upon request.
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