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The transient response of atmospheric and
oceanic heat transports to anthropogenic

warming

ChengfeiHe ®'23*, ZhengyuLiu®2* and Aixue Hu

Model projections of the near-future response to anthropo-
genic warming show compensation between meridional heat
transports by the atmosphere (AHT) and ocean (OHT) that
are largely symmetric about the equator’, the causes of
which remain unclear. Here, using both the Coupled Model
Intercomparison Project Phase 5 archive and Community
Climate System Model version 4 simulations forced with
Representative Concentration Pathway 8.5 to 2600, we show
that this transient compensation—specifically during the ini-
tial stage of warming—is caused by combined changes in both
atmospheric and oceanic circulations. In particular, it is caused
by a southward OHT associated with a weakened Atlantic
Meridional Overturning Circulation, a northward apparent
OHT associated with an ocean heat storage maximum around
the Southern Ocean, and a symmetric coupled response of the
Hadley and Subtropical cells in the Indo-Pacific basin. It is fur-
ther shown that the true advective OHT differs from the flux-
inferred OHT in the initial warming due to the inhomogeneous
responses of ocean heat storage. These results provide new
insights to further our understanding of future heat transport
responses, and thereby global climatic processes such as the
redistribution of ocean heat.

The combined atmospheric (AHT) and oceanic (OHT) meridio-
nal heat transports, peaking at 5.5PW (1PW =10'"W) near 35°N/S
(Supplementary Fig. 1a), are a fundamental ingredient of the cli-
mate system that connects climate processes across the globe™*. The
mechanism behind the response of the heat transports to global
warming has been studied previously'~. However, little attention
has been paid to the role of the ocean in determining the initial
transient response of AHT and OHT to global warming in the com-
ing century.

Current modelling studies of this initial response to global
warming suggest a compensated change of AHT and OHT that is
largely symmetric about the equator, with an increasing poleward
AHT and decreasing poleward OHT in both hemispheres"*¢. This
symmetric and compensated response is puzzling for several rea-
sons. In principle, in the absence of a change in both the net radia-
tion flux at the top of the atmosphere (TOA) and the oceanic heat
storage, the responses of AHT and OHT should be in the opposite
directions as a compensation response’"'’. However, first, in almost
all of the previous studies, the OHT response is inferred from the
surface heat flux (OHT)'~ (see Methods), which equals the true
advective OHT (OHT,; see Methods) only if the oceanic response
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is in quasi-equilibrium such that the contribution of heat storage
to the oceanic heat budget is negligible. Yet, in the initial stage of
global warming, ocean heat storage increases significantly, account-
ing for more than 90% of the total heat uptake'-'%; therefore, OHT
could differ significantly from OHT . Therefore, what is the role of
heat storage in the heat transport response? Second, in theory, the
global warming forcing perturbs radiative fluxes at both the TOA
and the Earth surface, with no clear dominance in the net effect on
heat transport’. Why do AHT and OHT exhibit a robust compensa-
tion response? Finally, the symmetric response contradicts the heat
transport response induced by the robust weakening of the Atlantic
Meridional Overturning Circulation (AMOC) under global warm-
ing"*~*, which should exhibit an inter-hemispherically asymmetric
heat transport response across the equator'®~'*. Why, then, is the ini-
tial response still largely symmetric?

Here, we study the mechanism for the initial response of the
heat transport to global warming from the ocean perspective, with
an emphasis on the role of ocean heat storage and coupled ocean—
atmosphere dynamics. Our study suggests that the largely symmet-
ric OHT}y responses in the initial warming stage can be viewed as
a cancellation between a southward OHT response associated with
the weakening AMOC and an apparent northward OHT associated
with the inhomogeneous increase of ocean heat content (OHTy;
see Methods), such that the symmetric compensation response in
AHTs and OHTs is primarily manifested by the coupled responses
of the atmospheric Hadley Cell and the oceanic Subtropical Cell
(STC) in the tropical and subtropical regions (the Hadley Cell-STC
hereafter).

To examine the meridional heat transport response in differ-
ent stages of global warming from 1850-2600, we examined his-
torical and Representative Concentration Pathway 8.5 (RCP8.5)
scenarios from the National Center for Atmospheric Research
(NCAR) Community Climate System Model version 4 (CCSM4;
see Methods)". We specifically focused on the transient responses
of AHT and OHT during the twenty-first century (2006-2100) in
CCSM4, which are shown alongside other model simulation results,
such as those of the Community Earth System Model (CESM)
Large Ensemble (CESM-LE)* and Coupled Model Intercomparison
Project Phase 5 (CMIP5; see Methods)*'.

During the initial warming of the twenty-first century (Fig. 1a),
AHT increases poleward in both hemispheres, and this increase is
compensated for almost everywhere by a decrease in OHT'y, which
appears to be largely symmetric about the equator (Figs. 1a and 2b),
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Fig. 1| Changes in meridional heat transport between an historical CCSM4 run for 1900-2000 and CCSM4 RCP8.5 runs for the twenty-first and twenty-
sixth centuries. a,b, Responses of AHT, OHT, OHT,;, OHT,c and total meridional heat transport (PHT) in the twenty-first century (a; 2006-2100) and

twenty-sixth century (b; 2500-2600).

consistent with previous studies'*. The poleward OHT,; also
shows an equatorward anomaly in both hemispheres, which is,
nevertheless, distorted away from the symmetric OHT}y such
that the OHT,; response is substantially stronger in the Northern
Hemisphere than in the Southern Hemisphere (Figs. la and 2b).
The difference between OHT}, and OHT\ is an apparent OHT};:
OHT,; = OHTy — OHT,, which is generated by the inhomoge-
neous heat storage response associated with subsurface warming
(% > 0; see equation (3) in the Methods) and has a magnitude
comparable to OHT}y (Fig. 1a). This OHTy. anomaly increases
northward from the Southern Ocean into the Northern Hemisphere
mid- and high latitudes, predominately in the Indo-Pacific basin
(Supplementary Fig. 2a), and then into the Arctic Ocean, mainly in
the North Atlantic (Supplementary Fig. 2c).

The AHT response during the initial warming has been studied
extensively>”>. The poleward AHT is enhanced by the increased
transport of dry static energy transport (DSET; see Methods) out
of the tropics through the Hadley Cell, then latent energy transport
(LET; see Methods) further poleward by eddy mixing. Physically,
global warming increases surface evaporation of water vapour into
the lower atmosphere, especially over the warm ocean in the tropics,
which then increases the latent heat convergence towards the equa-
tor in the lower branch of the Hadley Cell and, eventually, the deep
convection in the deep tropics. The increased convection increases
the depth of the Hadley Circulation and reduces the lapse rate,
both favouring a greater export of DSET, which overcompensates
for the impact of the reduced Hadley Cell on AHT, leading to an
enhanced AHT towards the extratropics (Supplementary Fig. 3b).
The enhanced moisture over the subtropical ocean is further trans-
ported poleward in mid-latitude eddies to enhance the LET, which
overwhelms the reduced DSET flux and enhances the poleward
AHT in the mid-latitude in both hemispheres-**** (Supplementary
Fig. 3a).

Compared with AHT, few studies have investigated the mecha-
nism of the OHT response during the initial warming stage. Most
previous studies simply inferred the OHT response from surface
heat flux as OHT}'~*. However, OHT}y differs significantly from
OHT\; in the initial warming stage because of the large change in
heat storage, as shown in Fig. 1a. Here, we focus on the response of
OHT\ and its relationship with OHT;y OHT\; is reduced in both
hemispheres (compensating for the AHT response) mainly by the
weakening of the cell heat transport associated with the overturning
STC and AMOC (see Methods; Fig. 3a). A further decomposition
(see Methods) of the cell heat transport into the advection by the
mean circulation on temperature anomaly (VdT) and the advec-
tion by the circulation anomaly on mean temperature (TdV) shows

that the cell transport change is dominated by the reduced circula-
tion (Fig. 3d; except over the Southern Ocean beyond ~50°S; see
‘Mechanisms' in the Supplementary Information).

Over the Indo-Pacific basin (Fig. 3b), the reduced trade wind
associated with the less vigorous Hadley Cell and Walker Cell* (Fig.
2c) weakens the upper ocean STC* and, in turn, its poleward OHT
(TdV) (Fig. 3e and Supplementary Fig. 4b). The stronger surface
warming increases oceanic stratification, leading to an increased
poleward OHT by the mean STC (VdT) (Fig. 3e and Supplementary
Fig. 4a). This reduced OHT by TdV overwhelms the increased pole-
ward OHT by VdT, resulting in a reduction of the total cell OHT.
This OHT response is opposite to the AHT response even though
they are coupled dynamically in the Hadley Cell-STC system such
that the coupled circulation weakens in both the atmosphere and
the ocean” during the initial warming (Fig. 2c). This weakened
circulation reduces the poleward OHT but enhances the poleward
AHT, because the poleward AHT is dominated by the increased
gross stability effect (VdT) while the poleward OHT is dominated
by the reduced circulation effect (TdV).

Locally, the symmetric nature of the coupled Hadley Cell-
STC (Supplementary Fig. 1b,c) tends to produce a heat transport
response that is largely symmetric about the equator. The OHT;
response is somewhat stronger in the Southern Hemisphere because
of the wider total basin width there (Fig. 3b). In the Northern
Hemisphere, the poleward cell OHT is reduced much more in the
Atlantic (Fig. 3c,f) because the weakening AMOC"** (Fig. 2a)
induces a southward OHT response across both hemispheres (TdV),
overwhelming the increased northward OHT that is advected by the
mean AMOC on the stronger warming surface water (VdT) (Fig.
3f and Supplementary Fig. 4a,b) and leading to a net decrease of
the northward cell OHT. This southward OHT response leads to an
asymmetry in the total OHT; response such that the OHT reduc-
tion is larger in the Northern Hemisphere than in the Southern
Hemisphere during the initial warming (Fig. 2b).

However, this asymmetric response of southward OHT from the
Atlantic is partially cancelled by a northward OHT response in the
apparent OHT;¢ such that OHT}y becomes largely symmetric about
the equator (Fig. 1a). This northward OHT), response is caused by
an increase in ocean heat content in the Southern Ocean during ini-
tial global warming (Fig. 4a and Supplementary Fig. 5d). In contrast
with the surface air temperature (SAT) response, which is charac-
terized by the polar amplification in the Arctic during the initial
global warming® (Supplementary Fig. 5a), the sea surface tempera-
ture (SST) and ocean heat content (Fig. 4a) increase more over the
Southern Hemisphere (Supplementary Fig. 5¢,d), with a primary
peak just north of 50°S around the Antarctica Circumpolar Current
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Fig. 2 | Evolution of climate from the pre-industrial era (1850) to the end
of the twenty-sixth century (2600). a, Temporal evolution of global mean
surface air temperature and the AMOC index in a historical run (blue
shading, 1850-2005), RCP8.5 scenarios (red shading, 2006-2100) and
RCP8.5 extension to 2600, with all forcing kept constant after the year
2300. b, As in a, but for average AHT and OHT anomalies in the Northern
Hemisphere (NH, 0-30°N) and Southern Hemisphere (SH, 0-30°5).

The anomalous AHT, OHT,; and OHT, values are multiplied by —1in the
Southern Hemisphere, such that positive (negative) signs indicate poleward
(equatorward) transport in both hemispheres. The apparent OHT,,c can

be derived as the difference between the OHT, (dashed line) and OHT,;
(solid line). ¢, As in a, but for the Hadley Cell (HC) index and STC index in
both hemispheres. The curves in b and ¢ are smoothed by a 21-year running
mean for illustration. See the Methods for further definitions of the indices
of the average AHT and OHT anomalies and circulation. (SV, sverdrup;
1SV=1em3s™).

(ACC) (Fig. 4b). This ocean warming centre is caused by the north-
ward mean surface current over the ACC region (Fig. 3d), which
transports energy northward due to the maximum surface heat
uptake over the ACC (along ~55°S) (Supplementary Fig. 5b), form-
ing the warming centre north of 50°$**° (Supplementary Fig. 5d).
The warming centre around the Southern Ocean is actually even
larger than it appears in the zonal mean heat content if we consider
the total heat content integrated zonally across the entire ocean,
because of the wider oceanic areas in the Southern Hemisphere
(Fig. 4b,c). The warming centre around the Southern Ocean can be
thought of as equivalent to a divergence of a northward apparent
OHT)y. as follows. Assuming the OHT\ remains unchanged, rela-
tive to the global mean heat storage, the region of excessive ocean
heat storage represents the region of ocean heat uptake from the
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atmosphere through a downward surface heat flux, and this surplus
of heat can potentially be ‘transported’ into the region of deficient
ocean heat storage and eventually to the atmosphere.

It should be pointed out that this ocean warming centre around
the Southern Ocean, and the resultant northward OHT},; during
initial global warming, is a robust feature across climate mod-
els, such as the CESM-LE simulations (Supplementary Fig. 6)
and CMIP5 simulations (Supplementary Fig. 7), and is also con-
sistent with the recent ocean warming trend observed since 1955
(Fig. 4e-h; see Methods)****?. Therefore, this northward apparent
OHT,, response appears to cancel the southward OHT | responses
associated with the weakening AMOC in the initial stage of global
warming, leading to a largely symmetric OHT}y that appears to
compensate for the increased poleward AHT globally, as seen in
previous studies'~. From the oceanic perspective, physically, this
reflects an asymmetric oceanic response to an initial symmetric
surface heating at high latitudes. Over the North Atlantic, the sur-
face warming penetrates deep (Supplementary Fig. 4a), weakening
the AMOC'>" and, in turn, produces a southward OHT response
all the way into the Southern Hemisphere. Over the Southern
Ocean, the surface warming is trapped in the upper ocean locally
(Supplementary Fig. 4), with no significant impact on ocean cir-
culation, thus creating a Southern Ocean warming centre that cor-
responds to apparent OHT}; northward. One notices that OHTy,
albeit largely symmetric about the equator, shows a small cross-
equator component in CMIP5 and CESM-LE. This small cross-
equator OHT/y is caused mostly by the cross-equatorial OHT\; in
the Atlantic due to the different model sensitivity of the AMOC to
global warming (Supplementary Figs. 6¢ and 7c).

However, this symmetric heat transport response in the twenty-
first century is altered significantly to a largely asymmetric response
later in the following centuries, when the CO, concentration levels
off and the coupled system approaches a quasi-equilibrium state
after the deep ocean adjustment (Fig. 2a). During this later stage of
global warming, the AMOC continues to decline to its minimum at
~2200 (Fig. 2a). The further decline of the AMOC induces further
southward OHT; in both hemispheres, which enhances the south-
ward OHT,; anomaly in the Northern Hemisphere and opposes
the northward OHT); anomaly triggered by further reduced STCs
in the Southern Hemisphere (Fig. 2¢), eventually leading to dimin-
ishing OHT, (Fig. 2b). Furthermore, the approach towards quasi-
equilibrium leads to a significant reduction of the contribution of
the oceanic heat storage effect, or OHTy, relative to the growing
OHTy; such that almost all OHTyy is fluxed to the atmosphere
through OHT}y (Fig. 2b). This leads to compensatory AHT** that is
significantly enhanced in the Northern Hemisphere but diminishes
in the Southern Hemisphere (Fig. 2b). As a result, the heat trans-
port exhibits an inter-hemispherically asymmetric and compensat-
ing response in the Northern Hemisphere and little heat transport
in the Southern Hemisphere (Fig. 1b; also see the Supplementary
Information). This tendency from an initial symmetric response
towards a later asymmetric response is consistent with recent work'”
and is also likely to be valid in most other models, because most
models have shown a continued decline of the AMOC with further
global warming in the RCP8.5 scenario™'*", and the ocean should
approach quasi-equilibrium with additional adjustment times.

In summary, our study shows two distinct features of the heat
transport response in the initial warming stage. First, the initial
weakening of AMOC induces a southward heat transport response
OHT, across the equator in the Atlantic. However, this inter-hemi-
spherically asymmetric OHT response appears to be cancelled by a
northward apparent OHT\ that is dominated by ocean warming
centred near the Southern Ocean. Second, the coupled Hadley Cell-
STC exhibits a largely inter-hemispherically symmetric response in
the tropics, with a reduced OHT\, associated with the weakening
of the STC (TdV), compensated for by an enhanced poleward AHT
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Fig. 3 | Response of OHT between historical (1900-2000) and twenty-first-century RCP8.5 runs (2006-2100) of the coupled CCSM4 model. a-c,
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basin (b) and in the Atlantic basin (c). d-f, The changes in cell OHT shown in a-c are further partitioned into heat transports by circulation change
(TdV-CELL, dashed) and temperature change (VdT-CELL, dotted), respectively.
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Fig. 4 | Ocean heat content and temperature change, as calculated from CCSM4 modelling and observations. a-d, CCSM4-modelled ocean heat content
and temperature change in the twenty-first century (2006-2100) relative to the historical run (19900-2000), shown as vertical integration (a), a zonal
average (b), zonal integration (c), and zonal mean SAT (blue) and SST (red) (d). e-h, As in a-d, respectively, but using observational data. In e-g, the heat
content anomaly was calculated as the difference between climatologies of 2000-2017 and 1955-1975 for a depth of 0-2,000 m. In h, the SAT and SST
anomalies were derived in the same period as in e-g. In ¢ and g, the blue vertical lines correspond to the global mean of total heat uptake by the ocean.

due to the increased gross stability (VdT). As such, the symmet-
ric and compensated response between OHT}, and AHT is mainly
expressed in the coupled Hadley Cell-STC. However, this initial
symmetric and compensated heat transport response is likely to
be altered in the following centuries in a quasi-equilibrium state to
an asymmetric compensation response'”-*, largely confined in the
Northern Hemisphere.

Overall, our study suggests that the large OHT} in the initial
warming stage leads to OHTyy that is significantly different from

OHT\. This understanding of the coupled heat transport response
is important for understanding the future response of global climate
processes, such as the uptake and redistribution of ocean heat”
and the shift of the atmospheric Intertropical Convergence Zone™.
However, further studies are still needed. In particular, the explicit
OHT should be studied in other models. Additionally, OHT needs
to be studied in the next generation of models that resolve ocean
eddies, whose effect may have been underestimated in current
non-eddy-resolving models. Furthermore, longer simulations of
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thousands of years are also needed to examine the final equilibrium
state, when the AMOC may recover'””* and lead to yet another dif-
ferent heat transport response.

Online content

Any methods, additional references, Nature Research reporting
summaries, source data, statements of data availability and asso-
ciated accession codes are available at https://doi.org/10.1038/
s41558-018-0387-3.
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Methods

Historical and RCP8.5 runs of the coupled CCSM4 model. CCSM4 is a fully
coupled climate model with an atmosphere of ~1° coupled with a nominally 1°
ocean". We analysed the results of an historical run from 1850 to 2005 (which

was forced by the observed atmospheric composition changes, as in the CMIP5
protocol*'), an RCP8.5 global warming scenario from 2005 to 2300, and an
extension run from 2300 to 2600 in which all forcing was kept constant at the
levels of the year 2300 (ref. °). The global mean temperature largely follows the CO,
forcing, warming by ~10°C to reach a quasi-equilibrium by 2300. Accompanied by
the polar amplification in surface air temperature, subpolar SST keeps rising, with
the Southern Ocean taking much more heat than other latitudes (Fig. 4a,c). More
details on the model evolution are discussed in ref. *.

CESM-LE simulations. The CESM community produces a large ensemble

(40 members) using a nominal ~1° CESM with diagnostic biogeochemistry
calculations for the ocean ecosystem and atmospheric carbon dioxide cycle?. Each
ensemble runs from 1920-2100 using historical forcing (1920-2005) and RCP85
(2006-2100), but with slightly different initial conditions. Here, we use the first 30
members to analyse the response of AHT and OHT (below) between its historical
runs (1920-2000) and RCP8.5 runs (2020-2100).

OHT response in CMIP5 models. The historical simulations (1981-2000) and
RCP8.5 experiments (2081-2100) from 15 coupled general circulation models
(CGCM:s) from CMIP5 are analysed. The model information is shown in
Supplementary Table 1. Note that the CMIP5 archive does not provide enough
variables to compute the OHT; based on equation (2), so the OHT\ here is
calculated as the residual of OHT}x and OHT},, and OHT}y and OHT) are
computed according to equations (1) and (3), which will be discussed later.

Observations. The global ocean heat content anomaly from 1955-2017 for a

depth of 0-2,000 m was obtained from the National Oceanic and Atmospheric
Administrations Climate Data Record®. The heat content change was calculated
from the data gathered from the National Centers for Environmental Information
archives, which are uniformly formatted and quality controlled in the World Ocean
Database (https://www.nodc.noaa.gov/OC5/WOD/pr_wod.html). SST and SAT
anomalies were obtained, respectively, from the National Oceanic and Atmospheric
Administration’s Extended Reconstructed Sea Surface Temperature version 5

(ref. **) and National Centers for Atmospheric Prediction/NCAR Reanalysis 1

(ref. *7) during the same period.

OHT. The OHT can be conveniently calculated, as in most previous studies on
global warming, by integrating the net surface heat flux Q, (after removing the
global mean) from the South Pole (at ¢p=¢;) as:

A ¢
OHTy(d)=cyp, | EW A Qucospdgpdi W
S

where ¢, and p, are the specific heat and density of the sea water, respectively, and
Ag and Ay, are the eastern and western boundaries of the ocean basin, respectively.
This OHTjy is the true OHT; only if the ocean is in the equilibrium state
(Supplementary Fig. 1a). However, since the global warming response exhibits
significant transient behaviour (Fig. 2), the OHTy can differ significantly from the
true OHT). Instead, the true OHT); can be calculated directly in the advective
temperature flux with the Redi isoneutral diffusion term R(6) as:

0 i
OHTy1(¢) = ¢, / Y A Wchosqﬁdidz
-H g

+ep, /¢ j /_ : /l :WR(G)d(/;d/ldz

where v and 6 are the total meridional velocity (Eularian mean plus eddy induced)
and potential temperature of the ocean, respectively, and the temperature transport
is integrated from the bottom (—H) to the surface along the vertical coordinate

z. The difference between OHT}, and OHT, is due to the effect of OHT};.:

OHT;x — OHT, = OHT,, which can also be calculated directly as:

@

0 i 3
OHT,yc(h) =cpp, [ ) AEW qus %cosqﬁdqﬁdldz @)

As in the case of OHT,y, the global mean has been subtracted from the heat storage
? in equation (3). It should be noted that the OHT . thus defined can be thought
Sfasan equivalent OHT . caused by the same surface heat flux. For example,
localized surface heating forces local ocean warming and this warming can be
thought of as equivalent to a divergence of OHT  of the same magnitude.

AHT. The meridional AHT at latitude ¢ is calculated by integrating the net heat
flux into the atmosphere (after removing the global mean) from the South Pole (at

b= as:
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where Q;o, and Q, are the net incoming radiation at the TOA and the net surface
heat flux, respectively, and a; and A are the radius of the earth and longitudes

in radian. The LET can be integrated using CCSM4 monthly model output v,q
(meridional moisture flux) along the pressure coordinate:

a 2z )3
LET (¢)) = L1 dpdi
@ ="E, L[ vacosp ap 3)

in which [, and g are the latent heat of vaporization and standard gravity. Finally,
the DSET can be derived as the residual of AHT and LET.

Decomposition of OHT ;. with regard to ocean circulation. The OHT in each
basin can be decomposed into subcomponents associated with cells, gyres and
eddy transport as:

(V0] = [ G+ V) 0] = (] 10] + [0 0] + [0,/ 6'] + [v,6) ©)

The total meridional velocity is decomposed into the Eulerian mean and bolus
velocity induced by eddies. An overbar and a prime denote the time average and

its deviation, respectively, while a bracket and an asterisk denote the zonal mean
and its departure. The first term on the right-hand side is the heat transport by
overturning circulation cells (or, simply, cell hereafter). This is accomplished
mainly by the STC in the upper Indian and Pacific Ocean and by the AMOC in the
Atlantic. The second term on the right-hand side is the heat transport by horizontal
gyres, such as the warm poleward western boundary current and the cold returning
flow in the interior basin and eastern boundary in a subtropical gyre. The last two
terms on the right-hand side are transient variability induced heat transport and
eddy heat transport parameterized in the Gent-McWillimas scheme*. They are
usually small, and we combine them with the diffusion term in equation (2) and
call the combined term 'eddy OHT'. This term will not be discussed here because it
is small in general, except over the Southern Ocean and strong western boundary
currents where eddy activity is non-negligible. The OHT\ defined in equation (2)
was obtained by integrating all terms in equation (6) vertically, plus the diffusion
term R(6)-induced OHT. Since the CCSM4 ocean model is in curvilinear grids, we
re-grid the rotated Eulerian velocity and temperature to high-resolution Cartesian
grids, then integrate their product horizontally and vertically as the first term on
the right-hand side of equation (2). Finally, we perform a latitudinal smooth to
obtain OHT latitudinal profiles by different ocean circulations. The v@-constructed
OHT shows excellent consistency with that of the model output.

Decomposition of OHT anomaly. The OHT anomaly (dVT) can always be
decomposed into two parts (VAT and TdV) due to the equation dVT =VdT + TdV.

Average AHT and OHT anomalies in the Northern and Southern hemispheres.
The AHT and OHT anomalies in Fig. 2b were calculated by averaging the AHT
and OHT responses in 0-30°S and 0-30°N. This latitude belt was chosen because
significant heat transport responses are produced in this region, and it includes the
Hadley Cell-STC (Supplementary Fig. 1b).

General overturning circulation index. The AMOC index is defined as the
maximum values of streamfunction below 500 m over 40-80°N in the Atlantic
following ref. °. The Indo-Pacific STC strength index is defined as the average
of the first 2% of maximum values of the streamfunction in the Indo-Pacific
basin from the surface to 500 m over 0-30°N (STCN") and 0-30°S (STC™), and
normalized by its climatology in 1900-2000. Similarly, the Hadley Cell index is
defined as the average of the first 1% of maximum values of the streamfunction
in the Northern Hemisphere (HCN") and Southern Hemisphere (HC®™), and
normalized by its climatology in 1900-2000.

Data availability

The CMIP5 data used in this study can be downloaded from the Program for
Climate Model Diagnosis and Intercomparison (http://cmip-pcmdi.llnl.gov/cmip5/
data_portal.html). The CESM-LE data can be found at http://www.cesm.ucar.edu/
projects/community-projects/ LENS/. The CCSM4 data and the data supporting the
findings of this study are available from the corresponding author upon request.

References

36. Huang, B. et al. Extended Reconstructed Sea Surface Temperature, version 5
(ERSSTvV5): upgrades, validations, and intercomparisons. J. Clim. 30,
8179-8205 (2017).

37. Kalnay, E. et al. The NCEP/NCAR 40-year reanalysis project.
Bull. Am. Meteorol. Soc. 77, 437-471 (1996).

38. Gent, P. R. & Mcwilliams, J. C. Isopycnal mixing in ocean circulation models.
J. Phys. Oceanogr. 20, 150-155 (1990).

NATURE CLIMATE CHANGE | www.nature.com/natureclimatechange


https://www.nodc.noaa.gov/OC5/WOD/pr_wod.html
http://cmip-pcmdi.llnl.gov/cmip5/data_portal.html
http://cmip-pcmdi.llnl.gov/cmip5/data_portal.html
http://www.cesm.ucar.edu/projects/community-projects/LENS/
http://www.cesm.ucar.edu/projects/community-projects/LENS/
http://www.nature.com/natureclimatechange

	The transient response of atmospheric and oceanic heat transports to anthropogenic warming

	Online content

	Acknowledgements

	Fig. 1 Changes in meridional heat transport between an historical CCSM4 run for 1900–2000 and CCSM4 RCP8.
	Fig. 2 Evolution of climate from the pre-industrial era (1850) to the end of the twenty-sixth century (2600).
	Fig. 3 Response of OHT between historical (1900–2000) and twenty-first-century RCP8.
	Fig. 4 Ocean heat content and temperature change, as calculated from CCSM4 modelling and observations.




