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The Southern Ocean provides dominant contributions to global ocean
heat and carbon uptake, which is widely interpreted as resulting from its

unique upwelling and circulation. Here we show a large asymmetry in these
contributions, with the Southern Ocean accounting for 83 + 33% of global
heat uptake versus 43 + 3% of global ocean carbon uptake over the historical
periodinstate-of-the-art climate models. Using single radiative forcing
experiments, we demonstrate that this historical asymmetry is due to
suppressed heat uptake by northern oceans from enhanced aerosol forcing.
In future projections, such as SSP2-4.5 where greenhouse gases increasingly
dominate radiative forcing, the Southern Ocean contributions to global
heat and carbon uptake become more comparable, 52 + 5% and 47 + 4%,
respectively. Hence, the pastis not areliable indicator of the future, with the
northern oceans becoming important for heat uptake while the Southern
Ocean remains important for both heat and carbon uptake.

The Southern Ocean plays akey rolein the climate system by upwelling
deep waters to the surface' and by ventilating the ocean through the for-
mation of mode, intermediate and bottom waters>. Air-sea exchange
actstoequilibrate the surface waters so that the upwelling of cold, old
waters leads to an enhanced Southern Ocean uptake of excess heat
and carbon from the atmosphere*”. This enhanced Southern Ocean
uptake does not lead to a proportionally large increase in Southern
Ocean heatand carbon storage owing to redistribution by overturning
circulationstotherest of the global ocean. The overturning circulation
provides a northward transport of heat and anthropogenic carbon
over the upper ocean, so that regions of enhanced ocean heat storage
aredownstream of the regions of enhanced air-sea heat uptakein the
Southern Ocean® and there is a delay in climatically driven surface
warming in the Southern Ocean®.

This crucial role of the Southern Ocean in sequestering heat and
carbonis highlighted in analyses of a suite of Earth system models from

the Coupled Model Intercomparison Project phase 5 (CMIPS5) inte-
grated over the historical period from 1861t0 2005, revealing that the
Southern Ocean accounted for 75 + 22% of the heat uptake and 43 + 3%
of the carbon uptake by the global ocean over the historical period’.
This disproportionately important role of the Southern Ocean in the
global climate systemisin keeping with its unique contributionto the
upwelling of deep waters and ventilation of the global ocean.

A dominantrole ofthe Southern Ocean for surface heat uptakeis
expected given the nature of the physical circulation, involving surface
warming of upwelled cold water and subsequent redistribution of heat
by a combination of the overturning and gyre circulations. However,
it remains unclear why the Southern Ocean is not similarly important
for carbon uptake. A priori, ventilation pathways of heat and carbon
are expected to be broadly similar over the global ocean®'?, so that the
Southern Ocean contribution to global heat and carbon uptake might
be expected to be similarly dominant.

'Department of Earth, Ocean and Ecological Sciences, School of Environmental Sciences, University of Liverpool, Liverpool, UK. 2Polar Oceans, British
Antarctic Survey, Cambridge, UK. *Marine Systems Modelling, National Oceanography Centre, Liverpool, UK. “Department of Physics, Imperial College
London, London, UK. *Department of Applied Mathematics and Theoretical Physics, University of Cambridge, Cambridge, UK. ®Institute for Atmospheric

and Climate Science, ETH Zurich, Zurich, Switzerland.

e-mail: ric@liverpool.ac.uk

Nature Climate Change


http://www.nature.com/natureclimatechange
https://doi.org/10.1038/s41558-024-02066-3
http://orcid.org/0000-0002-3180-7558
http://orcid.org/0000-0003-3876-7736
http://orcid.org/0000-0003-4128-9712
http://orcid.org/0000-0002-1587-4996
http://orcid.org/0000-0002-3754-3506
http://orcid.org/0000-0002-7748-319X
http://orcid.org/0000-0001-5181-2752
http://crossmark.crossref.org/dialog/?doi=10.1038/s41558-024-02066-3&domain=pdf
mailto:ric@liverpool.ac.uk

Article

https://doi.org/10.1038/s41558-024-02066-3

There are several possible explanations for this discrepancy. First,
ocean uptake of heat from the atmosphere is influenced by radiative
forcing and climate feedbacks®, while the ocean uptake of carbon
from the atmosphere is instead affected by carbonate-chemistry
feedbacks' ' and a lesser extent by biological processes, which may
lead to different regional responses. Second, the redistribution of
anthropogenic heat and carbon may differ due to the regional con-
trasts in pre-industrial temperature being much larger and opposite
in sign to those of dissolved inorganic carbon'”*¥, which may lead to
opposite-signed upper ocean heat and carbon anomalies. Thus, the
relatively enhanced Southern Ocean uptake of heat compared with
carbonmight possibly be viewed as being due to differencesin thermal
and carbon processes and/or ocean redistribution for heat and carbon.

Notwithstanding the differences in heat and carbon cycling
described above, here we propose a simpler explanation for the
discrepancy in Southern Ocean heat and carbon uptake in terms of
the hemispheric differences in radiative forcing. We diagnose the
response of Coupled Model Intercomparison Project phase 6 (CMIP6)
projections over the historical period, including experiments with
single-component radiative forcings, and explore how this response
differs for future projections up to year 2100 following the Shared
Socioeconomic Pathway (SSP)2-4.5 scenario.

Historical Southern Ocean contribution

Over the historical period, the Southern Ocean (defined here, as in
ref. 7, as south of 30° S) provides the dominant contribution to the
global uptake of heat (Fig. 1a, left), accounting for 83 + 33% of the rise
in global ocean heat content between the decades of 1851-1860 and
2005-2014 on the basis of the multi-model, single-ensemble mean of 17
CMIP6 models (Table1, list of modelsin Table 2and individual responses
in Supplementary Table 1). There is a large inter-model range in the
Southern Ocean contribution. The risein Southern Ocean heat uptake
is relatively consistent between these two periods for these models,
providingamodel mean and standard deviation for the time-integrated
surface heat uptake of 30 + 6 x 10%2]. However, there is a correspond-
ing wide range of model responses over the northern oceans for the
surface heat uptake, —6 + 16 x 10 ) between these two periods, ranging
fromastrong heatloss to amodest heat uptake, leading toanorthern
ocean contribution of 17 + 50% to the global ocean heat uptake (Sup-
plementary Table1). This hemispheric difference leads to the Southern
Ocean heat uptake being comparable to the global ocean heat uptake of
36 +18 x 10?2 ) between these two periods. Hence, the large inter-model
variability in the fraction of global heat uptake provided by the South-
ern Ocean is primarily due to the variability in the heat uptake by the
northernoceans. While thereis internal variability in the Earth system
responses, the individual model ensembles all reveal that the Southern
Ocean plays a more dominant role in heat uptake than the northern
oceans (Supplementary Fig. 1a).

Turning to carbon uptake, we find that the Southern Ocean again
provides a dominant contribution (Fig. 1a, right; 54 + 5 Pg C; Supple-
mentary Table 2), accounting for 43 + 3% of the rise in global ocean
uptake between the decade of 1851-1860 and 2005-2014 based on
amulti-model, single-ensemble mean of 20 CMIP6 models (Table 1).
In this case, the northern oceans consistently provide an uptake of
carbon (26 + 4 Pg C; Supplementary Table 2) accounting for 21 + 2% of
theglobal ocean carbon uptake. Hence, there isamuch smaller range
inthe Southern Ocean or northernoceans contributions to the global
ocean uptake of carbon compared with those for heat uptake. These
CMIP6 results are broadly comparable to analyses of CMIP5 Earth
system models’.

The relative importance of the Southern Ocean in sequestering
heat and carbon is highlighted here by comparing their fractional
contributions with the global ocean uptake: the ratio of the fraction
of global uptake provided by the Southern Ocean for heat versus car-
bon typically varies from 1.7 to 1.9 across the suite of models over the
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Fig.1| Transient evolution of cumulative heat and carbonuptake. a-d, The
global (black line), northern ocean (red line) and Southern Ocean (blue line)
uptakes for heat (left column) and carbon (right) over the historical period from
1850 to 2014 including all forcings (17 CMIP6 multi-model, single-ensemble means
for heat and 20 CMIP6 multi-model, single-ensemble means for carbon) (a),
single radiative forcing experiments over the historical period with either only
greenhouse gases (b) or aerosols (five CMIP6 models with ensemble means for
heat and five models with single ensembles for carbon) (c) and future projections
following the SSP2-4.5 scenario from 2015 to 2100 from a subset of CMIP6 models
(10 for heat and 17 for carbon) (d). The model mean and standard deviation are
denoted by the lines and shading, and northern oceans and Southern Ocean
domains defined as north of 30° N and south of 30° S, respectively.

historical period (Table 1). Hence, the Southern Ocean is dispropor-
tionately important in sequestering heat as opposed to carbon over
the historical period.

We now explore the role of atmospheric heat sources involving
regional differences in radiative forcing as a candidate driver for the
asymmetry in how important the Southern Oceanis in contributing to
the global uptake of heat and carbon.

Sensitivity of ocean heat uptake

Theradiative forcinginvolves competing warming effects from green-
house gases and cooling effects from aerosols. The aerosol forcing
includes a direct effect involving the scattering and absorption of
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Table 1| Southern Ocean and northern ocean contributions towards global ocean uptake of heat and carbon

Earth system models Period Globalocean Globalocean Ratio of the Globalocean Globalocean Ratio of the
heatuptake carbonuptake percentageofglobal heatuptake carbon uptake percentage of global
by Southern by Southern heat uptake and by northern by northern heat uptake and
Ocean (%) Ocean (%) carbon uptake by oceans (%) oceans (%) carbon uptake by

Southern Ocean northern oceans
(1) Historical experiments
CMIP6, 17 models for 1851-1860 to 83+33% 43+3% 1.9 -17+50% 21+£2% -0.8
heat, 20 for carbon 2005-2014
CMIP5 (ref. 7),19 models  1861-1880 to 75+£22% 43+3% 17 10% 22% 0.45
1986-2005

(2) Single radiative forcing experiments over the historical period with only greenhouse gases
CMIP6, 5 models for heat  1851-1860 to 45+5% A5+4% 1.0 36+12% 19+2% 19
and 5 for carbon 2005-2014

(3) Future projections for SSP2-4.5
CMIP6, 10 models for 2015- 2024 to 52+7% 47+4% m 38+8% 16+2% 2.4
heat and 17 for carbon 2091-2100

(4) Idealized projection following a 1% annual increase in atmospheric CO,

CMIPG6 (ref. 22),12 models  Years121t0140  44+5% 47+2% 0.94 - - -

for heat and 11 for carbon

Percentage contributions for: (1) the historical period; (2) for single radiative forcing experiments with only greenhouse gas forcing over the historical period; (3) future projections following

SSP2-4.5; and (4) idealized projections following an annual 1% increase in atmospheric CO,.

shortwave radiation, and indirect effects altering cloud albedo and
cloudlifetime'. Over the historical period, there are large hemispheric
contrasts in radiative forcing®®*: cooling from aerosols effectively
offsets the warming from greenhouse gases over much of the North-
ernHemisphere', while this effect from aerosols is more limited over
the Southern Hemisphere. Therefore, most of the global supply of
anomalous radiative heat to the surface occurs over the Southern
Hemisphere?*?,

Correspondingly, over the historical period, the hemispheric
contrast in ocean heat uptake is consistent with the contrast in the
planetary heat uptake at the top of the atmosphere (Fig. 2a, left). There
is heat gain over the latitudes of the Southern Ocean (90-30°S) for
the surface and top of the atmosphere, compared with aheat loss over
thelatitudes of the northernoceans (30-90° N). In contrast, the carbon
uptake is more comparable between hemispheres (Fig. 2a, right), so
it does not reveal the hemispheric asymmetry seen for heat uptake.
This analysis is consistent with the prior CMIP5 analysis of ref. 7; see
Supplementary Fig. 2 for the same historical time periods usedin that
analysis, 1861-1880 t0 1986-2005.

To quantify the dependence of the fractional heat and carbon
uptake by the Southern Ocean on the nature of the radiative forcing,
we now examine CMIP6 experiments with single radiative forcing,
where the radiative forcing is based either on historical greenhouse
gas changes or historical non-greenhouse changes in aerosols. The
greenhouse gases are assumed to be well mixed and ozone is fixed in
timein the troposphere and stratosphere.

When the radiative forcing only consists of greenhouse gases, the
northernandSouthernoceans provide acomparable contributiontothe
global uptake of heat (Fig. 1b and Supplementary Fig. 1b for individual
model ensembles) with an accompanying heat uptake at the top of the
atmosphere over the latitudes of the northern oceans (30-90° N), based
onanalyses of five CMIP6 models (Fig. 2b). Hence, if there is only green-
house gas forcing, the Southern Ocean proportion of global heat uptake
decreasesto 45 + 5% and becomes effectively the same asits proportion
of global ocean carbon uptake of 45 + 4% (Table 1b and Extended Data
Fig.1a,b). In contrast, when the radiative forcing is only from aerosols,
there is a marked Northern Hemisphere heat loss (see Figs. 1c and 2¢
and Supplementary Fig. 1c for individual model ensembles).

The different choices of radiative forcing affect the ocean redis-
tribution of heat, as well as the ocean uptake of heat. The model-mean

ocean heat transport at 30° N changes from being northward
(14 + 18 x 10?2 )) over the historical period for all forcings, supplying heat
tothe northernoceans, to weakly southward (10 + 15 x 10?2]) for only
greenhouse gas forcing and more strongly northward (32 +13 x 10?))
for only aerosol forcing (Fig. 2a-c).

These contrasting thermal responses may be understood from
the model-mean patternsinthe temporal change inthe radiative forc-
ing, F, and the planetary heat uptake at the top of the atmosphere,
N (Methods), and their connection to the surface heat flux into the
ocean. For the historical case with both greenhouse gas and aerosol
forcing, Freaches 3 W m™ over the tropics (directed into the ocean),
but decreases to -3 W m™ over parts of the Northern Hemisphere
(Fig. 3a). The resulting heat uptake at the top of the atmosphere, N, is
broadly similar to F—positive over the tropics and negative over parts
of the Northern Hemisphere—but is enhanced by climate feedback
over the latitudes of the Southern Ocean by typically 2W m™. This
climate feedback is also revealed in Earth system model diagnostics
foranidealized scenario of anannualincrease of 1% atmospheric CO,,
where the climate feedback is due to a positive albedo feedback® from
areductioninseaice.

Thetemporal changeinthe model-mean surface ocean heatinput
reaches 10 W m~2and is enhanced over much of the Southern Ocean
together withlocalized regions of heatinput over the eastern tropical
Pacificand the subpolar North Atlantic and North Pacific. In contrast,
the temporal changein the model-mean surface flux of CO, is directed
intothe ocean over most of the Southern Ocean and more extensively
over the high latitude regions of the North Atlantic and North Pacific.
Theinter-model spreadinsurface heatand carbon uptake by the ocean
is greatest over the North Atlantic and Southern Ocean (Supplemen-
tary Fig. 3).

For the historical case with only greenhouse gas forcing, the radia-
tive forcing F becomes positive over the entire globe with enhanced
values over the tropics and slightly weaker values over the high lati-
tudes (Fig. 3b). Inturn, the heat uptake at the top of the atmosphere N
becomes more symmetric across both hemispheresin this case, reflect-
ingthe patternofradiative forcing, and againincludes an enhancement
in planetary heat uptake from climate feedback over the latitudes of
the Southern Ocean. The surface heat fluxinto the ocean remainslarge
intothe Southern Ocean, butincreasesin the north, especially over the
subpolar North Atlantic.
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Table 2 | List of CMIP6 models used for the different diagnostics in this study

Historical scenario Historical Historical  Historical radiative Historical radiative SSP2-4.5 heat SSP2-4.5 Reference
heat carbon forcing agent forcing agent projection carbon

experiments for heat: experiments for carbon: projection

greenhouse gas or greenhouse gas or

aerosol forcings aerosol forcings
ACCESS-CM2 Y Y Y Bietal.*®
ACCESS-ESM1-5 Y Y Y Y Ziehn et al.*
CAMS-CSM1-0 Y Y Zhou et al.*®
CanESM5 Y Y Y (9 ensembles) Y Y Y Swart et al.*®
CanESM5-CanOE Y Y Y Y
CESM2 Y Y Y Y Danabasoglu et al.”’
CESM2-WACCM Y Y Y Y
CIESM Y Linetal.®®
CMCC-ESM2 Y Y Lovato et al.**
CNRM-CM6-1 Y Y Voldoire et al.*°
CNRM-ESM2-1 Y Y Y Y Séférian et al.”!
EC-Earth3 Y Doscher et al.*?
EC-Earth3-CC Y Y Déscher et al.*?
FIO-ESM-2-0 Y Bao et al.*®
GFDL-ESM4 Y Y Y Y Dunne et al.*
GISS-E2-1-G Y Kelley et al.*®
HadGEM3-GC31-LL Y Y (5 ensembles) Roberts et al.*®
IPSL-CM6A-LR Y Y (9 ensembles) Y Y Boucher et al.”’
IPSL-CM5A1-INCA Y Sepulchre et al.*®
MIROC-ES2H Y Y Kawamiya et al.*®
MIROC-ES2L Y Y Hajima et al.>®
MPI-ESM1-2-LR Y Y Y Mauritsen et al.”
MPI-ESM1-2-HR Y Y Y Y
MRI-ESM2-0 Y Y Yukimoto et al.”
NorESM2-LM Y Y Y Seland et al.>®
NorESM2-MM Y Y Seland et al.>®
UKESM1-0O-LL Y Y Y Y Sellar et al.**
Number of CMIP6 models 17 20 5 (25 ensembles) 5 10 17

used for each analysis

CMIP6, Coupled Model Intercomparison Project phase 6; SSP, Shared Socio-economic Pathway.

For the historical case with only aerosol forcing, the radiative forc-
ing Finstead becomes negative (Fig. 3c), especially over the Northern
Hemisphere. This negative F drives a heat loss at the top of the atmos-
phere over much of the globe with only a weak heat input over parts
of the Southern Hemisphere. The surface heat flux into the ocean
becomes negative over much of the surface ocean with a pronounced
surface heatloss over the subpolar North Atlantic, reflecting the hemi-
sphericbias in aerosol distribution™.

Insummary, the single radiative forcing experiments endorse the
view that over the historical period, the hemispheric contrastsin radia-
tive forcing are primarily due to aerosol forcing"?, acting to offset
and opposethe heatinputat the top of the atmosphere by greenhouse
gases over the Northern Hemisphere, while only having alimited effect
over the Southern Hemisphere. Climate feedbacks™*** act to weakly
enhance the heatinput over the latitudes of the Southern Ocean. The
radiative responses at the top of the atmosphere then lead to hemi-
sphericcontrastsinthe area-integrated surface heat fluxinto the ocean.
The surface heat fluxis directed into the ocean over the Southern Hemi-
sphere, especially over the Southern Ocean, and is instead directed
out of the ocean over parts of the northern oceans. The strength and

sign of the surface heat loss over the northern oceans varies with the
radiative forcing and the contribution of aerosols (Figs.2a-cand 3a-c).
There is not the same hemispheric asymmetry in the ocean carbon
uptake. Hence, the hemispheric contrasts in radiative forcing over
the historical period give rise to the asymmetry between the patterns
of ocean heat and carbon uptake, which in turn lead to the Southern
Ocean providing amuch more dominant contributionto global ocean
uptake of heat than carbon.

Southern Ocean future response
Next, we consider what the future might hold for the role of the South-
ernOceaninsequestering heatand carbon over the global ocean. Fol-
lowing the ‘middle-of-the-road’ SSP2-4.5, both the Southern Ocean
and northern oceans make important contributions to how heat is
sequestered by the end of the century. For this scenario, the radiative
forcing fromaerosols decreases in magnitude from-0.6 W mat year
2020 to-0.2 W m~at year 2100%.

The radiative forcing, F, is much more evenly distributed from
theincreasing greenhouse gasesin SSP2-4.5and is projected toreach
6 Wm2over muchoftheglobe (Fig. 3d). The heat flux at the top of the
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Fig.2|Historical and future changes in the cumulative fluxes and storage of
heat and carbon. a-d, The historical changesin heat (left) and carbon (right)

for all radiative forcings and single radiative forcing experiments (a) only
including the effects of greenhouse gases (b) or aerosols (c), compared with
future projected changes following SSP2-4.5 (d). The cumulative changesina-c
are forarecent decade 2005-2014 relative to adecade in the pre-industrial era
1851-1860 and for d for 2091-2100 relative to 2015-2024, which are evaluated for

the top of the atmosphere, the surface ocean and the ocean interior, and implied
transports through latitudes of 30° N and 30° S. Diagnostics are based on 17
CMIP6 multi-model, single-ensemble means for heat and 20 CMIP6 multi-model,
single-ensemble means for carbon (a); 5 CMIP6 models with ensemble means

for heat and single ensembles for carbon (b and ¢); and 10 CMIP6 multi-model,
single-ensemble means for heat and 17 for carbon (d).

atmosphere, N, reaches 6 W m~over the tropical Pacificand 2-3 W m™
over the latitudes of the Southern Ocean. This future pattern in heat
uptake at the top of the atmosphere is consistent with the future
pattern in surface heat uptake strengthening and becoming more
symmetric between the hemisphere (Fig. 3d), compared with the
historical cases.

Accordingly, in the projections, the Southern Ocean (Figs. 1d
and 2d) reduces its proportion of global heat uptake to 52 + 7% in the

multi-model, single-ensemble mean, while the Northern Hemisphere
contributionincreasesto 38 + 8% (Table 1c, Supplementary Table1for
10 CMIP6 models and Supplementary Fig. 3a,c). The heat transport at
30° N changes to being directed southward rather than northward as
inthe historical period (Fig. 2d).

The global contribution of the Southern Ocean to global heat
uptake, 52 + 7%, is now much more comparable to its contribution
to global ocean carbon uptake of 47 + 4%, based on a multi-model,
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Fig.3 | Historical and future changes in radiative forcing and heat and carbon
uptake. a-d, Maps of the temporal change in the radiative forcing at the top

of the atmosphere (W m™), planetary heat uptake (W m™), surface ocean heat
uptake (W m™) and surface ocean CO, uptake (mol C m2yr™) evaluated for

the historical period for all forcings (a), single radiative forcing experiments
including only the effects of greenhouse gases (b) or aerosols (¢) and compared
with future projections following SSP2-4.5 (shown with anincreased range for

theradiative and thermal fluxes) (d). The mapsin a-care for arecent decade
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2005-2014 relative to adecade in the pre-industrial era 1851-1860 and for d for
2091-2100 relative to 1851-1860. Diagnostics are based on model means:

17 CMIP6 multi-model, single-ensemble means for heat, 20 CMIP6 multi-model,
single-ensemble means for carbon (a); 5CMIP6 models with ensemble means
for heat and single ensembles for carbon (b and ¢); and 10 CMIP6 multi-model,
single-ensemble means for heat and 17 for carbon (d). Accompanying standard
deviations are shown in Supplementary Fig. 3.

single-ensemble mean of 17 CMIP6 models (Fig. 1d, Table 1c and
Extended Data Figs. 1a,c and 2 relative to the pre-industrial era).

Thereis afuture projected slight decrease in the effectiveness of
the northern oceans in sequestering carbon, dropping from 21+ 2%
over the historical period to 16 + 2% for the SSP2 scenario (Extended
DataFig.1a,c). Thisreductionmainly involves adecrease over the North
Atlantic. This relative weakening in carbon uptake in the northern
oceans is partly offset by an increase in the northward transport of
carbon from the Southern Ocean and the tropics (Fig. 2d).

This change in character of how the Southern Ocean and north-
ern oceans contribute to the global heat and carbon uptake is dem-
onstrated in scatter plots for the individual Earth system models
(Fig. 4a,b), revealing the much greater Southern Ocean contribution
to global heat uptake for the historical period compared with a more
comparable contribution to global heat uptake and carbon uptake in
the future (see model-mean time-varying responsesin Fig. 4c,d). This
more comparablerole of the Southern Ocean for heatand carbonis also
evident for anidealized scenario of a1% annual increase in atmospheric

CO,, which demonstrates a Southern Ocean contributionsouthof30° S
of 44 + 5% for heat uptake and 47 + 2% for carbon uptake® (Table 1and
Supplementary Table 3 for 11 CMIP6 models).

Discussion

Over the historical period, the Southern Ocean has played a more
importantrole than the northernoceansinhow heatissequestered
relative to carbon. There has typically been nearly twice aslarge a con-
tribution of the Southern Ocean to heat uptake than carbon uptake
for the global ocean. While there are unique upwelling and over-
turning circulations occurring in the Southern Ocean, our analysis
suggests that the primary reason for the enhanced Southern Ocean
uptake of heat relative to carbon are differences in their atmospheric
sources. Over the historical period, there are strong hemispheric
contrasts in radiative forcing, with non-greenhouse gas radiative
forcing from aerosols providing a cooling over much of the Northern
Hemisphere, competing with the greenhouse gas forcing providing
awarming over both hemispheres'*?. Thus, the net radiative forcing
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Fig.4|Southern and northern ocean contributions to global uptake
compared for heat and carbon. a,b, Individual model responses for the
percentages of global heat versus global carbon uptake occurring over the
Southern Ocean (a) or northern ocean (b) for recent historical period 2005-2014
(circles) and for future projections for the period 2091-2100 following the
SSP2-4.5 scenario (stars). ¢,d, Model-mean, time-varying contributions for
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Southern Ocean (c¢) and the northern oceans (d), which are colour coded in time
from year 1900 (blue) onwards to year 2100 (yellow). Diagnostics are based on

11 CMIP6 models for the historical period and 7 CMIP6 models for the future
period to 2100. The Southern Ocean historically provides a larger contribution
to global heat uptake compared with carbon uptake, whereas its contributions to
global heat and carbon uptake become more comparable to future projections
following SSP2-4.5.

providing the overall heat inputinto the global oceanis preferentially
occurring over the Southern Ocean®?. In contrast, the atmospheric
CO, source occurs more evenly over both hemispheres, providing
amore comparable input over both the northern oceans and the
Southern Ocean. Foridealized scenario experiments that only include
radiative forcing from greenhouse gases, the Southern Ocean like-
wise provides very similar global ocean contributions to the uptake
of heat and carbon™.

The historical asymmetry in radiative forcing does not lead to
large hemispheric differences in ocean heat storage (Fig. 2), as is also
seeninobservations, suchasthe similar hemispheric sealevel change
records®. Instead, the regional effect of aerosol cooling ' has been
partly offset by a strengthening in the ocean overturning®* and the
resulting redistribution of heat. There are notable inter-model dif-
ferences in the Earth system model responses, particularly for the
thermalresponses. There are arange of reasons for these differences:
model differences in the treatment of non-CO, radiative forcing agents,
particularly aerosols and their indirect cloud effects'**; the representa-
tion of climate feedbacks, particularly involving clouds and seaice™?*;
and differencesin the strength of the ocean overturning® %, acting to
redistribute heatand carbon.

The dominance of the Southern Ocean over the historical period
for global heat uptake relative to carbon uptake is likely to alter in the
future, as radiative forcing from greenhouse gasesincreasingly domi-
nates and aerosol forcing weakens?. This change in radiative forcing
alters the ocean redistribution of heat: the multi-model mean for the
ocean heat transportat 30° Nis northward over the historical period,
offsetting a surface heat loss over the northern oceans, and changes

sign to southward for the future SSP2-4.5 scenario, redistributing a
surface heat gain over the northern oceans (Fig. 2a,d).

For future scenarios, following either a plausible choice of SSP2-
4.5 or anidealized annual 1% increase in atmospheric CO,, the South-
ern Ocean provides a much more comparable contribution to the
global ocean uptake of heat and carbon, consistent with the northern
oceans becoming important in sequestering heat as well as carbon.
The shift from Northern Hemisphere heat loss towards a gain is evident
evenin historical scenarios where the heat loss progressively reduces
from the mid-1980s onward. This response is evident in other CMIP6
analyses of Northern Hemisphere heat uptake®**' and is probably
related to thereductionin aerosol concentrations following emission
control efforts®.

Our findings may be generalized to emphasize the importance
of atmospheric sources of heat and carbon in determining the global
efficiency of ocean heat and carbon uptake, which is at the heart of
uncertainties in climate projections. For example, in ascenario where
the sources are concentrated inthe high latitudes, agreater fraction of
that excess heat or carbon may be taken up by the ocean (because the
high latitudes are efficient at taking up heat or carbon), whereasina
scenario where the sources are focused on the tropics, the fraction of
excess heat or carbon taken up by the ocean may be less.

Finally, the past response of the oceanin the climate system might
not be areliable indicator of its future role, as differences in the past
and future patternsinradiative forcing affect which ocean ventilation
regions areimportantin how heatis sequestered compared with how
carbonissequestered. This finding challenges the widely held view of
the unique Southern Ocean overturning circulation being the linchpin
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of global ocean warming, instead suggesting that its importance is
currently exacerbated due to hemispheric biases in surface heating,
and that its role in future warming will be reduced relative to that of
therest of the global ocean.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41558-024-02066-3.
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Methods

The role of the Southern Ocean in determining the global climate
response to historical radiative forcing, including the effect of green-
house gases affected by carbon emissions and non-greenhouse gas
forcing from aerosols, is assessed following the CMIP6 experiments
over the historical period. Different subsets of the CMIP6 models
are utilized depending on the dataarchived and model experiments
performed (Table 2). The surface warming and top-of-the-atmosphere
heat balance are diagnosed using a multi-model, single-ensemble
mean from 17 CMIP6 models and the ocean carbon uptake using a
multi-model, single-ensemble mean from 20 CMIP6 models. Experi-
ments with different radiative forcing are conducted with a smaller
subset of five CMIP6 models due to limited data availability, but are
based on ensemble means (Table 2). When multiple ensembles are
available for a given model run, these are first averaged together
before calculating heat content and heat uptake (Supplementary
Information 2). The global and regional values are calculated as
area integrals over the globe or over the region south of 30° S for
the Southern Ocean or over the region to the north of 30° N for the
northern oceans.

For allmodelvariables, the underlying model drift is corrected for
by subtracting the parallel pre-industrial control integration, where
there is no external forcing (that is, no greenhouse nor aerosol emis-
sions and associated radiative forcing).

The mean and standard deviations of the percentage contribu-
tion> that a region makes to global uptake is evaluated from the model
mean, standard deviation and correlation for the regional uptake, A,
and global uptake, B: the model mean of the ratio is taken from A/8
where A and B are their model means; and the standarg deviation of
the ratio is taken from g, = |%| (("7‘)2 + (%")2 - %)z where g, and
o are the model standard deviations for A and B, and p,; is the model
correlationbetween A and B.

Definitions of heat and carbon uptake

Heatand carbon uptakeis evaluated from the timeintegral of the air-
sea heat and carbon fluxes over a particular time period. This ocean
heat and carbon uptake, linking to changes in ocean heat and carbon
content over that time period, may be viewed in terms of an input of
anthropogenic heat and CO, from the atmosphere plus a feedback
due to changes in the natural climate system. In this study, we do not
separate these different anthropogenic and feedback contributions,
as this separation requires additional model integrations; see ref. 56
for heat and ref. 15 for carbon.

Ocean heat uptake and storage
The cumulative ocean heat uptake, Q. inJ, over atime period from
time¢,is evaluated as

t
Quptake (r,t) = f f Hpe (1, t) dAdt, (0))
t/ A

where H,.(r, t) is the surface heat flux (positive into ocean) in W m
from all sources (CMIP6 variable hfds), A is the ocean surface area, r
and tdenote space and timeindices, respectively, and ¢, is areference
time period. Individual model responses are presented in Supplemen-
tary Table 1.

The ocean heat content, Qyr,c inJ, relative to that at a reference
timeat ¢, is evaluated over a volume integral

Qstorage (r.t)= pOCp/ @r,n-06(, fo))d v, (2)
v

where p, is the potential density (assumed here to be a constant value of
1,024 kg m™), C, is the specific heat capacity (assumed to be a constant

of4,000] kg K™), Bis the ocean potential temperature, dVis the vol-
ume element and the integral is performed over the volume V.

The ocean heat storage and the surface heat flux are evaluated
on the native model grid. These analyses are then binned by latitude
and summed zonally to provide the area-integrated surface heat flux
in equation (1) or summed both zonally and with depth to provide
area-integrated estimates of the change inocean heat storage in equa-
tion (2). There are small mismatches between the global volume inte-
grated heat content change and the area-integrated surface heat flux
due to how the datasets have been evaluated, either binned monthly
or evaluated online.

The northward ocean heat transport across 30° S and 30° N is
diagnosed from a heat budget on the basis of the residual from the
mismatch between the change in the ocean heat storage from equa-
tion (2) and the air-sea heat flux integrated south and north of these
latitudes respectively from equation (1).

Radiative diagnostics
The time-evolving top-of-the-atmosphere radiative energy budget is
evaluated as

N(r,t) = AF(r,t) + AR(r, 1), 3)

where Nis the net heat input at the top of the atmosphere, AFis the
increase in radiative forcing and AR is the radiative response, repre-
senting a change in radiative heat loss to space. All fluxes are in W m™
and all positive values represent a planetary heat input. Nis simply
the net heatimbalance from the difference between the net absorbed
shortwave radiation and the outgoing longwave radiation, directly
obtained from monthly climate model output.

The multi-model mean of the area-integrated and time-integrated
heat flux over the historical period (1851-1860 to 2005-2014) at the
top of the atmosphere, 36 +17 x 10?2}, is close to the area-integrated
and time-integrated global surface ocean heat uptake, 36 + 18 x 10%],
with a multi-model mean and standard deviation of their ratios given
by 100 +14% (Supplementary Tables1and 3).

Thereis alarge inter-model spread in the model means with mis-
matches greater than 20% for ACCESS-CM2, CESM2, CNRM-ESM2-1,
HadGEM3-GC31-LL and UKESM1-0-LL; in these cases, there are large
surface heatlosses over the Northern Hemisphere and relatively small
global surface heat uptakes. The global heat balance is improved in
the future projections, reaching a multi-model mean and stand-
ard deviation of 97 £+ 6% for the SSP2-4.5 scenario (Supplementary
Table 3). Individual models generally have a misfit of less than10%in the
energy balance.

Carbon content diagnostics
The cumulative ocean carbon uptake, C, ., ingC, is estimated as

t
Cuptake (r.t)y= / / Fearbon (1, 0) deda, “4)
ad ¢

where F_, .., is the air-sea flux of carbon into the oceanin gC m2s™
overasurfaceareaA and¢,is areference time period. Individual model
responses are presented in Supplementary Table 2.

The global ocean carbon storage, Cre in gC, relative to a refer-
ence time period at time ¢, is estimated from a volumetric integral of
the dissolved inorganic carbon

Cutorage (1 0) = € f (DIC(r,£) — DIC (7, £))dV, )
4

where DIC is the dissolved inorganic carbon in molC m™ and
¢=12.01g mol™is a converting factor from moles to grams of carbon
andtheintegralis performed over the volume V. Whenintegrated over
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the global ocean, the ocean carbon uptake and ocean carbon storage
are equivalent, except fromasmall contribution from carbon flux from
river run-off and the carbon burial in ocean sediments.

The northward ocean carbon transport across 30° S and 30° N
is diagnosed from a carbon budget on the basis of the residual from
the mismatch between the change in the ocean carbon storage from
equation (5) and the air-sea carbon flux integrated south and north of
these latitudes respectively from equation (4).

Data availability

The dataused here are from the CMIP6 simulations performed by the
various modelling groups and available from the Earth System Grid
Federation at the CMIP6 archive (https://esgf-node.lInl.gov/search/
cmip6, World Climate Research Programme, 2021). The processed
dataemployed for this study is available at ref. 57.
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Extended Data Fig. 1| Historical and future time-varying contributions to
global cumulative heat and carbon uptake. Time-varying contributions of the
Southern Ocean (blue line) and northern oceans (red line) for global heat uptake
(left panel) and global carbon uptake (right panel): (a) historical period for all
forcing relative to 1851 to 1860 shown from years 1900 to 2020, (b) the historical
period for single radiative forcing from greenhouse gases; and (c) future shared
socio-economic pathway SSP2-4.5 from years 2015 to 2100 relative to 2015
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t02024. These percentages over their last decade are consistent with those
shownin Supplementary Tables 1and 2. Diagnostics are based on model-mean
responses for: (a) 17 CMIP6 multi-model, single-ensemble means for heat,

20 CMIP6 multi-model, single-ensemble means for carbon; (b) 5 CMIP6 models
withensemble means for heat and single ensembles for carbon; and (c) 10 CMIP6
multi-model, single-ensemble means for heat and 17 for carbon.
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(a) historical and future ssp2-4.5, cumulative heat and carbon uptake
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(b) historical and future ssp2-4.5, heat and carbon budgets from 1851-1860 to 2091-2100
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Extended Data Fig. 2| Historical and future cumulative heat and carbon surface ocean and the ocean interior, and implied transports through latitudes
uptake. Combined historical and future projection for heat and carbon uptake: of30°N and 30°S. In (a) there is the model mean and standard deviation (shading)
(a) Transient evolution of global (black line), northern oceans (red line) and with northern and southern ocean domains defined as north of 30°N and south
southern oceans (blue line) for heat and carbon following the shared socio- of 30°S respectively. Diagnostics are based on 10 CMIP6 multi-model, single-
economic pathway SSP2-4.5 scenario from 1850 to 2100; (b) synthesis plotforthe ~ ensemble means for heat and 17 CMIP6 multi-model, single-ensemble means
change in the cumulative fluxes and storage of heat and carbon for 2091 to 2100 for carbon.

relative to 1861to 1880, which are evaluated for the top of the atmosphere, the
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