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Heat and carbon coupling reveals ocean 
warming due to circulation changes

Ben Bronselaer1,2,3,4ಞᅒ & Laure Zanna1,5

Anthropogenic global surface warming is proportional to cumulative carbon 
emissions1–3; this relationship is partly determined by the uptake and storage of heat 
and carbon by the ocean4. The rates and patterns of ocean heat and carbon storage are 
in!uenced by ocean transport, such as mixing and large-scale circulation5–10. 
However, existing climate models do not accurately capture the observed patterns of 
ocean warming, with a large spread in their projections of ocean circulation and  
ocean heat uptake8,11. Additionally, assessing the in!uence of ocean circulation 
changes (speci"cally, the redistribution of heat by resolved advection) on patterns of 
observed and simulated ocean warming remains a challenge. Here we establish a 
linear relationship between the heat and carbon uptake of the ocean in response to 
anthropogenic emissions. This relationship is determined mainly by intrinsic 
parameters of the Earth system—namely, the ocean carbon bu$er capacity, the 
radiative forcing of carbon dioxide and the carbon inventory of the ocean. We use this 
relationship to reveal the e$ect of changes in ocean circulation from carbon dioxide 
forcing on patterns of ocean warming in both observations and global Earth system 
models from the Fifth Coupled Model Intercomparison Project (CMIP5). We show that 
historical patterns of ocean warming are shaped by ocean heat redistribution, which 
CMIP5 models simulate poorly. However, we "nd that projected patterns of heat 
storage are primarily dictated by the pre-industrial ocean circulation (and 
small changes in unresolved ocean processes)—that is, by the patterns of added heat 
owing to ocean uptake of excess atmospheric heat rather than ocean warming by 
circulation changes. Climate models show more skill in simulating ocean heat storage 
by the pre-industrial circulation compared to heat redistribution, indicating that 
warming patterns of the ocean may become more predictable as the climate warms.

The increase in emissions of anthropogenic greenhouse gases such as 
CO2 has led to rising atmospheric temperatures since pre-industrial 
times. The ocean absorbs most of the excess heat and some of the excess 
carbon, mitigating atmospheric warming12. However, the storage of 
heat and carbon by the ocean leads to adverse regional effects such 
as sea-level rise, coral bleaching and ocean acidification8,10,13–16. Ocean 
transport affects both global and regional ocean temperature and 
also carbon changes9,17. In particular, changes in ocean transport can 
shape ocean warming patterns5,7,8,10. Yet, directly assessing the effects 
of changing ocean currents on ocean warming both in observations 
and also in climate models8 remains challenging. In addition, there is 
a lack of agreement between modelled and observed heat storage and 
also a large spread among different models in the simulated patterns 
of ocean heat storage—the causes for these discrepancies are difficult 
to attribute11. To diagnose the effect of changes in large-scale ocean 
circulation (namely, resolved advection) on ocean warming patterns 
across observations and model ensembles, we here exploit the intrinsic 
similarities between the ocean’s storage of heat and carbon.

Previous studies have shown that changes in global atmospheric 
surface temperatures are proportional to cumulative CO2 emissions1–3. 
This emergent linear relationship is driven by the ocean, and the lin-
earity arises in part from the ocean processes that are responsible for 
the uptake of heat and carbon4,18 (‘uptake’ is the absorption of atmos-
pheric anomalies by the ocean, and ‘storage’ is how these anomalies are 
stored spatially in the ocean). The result highlights a salient connection 
between the uptake and storage of heat and carbon in the ocean, set-
ting the transient climate response to CO2 emissions. Our study aims to 
quantify how changes in ocean processes and ocean circulation affect 
the ocean storage of heat and carbon at global and regional scales and 
we use our findings to establish the origin of ocean warming patterns.

On the global scale, we find that the ratio of heat to carbon uptake 
by the ocean spans a narrow range across observations, models and 
scenarios. On the regional scale, patterns of ocean heat and carbon 
storage are identical if ocean circulation—where ‘circulation’ herein 
refers to resolved advection (see below)—is unaltered by anthropogenic 
climate change, in both a coupled7 and an ocean-only model. We use 
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these two findings to attribute changes in the patterns of ocean heat 
storage to ocean circulation changes in an ensemble of coupled climate 
models and also in observations. We find that circulation changes have a 
dominant effect on observed heat storage patterns. However, the effect 
of circulation changes on the patterns of ocean heat storage diminishes 
as the climate warms over the twenty-first century.

To obtain our results, we initially use two 100-yr-long simulations 
of the Geophysical Fluid Dynamics Laboratory Earth System Model 
2 (GFDL ESM2M) forced with a transient increase of 1% atmospheric 
CO2 per year7 (the 1%CO2 experiment; see Methods). We analyse the 
results at the time of doubling of atmospheric CO2, averaged over 
years 61–80 of the simulation. One simulation allows ocean currents 
to evolve freely (the free-circulation experiment) and the other pre-
scribes monthly mean horizontal Eulerian velocities (ocean currents) 
from a pre-industrial control simulation (the fixed-circulation experi-
ment), removing changes in ocean circulation induced by CO2 forc-
ing. Throughout this text, we define circulation as the advection by 
Eulerian velocities only—we therefore do not include parametriza-
tions such as eddy velocities and mixing, which are allowed to vary in 
the fixed-circulation experiment. However, the changes in the eddy 
transport and convection in the fixed-circulation experiment are small, 
except in ice-covered regions (see Extended Data Fig. 1).

As a result of increased CO2 forcing, excess energy in the climate 
system is mainly stored in the ocean. In our numerical experiments, the 
ocean heat storage in the fixed-circulation experiment—the added heat, 
Had—represents the storage of excess atmospheric heat as a result of 
pre-industrial ocean circulation and the changes in sub-grid processes 
(mixing and mesoscale eddies) owing to increased CO2 forcing. The 
ocean heat storage in the free-circulation experiment, H, additionally 
includes the effect of circulation changes. The difference between the 
total heat storage H and the added heat Had, (both owing to anthropo-
genic climate change), here defined as the redistributed heat, Hr, is thus 
the redistribution of both the added and pre-industrial (background) 
heat throughout the ocean by the changing ocean circulation:

H H H= + (1)ad r

Heat redistribution from circulation changes can strongly alter 
regional patterns of heat storage5,8,10, and local climate feedback such 
as from clouds and albedo7; however, heat redistribution has little effect 
on global anthropogenic ocean heat uptake: the difference in global 
ocean heat uptake between the fixed-circulation and free-circulation 
experiments is only 4% in ESM2M7 (this could vary slightly from model 
to model). A decomposition similar to equation (1) can be applied to 
any tracer anomaly in the ocean, including the anthropogenic ocean 
carbon storage, Cant. We here refer to ‘anthropogenic’ heat and carbon 
as the anomalies from the pre-industrial state induced by increased 
atmospheric CO2 concentration. All anomalies are calculated using 
20-yr temporal averages to minimize the effects of natural variability. 
Given that heat and carbon anomalies are concentrated in the upper 
ocean6,7,10, and for comparison with observations, we focus on the top 
2,000 m vertically integrated fields. To verify our results from ESM2M, 
we also conduct similar simulations in an ocean-only model, here the 
Massachusetts Institute of Technology General Circulation Model 
(MITgcm), with free-circulation and fixed-circulation experiments, 
discussed in Methods.

Heat and carbon storage in GFDL ESM2M
In our ESM2M 1%CO2 simulations, Cant is concentrated in the mid 
and high latitudes, and is similar in both the free-circulation and 
fixed-circulation experiments, with a spatial correlation coefficient 
(CR) of 0.98 (Fig. 1a, b). The ocean redistribution of Cant is negligible 
compared to the total Cant (ref. 7). The added heat in the fixed-circulation 
experiment is also predominantly stored in the mid and high latitudes 

(Fig. 1e). In the fixed-circulation experiment, added heat is absorbed 
by the ocean as a result of air–sea exchange and is transported in the 
interior by background circulation and sub-grid processes. This heat 
storage Had is dominated by physical processes such as Ekman pump-
ing and vertical mixing, and is heavily influenced by the pre-industrial 
stratification19,20. However, in the free-circulation experiment, there is 
noticeably more heat stored in the low latitudes of the Atlantic Ocean 
compared to in the fixed-circulation experiment, owing to the changing 
circulation (Fig. 1d)—either a change in gyre transport or overturning 
circulation10,17. Redistribution of heat (Hr) from the changing circulation 
is evident in all ocean basins, not just in the Atlantic Ocean. The patterns 
of Cant, in the free-circulation and the fixed-circulation experiments, 
closely match Had, with CRs of 0.92 and 0.93, respectively. Additionally, 
this similarity is evident in ocean-only MITgcm simulations, and also 
evident when comparing reconstructions of ocean heat and carbon 
storage using a constant ocean circulation10,21.

The similarity of Cant and Had is due to the effect of chemistry on ocean 
carbon uptake, through the Revelle buffer factor22. The spatial pat-
tern of the buffer factor is largely determined by the pattern of the 
background ocean temperature (see Methods). By contrast, ocean 
uptake of other tracers such as chlorofluorocarbon (CFC) lacks chemi-
cal buffering, such that the ocean CFC storage does not have the same 
relationship with Had as Cant does; Had and Cant therefore have a unique 
similarity (see Methods for a detailed analysis).

Global heat–carbon coupling
Owing to the unique similarity between the spatial patterns of stor-
age of Cant and Had in the simulations, the spatial pattern of Had can be 
reconstructed using Cant in the free-circulation experiment, without 
the need for a fixed-circulation experiment. To reconstruct Had, we 
require an appropriate time-varying scaling parameter, α(t), such that 
Had = α(t)Cant. Here, the coefficient α is called the heat–carbon coupling 
parameter. α can be estimated locally using a regression of Cant onto Had, 
although this still requires a fixed-circulation experiment. Although the 
patterns of ocean heat storage differ between the free-circulation and 
fixed-circulation experiments, the global integrals of anthropogenic 
heat and carbon content are nearly unchanged (Fig. 2a)7. Therefore, 
we opt to estimate α globally such that

∫
∫
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where Ĥ and Ĉant are the global spatial integrals of H and Cant, respec-
tively, and A is the surface area of the Earth. The value of α is generally 
in the range 2 × 107–6 × 107 J mol−1 when calculated for different model 
simulations, scenarios and observations (Fig. 2a). This relatively nar-
row range of values for α represents a tight coupling between the 
global ocean anthropogenic uptake of heat and carbon in the climate 
system.

To understand the leading terms that set the magnitude of α, denoted 
as ∼α, we consider how atmospheric CO2 changes drive the anthropo-
genic ocean uptake of heat and carbon. Using the analytic expressions 
for the dependence of Ĥ and Ĉant on atmospheric CO2 (derived in Meth-
ods), we can express α∼ as a function of simple parameters of the Earth 
system. We assume that ocean warming Ĥ is driven by the radiative 
forcing imbalance that stems from the strength of CO2 as a greenhouse 
gas, F0 (in W m−2). In addition, we assume that changes in ocean carbon 
uptake are directly driven by excess atmospheric CO2 concentration 
and that Cant, the amount of anthropogenic carbon absorbed by the 
ocean, is set by the capacity of the ocean to buffer CO2 anomalies, 
expressed by the Revelle buffer factor4,22, RDIC (DIC, dissolved inorganic 
carbon). A lower value of RDIC and a higher total ocean carbon inventory 
Io can both contribute to a lower capacity for the ocean to absorb addi-
tional CO2. We combine the relationships for the uptake of ocean heat 
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and carbon and, by neglecting climate feedback, we obtain an expres-
sion for α∼ given by (see Methods):

α t A
R F

I
t( ) ≈ ∆ , (3)DIC 0

o

∼

where ∆t is the time interval elapsed (see Methods for further details). 
In ESM2M, the estimated α (∼α) determined by equation (3) is of similar 
magnitude to the directly obtained α (equation (2)), particularly after 
the first 20 yr of simulations (during which time natural variability 
dominates over the anthropogenic response; see Extended Data Fig. 2 
and Methods). However, after a few decades, observations and models 
show little temporal dependence on α (Fig. 2b and Extended Data Fig. 2), 
probably owing to the importance of the feedback processes that are 
neglected in equation (3). The observed and modelled constant slope 
of Ĥ versus Ĉant—that is, α (Fig. 2b)—therefore highlights that the ocean 
takes up heat at the same rate as it takes up carbon. This relationship 
is similar to the linear relationship between atmospheric warming and 
cumulative carbon emissions. Thus we determine that, to first order, 
the linear relationship between the global uptake of heat and carbon 
is determined by the capacity of the ocean to take up carbon and the 
strength of the radiative forcing of CO2.

Past and future heat redistribution
By exploiting this relationship between global heat and carbon uptake, 
Had can be locally reconstructed from Cant using Had(x, y, t) = α(t)Cant(x, y, t),  
where α(t) (equation (2)) is obtained for each individual simulation or 
observational product. The global-mean error in ice-free regions for 
the estimated Had over the upper 2,000 m of the ocean, compared to 
the simulated Had in ESM2M, is 11%. We obtain similar errors using dif-
ferent depth integrals (shown in Fig. 3) or using an ocean-only model 
(see Methods). We can then infer vertically integrated patterns of redis-
tribution, Hr(x, y, t), as residuals using equation (1). The reconstruction 
of depth-dependent profiles of zonal-mean heat redistribution is just 
as accurate below 300 m (Extended Data Fig. 3).

We apply our method to observational products using spatially and 
temporally varying ocean heat storage (from ref. 23) and anthropogenic 

carbon (from ref. 24), from 1951 to 2011 in the top 2,000 m of the ocean. 
The storage of anthropogenic heat and carbon is calculated by fitting 
linear trends locally over the period, multiplied by the time period 
considered (Fig. 4). We apply the same procedure to 11 Earth system 
models from the CMIP5 archive with a full carbon cycle. Although 
there is a large inter-model spread in historical ocean heat storage 
among CMIP5 simulations (±71%), the CMIP5 ensemble mean agrees 
well with observations of net global ocean heat storage over the past 
40 yr11. We use historical and climate change simulations (following 
the Recommended Concentration Pathway 8.5, RCP8.5) for 1951–2011 
and 2011–2060, respectively. We also reconstruct projections of redis-
tributed heat using the 2011–2060 trends from CMIP5 in the RCP8.5 
simulations (Fig. 4).

Overall, the CMIP5 models reproduce the observed 1951–2011 added 
heat storage better than they do the redistributed heat storage; the CR 
for the observed and simulated mean Had is 0.83, whereas the CR for 
observed and simulated Hr is 0.31. However, some features in the spatial 
patterns of Hr over 1951–2011 are consistent between observations and 
the CMIP5 simulations, as well as in our ESM2M 1%CO2 simulation; 
for example, cooling in the Pacific sub-tropical gyres and the Indian 
Ocean, and warming in the tropics. However, the ensemble mean of the 
CMIP5 simulations underestimates the strength of tropical redistrib-
uted warming compared to the observations, especially in the Atlantic 
Ocean. This is partly due to inter-model variability. In the Southern 
Ocean, the observed patterns of warming show substantial contribu-
tions from added heat in all three sectors of the Southern Ocean: large 
redistributed warming in the Atlantic and Indian sectors, and weak 
cooling in the Pacific sector. The zonally integrated heat storage in 
the Southern Ocean is dominated by the added heat25, owing in part to 
the integration both over the redistributed warming anomalies (in the 
Atlantic and Indian sectors of the Southern Ocean) and also over the 
cooling anomalies (in the Pacific sector). The CMIP5 models simulate 
more redistributed cooling in the Pacific sector of the Southern Ocean 
compared to observations over the same period, but simulate a weaker 
redistributed warming feature in the Atlantic and Indian sectors, seen 
also in the Atlantic zonal mean (see Extended Data Fig. 4).

A key feature of Hr inferred from the observations is the cooling effect 
of the redistributed heat in the North Atlantic subpolar gyre, consistent 
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Fig. 1 | Simulated anthropogenic changes in Cant and H. a–f, Upper 2,000 m 
vertically integrated anomalies in years 61–80 of the 1%CO2 ESM2M simulation 
for tracers Cant (a–c) and H (d–f). a, d, Cant and H relative to the tandem control 
simulation for the free-circulation experiment. b, e, Added Cant and added  
H (Had) relative to the tandem control simulation fixed-circulation 

experiments. c, f, The difference in Cant and H between the free-circulation and 
fixed-circulation experiments, which is attributed to the changing ocean 
currents—that is, the redistributed values of Cant and H (that is, Hr). The black 
line shows the annual-mean maximum sea-ice extent.
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with a reduction in the meridional ocean heat transport that is probably 
due to a reduction in the meridional overturning circulation or gyre 
transport10,17, which counteracts the warming from the added heat. This 
North Atlantic redistribution is not captured in the CMIP5 ensemble 
mean but is present in a few of the ensemble members (Extended Data 
Fig. 5). This could indicate either that the sub-polar cooling is due to 
natural variability (an anthropogenic signal in meridional heat trans-
port only emerged in 2000)26 and therefore eliminated owing to the 
averaging over multiple historical simulations, or that most CMIP5 ESM 
models fail to capture the emergence of a forced trend in that region 
because they contain structural biases27.

In our projections from 2011 to 2060, in all CMIP5 models—includ-
ing in the three CMIP5 models that best match the observed patterns 
of Hr from 1951 to 2011—Hr exhibits a cooling signal in the Atlantic 
sub-polar gyre and warming in the Gulf Stream and in low-latitude 
regions (Extended Data Fig. 5). This agreement could indicate that 
the observed pattern of ocean redistribution from anthropogenic 
climate change might persist over the coming decades, despite the 

past influence of natural variability. However, it is important to note 
that model agreement does not necessarily mean that the models 
are correct.

Heat redistribution explains most of the warming pattern over the 
historical period—Hr has a CR of 0.92 with H in observations (CR = 0.87 
in CMIP5). However, the projected added heat becomes relatively more 
important between 2011 and 2060, with a CR of 0.52 for Had with H, as 
opposed to CR = 0.27 in observations and CR = 0.26 in CMIP5 over the 
historical period. As the climate warms, added heat storage will there-
fore probably begin to shape ocean warming patterns.

Discussion
We identify an emergent coupling between the global ocean uptake of 
heat and carbon. The order of magnitude of the heat–carbon coupling 
parameter is consistent across models, scenarios and observations 
and is mostly constant over time. The magnitude of the heat–carbon 
coupling parameter is, to first order, set by the ocean buffer factor, 

0

2

4

6

0

0

2

4

6

8

10

CMIP5 MITgcmObservations ESM2M
D

 (×
10

7  
J 

m
ol

–1
)

H
 (×

10
23

 J
)

Cant (×1016 mol)

b

a

CMIP5 mean and range CMIP5 models

Observations

ESM2M 1%CO2

/

CMIP5 models with cooling trend

Decadal means

2000–2009

2.01.81.61.41.21.00.80.60.40.2

Fig. 2 | Heat–carbon coupling. a, α calculated from (left to right): the 1951–2011 
trend in the CMIP5 ensemble historical simulations (ensemble mean in red); the 
1951–2060 trend in the CMIP5 ensemble RCP8.5 simulation (ensemble mean in 
orange); the 1951–2011 trend in observations of ocean heat content (white  
circle from ref. 10, filled circle from ref. 23), and in observations of ocean  
carbon content24 (mean, blue); our ESM2M 1%CO2 model after 70 yr of the 
fixed-circulation (dark green) and free-circulation (light green) experiments; 
and from the perturbed MITgcm simulation after 70 yr (magenta). The grey 
dots show individual estimates; the green circles show ESM2M within the 
CMIP5 ensemble. The error bars show the 66% confidence interval stemming 
from the combined observational uncertainty in H and Cant. b, Ĥ as a function of 

Ĉant relative to the years 1870–1890, where the slope is equal to α. The CMIP5 
historical-RCP8.5 ensemble members are given up to the year 2060, where the 
ensemble mean is the thick solid pink line, the range is shaded in pale yellow 
and the thin solid pink lines show individual models. The dashed lines show the 
CMIP5 models that simulate a decrease in the ocean heat content in the 
twentieth century, which are excluded from the mean and range. The blue line 
shows observations (ocean heat storage from ref. 10), and the green shading 
shows the range of the fixed-circulation and free-circulation 1%CO2 ESM2M 
simulations that we conduct here. The solid circles show the decadal means, 
and the white rings highlight the 2000–2009 mean. The blue shading shows 
the 66% confidence interval from observations.
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the pre-industrial ocean carbon inventory and the radiative forcing 
strength of CO2. This similarity is unique in that it is not shared with 
other passive tracers such as ocean CFC storage. We use the global 
and regional coupling of heat and carbon to calculate patterns of 
the ocean heat redistribution that arises from circulation changes in 
observational-based products and in CMIP5 models from 1951 to 2060.

The method allows us to attribute observed ocean warming and 
cooling to circulation changes on a global scale using only obser-
vational products, thereby avoiding the biases in climate models 
that are associated with their simulated heat-storage patterns. In 
some ocean basins, the effect of warming from redistribution is more 
than three times larger than the effect of added heat storage in the 
fixed-circulation experiment, leading to an increased rise in regional 
sea levels. We find that warming from redistribution has had an impor-
tant role in the observed warming of the Atlantic Ocean between 40° S 
and 40° N and in the eastern tropical Pacific Ocean, up to 6.4 GJ m−2 
along the Gulf Stream. In contrast to warming from redistribution, 
changes in ocean circulation have probably cooled the sub-tropical 
gyres in both the Indian and Pacific Oceans by up to 2.4 GJ m−2, leading 
to mitigation of local sea-level rise. In the Southern Ocean, there is 
redistributed warming in the South Atlantic and Indian sectors, up to 
4.0 GJ m−2, but cooling in the Pacific sector, up to 1.7 GJ m−2, such that 
the zonally integrated Southern Ocean warming is set by the added 
heat25. Over the historical period, some of these observed features 
are probably due to natural variability. However, both the Pacific 
and Indian sub-tropical redistributed cooling and Southern Ocean 
pattern are projected to continue into the future across all models8, 
suggesting that the historical pattern of redistribution may persist 
over the next several decades.

Simulations of the storage of ocean anthropogenic carbon—and by 
extension the added heat storage—within the CMIP5 ensemble agree 
well with each other28. Therefore, the differences in heat-storage 
patterns simulated in the CMIP5 models are not due to the back-
ground state, which governs the added heat storage, but are pre-
dominantly due to the response of the ocean circulation to forcing 
in these models (natural or anthropogenic). In future projections, 
however, the influence of ocean heat redistribution on patterns of 
heat storage is reduced as the added heat becomes more dominant, 
despite changes in ocean circulation becoming more severe29. In 
addition, the patterns of added heat storage in CMIP5 models agree 
well with observations. As added heat storage becomes more domi-
nant, future CMIP simulations of ocean heat storage will therefore 
probably agree better with real patterns of warming than in the past. 
As a result, long-term ocean warming and patterns of sea-level rise 
may become more predictable as the climate warms. However, we 
cannot exclude that at even higher atmospheric CO2 levels than 
tested here, extreme and abrupt changes in circulation may have 
an important role.

A main caveat of our work is the use of a single coupled climate 
model (ESM2M) to test our method. However, all key results found 
using ESM2M are also found in ocean-only simulations with MITgcm. 
In the MITgcm simulations, we also find a 4% difference in global heat 
uptake between the fixed-circulation and free-circulation experiments 
after 100 yr of simulation, that the redistribution of Cant is negligible, 
that patterns of carbon and heat storage in the fixed experiment are 
highly correlated, that α lies in the range of other coupled models, and 
that all of these results can be used to skilfully reconstruct fixed heat 
storage (see Methods). In addition, both the spatial similarity of Cant 
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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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Methods
Experimental design
The main coupled climate model used in this study is the GFDL ESM2M, 
which includes a fully coupled carbon cycle39,40 forced with a transient 
increase of 1% atmospheric CO2 per year7. To investigate the effect of 
changing currents, in addition to a free-running forced experiment, 
we use the fixed-circulation experiments from ref. 7. In these experi-
ments, the ocean currents (namely, the horizontal velocities) are 
prescribed to follow a fixed seasonal cycle. The prescribed (fixed) 
currents are taken from the first 100 yr of the 1860 control simula-
tion. To maintain the mass balance and avoid unrealistic local sea 
levels, the ocean surface freshwater flux in the 1%CO2 fixed-circulation 
experiment is also prescribed from the pre-industrial fixed-circulation 
control. Although the resolved currents are prescribed, the param-
eterizations for subgrid-scale mesoscale eddy mixing and convec-
tion are allowed to operate as normal and respond to the imposed 
CO2 forcing.

The experiments are run for 100 yr but herein we show the spatial 
maps of anomalies over the years 61–80, which coincide with the time 
at which the atmospheric CO2 concentration is twice the pre-industrial 
value. In the ESM2M simulations, the difference in the net ocean heat 
uptake for the average of the years 61–80 between the fixed-circulation 
and free-circulation simulations is 4%.

In the fixed-circulation experiment, there are some changes in the 
circulation owing to the eddy parameterization schemes (Gent–McWil-
liams and vertical mixing), shown in Extended Data Fig. 1. However, 
these changes are negligible. Extended Data Fig. 1 also shows the mixed 
layer depth in the control simulation and calculated changes in the 
mixed layer depth in the free-circulation and fixed-circulation experi-
ments. Changes in the mixed layer depths reflect changes in convec-
tion. Although there are large changes in mixed layer depths in the 
free-circulation experiment in the North Atlantic (particularly in the 
Labrador Sea), there are only small changes in the ice-free regions of 
the fixed-circulation experiment, where convection is maintained. In 
the fixed-circulation experiment, in the North Atlantic north of 30° N, 
there is an average reduction in the mixed layer depth of 13%, where 
mixed layer depths were deeper than 200 m in the control case. These 
results show that, outside ice-covered regions, the changes in the eddy 
and convection parameterizations in the fixed-circulation experiment 
are small.

Similarity between Cant and Had

To demonstrate the similarity between Cant and Had, we investigate the 
relationship between heat and CFC storage from an RCP8.5 simulation, 
also at the time of the doubling of the atmospheric partial pressure of 
CO2, pCO2

 (Extended Data Fig. 6). Ocean uptake of atmospheric CO2 is 
driven by the air–sea imbalance of the partial pressure of CO2. At the 
ocean surface, changes in pCO2

 are largely latitudinally uniform41,42 
(Extended Data Fig. 6), which is a result of surface waters being mostly 
equilibrated with respect to well-mixed atmospheric CO2

43,44. Changes 
in ocean pCO2

, p∆ CO2
, therefore follow the nearly latitudinally uniform 

atmospheric CO2 changes, imposing a strong constraint on the pattern 
of surface pCO2

.
pCO2

 can be decomposed as the change in pCO2
 from temperature 

changes ∆T, and changes owing to chemistry, using linearity and the 
chain rule. In this case, we can express the contribution of chemistry 
through the changes in concentrations of DIC, ∆DIC, and of alkalinity 
(ALK), ∆ALK:
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where the contribution from changes in salinity is negligible compared 
to the other factors45 in equation (4). The ∆DIC term dominates p∆ CO2

 

(Extended Data Fig. 6). Using the following expressions for the buffer 
factors for DIC and alkalinity (ALK), RDIC and RALK, respectively45,46:
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The sensitivity p∂ /∂DICCO2
 is set by the background ocean chemis-

try22, the spatial pattern of which is partly determined by the back-
ground ocean temperature, as shown in Extended Data Fig. 6. To 
determine the role of temperature on p∂ /∂DICCO2

, we remove latitudi-
nal variations in temperature: we first calculate the pre-formed DIC 
(that is, CSAT, the component of DIC that is in equilibrium with atmos-
phere, and the solubility of which is determined by temperature and 
salinity)48 in the case of DIC. The pre-formed DIC was calculated twice, 
first using the simulated spatially varying background temperature 
field, and then using a uniform temperature field. The difference 
between the two is then removed from the actual simulated DIC to 
remove the effects of the spatially varying temperature. pCO2

 is also 
calculated with the same simulated and uniform temperature field, 
and the difference is used to remove the effects of the spatially varying 
temperature field.

To satisfy the latitudinally uniform surface p∆ CO2
 constraint, ∆DIC 

must be anti-correlated to p∂ /∂DICCO2
; in the ESM2M, CR = −0.84, with 

similar correlations in other models and observations (Extended Data 
Fig. 7). The patterns of ∆DIC, which are dictated by p∂ /∂DICCO2

 and 
therefore by the background state, are similar in both the 
fixed-circulation and free-circulation experiments (CR = 0.98), as 
expected.

The patterns of ∆DIC are also found to correlate with the tempera-
ture change in the fixed-circulation experiment (that is, the added 
temperature ∆Tad; CR = 0.64), and with the background temperature 
(CR = 0.8). However, concentration changes of CFCs are not strongly 
correlated with ∆Tad. Similar to CO2, the ocean uptake of CFCs is set 
by the air–sea imbalance in partial pressure of CFC, pCFC, but unlike 
CO2, CFCs lack chemical buffering and the surface pCFC is only related 
to the CFC concentration by the inverse of solubility49, and the lack 
of chemical buffering of CFCs breaks the correlation between CFC 
changes and ∆Tad.

Once carbon and heat anomalies are absorbed by the ocean at the 
surface, the interior Cant and Had patterns are set only by the background 
physical processes, with little impact from changes in sub-grid pro-
cesses, as illustrated using a ‘fixed-climate simulation’30 in which atmos-
pheric CO2 has no radiative forcing effect. In this simulation, the ocean 
only sees a pre-industrial climate, without physically driven changes in 
temperature and ocean circulation. Between the fixed-climate ESM2M 
simulation and the fixed-circulation and free-circulation simulations, 
Cant is almost identical (Extended Data Fig. 8), confirming that tem-
perature and circulation changes have negligible effects on Cant

28. The 
fixed-climate simulation also shows that changes in biology have little 
effect, because modelled biological changes are primarily driven by 
physical changes in stratification that do not occur in the fixed-climate 
simulation50–52. Lastly, parameterizations such as convection, mixing 
and eddy transports are unperturbed in the fixed-climate simulation. 
The difference in Cant between the fixed-climate and fixed-circulation 



experiments is less than 10% locally. These simulations therefore also 
show that the parameterizations have only a small effect on passive 
tracer storage and are consistent with results from previous studies 
with other CMIP5 models21,53,54.

The correlation between ∆DIC and fixed-circulation ∆Tad at the sur-
face owing to chemical buffering, as well as the dominance of back-
ground physical processes in setting Had and Cant explain their strong 
correlation. By contrast, the lack of correlation between changes in 
surface CFC and ∆Tad leads to a mismatch in storage patterns (Extended 
Data Fig. 6). CFCs therefore cannot be used to reconstruct Had, whereas 
Cant uniquely can.

Relationship between global ocean anthropogenic heat and 
carbon
This section outlines a more detailed derivation of equation (3). We 
express the top-of-the-atmosphere radiative imbalance55, N(t), as the 
imbalance between the radiative forcing from CO2, F(t), and the climate 
feedback, λ(t)Ta(t), such that:

N t F t λ t T t
H t
A t

( ) = ( ) − ( ) ( ) =
^ ( )

∆
, (8)

a

where Ĥ(t) is the global heat uptake Ĥ since t = 0, ∆t is the time inter-
val elapsed, A is the surface area of the Earth, Ta(t) is the mean atmos-
pheric warming and λ(t) is the climate sensitivity parameter. Note 
that in effect, ∆t = t, but we use this notation to make it clear when a 
quantity is evaluated at a time t, and when the time elapsed appears 
as a separate quantity ∆t. Most of the excess heat is absorbed by  
the ocean such that A × N(t) ≈ Ĥ(t)/∆t. The radiative forcing owing to 
CO2 can be calculated as F t F p t p( ) = ln[ ( )/ (0)]0 CO CO2 2

 , where F0 = 5.35 W m−2 
is the radiative forcing coefficient for CO2. We can therefore write:

F t λ t T t N t F p t p( ) = ( ) ( ) + ( ) = ln[ ( )/ (0)]. (9)a 0 CO CO2 2

We assume linearity of the response in equation (9), as is commonly 
done, because we are only interested in an order-of-magnitude calcu-
lation, and nonlinear responses are second order. Combining equa-
tions (8) and (9), we obtain the heat content change over ∆t as:

H t AF p t p t Aλ t T t tˆ( ) = ln [ ( )/ (0)]∆ − ( ) ( )∆ . (10)0 CO CO a2 2

Neglecting the anthropogenic carbon uptake by the land, and assum-
ing that pCO2

 of the surface of the ocean is in equilibrium with the atmos-
phere41 (which follows the argument that the pattern of surface ocean 
pCO2

 does not change under climate change, as outlined above), we can 
use the definition of the Revelle buffer factor RDIC:
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Here, Io is the pre-industrial global ocean inventory of carbon, I V= DICo  
(where V is the volume of the ocean), and Ia is the atmospheric inven-
tory of carbon. In the formal definition of RDIC, DIC is the mean surface 
ocean DIC concentration. However, the ratio DIC/∆DIC only differs 
by 1% in ESM2M if we consider the mean of DIC across the upper 
2,000 m instead of the surface of the ocean (and similarly in the esti-
mate of total and anthropogenic ocean DIC from ref. 24). The overline 
indicates an average over the ocean area (for pCO2

) and over the  
volume—of the upper 2,000 m, in our case—for DIC. We can therefore 
write:
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where Ĉant(t) = ∆Io is total ocean anthropogenic carbon. In our approxi-
mation, Io(0) = Io, so we can re-write equation (10) as follows:

H t
R AF

I
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o
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leading to the final equation for the linearly approximated heat– 
carbon coupling parameter ∼α  in a one-dimensional model:
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The left- and right-hand sides of equation (14) are shown in Extended 
Data Fig. 2, for the ESM2M 1%CO2 simulation. The first term of the 
right-hand side of equation (14)—which depends on carbon buffer-
ing effects—captures the magnitude of α, but has too steep a slope. 
The second term of the right-hand side of equation (14) acts to flatten 
out the behaviour of the coupling parameter with time. To first order, 
α therefore does not depend on Ĥ(t) or Ĉant(t) explicitly, but instead 
is set by F0, RDIC and Io, which we have approximated as constants in 
this simple formulation. The results imply that the strength of CO2 
as a greenhouse gas, the buffer factor and the pre-industrial ocean 
carbon content (which is linked to the pre-industrial ocean stratifica-
tion)—all of which are intrinsic quantities of the pre-industrial climate 
system—lead to a tight coupling between Ĥ and Ĉant, and as a result a 
tight coupling between Had and Cant. The parameters RDIC and Io only vary 
up to 15% across different models, scenarios and observations, and so 
the spread in α across models and observations is due to the Ta term 
in equation (14), reflecting differences in non-CO2 forcing agents and 
variations in various climate feedback processes. Over the historical 
period, natural variability in atmospheric warming trends probably 
also explains part of the large spread in α.

The error in ∼α t( ) as estimated using equation (14), compared to the 
diagnosed α(t) is due to the assumption of linearity, and that the land 
does not absorb any carbon. In realistic scenarios, the land is both a 
sink and a source of carbon, owing to differing land use. In 2009, the 
cumulative land sink and sources could balance, although the uncer-
tainty on this number is large21. The error arising from land-use uncer-
tainty is therefore a large component in the idealized 1%CO2 simulation, 
but may have less importance in the real world. Similarly, the 1%CO2 
simulation also does not include radiative forcing from other green-
house gases or aerosols. These effects are thought to be largely similar 
in magnitude but opposite in sign, and therefore to a large extent can-
cel out56. Nonetheless, equation (14) shows that, owing to intrinsic 
variables of the climate system, the relationship between H and Cant is 
linear to first order, explaining why the values of α are similar across 
the ESM2M, MITgcm and CMIP5 models and observations.

MITgcm
We compare the results from our ESM2M simulations to ocean-only 
simulations using the MITgcm, in which the atmospheric forcing 
remains constant. We do this, first, to demonstrate that our method 
holds for various modelling set-up and conditions. Second, the goal of 
using anthropogenic carbon to estimate the fixed-circulation anthro-
pogenic heat content is to be able to apply this method to CMIP5 models 
and observations. In the ESM2M simulations, the atmospheric cir-
culation and temperatures are different in the fixed-circulation and 
free-circulation experiments7. Using an ocean-only model with fixed 
boundary conditions, we can show that the coupling of the ocean’s heat 
and carbon storage is independent of ocean–atmosphere coupling.

Our global MITgcm57 set-up uses a 1° × 1° horizontal resolution and 
42 vertical levels with a realistic bathymetry. The model has a bio-
logical module58 that resolves five tracers: DIC, ALK, PO4, dissolved 
organic phosphorus (DOP) and O2. The model is forced at the surface 
with NCEP reanalysis wind stress and freshwater flux59, and the surface 
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temperature and salinity are restored towards Levitus’ monthly tem-
perature and salinity climatology60 to avoid model drift. We use this 
ocean-only model to perform free-circulation and fixed-circulation 
climate change experiments that resemble those performed with the 
ocean–atmosphere coupled GFDL ESM2M described in the text.

In testing the fixed-circulation experiments, the seasonality of the 
surface forcing alongside a prescribed yearly mean circulation field pro-
duces strong atmosphere–ocean flux anomalies, leading to unphysical 
feedback. We therefore spin up the model both for the free-circulation 
and fixed-circulation experiments using October conditions without 
a seasonal cycle. October is chosen because it produces a mean-state 
circulation and air–sea carbon and heat fluxes most similar to the yearly 
climatology of the model that is forced with the full monthly varying 
forcing fields. The mean overturning and barotropic streamfunctions, 
ΨMOC and ΨBARO, respectively, are shown in Extended Data Fig. 9.

To simulate anthropogenic warming due to CO2 emissions, we per-
turb the prescribed zonally uniform climatological temperature restor-
ing profile with a latitudinally varying temperature perturbation. The 
idealized perturbation curve prescribes a smooth transition from a 
warming of 0 °C at 90° S, to 1.5 °C at the equator, to 0.5 °C at 90° N. We 
introduce anthropogenic carbon by raising the value of atmospheric 
pCO2

 from 280 ppm in the pre-industrial state to 560 ppm in the first 
time step of the climate change experiment, after which time the car-
bon cycle model evolves freely (therefore adding a pulse injection of 
carbon). We perform this experiment with both fixed and free ocean 
circulation.

In the free experiment, the circulation is changing owing to the 
changes in surface temperature, whereas in the fixed experiment 
the circulation (the 3D Eulerian and bolus velocity fields) is fixed 
and set to its pre-industrial value. However, parameterizations such 
as convective and eddy mixing are allowed to act freely for the both 
the free-circulation and fixed-circulation experiments, as in ESM2M. 
To remove the effects of the drift in the fixed-circulation warming 
experiment, we run a tandem fixed-circulation pre-industrial control 
simulation. All anomalies are calculated as the difference between the 
perturbation experiment and the tandem control simulation. After 
50 yr (100 yr), there is a 3% (4%) difference in total ocean anthropogenic 
carbon uptake between the fixed-circulation and free-circulation exper-
iments, and a 4% (6%) difference in total heat storage, which agrees well 
with previous coupled climate simulations7. The total ocean heat and 
carbon uptake are therefore similar between the free-circulation and 
fixed-circulation experiments, although their spatial distributions 
are different.

The perturbed overturning and barotropic streamfunctions, ΨMOC 
and ΨBARO, respectively, are shown in Extended Data Fig. 9. The experi-
ments have been designed to optimally and rigorously test the pre-
sented method. Therefore, our scenarios are idealized, inducing large 
warming-induced circulation changes, instead of inducing realistic cli-
mate change scenarios from historical forcing or projections. However, 
our model simulations show very similar quantitative and qualitative 
results to coupled climate models under climate change scenarios as 
well as observational patterns of ocean warming and anthropogenic 
carbon storage7,24,61–63.

The results for fixed-circulation and free-circulation 0–2,000 m 
column-integrated anthropogenic heat and carbon storage, as well 
as for the carbon and heat redistribution, are shown in Extended Data 
Fig. 10. Extended Data Fig. 10 also shows the fixed circulation and 
redistributed heat content, as calculated using only free-circulation 
quantities and equations (1) and (2). Similarly to fully coupled climate 
model experiments7, discrepancies in the patterns of anthropogenic 
heat content between the free-circulation and fixed-circulation sim-
ulations are apparent, whereas patterns of anthropogenic carbon 
storage remain largely unaffected by changes in ocean currents that 
arise from warming. After 70 yr, the anthropogenic heat storage in 
the fixed experiment, Had, has increased in all regions, whereas in 

the free experiment, the ocean heat storage H has decreased in the 
North Atlantic and more heat is stored in the low latitudes in the South 
Atlantic. The pattern of anthropogenic heat storage in the Atlantic is 
due to the redistribution of heat by the modified circulation as the 
weakening of the Atlantic meridional overturning circulation can 
lead to a reduction of heat transport from the South Atlantic to the 
North Atlantic11,13,61,62. The redistribution of anthropogenic carbon 
however, is much smaller.

The fixed heat that is calculated using equations (1) and (3) (Extended 
Data Fig. 10) agrees very well with the explicitly simulated fixed heat. 
The corresponding redistributed heat patterns are also similar to those 
calculated using the fixed-circulation experiment, demonstrating 
the usefulness of our method for models with different structure and 
forcing.

Significance testing
To test the statistical significance of the redistributed heat in the CMIP5 
ensemble, we test at the 66% confidence level. The redistributed heat 
is not significant where the mean signal is less than σ/ N , where σ is 
the standard deviation of the signal and N is the number of CMIP5 mod-
els, N = 11. The mean state has a zero mean and zero standard deviation 
of redistributed heat.

To test the significance of the redistributed heat in the observations, 
we test at the 66% confidence level by calculating whether the signal 
is larger than the 1σ confidence interval. The 1σ confidence interval 
is determined by quadratically combining the 1σ uncertainty in the 
observational estimates of heat and carbon storage.

CMIP5
The 11 CMIP5 models used in this study are the following: CMCC-CESM, 
CNRM, IPSL-CM5A LR, IPSL-CM5A MR, IPSL-CM5B LR, HadGEM2-ES, 
HadGEM2-CC, MPI ESM MR, NorESM, GFDL ESM2M and GFDL ESM2G. 
All of these models are Earth system models with fully coupled carbon 
cycles. Heat and carbon anomalies are calculated with respect to a 
tandem 1850 pre-industrial control simulation.

Data availability
The code of the GFDL ESM2M model is available from https://github.
com/mom-ocean and the results from the free-circulation and 
fixed-circulation 1%CO2 simulations are available from https://doi.
org/10.1594/PANGAEA.914424. CMIP5 model data are available from 
the Earth System Grid Federation data portal at https://esgf-node.llnl.
gov/projects/cmip5/. The historical ocean temperature reanalysis23 
from is available at http://159.226.119.60/cheng/. The estimate of his-
torical ocean anthropogenic carbon24 is available at https://tdevries.
eri.ucsb.edu/models-and-data-products/. The observed ocean heat 
uptake10 is available at https://laurezanna.github.io/publication/
zanna-et-al-2017b/. The MITgcm code is available at http://mitgcm.org/. 
The GLODAPv2 synthesis product is available at https://www.nodc.
noaa.gov/ocads/oceans/GLODAPv2/. The topographical data used in 
Figs. 1, 3, 4 and Extended Data Figs. 1, 5, 8–10 are available in MATLAB 
and provided by NOAA64. The CMIP5 and observational estimates of 
total, added and redistributed heat are available at https://laurezanna.
github.io/publication/bronselaer-zanna-2020/. 
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Extended Data Fig. 1 | Physical changes in ESM2M experiments. a, b, Using 
the free-circulation model, the fixed-layer depth of the pre- industrial control 
mean (a) and the change in mixed-layer depth (relative to the control) (b), for 
years 61–80 of the 1%CO2 free circulation. c, Years 61–80 of the 1%CO2 
fixed-circulation simulation. In the fixed-circulation experiment, north of 

30° N in the North Atlantic Ocean, there is an average reduction in mixed-layer 
depth of 15%, where mixed layer depths were deeper than 200 m in the control 
mean. d–f, As in a–c, but for the meridional overturning streamfunction, where 
1 Sv = 106 m3 s−1. g–i, As in a–c, but for the barotropic streamfunction.



Extended Data Fig. 2 | The heat–carbon coupling parameter, α.  
a, α, obtained in ESM2M using α(t) = Ĥ(t)/Ĉant(t) (pink), and as estimated using 
equation (14) for α∼ (grey line). The green line shows the magnitude of the first 
term of the right-hand side of equation (14), and the blue line shows the  
second term of the right-hand side of equation (14), which is related to the 
temperature-feedback term. The grey shading shows the error in the estimate 
that is due to the assumption of linearity and to various other processes and 
feedback mechanisms ignored, such as land carbon uptake. The negative 
values of α and α∼ at the start of the experiment are due to natural variability 

when the external forcing is small (giving a low signal-to-noise ratio).  
b, α(t) = Ĥ(t)/Ĉant(t), relative to the years 1870–1890 in CMIP5 historical/RCP8.5 
simulations, with the mean given by the thick pink line and the range given by 
the pale yellow area. Thin lines show individual models (ESM2M is shown in 
green for reference) and dashed lines show the models that simulate ocean heat 
loss in the mid-twentieth century that are excluded from the mean and range. 
The blue solid line shows the observations (using ref. 10 for heat) and its blue 
shading shows the 66% confidence interval from observations.
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Extended Data Fig. 3 | ESM2M zonal-mean ocean redistributed warming.  
a, b, The year 61–80 zonal-mean ocean redistributed heat, here expressed as 
the zonal-mean temperature change, and calculated using the diagnosed fields 
from the ESM2M fixed-circulation experiment (a), and using the expression 
Had( y, z, t) = α(t)Cant( y, z, t) (b). The parameters ( y, z, t) indicate the zonal-mean 

quantities instead of vertical integrals, and α(t) is calculated globally as before, 
except here divided by volume, density and specific heat capacity so that 
values are given in terms of temperature instead of heat capacity. c, The 
difference between a and b; the black lines on the z = 0 axis show the mean 
sea-ice extent.



Extended Data Fig. 4 | 1951–2011 zonal-mean ocean redistributed warming. 
Ocean redistributed heat Had( y, z, t) = α(t)Cant( y, z, t) in terms of temperature 
instead of than heat. Changes are shown as the linear trends over the indicated 
periods multiplied by the length of the period. a, b, The results from 
observational estimates for the Atlantic basin (a) and the Pacific basin (b).  
c, d, Changes in the CMIP5 historical RCP8.5 ensemble. The black horizontal 

line indicates the 2,000 m depth level above which we show the observations. 
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 due to inter-model spread.
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Extended Data Fig. 5 | CMIP5 ocean redistributed heat. a, Average 1951–2011 
Hr for the three CMIP5 models (CNRM-CM5, GFDL ESM2M and GFDL ES2MG) 
with a value of Hr that best match the observational reconstruction. b, Average 

2011–2060 Hr for the same models as in a. The hatching indicates where the 
changes are not significant at the 66% uncertainty level; the uncertainty is from 
the mean of the ensemble due to inter-model spread.



Extended Data Fig. 6 | Latitudinal profiles of ocean carbon and CFCs.  
a, ESM2M zonal-mean contribution of DIC (green), DIC+ALK (blue) and 
DIC+ALK+T (red) towards the change in ocean surface pCO2

. Changes in pCO2
 

(∆pCO2
), are roughly equal to p ∆(∂ /∂DIC) DICCO2

. b, ESM2M zonal-mean mixed 
layer change, relative to the pre-industrial control, in ∆DIC (green), 
fixed-circulation added temperature ∆Tad (red), and ∆CFC 12 (purple). The blue 
line shows the sensitivity term p∂ /∂DICCO2

. c, ESM2M zonally integrated Cant 
(green), CFC 12 (purple) and Had (red) storage in the upper 2,000 m relative to 

the pre-industrial control. Solid single lines show year 70 from the 
fixed-circulation 1%CO2 and double lines show year 2060 of the ESM2M RCP8.5 
simulation. d, ESM2M p∂ /∂DICCO2

 with a latitudinally varying temperature 
(solid) and a latitudinally constant temperature (dotted). e, Observed zonally 
integrated Cant (green) and CFC 11 (purple) storage in the upper 2,000 m in 
year 2017, from ref. 24. The quantities in b–d have been scaled by the global 
mean value for each tracer, and the blue line in b has been offset upwards by a 
scaled value of 1 for clarity.
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Extended Data Fig. 7 | Latitudinal pCO2
 changes. a, b, Zonal-mean 

contribution of DIC (green), DIC + ALK (blue) and DIC + ALK + T (total; red), 
towards the change in ocean surface pCO2

 at year 70 of the 1%CO2 simulation 
with IPSL-CM5A-LR, relative to the pre-industrial control (a), and at year 2011 
best-estimate from observations, relative to year 1765, using GLODAPv265–67 for 
mean-state fields and ∆DIC (Cant) from ref. 24. c, d, Zonal-mean contribution of 
∆DIC (green) and p∂ /∂DICCO2

 (blue) towards ocean surface pCO2
 changes at 

year 70 of the 1%CO2 simulation with IPSL-CM5A-LR (c), and year 2011 from 
observations (using GLODAPv2 for mean states fields37 and ∆DIC from ref. 24; d).  
The thin lines in b and d show the 66% confidence interval. pCO2

 values from 
observations are calculated using CO2SYS68. The correlation coefficients 
between ∆DIC and p∂ /∂DICCO2

 are −0.88 and −0.82 for IPSL-CM5A-LR and 
observations, respectively.



Extended Data Fig. 8 | Fixed-climate Cant. a–c, Year 61–80 mean upper 
2,000 m Cant in the fixed-climate (a), fixed-circulation (b) and free-circulation 
(c) 1%CO2 ESM2M simulations. In the fixed-climate simulation, atmospheric 
CO2 is treated as a non-radiative gas29. The correlation coefficients of the 
fixed-circulation and fixed-climate Cant, with free-circulation Cant as shown, are 

0.98 and 0.98, respectively. d, The difference between the free-circulation and 
fixed-climate experiments. e, The difference between the fixed-circulation and 
fixed-climate experiment. f, The difference between the free-circulation and 
fixed-circulation experiments. g–l, As in a–f, but for zonal-mean Cant.
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Extended Data Fig. 9 | MITgcm ocean circulation. a, b, The mean-state (a) and 
overturning (b) barotropic streamfunctions in the MITgcm control simulation, 
where 1 Sv = 106 m3 s−1. c, d, The perturbed (c) and overturning (d) barotropic 

streamfunctions in the MITgcm climate change simulation after 70 yr of 
warming (taken as the mean of years 61–80).
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