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During Pleistocene ice ages, abrupt climate changes co-occurred with

switches in Atlantic Meridional Overturning Circulation (AMOC) strength.
Theglobalimpact and characteristic north-south temperature pattern of
these eventsis typically explained viainterhemispheric redistribution of
heatinaconceptual framework called the ‘thermal bipolar seesaw’. Here

we synthesize recent work on an emerging alternative framework centred
instead on the global ocean heat content and planetary energy budget,
which weillustrate using simulations of spontaneous abrupt climate change
inthree climate models. The strong and weak AMOC modes are associated
with oceanic and planetary heat loss and heat gain, respectively, facilitated
via changes to North Atlantic deep convection and radiative feedbacks that
set the top-of-the-atmosphere energy budget. Antarctic and Greenland
temperatures, asrecorded inice cores, reflect ocean heat content and the rate
of North Atlantic heat loss, respectively. Climate instability at intermediate
glacial states reflects aninability to balance global ocean heat uptake with
North Atlantic heat loss for either of the two AMOC modes. Our synthesis
suggests that the AMOC strength acts as a ‘heat valve’ that alters planetary
temperature by changing the radiative balance. This implies amplified
planetary heat uptake in response to projected future AMOC weakening.

The Dansgaard-Oeschger (DO) cycle is a sequence of alternating
cold (stadial) and warm (interstadial) stages recorded in Greenland
ice cores'. Evidence from marine sediments and climate modelling
have linked the DO cycle to abrupt Atlantic Meridional Overturning
Circulation (AMOC) variations, with the Greenland cold and warm
stages corresponding to a weak and strong AMOC, respectively” .
Recent models suggest the DO cycle is a spontaneous self-sustained
oscillation of the coupled ocean—-atmosphere-sea-ice system> . The
deepwater formation that sustains the AMOC is enabled through the
northward transport of salinity and through (wintertime) open ocean
heatloss—conditions that are promoted by astrong AMOC. Salt advec-
tion and sea ice dynamics are thus fast-acting positive feedbacks"*

that can account for convection bistability” and the abruptness of
AMOC transitions during the DO cycle. During the weak AMOC phase,
extended sea-ice cover and upper oceanstratification by cold freshwa-
terreduce heatloss to the atmosphere and suppress deep convection™.
Gradual subsurface warming then slowly erodes this stratification until
the sudden resumption of deep convection and associated release of
heat stored in the subsurface melts back the sea ice and resumes the
AMOC®"™, In this way, a slow-acting negative feedback (or restor-
ing force) is provided by deep-ocean temperatures'®”, and possibly
Southern Ocean processes'®.

Antarctic ice core records show gradual warming during Green-
land stadials and gradual cooling during interstadials'?, such that
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Fig. 1| Conceptual framework of the global DO-OHC cycle. a, Simulated
Greenland (7;,) and Antarctic (7,,) temperatures (green and purple, respectively,
left axes) overlaid on simulated global surface heat flux Q (sum of radiative,
sensible and latent heat fluxes; note reverse scale; TW =10 W, right axis) and
OHC (Y) =10%*J, right axis). Vertical blue shading indicates interstadial (strong
AMOC) conditions. Model year is given in thousands of years (ka). b, OHC vs
global-mean ocean surface heat flux Q for the DO-OHC cycle: idealized (orange)
and model simulation (grey line, 30-year running mean). ¢, Idealized cartoon of
four time slices in the DO-OHC cycle, with symbols (>, O, A and [J) linking them
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to panelsaandb. The figure depicts anidealized ocean cross section with the
North Atlantic on the right and the Antarctic (Ant) and Greenland (GL) ice sheets
ontheleftand right, respectively. Qy, gives the North Atlantic surface heat flux
and Q» the heat uptake in the remainder of the ocean, such that Q = Qy, + Qup-

In our sign convention positive and negative Q values warm and cool the ocean,
respectively. Arrows denote the physical direction of heat transport (rather than
sign convention). The net planetary energy balance is shown with the wavy arrow
atthe TOA.

Greenland temperature is strongly anti-correlated with the time deriva-
tive of the Antarctic temperature. The thermal bipolar seesaw model**
explains this couplingas aninterhemisphericredistribution of heat via
perturbationsto the northward cross-equatorial heat transport by the
AMOC; this results in opposite North and South Atlantic sea surface
temperature (SST) anomalies, with Antarctic temperature reflecting
thelatter buffered by the Southern Ocean heat reservoir?.
Important developments since the establishment of the thermal
bipolar seesaw framework include: the ability of climate models to
simulate freshwater-forced* >, and more recently spontaneous or
self-sustained®™, DO events; detailed, well-dated records of mean
ocean temperature®*”’; observed and modelled constraints on the
planetary energy balance during AMOC variations**%; a recognition
of the critical role of sea ice and its feedbacks'>**’; observational***!
and conceptual®* advances recognizing the role of the global ocean
interior temperature; and mid-latitude glacier lengths that vary
synchronously, rather than oppositely, between the hemispheres®.
These advances, found across various published works, prompt a
reevaluation of the global energetics of past abrupt AMOC variability.
Our aim here is to synthesize these ideas into a coherent framework
that places global ocean heat content (OHC) at its centre. We refer to
these globally connected cycles as DO-OHC oscillations. We assess
the framework using simulations of spontaneous, self-sustained
DO-OHC oscillations in three atmosphere-ocean coupled models:
CCSM4°, MIROC4m*® and COSMOS’ (Methods). All three models simu-
late realistic DO cycles in Greenland temperature, and two of them

simulate realistic millennial-scale temperature cycles in Antarctica
(Extended Data Fig.1).

Anupdated framework for global climate
coupling during the DO-OHC cycle

Tointroduce the framework, we step through a single DO-OHC cycle
(Fig.1), starting at the end of the weak AMOC phase (time {>) when the
North Atlantic is still covered in extensive sea ice. Subsequently, the
AMOC increases abruptly into its strong phase (time O), which in the
North Atlantic leads toincreased SST, reduced (wintertime) seaice and
extensive heatloss to the atmosphere mainly viadeep convection (Qya,
positive values of Qwarmthe oceanin our sign convention). This local
heat loss exceeds ocean surface heat uptake Qpin the remainder of the
ocean (|Qual > 1Qupl), and therefore the net whole-ocean surface heat
fluxis negative (Q = Qup + Qua < 0), causing OHC to decrease. Northern
high-latitude warming leads to increased outgoing longwave radiation
and planetary energy loss at the top of the atmosphere (TOA). This TOA
radiative imbalance enables, and is maintained by, continued strong
ocean heatloss in the North Atlantic.

OHC continues to decrease for -1,000 years until the end of the
strong AMOC phase (time A), at which point the global ocean has
reached the lowest heat content in the cycle. The AMOC decreases
abruptly intoits weak phase (time [J) with low North Atlantic SST and
extensive (wintertime) seaice. With the cessation of deep convection,
North Atlantic heat loss is now smaller than heat uptake in the rest of
the ocean (|Qual <1Qupl), causing OHC to increase. The TOA radiative
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Fig. 2| The global DO-OHC cycle in climate models. a, Time series of CCSM4
spontaneous DO-OHC oscillations; Extended Data Fig. 3 shows the other
models. From top to bottom: AMOC strength (Sv=10°m?s™); OHC of individual
oceanbasins (colour coded as listed, Y) =10%*J; N-Atl and S-Atl are the North and
South Atlantic, respectively); total ocean surface heat flux of individual ocean
basins (positive means ocean heat uptake, same colour coding as OHC plot,

PW =10 W); TOA total (grey), net longwave (orange) and net shortwave (blue)
radiative flux anomalies (positive means Earth system heat uptake). Vertical blue
shading indicates interstadial (strong AMOC) conditions. b, Idealized ocean
cross section with variables of interest: TOA netincoming shortwave (Fg,) and
net outgoing longwave (F,,); ocean surface heat fluxes in Southern (Qs,), Pacific

(Qpac), South Atlantic (Qs,) and North Atlantic (Qy,) oceans; sea ice extent (SIE)
inthe Southern Ocean and North Atlantic; Antarctic (7,,) and Greenland (7g,)
temperatures; OHC; and major overturning circulation. Variables marked with
green triangles (anti-) correlate with Q, variables marked with purple asterisks
(anti-) correlate with OHC. Arrows indicate physical direction of heat transport.
¢, Simulated anomalies for OHC maximum minus OHC minimum state (TOA
flux averaged over 90° S-45° S). Printed anomalies follow sign convention, with
negative and positive numbers denoting ocean/planetary cooling and warming,
respectively. Approximate changesin seaice extent (SIE) givenin degrees
latitude (lat). d, As panel ¢, but for DO interstadial minus DO stadial state (TOA
flux averaged over 90° N-45° N).

imbalance likewise reverses, causing net planetary energy gain. OHC
continuestoincrease for~1,000 years until the climate systemis back
at the end of the weak AMOC phase (time <), at which point OHC is
atamaximum.

In this framework, AMOC deep convection acts as an ‘ocean heat
valve’: when the valve is open (strong AMOC), energy drains from the
ocean and planet; when the valve is closed (weak AMOC), energy is
retained and accumulates in the ocean interior. In the remainder of
this paper, we will elaborate on the framework and its expression in
the models. We organize the paper along four principles that help
understand global climate coupling during the DO-OHC cycle:

(1) Globally synchronous variations in OHC are driven by abrupt
variations in North Atlantic heat loss associated with convection
bistability and AMOC switching during the DO-OHC cycle.

(2) OHC variations are enabled by radiative imbalance at the top of
the atmosphere, such that the planetary energy balance mirrors
that of the ocean.

(3) Antarctic (7,,) and Greenland (T,) temperatures reflect OHC
and the rate of ocean heat loss, respectively.

(4) The DO-OHC cycle is a spontaneous self-sustained oscillation
under intermediate climate conditions, with timing characteris-
tics that depend on the background climate and CO,.

Ocean heat content
Global OHCis controlled viathe integrated net heat flux Qat the ocean
surface. The global ocean takes up heatin the low latitudes, primarily

atthe East Pacific cold tongue and South Atlantic, and loses heatin the
high-latitude Southern, North Pacific and North Atlantic oceans*>*
(Extended DataFig. 2).

The simulated North Atlantic surface heat flux Qy, isbimodal and
closely linked to the strength of the AMOC (Fig. 2a). The strong and
weak overturning modes correspond to high and low rates of ocean
heatloss, respectively, reflecting changes to the (wintertime) deep con-
vection in the North Atlantic subpolar gyre® (Extended Data Fig. 3b).
By contrast, surface heat fluxes in other ocean basins are more stable
over time, such that the North Atlantic signal dominates the global net
surface heat flux; Q switches between positive (stadial, weak AMOC)
and negative (interstadial, strong AMOC) values, resulting in a trian-
gular OHC signal switching between trends of warming and cooling,
respectively’®”**, We find that all ocean basins share a similar OHC
signal (Fig. 2a). Such triangular, Antarctica-like temperature signals are
indeed observedinthe deep Atlantic*. For basins other than the North
Atlantic, the OHC signalis driven by interior ocean heat transfer rather
than through their surface heat flux. All three models show increased
inter-basin heat export from Indo-Pacific during the strong AMOC
phase (Extended Data Fig. 2), withamatching heatimportanomalyinto
the Atlantic where the heat is then lost from the ocean via the surface
flux Qus. The mid-depth ocean dominates the global propagation of
OHC anomalies (Supplementary Videos 1-3).

When the simulated climate evolution is plotted in (OHC,Q)-space
(Fig.1b), it makesaclockwise trajectory. Comparing different pointsalong
the trajectory illuminates the surface expression of the DO-OHC cycle.
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Fig. 3| Temperature and flux anomalies of the DO-OHC cycle. a-c, DO mode
anomalies as interstadial minus stadial conditions (Extended Data Fig.10).a, TOA
zonal-mean longwave (LW, orange) and shortwave (SW, blue) flux anomalies in
units of TW per degree of latitude. b, Net radiative TOA flux anomalies. ¢, Surface
air temperature anomalies with winter sea ice extent in interstadial (yellow solid
line) and stadial (yellow dashed line) conditions. d-f, As for panels a-c, but for
OHC maximum minus OHC minimum conditions; winter sea ice extentin OHC
maximum (yellow solid line) and OHC minimum (yellow dashed line). g, Ocean
potential temperature anomalies along meridional transects for the DO mode
(interstadial minus stadial conditions). h, As panel e but for the OHC mode (OHC
maximum minus OHC minimum conditions). i, Time lag that maximizes the
Pearson correlation coefficient between local temperature and global-mean
ocean temperature. All simulations from the CCSM4 model (210 ppm CO,);
Extended Data Figs. 4 and 5 show the MIROC4m and COSMOS models.

First, evaluatinginterstadial (strong AMOC) minus stadial (weak AMOC)
conditions (‘DO mode’), wefind the familiar pattern of North Atlantic SST
warming® and reduced wintertime sea ice extent (Fig. 3c). Viewing this dif-
ference along ocean cross sections shows North Atlantic DO warming to
be confined tothe surfacelayer, with coolinginthe subsurface asseenin
priorstudies®** (Fig.3g). Second, evaluating the OHC maximum minus
the OHC minimum conditions (OHC mode’), we find that the surface
expression of the OHC signal is confined mainly to the Southern Ocean
where intermediate and deep waters upwell (Fig. 3f). In the ocean cross
sections, we see the OHC signal extend to all ocean basins and depths,
with the largest magnitudes in the mid-depth Atlantic (Fig. 3h). Last, we
perform a lagged-correlation analysis of ocean temperatures with the
global-mean OHCssignal (Fig. 3i), which shows the largest lagsin the abys-
sal NorthPacific of close to 1,000 years—consequently, forcommon DO
returntimes of 1,500 years, the deep ocean does not reach equilibrium.

Planetary energy balance

Because our models disregard ice volume changes that could store
latent heat?®, the ocean is the dominant planetary heat capacity on
the timescale of interest. The TOA planetary radiative energy budget
must therefore closely match the ocean heat budget®. The TOA and
ocean surface heat flux anomalies are closely tied, and neither could
exist without the other. Across the DO-OHC cycle, global-mean TOA
shortwave (F,) and longwave (F,,) flux anomalies oppose each other

with the latter being larger in magnitude and their sum matching Q
(Fig. 2a). The global TOA radiative flux anomaly is positive (planetary
heat gain) during the weak AMOC phase and negative (planetary heat
loss) during the strong AMOC phase.

North Atlantic surface warming associated with the DO mode
drives a negative F,,, anomaly (heat loss to space) in the Northern
Hemisphere high latitudes, whereas loss of sea ice and continental
snow cover drives a positive Fg, anomaly via the ice-albedo feedback
(Fig. 3a-c). A northward shift in the intertropical convergence zone
leads to opposing F,, and g, anomaliesin the northernand Southern
Hemisphere tropics, as examined in detail elsewhere”. In all three
models, TOA planetary heat loss during interstadials (strong AMOC) is
broadly distributed between the northern high latitudes and southern
tropics (Fig. 3b and Extended Data Figs. 4b and 5b), reflecting global
radiative feedbacks thatinclude asouthward cross-equatorial atmos-
pheric heat flux anomaly linked to the northward shift in the inter-
tropical convergence zone**®, Zonal-mean flux anomalies associated
withthe OHC mode show similar patterns of shortwave and longwave
anomalies mirrored in the Southern Hemisphere high latitudes?,
though with a planetary net flux anomaly close to zero (Fig. 3d-f).

Bipolarice core coupling

Polarice cores historically have had an outsized importance inthe study
of global DO climate coupling due to their high resolution and precise
age control”. Greenland and Antarctic ice cores happen to be excellent
recorders of the DO and OHC modes, respectively, as they are located
inproximity to these modes’ respective surface expressions (Fig. 3c,f).
Across a DO warming transition, rapid sea-ice loss and SST increase
in the North Atlantic drive atmospheric and Greenland warming via
the heat flux Qy,, with added warming from enhanced absorption of
shortwave radiationlocally via theice-albedo feedback (Fig. 2d). Similar
processesdrive T, viaSouthern Oceanseaice, ocean heatloss and the
ice-albedo feedback® (Fig. 2c), though the magnitudes are smaller and
the timescale is longer as Antarctica responds primarily to the slow
OHC mode rather than the fast DO mode.

Climate system variables marked with green triangles in Fig. 2b
respond primarily to the DO mode and therefore strongly (anti-)cor-
relate with Q (Extended Data Fig. 6b). These include the AMOC
strength, North Atlantic sea ice extent and surface ocean heat flux,
Greenland temperature and the TOA radiative flux imbalance. Those
marked with purple asterisks strongly (anti-)correlate with OHC
(Extended DataFig. 6¢), including Southern Ocean seaice extent and
surface heat fluxand Antarctic temperature. The three climate models
showsimilar behaviour for the North Atlantic DO mode with just minor
quantitative differencesin T; and the extent of seaice. Inthe southern
high latitudes the COSMOS model behaves differently (Methods), as
sea ice extent, SST and T, are insensitive to OHC in that model—in
contrast with Antarcticice core observations.

Dependence on climate background

DO timing characteristics (including their absence and occurrence)
depend on background climate such as atmospheric CO,*’, orbit®” and
ice volume®**°, with observational data suggesting an organizing prin-
cipleinwhich broadly warmer glacial climates have longer interstadial
durations''%. Next, we evaluate our energetics framework using a series
of CCSM4 simulations under different atmospheric CO, levels, yet with
fixed orbit and ice volume®. The model simulates permanent stadial
(weak AMOC) and interstadial (strong AMOC) modes at low (< 170 ppm)
and high glacial (=240 ppm) CO,, respectively, and oscillatory behav-
iour atintermediate CO, (Fig. 4). In agreement with observations', the
durationandtime fraction spentininterstadial periodsincreaseswith
CO,. Raising CO, increases (time-averaged) heat uptake Qin all ocean
basins except for the North Atlantic, reflecting enhanced radiative
forcing following the greenhouse effect (Extended Data Fig. 7). This
enhanced ocean heat uptake Qis balanced by agreater time-average
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Extended Data Fig. 9a).

OHC —> Low CO,

North Atlantic heat loss Qy, associated with additional time spentin the
strong AMOC phase (Fig. 4b and Extended Data Fig. 7d). Whereas the
imbalance between Q. , and Qy, drives millennial-scale OHC variations,
on long timescales (multiple DO-OHC cycles), they must balance to
avoid runaway change.

Whereas buoyancy and wind forcing ultimately control AMOC
stability, the DO-OHC energetics suggest a helpful heuristic principle
forunderstanding therole of CO,. Ocean heat uptake outside the North
Atlantic (Qyp), which is proportional to CO, (Extended Data Fig. 8),
balances the heat loss Q4 associated with the AMOC. Given that Qy, is
bimodal (with distinct stadial and interstadial modes), Q,, cannot be
balanced by Qu, atintermediate values of CO,, resulting in oscillatory
behaviour. At higher CO, the interstadial phase can be sustained for
longer periods of time as there is more heatinputinto the ocean to bal-
anceinterstadial AMOC heat loss. From this perspective, the DO cycle
reflectsaninability to balance the bimodal North Atlantic heat loss with
intermediate levels of ocean heat uptake in the remainder of the ocean.

As an analogy, consider a family with anincome (Q;) and sav-
ings (OHC), living in a hypothetical town with a bimodal housing cost
(Qua)—only cheap apartments (stadial/weak AMOC) and expensive

villas (interstadial/strong AMOC), with nointermediate housing avail-
able. Alow-income family living in an apartment can reach steady state
between theirincome and expenses, and so can a high-income family
in a villa. A middle-income family would oscillate between housing
types, accruing savings whilelivinginanapartment, and drawing down
their savings while living in a villa. The length of time they can afford
to live in expensive housing (interstadial duration) is proportional to
theirincome.

For another perspective on AMOC stability, we consider the DO
trajectory in (OHC,Q)-space (Fig. 1b). For oscillatory AMOC regimes
(intermediate CO, levels), the ‘slow’ diagonal branches do not intersect
the Q =0 axis that corresponds to a steady-state (non-oscillatory)
regime (Fig. 1b and Fig. 4h, yellow trajectory). Raising CO, shifts the
trajectory towards more positive Q (thatis, higher Q at given OHC due
toadded greenhouse radiative forcing; Extended DataFig. 9). Initially,
this puts the interstadial branch closer to Q = 0, thereby reducing the
rate of interstadial heat loss and extending the interstadial duration.
Furtherincreasing CO, causestheinterstadialbranchtocrossthe Q=0
axis, allowing a (perpetual) steady-state interstadial phase (Fig. 4i,
lower branch of purple trajectory). Oppositely, lowering CO, shifts the
trajectory towards more negative Q, eventually stabilizing a (perpetual)
steady-state stadial phase (Fig. 4h, upper branch of blue trajectory).

The ocean heat valve

The three models we evaluate do not simulate the strong SST dipole
between the North and South Atlantic that is central to the (thermal)
bipolar seesaw concept. Rather, South Atlantic SST varies gradu-
ally and mirrors OHC (Extended Data Fig. 9b). OHC variations are
synchronous in both hemispheres, with an increased northward
cross-equatorial ocean heat flux during interstadials in the Atlantic
and asmaller compensating (thatis, southward) one inthe Indo-Pacific
basin* (Extended Data Fig. 9¢,d). Rather than an interhemispheric
redistribution of heat, the ocean heat valve framework suggests that
the strong AMOC phase drains heat from both hemispheres alike via
internal ocean heat transport anomalies towards and into the North
Atlantic (Extended Data Fig. 2).

The term ‘seesaw’ in the context of interhemispheric climate
change was first used by Thomas Crowley? and later adopted by Wally
Broecker who added ‘bipolar’ to emphasize hypothesized changes
in deep convection in those regions*. While an apt metaphor for the
Atlantic SST dipole described by Crowley, it is not an accurate model
for the teleconnection pattern it has since come to represent—a pat-
tern that is planetary rather than bipolar, and involves gradual OHC
changes rather thanan abrupt temperature dipole. Whereas we do not
seek toreplace or discourage the use of historical seesaw terminology,
we suggest that the ‘ocean heat valve’is amore fitting descriptor. The
mathematical description of the Stocker-Johnsen thermal bipolar
seesaw model applies to our framework also, yet with an updated
physicalinterpretation (Methods).

Thus far we have considered two AMOC modes, whereas the lit-
erature identifies a third, or Heinrich stadial mode’, associated with
deposition of ice-rafted debris sourced from Hudson Strait*?, ampli-
fied cooling and extended sea ice in the North Atlantic** and length-
ened stadial duration'®. Whereas Heinrich stadial dynamics are poorly
understood, their energetics follow the DO-OHC framework with
Antarctic and mean ocean warming” and positive TOA energy flux*.
Itis notable that this Heinrich mode is seen during all glacial termina-
tions*®; prolonged AMOC suppression during these periods is probably
critical inincreasing the planetary heat inventory (principle 2) above
the threshold needed for deglaciation®?%*,

Interpreting therole ofthe AMOC in current oceanic heat uptakeiis
challenging due to its complex impact on global ocean heat exchange,
the short observational record and climate model uncertainty. The
AMOC may affect the uptake efficiency of anthropogenic heat via the
depth of heat sequestration in the North Atlantic*® or its influence
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on the global thermocline depth and upper ocean stratification**°.
In parallel, future AMOC weakening could further increase OHC via
reduced deep convection®*2 In this context, the glacial DO-OHC
oscillation provides a valuable palaeo constraint on the effect of AMOC

variability on OHCin the absence of strong radiative forcing—ascenario
simpler than the modern case that hasboth acting in parallel. Our work
establishes that future AMOC weakening would exacerbate planetary

warming by throttling down the ocean heat valve.
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Methods
Climate models
The Community Climate System Model version 4 (CCSM4) is part of
the National Center for Atmospheric Research (NCAR) Community
Earth System Model (CESM1) family. The model features an approxi-
mate 3° x 3°resolutionin both the atmosphere and ocean®. Its atmos-
phericcomponent (CAM4) comprises 26 vertical levels, extending from
Earth’ssurfacetothelower stratosphere. Whereas the modelincludes
seaiceand land surface components, it excludes ocean biogeochem-
istry. The land surface incorporates a simplified carbon-nitrogen
cycle. CCSM4 has been widely utilized in previous Coupled Model
Intercomparison Projects (CMIP5) and has demonstrated success in
reproducing Dansgaard-Oeschger (D-0)-like behaviour under glacial
boundary conditions*". For palaeoclimate simulations, the model
employs fixed boundary conditions, including Last Glacial Maximum
icesheets, orbitalinsolation and prescribed atmospheric greenhouse
gas concentrations. The Atlantic Meridional Overturning Circulation
(AMOC) variability in modern CCSM4 simulations has been extensively
documented, both for the standard resolution (-1° x 1° in ocean and
atmosphere®); and the lower-resolution version (3° x 3, ref. 53). The
low-resolution model reasonably simulates the modern mean AMOC
strength at 15 Sv. In this study, the CCSM4 configuration differs from
the original modelinits treatment of tidal mixing parameterizations,
which are used to estimate ocean diapycnal diffusivity. Specifically,
afixed background diffusivity profile, varying only vertically, was
appliedinthis higher-resolution simulation (ref. 5). Additionally, tidal
mixing and overflow parameterizations were disabled. These modifica-
tions were implemented due to the limited constraints onice age tur-
bulent kinetic energy dissipation from tide-bathymetry interactions
and ice age bathymetric overflows. In this study, we use experiments
from ref. 5, which are characterized by millennial-scale spontaneous
self-oscillatory AMOC under constant orbital configuration, ice volume
and atmospheric CO, level-we use a simulation with constant 210 ppm
CO,formostanalyses, with the exception of Fig. 4, where we use eight
simulations with constant CO, ranging from 170 to 240 ppm.
Besides the oceanic global teleconnection mode that is the
topic of this work, the CCSM4 model also shows a clear superim-
posed atmospheric teleconnection mode that couples the climate
of both hemispheres™. As in observations®, this simulated atmos-
pheric teleconnection is in phase with the DO mode®. Its operation
is clearly visible in the CCSM4 OHC-T,,,, and OHC-SIE,, scatter plots
(Extended DataFig. 6¢) that have two clearly separated branches.
The Model for Interdisciplinary Research on Climate (MIROC) isa
fully coupled atmosphere-ocean general circulation model (AOGCM)
developed in Japan, and the version MIROC4m was used for this
study. The atmospheric modelincluding the land surface component
MATSIRO was used at T42 resolution (-2.8°), with 20 vertical layers.
The oceanmodel COCO, including sea-ice dynamics formulated using
viscous—elastic— plastic rheology, has a horizontal resolution of 1.4°
to 0.56° in the tropics, with 43 uneven vertical layers. The model has
already been used to investigate a range of palaeoclimate phenom-
ena, especially millennial-scale abrupt glacial climate changes such
as DO cycles and deglacial climates®*®*”%, In this study, we use the
experiment from ref. 6 referred to as P270, which is characterized by
millennial-scale spontaneous self-oscillatory AMOC under constant
orbital configuration, ice volume and atmospheric CO, level (220 ppm).
For the calculation of the MIROC wintertime (DJF) mixed-layer
depth (MLD), we used model output generated on a new supercom-
puter (Earth Simulator 4 at the Japan Agency for Marine-Earth Sci-
ence and Technology), employing the same climate model version
(MIROC4m) and identical boundary conditions. This approach was
necessary because, unfortunately, due to datastorage limitations the
simulated seasonal MLD was not saved for the original experiment®
that was conducted on the older Earth Simulator 3 supercomputer.
The timing of the spontaneous AMOC variability is slightly shifted in

the new simulations. However, the overall characteristics of the vari-
ability, such as the oscillation period and amplitude, remain essentially
unchanged. To plot the DJF MLD (Extended Data Fig. 3b) while account-
ing for the timing mismatch, we derived a second-order polynomial
fit to the AMOC-MLD relationship based on the new simulations and
applied it to the AMOC from the original experiment. In addition, a
minimum MLD of 142 m was imposed. This approach yields a very
strong correlation (r=0.98) in the new simulations, indicating that it
isareliable approximation.

COSMOSisacomprehensive fully coupled atmosphere-oceangen-
eral circulation model (AOGCM). The atmospheric model ECHAMS’,
complemented by the land surface component JSBACH®’, was used
at T31resolution (~3.75°), with 19 vertical layers. The ocean model
MPI-OM®, including sea-ice dynamics formulated using viscous—plastic
rheology®’, has aresolution of GR30 (3° x 1.8°) in the horizontal, with 40
uneven vertical layers. The model has already been used to investigate a
range of palaeoclimate phenomena, especially millennial-scale abrupt
glacial climate changes such as DO cycles”®. In this study, we use the
experiment from ref. 7 (E40ka_34kaOrb), which is characterized by
millennial-scale spontaneous self-oscillatory AMOC under constant
orbital configuration, ice volume and atmospheric CO, level (195 ppm).
The COSMOS model fails to simulate realistic millennial-scale tempera-
ture variationsin Antarctica (Extended DataFig. 1), which we attribute
to a de-coupling between Southern Ocean SST and global MOT, and
compensating north-south heat fluxes in the Atlantic and Indo-Pacific
basins (Extended Data Fig. 9).

Assessment of DO and OHC modes

Inthe analysis we separate the DO-OHC cycleintoaDO mode, defined
astheinterstadial (strong AMOC) state minus the stadial (weak AMOC)
state,and the OHC mode, defined as the OHC maximum minus the OHC
minimum (Extended Data Fig.10). The DO mode combines data points
from multiple DO cycles, from directly before and after the abrupt
eventstoensure thatin our evaluation the selected DO interstadial and
stadial periods have comparable, neutral OHC. Likewise, inidentifying
the OHC mode, we combine data from multiple OHC cycles; both the
OHC maximum and OHC minimum periods include both intervals of
weak and strong AMOC. Therefore, thereis no clearimprint of the DO
modeinour plots of the OHC mode (Fig. 3f and Extended Data Figs. 4f
and 5f) and vice versa.

Inter-basin heat exchange
To assess inter-basin ocean heat transport, we define
dEy

Jx= W‘FQX (6]

where E, and Qy are the heat content and integrated surface heat flux
for that basin; J indicates the net heat gain (or loss) of basin X via
inter-basin ocean heat exchange, where we ignore tidal and geother-
mal heating terms that are small and constant over the timescales of
interest. The calculated inter-basin heat exchange for the various basins
isplottedin Extended DataFig. 2 (black arrows), bothinthelong-term
mean (averaging over several DO-OHC cycles), and in the DO anomaly
(DOinterstadial minus DO stadial). The time series of the Indo-Pacific
and Atlantic inter-basin exchange are shown in Extended Data Fig. 9e.
Note that with equation (1), we cannot separate the Pacific and Indian
ocean components in the Southern Hemisphere, and therefore we
provide one value for the Indo-Pacific (indicated with the double arrow
in Extended DataFig.2). All three models simulate net Indo-Pacific heat
export (negative /), that is amplified during DO interstadials. For the
Atlantic, the CCSM4 and MIROC4m models suggest net heat export,
whereas the COSMOS model simulates netheatimportin the long-term
average;inallthreemodels, the netanomaly during the DO interstadial
isincreased inter-basin heatimportinto the Atlantic.
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Conceptual reinterpretation of the Stocker-Johnsen
equations

The thermal bipolar seesaw model of Stocker and Johnsen® provides
asimple mathematical equation for linking bipolar ice core tempera-
ture records that is remarkably successful at fitting observations; for
example, Fig. 4 in ref. 64 includes a recent evaluation. Their model is
described by the first-order linear differential equation

dis®) 1
a - O TsO)] @
with solution
t
Ts () = —%/ [Tn(E—5)e™T|ds + T,(0)e" 3)

0

where Tyand T are the southern (Antarctic) and northern (Greenland)
temperature anomalies, respectively, and tisa characteristic timescale
reflecting the heatreservoir. Thefit to the datais optimized for t=1ka.
The model is applied to time series that are unitless, normalized and
high-pass filtered to remove the orbital component.

Our framework centres on the ocean heat content £(¢), the time
derivative of whichis equal to Q. Next, we add astabilizing term -£(t)/t
that reflects the timescale T on which the global ocean reaches a new
radiative equilibrium with an applied North Atlantic heat loss or gain.
The equation describing this simple modelis given by

2O _ g -

o _ 1
dt T

7 [1Q0 - K] @)

with solution

t

E@®= / [Q(t—s)e /"] ds + E(0)e )
0

In our third principle we established that T(¢) = E(t) and Ty(¢)
o« — Q(t). Therefore, equations (3) and (5) are completely equivalent
whenevaluated with normalized, unitless time series. We find that the
mathematical formulation of the Stocker-Johnsenthermalbipolar see-
sawalso appliestothe OHC framework advocated here—however, with
adifferent conceptualinterpretation. The timescale Tis comparable to
the timescale of overturning the global oceaninterior, whichis onthe
order of the ocean volume (-1.37 x 10'® m?®) divided by the global rate
of deepwater formation (-48 Sv (ref. 65)) giving 0.9 ka.

Data availability

This paper uses previously published model simulations that are
available through refs. 5-7 and via Zenodo at https://doi.org/10.5281/
zenodo.20801585 (ref. 66). CCSM4 simulations at variable CO,
concentrations are further archived at https://sid.erda.dk/cgi-sid/
Is.py?share_id=Fo2F7YWBmv.

Code availability
MATLAB code used for making figures is archived via GitHub at
https://github.com/ChristoBuizert/ocean_heat_valve.
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Extended Data Fig. 1| Millennial-scale climate change of the last Ice Age in
observations and climate model simulations. (a) Greenland Summit
temperature from the ice core '®0 proxy’ (left) and in simulations (right), scaled
to have the same range for data and models using a sensitivity of 0.4 %o K™.
(b) Iberian margin sea surface temperature (SST) from the alkenone unsaturation
index U’;; incore ODP977 (left) and in simulations (right), scaled to have the same
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datarange. (c) AMOC strength from a compilation of the Bermuda rise *'Pa/?*°Th
proxy* (left), and in simulations (right). (d) Antarctic temperature from the WAIS
Divide ice core 0 proxy® (left) and in simulations (right), scaled to have the
same range for data and models using a sensitivity of 1%, K™. Vertical blue
shading indicates interstadial (strong AMOC) conditions.
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Extended Data Fig. 2| Ocean surface heat fluxes and inter-basin transport. loss) numbers give the basin-integrated surface heat flux in units of PW (10" W).
Simulated surface ocean heat flux (shading) in units of W m, with positive values  Black arrows with values denote inter-basin heat exchange/ (Eq. 1) in units of PW.
denoting ocean heat uptake. The left column shows the long-term mean across Note that we provide one value for the Indo-Pacific heat export (double arrow
multiple DO-OHC cycles, whereas the right column shows the DO interstadial south of Australia), as Eq. (1) does not allow us to calculate it separately for the
(strong AMOC) minus DO stadial (weak AMOC) values. Black lines demark the Indian and Pacific Oceans due to the Indonesian throughflow.

ocean basins as defined in this study. Red (ocean heat gain) and blue (ocean heat
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Extended Data Fig. 3| The DO-OHC oscillation in the CCSM4 (left), MIROC4m
(middle), and COSMOS (right) climate models. Time series of spontaneous
DO-OHC oscillations in (@) AMOC strength (Sv=10°m>s™); (b) North Atlantic
maximum wintertime (DJF) mixed-layer depth in the simulated deep convection
region of the subpolar gyre; (c) Ocean heat content (OHC) of different ocean

basins (color coded as listed, YJ =10%*)); (d) total ocean surface heat flux of
different ocean basins (positive means ocean heat uptake, same color coding as
OHC plot); (e) Top-of-atmosphere (TOA) total (grey), net longwave (orange), and
net shortwave (blue) radiative flux anomalies (positive means planetary energy
uptake). Vertical blue shading indicates interstadial (strong AMOC) conditions.
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Extended DataFig. 4 | Temperature and flux anomalies of the DO-OHC cycle

in the MIROC4m model. (a-c) DO mode anomalies as interstadial minus stadial
conditions (see Extended Data Fig.10): (a) top-of-atmosphere (TOA) zonal-mean
longwave and shortwave flux anomalies in units of TW per degree of latitude;

(b) net TOA radiative flux anomalies; and (c) surface air temperature anomalies
withwinter seaice extentininterstadial (yellow solid line) and stadial (yellow
dashed line) conditions. Black dashed lines give the location of the basin-specific
ocean transects throughout this paper. (d-f) As for panels (a-c), but for ocean
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heat content (OHC) maximum minus OHC minimum conditions; winter seaice
extent in OHC maximum (yellow solid line) and OHC minimum (yellow dashed
line). (g) Ocean potential temperature anomalies along meridional transects
for the DO mode (interstadial minus stadial conditions). (h) as panel (e) but for
the OHC mode (OHC maximum minus OHC minimum conditions). (i) Time lag
that maximizes the Pearson correlation coefficient between local temperature,
and global-mean ocean temperature. All simulates from the MIROC4m model
(Methods).
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Extended DataFig. 5| Temperature and flux anomalies of the DO-OHC cycle
inthe COSMOS model. (a-c) DO mode anomalies as interstadial minus stadial
conditions (see Extended Data Fig.10): (a) top-of-atmosphere (TOA) zonal-mean
longwave and shortwave flux anomalies in units of TW per degree of latitude;

(b) net TOA radiative flux anomalies; and (c) surface air temperature anomalies
withwinter seaice extentininterstadial (yellow solid line) and stadial (yellow
dashed line) conditions. (d-f) As for panels (a-c), but for ocean heat content
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(OHC) maximum minus OHC minimum conditions; winter seaice extent in OHC
maximum (yellow solid line) and OHC minimum (yellow dashed line). (g) Ocean
potential temperature anomalies along meridional transects for the DO mode
(interstadial minus stadial conditions). (h) as panel (e) but for the OHC mode
(OHC maximum minus OHC minimum conditions). (i) Time lag that maximizes
the Pearson correlation coefficient between local temperature, and global-mean
ocean temperature. All simulates from the COSMOS model (Methods).
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(F.w); ocean surface heat fluxes in Southern (Qs), Pacific (Qpsc), South Atlantic
(Qsa), and North Atlantic (Qy,) Oceans; Sea Ice Extent (SIE) in the Southern Ocean
and North Atlantic; Antarctic (7,,) and Greenland (7, ) temperatures; ocean
heat content (OHC); AMOC and Antarctic Bottom Water (AABW) overturning

circulation. Variables marked with green triangles (anti-) correlate with Q,

—

! ! ! !

0.4

<)
o
Il

-0.6

.

N 2

® N
|

N
~
|

20

16 —

-49 -

TN R SR
A

S e

-2

-1 0 1 2
OHC (YJ)

variables marked with purple asterisks (anti-) correlate with OHC. Arrows
indicate physical direction of heat transport. (b) Simulated variables that

(anti-) correlate with Q. From top to bottom: AMOC strength, North Atlantic
surface heat flux, North Atlantic sea ice extent, and Greenland temperature.

(c) Simulated variables that (anti-) correlate with OHC. From top to bottom:
AABW strength, Southern Ocean surface heat flux, Southern Oceanseaice
extent, and Antarctic temperature. Models are color coded, with CCSM4 in black,
MIROC4mingrey,and COSMOS in white.
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Extended Data Fig. 7| Basin evaluation of the DO-OHC cycle long-term-average
energetics as a function of background CO, level.

(a) Basin long-term-averaged sea surface temperature (SST) anomaly as a
function of CO,, relative to the 170 ppm case. SST values are averaged over the
last 5ka of each simulation, and cover both stadial and interstadial conditions.
Basins are color coded as per the legend. (b) As for (a), but for the basin-averaged
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mean ocean temperature (MOT). (¢) As for (a), but for the basin-averaged surface
heat flux Q. (d) Scatter plot of long-term average Q, vs. interstadial duration,
with marker size denoting CO, concentration as per the legend. (e) Scatter plot
of basin-average SST vs. basin-average Q, with the marker size reflecting the CO,
concentration as per the legend. Values are averaged over the last 5,000 years of
each simulation.
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Extended Data Fig. 8| The DO-OHC cycle as a function of background CO, level.
(a) Left: the DO-OHC cycle in MOT-Q (mean ocean temperature-surface ocean
heat flux) space for five different CO, concentrations as color-coded. For clarity,
only asingle cycle is shown at each concentration. A30-yr running mean has

been applied. Right: global surface ocean heat flux Q as a function of CO, for the
stadial (upper, Q > 0) and interstadial (lower, Q < 0) branches. Values plotted are
averages over arange of MOT values as denoted with the grey shaded bar in the
left panel; Thisrange is selected to be in the middle of the full range of simulated
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MOT values (0.55t0 1.3 °C)—note that the 240 ppm simulation falls outside of
this range, and is therefore not evaluated in the right panel. (b) Same as panel (a),
but for Qypinstead of Q, with Q reflecting the heat uptake in the global ocean
excluding the North Atlantic. The heat uptake Q,, balances the heat loss by the
AMOC. Note that increasing CO, leads to enhanced heat uptake at all points along
the trajectory. Note that there is a separation between the stadial (lower) and
interstadial (upper) branches.
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Extended Data Fig. 9| Assessment of traditional thermal bipolar seesaw south-to-north heat transportin the Atlantic (gold) and Indo-Pacific (light blue)
metrics and inter-basin heat exchange in the CCSM4 (left), MIROC4m basins (PW =10" W). (e) Ocean heat transport anomaly into the Atlantic (gold)
(middle), and COSMOS (right) climate models. (a) AMOC strength and Indo-Pacific (light blue) basins (positive values indicate energy added to
(Sv=10°m?’s™). (b) Sea surface temperature (SST) anomalies in the North (gold) specified basin). Vertical blue shading indicates interstadial (strong AMOC)

and South (purple) Atlantic. (c) ocean heat content (OHC) of Northern (blue) and conditions.
Southern (red) hemisphere ocean basins (Y) =10%*)). (d) Ocean cross-equatorial
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those used in calculations of OHC maximum and OHC minimum conditions are
marked with purple and green dots, respectively. Vertical blue shading indicates
interstadial (strong AMOC) conditions.

Extended Data Fig. 10 | Defining the DO and OHC modes in the CCSM4 (left),
MIROC4m (middle), and COSMOS (right) climate models. Model time slices
(50 year averages) used in calculations of interstadial (strong AMOC) and stadial
(weak AMOC) conditions are marked with orange and blue dots, respectively;
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