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Which processes set the patterns of ocean warming & sea level?

!  I won’t discuss the methodologies but happy to discuss during the discussion sessions
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under free-circulation and fixed-circulation conditions6,21, and also 
the small effect of biological changes6,21,30–32 on Cant are consistent with 
previous modelling work. In the fixed-circulation experiment, param-
eterizations are still allowed to vary. However, the effect of changes 
in these parameterizations on the passive heat and carbon storage is 
found to be less than 10% (see Methods). Finally, the similarity between 
Had and Cant is also present when comparing passive reconstructions of 
the storage of ocean heat and carbon10,21. Another caveat of our work is 
that many models tend to underestimate variability, including air–sea 
carbon fluxes33,34. However, because we consider the multi-decadal 
time-integrated carbon storage, the effects of variability in the flux 
are mostly mitigated.

In summary, we present a method to calculate the redistribution 
of ocean heat without the need for any additional measurements or 
simulations, and we infer changes in heat transport owing to anthropo-
genic climate change. The method provides a way to assess the quality 
of climate models, by comparing the physical response to forcing with 
our observational estimate of ocean heat redistribution. We show that 
ocean heat redistribution, although dominant in the past, becomes 
less important in the future, leading to potentially more predictable 
warming patterns in coarse-resolution climate models. Further work 
is necessary to assess our results in eddy-rich ocean climate models, 
and to constrain the mechanisms and sensitivity of ocean heat to car-
bon uptake and their potentially strong link to the transient climate 
response to CO2 emissions1. However, our method can be used to 
understand the mechanisms which regionally redistribute ocean heat, 
impacting sea-ice formation35, marine heat waves36, ocean oxygen37 
and sea-level rise10,38.

Online content
Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code 
availability are available at https://doi.org/10.1038/s41586-020-2573-5.
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Fig. 4 | Redistribution of ocean heat storage in the upper 2,000 m.  
a, d, g, The change in heat storage H. b, e, h, The change in the added  
heat storage Had, calculated as αCant. c, f, i, The ocean redistributed heat  
Hr = H − αCant. The changes are shown as the linear trends over the indicated  
periods multiplied by the length of the period. The results from observational 
estimates (obs.) for the period 1951–2011 are given in a–c; the results from  

1951–2011 changes in the CMIP5 historical-RCP8.5 ensemble are given in d–f; 
and g–i show the 2011–2060 changes in the CMIP5 RCP8.5 ensemble.  
The hatching indicates where the changes are not significant at the 66% 
uncertainty level. For the observations, the uncertainty is from the estimates 
of H and Cant, whereas for the CMIP5 models, the uncertainty is from the mean of 
the ensemble that emerges from the inter-model spread.
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under free-circulation and fixed-circulation conditions6,21, and also 
the small effect of biological changes6,21,30–32 on Cant are consistent with 
previous modelling work. In the fixed-circulation experiment, param-
eterizations are still allowed to vary. However, the effect of changes 
in these parameterizations on the passive heat and carbon storage is 
found to be less than 10% (see Methods). Finally, the similarity between 
Had and Cant is also present when comparing passive reconstructions of 
the storage of ocean heat and carbon10,21. Another caveat of our work is 
that many models tend to underestimate variability, including air–sea 
carbon fluxes33,34. However, because we consider the multi-decadal 
time-integrated carbon storage, the effects of variability in the flux 
are mostly mitigated.

In summary, we present a method to calculate the redistribution 
of ocean heat without the need for any additional measurements or 
simulations, and we infer changes in heat transport owing to anthropo-
genic climate change. The method provides a way to assess the quality 
of climate models, by comparing the physical response to forcing with 
our observational estimate of ocean heat redistribution. We show that 
ocean heat redistribution, although dominant in the past, becomes 
less important in the future, leading to potentially more predictable 
warming patterns in coarse-resolution climate models. Further work 
is necessary to assess our results in eddy-rich ocean climate models, 
and to constrain the mechanisms and sensitivity of ocean heat to car-
bon uptake and their potentially strong link to the transient climate 
response to CO2 emissions1. However, our method can be used to 
understand the mechanisms which regionally redistribute ocean heat, 
impacting sea-ice formation35, marine heat waves36, ocean oxygen37 
and sea-level rise10,38.

Online content
Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code 
availability are available at https://doi.org/10.1038/s41586-020-2573-5.
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Fig. 4 | Redistribution of ocean heat storage in the upper 2,000 m.  
a, d, g, The change in heat storage H. b, e, h, The change in the added  
heat storage Had, calculated as αCant. c, f, i, The ocean redistributed heat  
Hr = H − αCant. The changes are shown as the linear trends over the indicated  
periods multiplied by the length of the period. The results from observational 
estimates (obs.) for the period 1951–2011 are given in a–c; the results from  

1951–2011 changes in the CMIP5 historical-RCP8.5 ensemble are given in d–f; 
and g–i show the 2011–2060 changes in the CMIP5 RCP8.5 ensemble.  
The hatching indicates where the changes are not significant at the 66% 
uncertainty level. For the observations, the uncertainty is from the estimates 
of H and Cant, whereas for the CMIP5 models, the uncertainty is from the mean of 
the ensemble that emerges from the inter-model spread.
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under free-circulation and fixed-circulation conditions6,21, and also 
the small effect of biological changes6,21,30–32 on Cant are consistent with 
previous modelling work. In the fixed-circulation experiment, param-
eterizations are still allowed to vary. However, the effect of changes 
in these parameterizations on the passive heat and carbon storage is 
found to be less than 10% (see Methods). Finally, the similarity between 
Had and Cant is also present when comparing passive reconstructions of 
the storage of ocean heat and carbon10,21. Another caveat of our work is 
that many models tend to underestimate variability, including air–sea 
carbon fluxes33,34. However, because we consider the multi-decadal 
time-integrated carbon storage, the effects of variability in the flux 
are mostly mitigated.

In summary, we present a method to calculate the redistribution 
of ocean heat without the need for any additional measurements or 
simulations, and we infer changes in heat transport owing to anthropo-
genic climate change. The method provides a way to assess the quality 
of climate models, by comparing the physical response to forcing with 
our observational estimate of ocean heat redistribution. We show that 
ocean heat redistribution, although dominant in the past, becomes 
less important in the future, leading to potentially more predictable 
warming patterns in coarse-resolution climate models. Further work 
is necessary to assess our results in eddy-rich ocean climate models, 
and to constrain the mechanisms and sensitivity of ocean heat to car-
bon uptake and their potentially strong link to the transient climate 
response to CO2 emissions1. However, our method can be used to 
understand the mechanisms which regionally redistribute ocean heat, 
impacting sea-ice formation35, marine heat waves36, ocean oxygen37 
and sea-level rise10,38.

Online content
Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code 
availability are available at https://doi.org/10.1038/s41586-020-2573-5.
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Fig. 4 | Redistribution of ocean heat storage in the upper 2,000 m.  
a, d, g, The change in heat storage H. b, e, h, The change in the added  
heat storage Had, calculated as αCant. c, f, i, The ocean redistributed heat  
Hr = H − αCant. The changes are shown as the linear trends over the indicated  
periods multiplied by the length of the period. The results from observational 
estimates (obs.) for the period 1951–2011 are given in a–c; the results from  

1951–2011 changes in the CMIP5 historical-RCP8.5 ensemble are given in d–f; 
and g–i show the 2011–2060 changes in the CMIP5 RCP8.5 ensemble.  
The hatching indicates where the changes are not significant at the 66% 
uncertainty level. For the observations, the uncertainty is from the estimates 
of H and Cant, whereas for the CMIP5 models, the uncertainty is from the mean of 
the ensemble that emerges from the inter-model spread.
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under free-circulation and fixed-circulation conditions6,21, and also 
the small effect of biological changes6,21,30–32 on Cant are consistent with 
previous modelling work. In the fixed-circulation experiment, param-
eterizations are still allowed to vary. However, the effect of changes 
in these parameterizations on the passive heat and carbon storage is 
found to be less than 10% (see Methods). Finally, the similarity between 
Had and Cant is also present when comparing passive reconstructions of 
the storage of ocean heat and carbon10,21. Another caveat of our work is 
that many models tend to underestimate variability, including air–sea 
carbon fluxes33,34. However, because we consider the multi-decadal 
time-integrated carbon storage, the effects of variability in the flux 
are mostly mitigated.

In summary, we present a method to calculate the redistribution 
of ocean heat without the need for any additional measurements or 
simulations, and we infer changes in heat transport owing to anthropo-
genic climate change. The method provides a way to assess the quality 
of climate models, by comparing the physical response to forcing with 
our observational estimate of ocean heat redistribution. We show that 
ocean heat redistribution, although dominant in the past, becomes 
less important in the future, leading to potentially more predictable 
warming patterns in coarse-resolution climate models. Further work 
is necessary to assess our results in eddy-rich ocean climate models, 
and to constrain the mechanisms and sensitivity of ocean heat to car-
bon uptake and their potentially strong link to the transient climate 
response to CO2 emissions1. However, our method can be used to 
understand the mechanisms which regionally redistribute ocean heat, 
impacting sea-ice formation35, marine heat waves36, ocean oxygen37 
and sea-level rise10,38.

Online content
Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code 
availability are available at https://doi.org/10.1038/s41586-020-2573-5.
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Fig. 4 | Redistribution of ocean heat storage in the upper 2,000 m.  
a, d, g, The change in heat storage H. b, e, h, The change in the added  
heat storage Had, calculated as αCant. c, f, i, The ocean redistributed heat  
Hr = H − αCant. The changes are shown as the linear trends over the indicated  
periods multiplied by the length of the period. The results from observational 
estimates (obs.) for the period 1951–2011 are given in a–c; the results from  

1951–2011 changes in the CMIP5 historical-RCP8.5 ensemble are given in d–f; 
and g–i show the 2011–2060 changes in the CMIP5 RCP8.5 ensemble.  
The hatching indicates where the changes are not significant at the 66% 
uncertainty level. For the observations, the uncertainty is from the estimates 
of H and Cant, whereas for the CMIP5 models, the uncertainty is from the mean of 
the ensemble that emerges from the inter-model spread.
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Which processes determine the spread in projections?
What causes the spread of model projections of ocean dynamic sea-level change in response to…

1 3

ensemble, six models use a version of NEMO (Nucleus for 
European Modelling of the Ocean), three use POP (Parallel 
Ocean Program), two use MOM (Modular Ocean Model), 
and the remaining five use an ocean component unique to 
the ensemble. Hence, there is a greater diversity of ocean 
components in terms of the number of unique ocean models 
in CMIP5. For all the CMIP6 models that use NEMO, the 
horizontal ocean resolution of the ORCA1 grid used is the 
same (roughly 1°-by-1° of latitude, with a refinement to 1/3° 
at equator), although different AOGCMs use different num-
bers of ocean vertical levels, which has effects on Southern 
Ocean OHU (Stewart and Hogg 2019). One might argue 
that there is a decrease in the diversity of representations of 
ocean processes in this ensemble of CMIP6 models, but the 
increasing use of common ocean components has apparently 
not reduced the spread of sea-level projections in response to 
1pctCO2 forcing in the CMIP6 era versus CMIP5 (Fig. 4b, 
d). Sea-level projections from the CMIP6 ensemble were 
checked for similarities among models sharing a simi-
lar ocean component, but no clear correlation exists (not 
shown). One might therefore expect that diversity in air-
sea fluxes (rather than in ocean models) causes the spread 
(e.g., Huber and Zanna 2017). However, the increased use 
of common ocean components does not necessarily mean 
that water properties and ocean transport processes are rep-
resented in the same way across models. NEMO and other 
ocean components support a potentially enormous variety of 

configurations through customisable combinations of differ-
ent parameterisations and schemes, and spin-up procedures. 
Parameter choices of, for example, coefficients of vertical 
diffusivity and eddy mixing are important for setting OHU 
in the Pacific and Southern Oceans (Huber and Zanna 2017). 
The convergence of structure in ocean components does not 
directly translate into convergent representations of ocean 
heat uptake.

3.3  Ocean response to perturbations in individual 
fluxes

Comparison of the multi model mean ∆ζ from FAF-all 
with the sea-level response to individual perturbations 
allows us to determine which features result from changes 
to each flux. The spatial pattern of sea-level change from 
the heat flux forcing (Fig. 5c) most closely matches the 
response to all perturbations simultaneously applied 
(Fig. 3c). For FAF-heat, the spatial standard deviation is 
0.080 m, which is close to that of FAF-all (0.082 m). The 
spatial standard deviation is 0.021 m for FAF-stress and 
0.018 m for FAF-water. This indicates that the heat flux 
contributes the most to the sea-level change in FAF-all and 
1pctCO2, in agreement with previous work (Bouttes and 
Gregory 2014; Gregory et al. 2016). The wind stress per-
turbation causes part of the pattern of ∆ζ, but its influence 

Fig. 4  Multi model mean projections of ∆ζ (left) from 1pctCO2 forcing experiments averaged over years 91–100 for 19 CMIP5 models (a), 16 
CMIP6 models (c). Standard deviation of the model spread (right). Models used are described in Table 2

!  I won’t discuss the methodologies but happy to discuss during the discussion sessions

Couldrey et al., 
2020



Inferred fixed-circulation & redistribution in obs
Significant redistribution signal over the historical record
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under free-circulation and fixed-circulation conditions6,21, and also 
the small effect of biological changes6,21,30–32 on Cant are consistent with 
previous modelling work. In the fixed-circulation experiment, param-
eterizations are still allowed to vary. However, the effect of changes 
in these parameterizations on the passive heat and carbon storage is 
found to be less than 10% (see Methods). Finally, the similarity between 
Had and Cant is also present when comparing passive reconstructions of 
the storage of ocean heat and carbon10,21. Another caveat of our work is 
that many models tend to underestimate variability, including air–sea 
carbon fluxes33,34. However, because we consider the multi-decadal 
time-integrated carbon storage, the effects of variability in the flux 
are mostly mitigated.

In summary, we present a method to calculate the redistribution 
of ocean heat without the need for any additional measurements or 
simulations, and we infer changes in heat transport owing to anthropo-
genic climate change. The method provides a way to assess the quality 
of climate models, by comparing the physical response to forcing with 
our observational estimate of ocean heat redistribution. We show that 
ocean heat redistribution, although dominant in the past, becomes 
less important in the future, leading to potentially more predictable 
warming patterns in coarse-resolution climate models. Further work 
is necessary to assess our results in eddy-rich ocean climate models, 
and to constrain the mechanisms and sensitivity of ocean heat to car-
bon uptake and their potentially strong link to the transient climate 
response to CO2 emissions1. However, our method can be used to 
understand the mechanisms which regionally redistribute ocean heat, 
impacting sea-ice formation35, marine heat waves36, ocean oxygen37 
and sea-level rise10,38.
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and g–i show the 2011–2060 changes in the CMIP5 RCP8.5 ensemble.  
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the ensemble that emerges from the inter-model spread.
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under free-circulation and fixed-circulation conditions6,21, and also 
the small effect of biological changes6,21,30–32 on Cant are consistent with 
previous modelling work. In the fixed-circulation experiment, param-
eterizations are still allowed to vary. However, the effect of changes 
in these parameterizations on the passive heat and carbon storage is 
found to be less than 10% (see Methods). Finally, the similarity between 
Had and Cant is also present when comparing passive reconstructions of 
the storage of ocean heat and carbon10,21. Another caveat of our work is 
that many models tend to underestimate variability, including air–sea 
carbon fluxes33,34. However, because we consider the multi-decadal 
time-integrated carbon storage, the effects of variability in the flux 
are mostly mitigated.

In summary, we present a method to calculate the redistribution 
of ocean heat without the need for any additional measurements or 
simulations, and we infer changes in heat transport owing to anthropo-
genic climate change. The method provides a way to assess the quality 
of climate models, by comparing the physical response to forcing with 
our observational estimate of ocean heat redistribution. We show that 
ocean heat redistribution, although dominant in the past, becomes 
less important in the future, leading to potentially more predictable 
warming patterns in coarse-resolution climate models. Further work 
is necessary to assess our results in eddy-rich ocean climate models, 
and to constrain the mechanisms and sensitivity of ocean heat to car-
bon uptake and their potentially strong link to the transient climate 
response to CO2 emissions1. However, our method can be used to 
understand the mechanisms which regionally redistribute ocean heat, 
impacting sea-ice formation35, marine heat waves36, ocean oxygen37 
and sea-level rise10,38.
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under free-circulation and fixed-circulation conditions6,21, and also 
the small effect of biological changes6,21,30–32 on Cant are consistent with 
previous modelling work. In the fixed-circulation experiment, param-
eterizations are still allowed to vary. However, the effect of changes 
in these parameterizations on the passive heat and carbon storage is 
found to be less than 10% (see Methods). Finally, the similarity between 
Had and Cant is also present when comparing passive reconstructions of 
the storage of ocean heat and carbon10,21. Another caveat of our work is 
that many models tend to underestimate variability, including air–sea 
carbon fluxes33,34. However, because we consider the multi-decadal 
time-integrated carbon storage, the effects of variability in the flux 
are mostly mitigated.

In summary, we present a method to calculate the redistribution 
of ocean heat without the need for any additional measurements or 
simulations, and we infer changes in heat transport owing to anthropo-
genic climate change. The method provides a way to assess the quality 
of climate models, by comparing the physical response to forcing with 
our observational estimate of ocean heat redistribution. We show that 
ocean heat redistribution, although dominant in the past, becomes 
less important in the future, leading to potentially more predictable 
warming patterns in coarse-resolution climate models. Further work 
is necessary to assess our results in eddy-rich ocean climate models, 
and to constrain the mechanisms and sensitivity of ocean heat to car-
bon uptake and their potentially strong link to the transient climate 
response to CO2 emissions1. However, our method can be used to 
understand the mechanisms which regionally redistribute ocean heat, 
impacting sea-ice formation35, marine heat waves36, ocean oxygen37 
and sea-level rise10,38.
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Fig. 4 | Redistribution of ocean heat storage in the upper 2,000 m.  
a, d, g, The change in heat storage H. b, e, h, The change in the added  
heat storage Had, calculated as αCant. c, f, i, The ocean redistributed heat  
Hr = H − αCant. The changes are shown as the linear trends over the indicated  
periods multiplied by the length of the period. The results from observational 
estimates (obs.) for the period 1951–2011 are given in a–c; the results from  

1951–2011 changes in the CMIP5 historical-RCP8.5 ensemble are given in d–f; 
and g–i show the 2011–2060 changes in the CMIP5 RCP8.5 ensemble.  
The hatching indicates where the changes are not significant at the 66% 
uncertainty level. For the observations, the uncertainty is from the estimates 
of H and Cant, whereas for the CMIP5 models, the uncertainty is from the mean of 
the ensemble that emerges from the inter-model spread.
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under free-circulation and fixed-circulation conditions6,21, and also 
the small effect of biological changes6,21,30–32 on Cant are consistent with 
previous modelling work. In the fixed-circulation experiment, param-
eterizations are still allowed to vary. However, the effect of changes 
in these parameterizations on the passive heat and carbon storage is 
found to be less than 10% (see Methods). Finally, the similarity between 
Had and Cant is also present when comparing passive reconstructions of 
the storage of ocean heat and carbon10,21. Another caveat of our work is 
that many models tend to underestimate variability, including air–sea 
carbon fluxes33,34. However, because we consider the multi-decadal 
time-integrated carbon storage, the effects of variability in the flux 
are mostly mitigated.

In summary, we present a method to calculate the redistribution 
of ocean heat without the need for any additional measurements or 
simulations, and we infer changes in heat transport owing to anthropo-
genic climate change. The method provides a way to assess the quality 
of climate models, by comparing the physical response to forcing with 
our observational estimate of ocean heat redistribution. We show that 
ocean heat redistribution, although dominant in the past, becomes 
less important in the future, leading to potentially more predictable 
warming patterns in coarse-resolution climate models. Further work 
is necessary to assess our results in eddy-rich ocean climate models, 
and to constrain the mechanisms and sensitivity of ocean heat to car-
bon uptake and their potentially strong link to the transient climate 
response to CO2 emissions1. However, our method can be used to 
understand the mechanisms which regionally redistribute ocean heat, 
impacting sea-ice formation35, marine heat waves36, ocean oxygen37 
and sea-level rise10,38.
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Fig. 4 | Redistribution of ocean heat storage in the upper 2,000 m.  
a, d, g, The change in heat storage H. b, e, h, The change in the added  
heat storage Had, calculated as αCant. c, f, i, The ocean redistributed heat  
Hr = H − αCant. The changes are shown as the linear trends over the indicated  
periods multiplied by the length of the period. The results from observational 
estimates (obs.) for the period 1951–2011 are given in a–c; the results from  

1951–2011 changes in the CMIP5 historical-RCP8.5 ensemble are given in d–f; 
and g–i show the 2011–2060 changes in the CMIP5 RCP8.5 ensemble.  
The hatching indicates where the changes are not significant at the 66% 
uncertainty level. For the observations, the uncertainty is from the estimates 
of H and Cant, whereas for the CMIP5 models, the uncertainty is from the mean of 
the ensemble that emerges from the inter-model spread.
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Heat Content Changes in Ocean-only 1%CO2 Scenarios

changes from the atmospheric feedback. Examining the vertical profile of redistributed temperature change,
ΔθR, reveals that North Atlantic cooling is more concentrated and stronger near the surface in AOGCMs in
comparison to OGCMs. Consequently, in AOGCMs, the surface θRminus air temperature gradient is steeper
relative to the implicit SSTminus air temperature gradient contributing to the atmosphere‐ocean heat flux in
OGCMs. This leads to an additional surface heat input at high latitudes from the atmosphere in coupled
simulations, relative to ocean‐only simulations (Figure 2). In the tropical Atlantic, θR warming is more
concentrated near the surface in AOGCMs relative to OGCMs. Hence, in AOGCMs, there is additional
heat loss to the atmosphere over the tropical Atlantic, which is balanced by the extra heat input at higher
latitudes.

In the Pacific, the ocean heat content change is typically more homogeneous than in the Atlantic and
Southern oceans across the multimodel ensemble, at approximately 1–2 GJ m−2. Similar to the Atlantic,
Pacific warming from added heat is typically larger at midlatitudes (3–4 GJ m−2) and weaker at low latitudes
(0–1 GJ m−2). This added heat content change pattern is offset by a slight cooling due to redistribution at
high latitudes, and a warming from redistribution in the tropics.

The surface heat flux change in AOGCMs is tightly coupled to the AMOC change, as summarized in Figure
2. Total heat gain and loss at high and low latitudes in the Atlantic, respectively, weaken the meridional den-
sity gradient, causing the AMOC to weaken. This AMOC weakening reduces northward heat transport,
which leads to further surface θR cooling at high latitudes and warming at low latitudes, contributing to

Figure 8. Depth‐integrated redistributed heat content change (GJ m−2) Years 61–70 faf‐heat/faf‐heat‐o minus faf‐
passiveheat.
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Figure 9. Depth and weighted time integral of the subsurface faf‐heat and faf‐heat‐o minus faf‐passiveheat total temperature tendency change (Equation 6) for
the multimodel ensemble (MME) standard deviation (a) and mean (b), excluding ACCESS‐OM2 due to data unavailability. Gray boxes indicate the midlatitude
North Atlantic, western North Pacific, and midlatitude Southern Ocean regions.

Figure 10. Area means of the depth and weighted time integral of changes in the subsurface faf‐heat and faf‐heat‐o
minus faf‐passiveheat temperature tendencies (Equation 6) for each process, for the midlatitude North Atlantic (a),
Western North Pacific (b), and midlatitude Southern Ocean (c) regions, as
presented in Figure 9.

10.1029/2019MS002027Journal of Advances in Modeling Earth Systems

TODD ET AL. 15 of 26

Todd et al., 2020



Summary

232 | Nature | Vol 584 | 13 August 2020

Article

under free-circulation and fixed-circulation conditions6,21, and also 
the small effect of biological changes6,21,30–32 on Cant are consistent with 
previous modelling work. In the fixed-circulation experiment, param-
eterizations are still allowed to vary. However, the effect of changes 
in these parameterizations on the passive heat and carbon storage is 
found to be less than 10% (see Methods). Finally, the similarity between 
Had and Cant is also present when comparing passive reconstructions of 
the storage of ocean heat and carbon10,21. Another caveat of our work is 
that many models tend to underestimate variability, including air–sea 
carbon fluxes33,34. However, because we consider the multi-decadal 
time-integrated carbon storage, the effects of variability in the flux 
are mostly mitigated.

In summary, we present a method to calculate the redistribution 
of ocean heat without the need for any additional measurements or 
simulations, and we infer changes in heat transport owing to anthropo-
genic climate change. The method provides a way to assess the quality 
of climate models, by comparing the physical response to forcing with 
our observational estimate of ocean heat redistribution. We show that 
ocean heat redistribution, although dominant in the past, becomes 
less important in the future, leading to potentially more predictable 
warming patterns in coarse-resolution climate models. Further work 
is necessary to assess our results in eddy-rich ocean climate models, 
and to constrain the mechanisms and sensitivity of ocean heat to car-
bon uptake and their potentially strong link to the transient climate 
response to CO2 emissions1. However, our method can be used to 
understand the mechanisms which regionally redistribute ocean heat, 
impacting sea-ice formation35, marine heat waves36, ocean oxygen37 
and sea-level rise10,38.
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Fig. 4 | Redistribution of ocean heat storage in the upper 2,000 m.  
a, d, g, The change in heat storage H. b, e, h, The change in the added  
heat storage Had, calculated as αCant. c, f, i, The ocean redistributed heat  
Hr = H − αCant. The changes are shown as the linear trends over the indicated  
periods multiplied by the length of the period. The results from observational 
estimates (obs.) for the period 1951–2011 are given in a–c; the results from  

1951–2011 changes in the CMIP5 historical-RCP8.5 ensemble are given in d–f; 
and g–i show the 2011–2060 changes in the CMIP5 RCP8.5 ensemble.  
The hatching indicates where the changes are not significant at the 66% 
uncertainty level. For the observations, the uncertainty is from the estimates 
of H and Cant, whereas for the CMIP5 models, the uncertainty is from the mean of 
the ensemble that emerges from the inter-model spread.
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under free-circulation and fixed-circulation conditions6,21, and also 
the small effect of biological changes6,21,30–32 on Cant are consistent with 
previous modelling work. In the fixed-circulation experiment, param-
eterizations are still allowed to vary. However, the effect of changes 
in these parameterizations on the passive heat and carbon storage is 
found to be less than 10% (see Methods). Finally, the similarity between 
Had and Cant is also present when comparing passive reconstructions of 
the storage of ocean heat and carbon10,21. Another caveat of our work is 
that many models tend to underestimate variability, including air–sea 
carbon fluxes33,34. However, because we consider the multi-decadal 
time-integrated carbon storage, the effects of variability in the flux 
are mostly mitigated.

In summary, we present a method to calculate the redistribution 
of ocean heat without the need for any additional measurements or 
simulations, and we infer changes in heat transport owing to anthropo-
genic climate change. The method provides a way to assess the quality 
of climate models, by comparing the physical response to forcing with 
our observational estimate of ocean heat redistribution. We show that 
ocean heat redistribution, although dominant in the past, becomes 
less important in the future, leading to potentially more predictable 
warming patterns in coarse-resolution climate models. Further work 
is necessary to assess our results in eddy-rich ocean climate models, 
and to constrain the mechanisms and sensitivity of ocean heat to car-
bon uptake and their potentially strong link to the transient climate 
response to CO2 emissions1. However, our method can be used to 
understand the mechanisms which regionally redistribute ocean heat, 
impacting sea-ice formation35, marine heat waves36, ocean oxygen37 
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Online content
Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code 
availability are available at https://doi.org/10.1038/s41586-020-2573-5.

1. Allen, M. R. et al. Warming caused by cumulative carbon emissions towards the trillionth 
tonne. Nature 458, 1163–1166 (2009).

2. Matthews, H. D., Gillett, N. P., Stott, P. A. & Zickfeld, K. The proportionality of global 
warming to cumulative carbon emissions. Nature 459, 829–832 (2009).

3. Solomon, S., Plattner, G., Knutti, R. & Friedlingstein, P. Irreversible climate  
change due to carbon dioxide emissions. Proc. Natl Acad. Sci. USA 106, 1704–1709 
(2009).

4. Goodwin, P., Williams, R. G. & Ridgwell, A. Sensitivity of climate to cumulative carbon 
emissions due to compensation of ocean heat and carbon uptake. Nat. Geosci. 8, 29–34 
(2015).

5. Xie, P. & Vallis, G. K. The passive and active nature of ocean heat uptake in idealized 
climate change experiments. Clim. Dyn. 38, 667–684 (2012).

6. Khatiwala, S. et al. Global ocean storage of anthropogenic carbon. Biogeosciences 10, 
2169–2191 (2013).

7. Winton, M., Griffies, S. M., Samuels, B. L., Sarmiento, J. L. & Frölicher, T. L. Connecting 
changing ocean circulation with changing climate. J. Clim. 26, 2268–2278 (2013).

8. Gregory, J. M. et al. The Flux-Anomaly-Forced Model Intercomparison Project (FAFMIP) 
contribution to CMIP6: investigation of sea-level and ocean climate change in response 
to CO2 forcing. Geosci. Model Dev. 9, 3993–4017 (2016).

9. DeVries, T., Holzer, M. & Primeau, F. Recent increase in oceanic carbon uptake driven by 
weaker upper-ocean overturning. Nature 542, 215–218 (2017).

10. Zanna, L., Khatiwala, S., Gregory, J. M., Ison, J. & Heimbach, P. Global reconstruction of 
historical ocean heat storage and transport. Proc. Natl Acad. Sci. USA 116, 1126–1131 
(2019).

11. Frölicher, T. L. et al. Dominance of the Southern Ocean in anthropogenic carbon and heat 
uptake in CMIP5 models. J. Clim. 28, 862–886 (2015).

H obs. 1951–2011 

H CMIP5 historical 1951–2011

H CMIP5 future 2011–2060

d e f

i

b cHad obs. 1951–2011 Hr obs. 1951–2011 

Had CMIP5 1951–2011 Hr CMIP5 1951–2011 

Had CMIP5 2011–2060 Hr CMIP5 2011–2060g h

a

–50°

50°

0°

La
tit

ud
e 

–50°

50°

0°

La
tit

ud
e 

–50°

50°

0°

La
tit

ud
e 

0°100° W200° W 100° E 0°100° W200° W 100° E 0°100° W200° W 100° E
–10

–5

0

5

10

–4

–2

0

2

4

G
J 

m
ol

–2
G

J 
m

ol
–2

G
J 

m
ol

–2

–4

–2

0

2

4

Longitude Longitude Longitude

Fig. 4 | Redistribution of ocean heat storage in the upper 2,000 m.  
a, d, g, The change in heat storage H. b, e, h, The change in the added  
heat storage Had, calculated as αCant. c, f, i, The ocean redistributed heat  
Hr = H − αCant. The changes are shown as the linear trends over the indicated  
periods multiplied by the length of the period. The results from observational 
estimates (obs.) for the period 1951–2011 are given in a–c; the results from  

1951–2011 changes in the CMIP5 historical-RCP8.5 ensemble are given in d–f; 
and g–i show the 2011–2060 changes in the CMIP5 RCP8.5 ensemble.  
The hatching indicates where the changes are not significant at the 66% 
uncertainty level. For the observations, the uncertainty is from the estimates 
of H and Cant, whereas for the CMIP5 models, the uncertainty is from the mean of 
the ensemble that emerges from the inter-model spread.
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under free-circulation and fixed-circulation conditions6,21, and also 
the small effect of biological changes6,21,30–32 on Cant are consistent with 
previous modelling work. In the fixed-circulation experiment, param-
eterizations are still allowed to vary. However, the effect of changes 
in these parameterizations on the passive heat and carbon storage is 
found to be less than 10% (see Methods). Finally, the similarity between 
Had and Cant is also present when comparing passive reconstructions of 
the storage of ocean heat and carbon10,21. Another caveat of our work is 
that many models tend to underestimate variability, including air–sea 
carbon fluxes33,34. However, because we consider the multi-decadal 
time-integrated carbon storage, the effects of variability in the flux 
are mostly mitigated.

In summary, we present a method to calculate the redistribution 
of ocean heat without the need for any additional measurements or 
simulations, and we infer changes in heat transport owing to anthropo-
genic climate change. The method provides a way to assess the quality 
of climate models, by comparing the physical response to forcing with 
our observational estimate of ocean heat redistribution. We show that 
ocean heat redistribution, although dominant in the past, becomes 
less important in the future, leading to potentially more predictable 
warming patterns in coarse-resolution climate models. Further work 
is necessary to assess our results in eddy-rich ocean climate models, 
and to constrain the mechanisms and sensitivity of ocean heat to car-
bon uptake and their potentially strong link to the transient climate 
response to CO2 emissions1. However, our method can be used to 
understand the mechanisms which regionally redistribute ocean heat, 
impacting sea-ice formation35, marine heat waves36, ocean oxygen37 
and sea-level rise10,38.
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Fig. 4 | Redistribution of ocean heat storage in the upper 2,000 m.  
a, d, g, The change in heat storage H. b, e, h, The change in the added  
heat storage Had, calculated as αCant. c, f, i, The ocean redistributed heat  
Hr = H − αCant. The changes are shown as the linear trends over the indicated  
periods multiplied by the length of the period. The results from observational 
estimates (obs.) for the period 1951–2011 are given in a–c; the results from  

1951–2011 changes in the CMIP5 historical-RCP8.5 ensemble are given in d–f; 
and g–i show the 2011–2060 changes in the CMIP5 RCP8.5 ensemble.  
The hatching indicates where the changes are not significant at the 66% 
uncertainty level. For the observations, the uncertainty is from the estimates 
of H and Cant, whereas for the CMIP5 models, the uncertainty is from the mean of 
the ensemble that emerges from the inter-model spread.

232 | Nature | Vol 584 | 13 August 2020

Article

under free-circulation and fixed-circulation conditions6,21, and also 
the small effect of biological changes6,21,30–32 on Cant are consistent with 
previous modelling work. In the fixed-circulation experiment, param-
eterizations are still allowed to vary. However, the effect of changes 
in these parameterizations on the passive heat and carbon storage is 
found to be less than 10% (see Methods). Finally, the similarity between 
Had and Cant is also present when comparing passive reconstructions of 
the storage of ocean heat and carbon10,21. Another caveat of our work is 
that many models tend to underestimate variability, including air–sea 
carbon fluxes33,34. However, because we consider the multi-decadal 
time-integrated carbon storage, the effects of variability in the flux 
are mostly mitigated.

In summary, we present a method to calculate the redistribution 
of ocean heat without the need for any additional measurements or 
simulations, and we infer changes in heat transport owing to anthropo-
genic climate change. The method provides a way to assess the quality 
of climate models, by comparing the physical response to forcing with 
our observational estimate of ocean heat redistribution. We show that 
ocean heat redistribution, although dominant in the past, becomes 
less important in the future, leading to potentially more predictable 
warming patterns in coarse-resolution climate models. Further work 
is necessary to assess our results in eddy-rich ocean climate models, 
and to constrain the mechanisms and sensitivity of ocean heat to car-
bon uptake and their potentially strong link to the transient climate 
response to CO2 emissions1. However, our method can be used to 
understand the mechanisms which regionally redistribute ocean heat, 
impacting sea-ice formation35, marine heat waves36, ocean oxygen37 
and sea-level rise10,38.
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Fig. 4 | Redistribution of ocean heat storage in the upper 2,000 m.  
a, d, g, The change in heat storage H. b, e, h, The change in the added  
heat storage Had, calculated as αCant. c, f, i, The ocean redistributed heat  
Hr = H − αCant. The changes are shown as the linear trends over the indicated  
periods multiplied by the length of the period. The results from observational 
estimates (obs.) for the period 1951–2011 are given in a–c; the results from  

1951–2011 changes in the CMIP5 historical-RCP8.5 ensemble are given in d–f; 
and g–i show the 2011–2060 changes in the CMIP5 RCP8.5 ensemble.  
The hatching indicates where the changes are not significant at the 66% 
uncertainty level. For the observations, the uncertainty is from the estimates 
of H and Cant, whereas for the CMIP5 models, the uncertainty is from the mean of 
the ensemble that emerges from the inter-model spread.
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! Patterns of heat storage (and thermosteric sea level):    

! Historical period: observed trends dominated by redistribution; 
mixed results in CMIP-models  

! Future trends: dominated by passive heat uptake (at least in 
coarse-resolution models)

! Uncertainty in projections 

! Redistribution plays a large role in North Atlantic in particular   

! North Pacific: similar patterns but not mechanisms  

! Southern Ocean: passive but mixing processes contribute to 
the spread

What causes the spread of model projections of ocean dynamic sea-level change in response to…

1 3

ensemble, six models use a version of NEMO (Nucleus for 
European Modelling of the Ocean), three use POP (Parallel 
Ocean Program), two use MOM (Modular Ocean Model), 
and the remaining five use an ocean component unique to 
the ensemble. Hence, there is a greater diversity of ocean 
components in terms of the number of unique ocean models 
in CMIP5. For all the CMIP6 models that use NEMO, the 
horizontal ocean resolution of the ORCA1 grid used is the 
same (roughly 1°-by-1° of latitude, with a refinement to 1/3° 
at equator), although different AOGCMs use different num-
bers of ocean vertical levels, which has effects on Southern 
Ocean OHU (Stewart and Hogg 2019). One might argue 
that there is a decrease in the diversity of representations of 
ocean processes in this ensemble of CMIP6 models, but the 
increasing use of common ocean components has apparently 
not reduced the spread of sea-level projections in response to 
1pctCO2 forcing in the CMIP6 era versus CMIP5 (Fig. 4b, 
d). Sea-level projections from the CMIP6 ensemble were 
checked for similarities among models sharing a simi-
lar ocean component, but no clear correlation exists (not 
shown). One might therefore expect that diversity in air-
sea fluxes (rather than in ocean models) causes the spread 
(e.g., Huber and Zanna 2017). However, the increased use 
of common ocean components does not necessarily mean 
that water properties and ocean transport processes are rep-
resented in the same way across models. NEMO and other 
ocean components support a potentially enormous variety of 

configurations through customisable combinations of differ-
ent parameterisations and schemes, and spin-up procedures. 
Parameter choices of, for example, coefficients of vertical 
diffusivity and eddy mixing are important for setting OHU 
in the Pacific and Southern Oceans (Huber and Zanna 2017). 
The convergence of structure in ocean components does not 
directly translate into convergent representations of ocean 
heat uptake.

3.3  Ocean response to perturbations in individual 
fluxes

Comparison of the multi model mean ∆ζ from FAF-all 
with the sea-level response to individual perturbations 
allows us to determine which features result from changes 
to each flux. The spatial pattern of sea-level change from 
the heat flux forcing (Fig. 5c) most closely matches the 
response to all perturbations simultaneously applied 
(Fig. 3c). For FAF-heat, the spatial standard deviation is 
0.080 m, which is close to that of FAF-all (0.082 m). The 
spatial standard deviation is 0.021 m for FAF-stress and 
0.018 m for FAF-water. This indicates that the heat flux 
contributes the most to the sea-level change in FAF-all and 
1pctCO2, in agreement with previous work (Bouttes and 
Gregory 2014; Gregory et al. 2016). The wind stress per-
turbation causes part of the pattern of ∆ζ, but its influence 

Fig. 4  Multi model mean projections of ∆ζ (left) from 1pctCO2 forcing experiments averaged over years 91–100 for 19 CMIP5 models (a), 16 
CMIP6 models (c). Standard deviation of the model spread (right). Models used are described in Table 2

! What’s next?  

! Effect of resolution vs. parameterizations on patterns  + spread 

! Relating interior changes to coast


