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ABSTRACT

The reorganization of the Atlantic Meridional Overturning Circulation (AMOC) is often associated with
changes in Earth’s climate. These AMOC changes are communicated to the Indo-Pacific basins via wave
processes and induce an overturning circulation anomaly that opposes the Atlantic changes on decadal to
centennial time scales. We examine the role of this transient, inter-basin overturning response, driven by
an AMOC weakening, both in an ocean-only model with idealized geometry and in a coupled CO; quadru-
pling experiment, in which the ocean warms on two distinct timescales: a fast decadal surface warming and
a slow centennial subsurface warming. We show that the transient inter-basin overturning produces a zonal
heat redistribution between the Atlantic and Indo-Pacific basins. Following a weakened AMOC, an anoma-
lous northward heat transport emerges in the Indo-Pacific, which substantially compensates for the Atlantic
southward heat transport anomaly. This zonal heat redistribution manifests as a thermal inter-basin seesaw
between the high-latitude North Atlantic and the subsurface Indo-Pacific and helps to explain why Antarc-
tic temperature records generally show more gradual changes than the Northern Hemisphere during the last
glacial period. In the coupled CO, quadrupling experiment, we find that the inter-basin heat transport due to
a weakened AMOC contributes substantially to the slow centennial subsurface warming in the Indo-Pacific,
accounting for more than half of the heat content increase and sea level rise. Thus, our results suggest that the
transient inter-basin overturning circulation is a key component of the global ocean heat budget in a changing

climate.

1. Introduction

The reorganization of the Atlantic Meridional Overturn-
ing Circulation (AMOC) is typically a key feature of tran-
sitions in Earth’s climate (Broecker et al. 1985). Changes
in the AMOC may impact other aspects of the climate
system even outside of the Atlantic basin, with particu-
lar attention paid to the coupling between the AMOC and
the Southern Ocean in previous studies (e.g., Stocker and
Johnsen 2003; Marshall and Speer 2012). Zonal changes
in ocean heat content in response to a changing AMOC, on
the other hand, have received less attention. Here we pro-
pose that changes in the AMOC result in a redistribution of
heat between the Atlantic and Indo-Pacific basins through
a transient inter-basin overturning circulation, and in the
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case of a weakening AMOC, can produce a centennial-
scale subsurface warming in the Indo-Pacific (Fig. 1).
Inter-basin pathways that connect the Atlantic and Indo-
Pacific Oceans are well established (Gordon 1986; Talley
2013; Newsom and Thompson 2018), but only recently
has the transient adjustment of this inter-basin overturning
circulation, in response to AMOC changes, been explored
(Sun et al. 2020). A weakened AMOC is associated with
a reduced formation rate of North Atlantic Deep Water
(NADW) that modifies the density structure in the North
Atlantic (e.g., Jansen et al. 2018). These changes propa-
gate as Kelvin waves southward along the western bound-
ary, eastward along the equator, and then poleward along
the eastern boundary in the Atlantic (Huang et al. 2000;
Johnson and Marshall 2004; Cessi et al. 2004), and cause
a change in the isopycnal depth on the eastern boundary
of the South Atlantic. Thus, a reduction in the AMOC
strength is characterized by an anomalous southward,
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FIG. 1. Schematic of overturning circulation and heat transport responses to a weakening of the Atlantic Meridional Overturning Circulation
(AMOC), assuming no change in atmospheric state. The background color shows potential temperature along 170°W in the Southern Ocean,
20°W in the Atlantic, and 170°W in the Indo-Pacific from the ECCO state estimate (Forget et al. 2015). The thick black dashed lines with arrow
represent the overturning circulation anomaly following a weakening of the AMOC. The black hollow arrow shows the heat transport anomaly
due to overturning circulation changes. On decadal to centennial timescales, the Indo-Pacific overturning circulation substantially compensates the
AMOC changes, leading to a heat transport response with opposing directions in the Atlantic (Hjr < 0) and Indo-Pacific (H{, > 0) basins. The
inter-basin heat redistribution causes a cooling in the high-latitude North Atlantic and a warming in the subsurface Indo-Pacific. The heat transport
into the Southern Ocean, Héo = Hjp; + Hjp, is a small residual of the northern basin transport anomalies on decadal to centennial timescales and
slowly intensifies on multi-centennial timescales, based on the MITgecm ocean-only simulations (Section 3).

geostrophically-balanced, upper-ocean volume transport
that is established within months. The signal of isopycnal
depth changes propagates further eastward around South
Africa, via coastal Kelvin waves, into the Indo-Pacific
basins, leading to a similar geostrophically-balanced over-
turning response that is characterized by an anomalous
northward, upper-ocean volume transport and a reduced
upwelling (¢f. Sen Gupta et al. 2016). Thus, the Indo-
Pacific overturning changes substantially oppose the At-
lantic changes (black dashed arrows in Fig. 1).

These overturning circulation perturbations may also
impact heat transport and heat content within each basin.
The meridional heat transport anomaly (H’) caused by
overturning circulation changes (y’) in a basin, defined
in Eulerian depth space, can be expressed as

0 /
H]/Eulerian = _pOCP/ 3‘/’ dz. (D

—Zbot 81

Here pg is seawater density, c, is seawater specific heat
capacity, 0 is the time and zonal-mean potential temper-
ature in the control climate and contributions to the heat
transport anomaly due to temperature changes have been
neglected (Section 5a), zp 1S the depth of the seafloor, and
y' is the Eulerian-mean overturning circulation stream-
function anomaly. This last term (y’) is defined as the ver-
tical integral of the meridional velocity anomaly V', the de-
viation away from the control climate, also integrated from
the western boundary (x,,) to the eastern boundary (x,).
The combination of a weakened AMOC and the vertical
distribution of temperature (warmer at the surface) sug-
gests a southward heat transport anomaly in the Atlantic
(Hjp < 0) and a northward heat transport anomaly in the
Indo-Pacific (Hjp > 0) (black hollow arrows in Fig. 1). The
divergence and convergence of heat transport following a
weakening in AMOC strength leads to a cooling in the
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high-latitude North Atlantic and a warming in the Indo-
Pacific, respectively, suggesting a zonal redistribution of
heat between the Atlantic and Indo-Pacific basins by the
transient inter-basin overturning circulation (Fig. 1).
Climate models consistently project the AMOC
strength to decline in the 21% century due to surface warm-
ing and freshening in the North Atlantic (Cheng et al.
2013; Weijer et al. 2020). Many previous AMOC studies
have highlighted the impacts local to the Atlantic Ocean
(e.g., Xie and Vallis 2012; Winton et al. 2013; Liu et al.
2020). For example, a weakening of the AMOC in a
warming climate reduces the northward ocean heat trans-
port in the Atlantic basin, leading to a cooling of the high-
latitude North Atlantic that resembles the North Atlantic
warming hole (Menary and Wood 2018). This ocean cool-
ing reduces the atmosphere-ocean temperature difference
and leads to an enhanced anthropogenic surface heat up-
take in the high-latitude North Atlantic ocean (red arrow
in Fig. 1) (e.g., Garuba and Klinger 2016; Shi et al. 2018).
In this study, we focus on heat transport and heat
content changes that are responses to AMOC perturba-
tions, but occur in regions remote from the Atlantic basin.
Specifically, we attribute a slow centennial-scale subsur-
face warming of the Indo-Pacific to an inter-basin heat
transport. Increasing atmospheric CO; levels produce
ocean warming on two distinct timescales: a fast re-
sponse, occurring over several years, due to increases in
the ocean’s mixed layer temperature; and a slow response,
occurring over centuries to millennia, due to warming of
the deep ocean (Stouffer 2004; Held et al. 2010). By sub-
tracting the global-mean temperature profile after the fast
response in a 1% CO; experiment, Long et al. (2014) show
that the global-mean slow warming is characterized by a
prominent subsurface warming. Traditionally, this subsur-
face warming signature has been attributed to a diffusive
mixing that fluxes heat between the surface and the sub-
surface ocean (e.g., Gregory 2000; Held et al. 2010; Wang
etal. 2015), a mechanism that relies on diabatic processes.
Instead, we argue that a transient inter-basin overturning
circulation, which is largely associated with an adiabatic
movement of isopycnals (Sun and Thompson 2020, their
Figure 3b), can also contribute substantially to the slow
subsurface warming in the Indo-Pacific basins.
Inter-basin exchange may also explain other aspects
of heat content changes in individual basins. For exam-
ple, Shatwell et al. (2020) recently used a suite of ideal-
ized climate model simulations to discuss the influence of
the AMOC weakening on ocean warming. Their results
showed that the Indo-Pacific warms at approximately the
same rate as the Atlantic in response to an abrupt CO;
doubling, despite a larger surface heat uptake rate per unit
surface area in the Atlantic basin. Here we suggest that
the similar warming rate between the Indo-Pacific and At-
lantic is actually due to the heat content redistribution be-
tween these two basins by the transient inter-basin over-

turning circulation, driven by the AMOC weakening. This
redistribution was not considered in Shatwell et al. (2020).

Modifications to the Atlantic meridional heat trans-
port, associated with transitions in the AMOC, have also
been identified as key features of abrupt climate change
throughout Earth’s history. In particular, these processes
have been linked to an oceanic thermal bi-polar seesaw be-
tween the North Atlantic and the Southern Ocean that oc-
curs over millennial timescales in glacial and deglacial pe-
riods (e.g., Stocker and Johnsen 2003; Barker et al. 2009).
Ice core records from Greenland suggest that variabil-
ity in Northern Hemisphere (NH) climate was dominated
by Dansgaard—Oeschger (DO) events throughout the last
glacial period. DO events are characterized by large and
abrupt fluctuations in temperature in the NH (Dansgaard
et al. 1993) that are accompanied by temperature changes
of the opposite sign in the Southern Hemisphere (SH).
However, in contrast to the abrupt temperature changes
in the NH, temperature variations over Antarctica were
more gradual and approximately out of phase with the
north (Blunier and Brook 2001; Barker et al. 2009). This
anti-phasing relationship in temperature changes between
Greenland and Antarctica has been linked to changes in
the AMOC (e.g., Stocker and Johnsen 2003; Liu et al.
2009). In this paradigm, a surface forcing perturbation
in the North Atlantic weakens the AMOC and reduces At-
lantic northward heat transport [Eq. (1)], leading to a cool-
ing in the high-latitude North Atlantic and warming in the
SH. Stocker and Johnsen (2003) suggested that the South-
ern Ocean acts as a heat reservoir and the slower change
in SH temperature occurs due to a diffusive coupling of
the Southern Ocean heat storage with the reduced AMOC.
They argued that this gives rise to a 1000 yr time scale for
SH changes although this value is empirical in their study.
Again, invoking inter-basin heat exchange provides a more
physical explanation for this behavior. More concretely,
the gradual rate of Antarctica temperature change, in com-
parison to abrupt NH changes, occurs because much of
the reduced northward Atlantic heat transport related to
AMOC modifications is compensated by a northward heat
transport anomaly in the Indo-Pacific, caused by a tran-
sient inter-basin overturning circulation on centennial time
scales. The heat transport into the Southern Ocean, which
governs the temperature variations recorded in Antarctic
ice cores (Markle et al. 2017), arises from the residual be-
tween the Atlantic and Indo-Pacific heat transport. This
residual is considerably weaker than the basin heat trans-
ports and only becomes significant on multi-centennial
to millennial timescales, determined by the adjustment
timescales of the Southern Ocean overturning circulation
(Thompson et al. 2019; Sun et al. 2020).

The goal of this study is to illustrate the magnitude and
structure of the heat redistribution carried out by the tran-
sient inter-basin overturning circulation and to examine its
role in ocean temperature variations in a changing climate.
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The structure of the paper is as follows. In Section 2, we
introduce two separate model frameworks, ocean-only and
coupled simulations, as well as the diagnostic techniques
that we apply in this study. We diagnose and explain the
inter-basin heat transport due to AMOC changes in Sec-
tion 3. We compare the dynamics in the ocean-only model
to the behavior of the inter-basin exchange in a coupled
model and connect the inter-basin heat transport to a slow
warming in the Indo-Pacific in response to an increased
CO; forcing in Section 4. A discussion of the results is
provided in Section 5, followed by a brief summary in
Section 6.

2. Approach and Methodology

Our approach is to use a hierarchy of numerical models
to illustrate the dynamics of inter-basin heat transport and
its climate impacts. We start with ocean-only simulations
to isolate the relationships between basin-scale overturn-
ing circulations and heat transports. Yet, the ocean-only
model omits a number of key components of the climate
system, including feedbacks between the atmosphere and
ocean. To account for these limitations, we next analyze
output from a coupled model and assess the relative im-
portance of inter-basin heat transport as compared to sur-
face heat uptake on ocean warming under increased CO;
radiative forcing.

a. Ocean-only simulations

We use the Massachusetts Institute of Technology Gen-
eral Circulation Model (MITgcm; Marshall et al. 1997)
to carry out ocean-only simulations that use a nonlin-
ear equation of state (Jackett and Mcdougall 1995). The
model domain, discretized on a 1°-resolution grid, in-
cludes three idealized basins that represent the Atlantic,
Indian, and Pacific Ocean, connected in the south with
a re-entrant channel that represents the Southern Ocean
(Fig. 2a), which is a similar domain to the reduced grav-
ity model in Sun and Thompson (2020). In the verti-
cal, there are 30 vertical layers ranging from 20 m at the
top to 250 m at the bottom. A vertical diffusivity is im-
plemented that is a function of depth and increases from
2.0x1073 m?s~! at the surface to 1.0 x 10~* m?s~! with
a transition depth of 2000 m (Bryan and Lewis 1979).
Vertical convection is represented by an implicit diffu-
sion with a diffusivity of 10 m?s~!, whenever the strat-
ification is hydrostatically unstable. Unresolved eddies
are represented using the skew-flux form of the Gent-
McWilliams (GM) parameterization with an eddy thick-
ness diffusivity Ky = 500 m?s~!. Isopycnal diffusion
due to eddies are represented using the Redi scheme with
KRedi = 500 m?s~! (Redi 1982). The momentum is dis-
sipated via Laplacian viscosity, biharmonic viscosity, and
vertical viscosity with coefficients A, = 1.0 x 104m2s 1,

Ay =1.0x10?m*s™!, and A, = 1.0 x 103 m?s~!, re-
spectively!. The biharmonic viscosity is used to suppress
grid-scale noise.

The model is forced with a zonally-uniform zonal wind
stress (blue curve in Fig. 2b). Temperature (0) at the sur-
face is restored to a prescribed zonally-uniform tempera-
ture profile (Fig. 2¢) with a relaxation timescale of 20 days
(cf. Haney 1971). For the salinity surface boundary con-
dition, we use a prescribed freshwater flux F, (Fig. 2d)
that is uniform in the zonal direction except in the Pa-
cific Ocean, where an extra constant freshwater flux of
0.3x107% m s~! is added to suppress convection in the
high-latitude North Pacific. To avoid possible bi-stability
due to the mixed surface boundary conditions (Stommel
1961), we also relax the surface salinity to a constant,
35 g kg~!, on a timescale of 2 years (cf. Griffies et al.
2009).

We run the model for 3,000 years, at which point the
model reaches an approximate steady state, as determined
by changes in the AMOC strength. We take the steady
state simulation as a control (“Control”’) and then apply a
0.05 Sv freshwater hosing in the North Atlantic (hatched
area in Fig. 2a) to perturb the AMOC. The simulation is
run for another 250 years (“Hosing”), during which the
freshwater hosing is kept constant. We compare the dif-
ferences in the volume and heat transports as well as heat
content between the control and perturbation runs due to
freshwater hosing. We note that the hosing experiment
is only intended to show the oceanic response to AMOC
perturbations, such as in a warming climate or during DO
events; the simulations are not designed to reproduce com-
prehensive climate responses given that the model omits
key components of the climate system.

b. Coupled simulations

The AMOC is projected to decline in response to an-
thropogenic greenhouse gas forcing. In order to evaluate
the inter-basin heat redistribution and its impact on basin-
scale temperature changes related to a modified AMOC
in a future, warming climate, we examine an abrupt CO,
quadrupling (4xCO;) experiment. Specifically, we make
use of the NCAR Community Climate System Model,
version 4 (CCSM4; Gent et al. 2011), which is part
of the Coupled Model Intercomparison Project, Phase 5
(CMIPS; Taylor et al. 2012). The CCSM4 4xCO,; exper-
iment, with realistic geography, is initialized from an ap-
proximately equilibrated CCSM4 preindustrial run at year
1850, but with the atmospheric CO, level instantaneously
quadrupled. Both the preindustrial and the 4xCO, sim-
ulations are continued from 1850 for another 250 years.

Note that the description of the model in Sun et al. (2020) stated
Ap = 1.0x 107*m?s™!, but the actual value used was A;, = 1.0 X
104m?s~1.
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FIG. 2. Model configurations for the MITgcm ocean-only simulations. (a) Geometry of the model domain. The ocean is 4000 m deep
everywhere except for a 2500 m deep submarine sill in the Southern Ocean that represents Drake Passage. The black shading represents continents.
The hatched area indicates the region where the 0.05 Sv freshwater hosing is applied. Surface forcing applied to the model: (b) zonal wind stress
1, (blue; N m~2), (c) restoring surface temperature 6; (°C), and (d) freshwater flux F,, (m s~!). The orange dashed line in (b) represents a wind
stress forcing with southward-shifted Southern Hemisphere westerlies that mimic the CCSM4 abrupt 4xCO; experiment, as discussed in Text S2
of the supporting information.
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respectively.

In the following analysis, we focus on the differences be- c. Model diagnostics

tween the preindustrial and 4xCO; runs. The isopycnal overturning circulation streamfunction ¥
is used to represent the meridional overturning circulation
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and to define the overturning-driven heat transport (Ap-
pendix A). The streamfunction W, defined in isopycnal
coordinates, accounts for contributions due to both tran-
sient and standing eddies, and it is considered to be a
more accurate description of the overturning circulation
than the overturning circulation streamfunction defined in
depth space (Viebahn and Eden 2012; Ballarotta et al.
2013), which is typically used in the climate literature.
The Eulerian-mean streamfunction [Eq. (A3)], defined in
depth space, is generally an acceptable approximation of
the overturning circulation in the low and mid-latitudes,
but it can significantly misrepresent the overturning circu-
lation in the high-latitudes, including the Southern Ocean
and the subpolar North Atlantic, even after accounting for
transient eddies. As such, the magnitude of the heat trans-
port associated with the Eulerian-mean overturning cir-
culation [Eq. (1)] is usually smaller than the heat trans-
port associated with the isopycnal overturning circulation
[Eq. (A4)].

Changes in the basin-scale heat content (7; J) can be
attributed to anomalies in three different physical pro-
cesses (assuming a closed northern boundary): (i) sur-
face heat uptake (Hg), (ii) lateral heat transport across
the southern boundary due to the overturning circulation
(Hor), and (iii) additional lateral processes due to gyre cir-
culation and eddy diffusion processes (Hg), i.e.,

70 = [ (Hilo) + Hon )+ Hyo) s )

where the prime represents a deviation from the control
run, and the heat transport terms H have units of W. The
estimate of the heat transport by the overturning circula-
tion Hor in Eq. (A4) also includes contributions from the
subtropical cell, which is associated with the wind-driven
gyre circulation and projects to density/depth space as a
shallow overturning circulation (upper 500 m in Fig. 3b,
C).

In a changing climate the range of density classes and
the ocean’s vertical stratification differ substantially be-
tween the control and perturbed states, and it becomes
challenging to isolate heat transport contributions due to
circulation changes in isopycnal coordinate (see further
discussion in Section 3 and Section 4). Therefore, calcu-
lations in Eulerian depth space are used to determine the
evolution of the ocean’s vertical temperature distribution
due to circulation changes [Egs. (3) to (7) Section 3b]. We
remind the reader that this Eulerian-depth approach typ-
ically results in an underestimation of the heat transport
associated with the overturning circulation.

3. Inter-basin heat redistribution due to AMOC per-
turbations

In this section, we present results from the MITgcm
ocean-only simulations.

a. Transient inter-basin overturning circulation

In the Control simulation at equilibrium, the overturn-
ing circulation in the Atlantic basin is primarily connected
to the Southern Ocean through a pole-to-pole overturn-
ing circulation (Fig. 3a,b,c). In other words, the major-
ity of NADW, formed in the high-latitude North Atlantic
and carried southward by the AMOC, rises to the surface
in the Southern Ocean along isopycnals via adiabatic up-
welling, where it is transformed to other density classes
(Wolfe and Cessi 2011; Marshall and Speer 2012). In con-
trast, the overturning in the Indo-Pacific basins is mainly
characterized by an anti-clockwise cell, associated with a
northward flow of Antarctic Bottom Water (AABW) close
to the seafloor, transformation into lighter water by inte-
rior diapycnal mixing, and a southward return flow at shal-
lower depths.

In response to the 0.05 Sv freshwater hosing perturba-
tion, the AMOC both weakens in strength and shoals in
depth (Fig. 3e). The AMOC strength at 30°S, defined as
the maximum value of the annual-mean AMOC stream-
function at this latitude, weakens by ~20% over the first
50 years and then remains roughly stable afterward (gray
line in Fig. 4a). This 50 year timescale of AMOC weaken-
ing is associated with the gyre spin-up/spin-down dynam-
ics in the North Atlantic, in response to the freshwater per-
turbation, and is determined by the transit time of Rossby
waves across the Atlantic basin (Sun et al. 2020). There is
also a slow millennial-scale evolution of the overturning
circulation that is associated with the adjustment of the
deep stratification, which is not resolved in the 250-year
simulation (cf. Jansen et al. 2018; Sun et al. 2020).

Unlike the steady state balance, the AMOC weaken-
ing that occurs during the 250-year simulation is largely
decoupled from the Southern Ocean, where the overturn-
ing circulation remains relatively unchanged, as found in
Sun et al. (2020) (Fig. 3d,e). Instead, AMOC changes
are principally compensated by overturning circulation
anomalies in the Indo-Pacific basins (Fig. 3e,f). The Indo-
Pacific overturning response is characterized by a north-
ward transport anomaly in the upper 1.8 km and a south-
ward transport anomaly in the abyss, leading to a volume
flux convergence anomaly in the upper Indo-Pacific that is
largely balanced by an adiabatic deepening of the isopyc-
nals (Sun and Thompson 2020). This isopycnal deepening
results in a subsurface warming through the heave effect
(Purkey and Johnson 2013), as discussed in the next sub-
section.

We quantify the meridional volume transport across
30°S within the upper 1 km, which carries the upper,
northward-flowing branch of the AMOC (gray and blue
lines in Fig. 4a), in the Atlantic and the Indo-Pacific
basins. The anomalous northward volume transport in the
upper Indo-Pacific largely cancels the anomalous south-
ward transport in the Atlantic Ocean. The approximately
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FIG. 4. Anomalies in volume and heat transport following a weakening of AMOC strength in the MITgem ocean-only simulations. (a)
Meridional volume transport anomaly (Sv) in the upper 1 km across 30°S in the Atlantic (blue), Indo-Pacific (green), and the sum of these two
basins (orange). The AMOC strength anomaly at 30°S, defined as the maximum value of the overturning circulation streamfunction, is plotted as
the gray line. (b) Overturning-driven meridional heat transport anomaly (PW) [Eq. (A4)] across 30°S in the Atlantic (blue), Indo-Pacific (green),
and the sum of these two basins (orange). The meridional heat transport anomaly due to all processes in the Indo-Pacific is plotted as a green dashed
line for comparison. Unless otherwise noted, time series throughout this study are smoothed using a 5-year running-mean to suppress noise.

synchronous, but opposite, responses between the Atlantic
and Indo-Pacific are due to the fast propagation of coastal
Kelvin waves. The residual between the Atlantic and
Indo-Pacific volume transport (orange line in Fig. 4a) de-
notes changes in the Southern Ocean overturning circu-
lation, which responds on multi-centennial timescales, as
discussed in Sun et al. (2020).

b. Inter-basin heat redistribution and subsurface Indo-
Pacific warming

The transient, inter-basin overturning circulation re-
sponse described above is also associated with an inter-
basin heat transport that effectively redistributes heat
from the high-latitude North Atlantic into the Indo-Pacific
basins. This transient redistribution occurs via the same
mechanism, but with the opposite sense, that transports
heat or buoyancy from the low-latitude Pacific to sites
of heat loss and NADW formation in the mean state,
discussed in Newsom and Thompson (2018). Associ-
ated with the AMOC weakening, there is an anomalous
overturning-driven southward heat transport out of the At-
lantic basin that peaks at ~0.15 PW after about 50 years
and then remains roughly constant over the next 200 years
(blue line in Fig. 4b). This southward heat transport
anomaly leads to a surface cooling and an anomalous sur-
face heat uptake in the high-latitude North Atlantic due to
the surface temperature relaxation condition (not shown).
The anomalous southward heat transport in the Atlantic
basin is largely compensated by a northward overturning-
driven heat transport anomaly into the Indo-Pacific basins

across 30°S (green solid line in Fig. 4b), which domi-
nates the total meridional heat transport anomaly by all
processes combined (green dashed line in Fig. 4b). This
heat transport compensation is around 100% during the
first 100 years and then slowly decreases to around 70% at
the end of the 250-year simulation. The sum of the merid-
ional heat transport anomalies across 30°S in the the At-
lantic and Indo-Pacific leaves a smaller residual that rep-
resents the net heat transport anomaly into the Southern
Ocean. This residual transport slowly intensifies over the
duration of the simulation; it is about a third of the magni-
tude of the Atlantic heat transport anomaly after 250 years
(orange line in Fig. 4b).

Advection of a temperature anomaly by the unperturbed
flow does not play a significant role in the inter-basin heat
transport that connects the high-latitude North Atlantic
and the Indo-Pacific basins, at least in these simulations
(see discussion in 5a). The time scale for an advective
change of this nature would be a century or longer, de-
pending on the flow characteristics (¢f. Fig. 4b). Instead,
the heat transport anomaly is enacted through changes
to the circulation strength and structure, which include a
deepening of the stratification or density surfaces. This
deepening is initiated by a reduction in NADW formation,
which converges mass in the upper Atlantic basin, and is
then propagated into the Indo-Pacific basins in the forms
of coastal and equatorial Kelvin waves (Sun et al. 2020;
Sun and Thompson 2020).

The heat transport convergence into the Indo-Pacific
basins by the transient inter-basin overturning circulation
warms the Indo-Pacific (Fig. 1), but it requires a careful
assessment of the temperature changes to isolate this con-
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FIG. 5. Subsurface warming and heat budget of the Indo-Pacific basins in the MITgcm ocean-only simulations. (a) Hovméller diagram of the

temperature anomaly ('), horizontally-averaged over the Indo-Pacific bas

ins, in the perturbed run. (b) Total heat content change (blue) decomposed

into anomalous surface heat uptake (orange), heat transport anomalies across the southern boundary by the overturning circulation (red), and the
residual (green) [Eq. (2)]. The red dashed line represents the heat content increase due to overturning circulation changes, estimated in Eulerian

depth space [integration of Eq. (1)]. (c) Vertical velocity anomaly [w'

in Eq. (7)] in balance with the Indo-Pacific Eulerian-mean overturning

circulation changes at 30°S, averaged over the last 50 years. (d) Vertical temperature gradient (98, /dz) horizontally-averaged over the Indo-Pacific
basins in the Control simulation. (e) Temperature anomaly in the Indo-Pacific due to vertical advection, integrated over 250 years [Eq. (10); blue],

compared to the simulated warming at the end of the 250 year simulat

jon (6; orange). The gray dotted lines in panels (a) and (e) mark the

approximate depth of maximum warming in the perturbed run due to freshwater hosing.

tribution to the total basin-scale warming signal. To do
this, we examine the evolution of the vertical temperature
distribution, averaged over the Indo-Pacific basins, in Eu-
lerian depth space (Fig. 5a). The potential temperature
field (0) in the model interior evolves following

dwe) 2 < 26

= — K—

Jdz dz \ 0z
where V), = (u,v) is the horizontal velocity vector, the sub-
script h represents the horizontal direction, x is diapyc-
nal diffusivity, which we assume only varies as a function
of depth. The first term on the right hand side represents

20

ot

4V, (V/,,e) n )+%, 3)

small-scale diapycnal diffusion while the second term %
represents eddy-induced isopycnal diffusion. Integrating
Eq. (3) horizontally over the Indo-Pacific basins and di-
viding it by the Indo-Pacific basins area (Arp), we obtain
the evolution of the basin-averaged temperature profile,

“
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which is a function of depth and time and is given by

) &)

26 1 /
ot A]p
d 20 ~
= Z.
* dz < 9z ) +
In the perturbed simulation, changes in both the circu-
lation and the temperature distribution can contribute to

the evolution of the temperature anomaly away from the
Control simulation, 8’ = 9 -0,

20" 1 [x
W:ATP/ (V04 v0")3005 dx (6)
Xw

/ / (W6, + w.0 ) drdy
Ap
d 26’ ,
* 9z ( dz ) +

which is linearized by dropping the nonlinear terms, in-
volving V'8’ and w'6’. Here, terms with a subscript ¢
are properties evaluated in the equilibrated Control sim-
ulation. Our earlier heat budget analysis suggests that the
Indo-Pacific warming is driven by an anomalous north-
ward heat transport across the southern boundary, which
is dominated by overturning circulation changes (Figs. 4b
and 5b). The contributions to heat transport due to advec-
tion of temperature anomalies and the nonlinear terms are
smaller than the contribution due to overturning circula-
tion changes, as discussed in Section 5a. Therefore, we
drop the temperature advection tendency terms that arise
from temperature changes (v.6’ and w.60’) in the equation
for 6’. We further approximate the temperature field in the
Control simulation, 6, using the basin-averaged temper-
ature profile, 6,(z), since the temperature gradient in the
Control simulation is mainly in the vertical direction. This
also motivates us to neglect the isopycnal diffusion term
and to replace w' with the basin-averaged vertical velocity
anomaly, W', which must be in balance with the Eulerian-
mean overturning circulation streamfunction anomaly at
the southern boundary (yg) (Fig. 5¢), i.e., W = —yg/Arp.
With these simplifications, we obtain a vertical advection-

diffusion equation for 6/,
20" 1 oy} ~ ngéc d ( 26
= (e ) e () o

dz )’

L ,00. 9

=W Tz (
This advection-diffusion relationship is not intended to re-
produce the MITgcm simulations, but is introduced to il-
lustrate the impact of overturning circulation changes on
the basin’s temperature evolution. The volume integra-
tion of Eq. (7) over the Indo-Pacific, multiplied by poc,,

is given by,
07" 0 (dysb. Iy ,
o =Py / ( PR > dotHye  (®)

0 81//5
= 0.dz+H.;.,
pOCp/bem 9, Cedit M

where

0 3%@ A0
/7150: 0z dz = (%ec) |*Zbol =0,

and the boundary conditions

26 H’
—dxdy=—f @z=0, 9
[/Kz?z y 20C,” Z )

Il 2 dedy=0, @z= 2,
P 0z

have been used. Thus, heat content changes in the Indo-
Pacific basins (.7”) have contributions from the heat trans-
port anomaly arising from perturbations in the overturning
circulation [red dashed line in Fig. 5b; Eq. (1)] and surface
heat uptake H/;. (orange line in Fig. 5b).

Following a weakened AMOC, the Indo-Pacific devel-
ops an overturning circulation anomaly (yg > 0) that op-
poses the Atlantic changes, assocaited with an anoma-
lous downwelling (w' < 0) and a warming in the Indo-

Pacific that peaks at the around 1 km depth (—w’ 38—91" > 0;
Fig. 5c¢,d, e). To compare the subsurface warming driven
by y§ with the temperature evolutions in the MITgem sim-
ulations, we integrate the vertical advection term in Eq. (7)
in time over 250 years,

o [
0 2z

(10)

We find that 6’, derived from (10), qualitatively repro-
duces the structure of the simulated subsurface warming
(Fig. 5e). Critically, the subsurface warming arises from
the combination of the structure of the overturning circu-
lation anomaly and its correlation with the vertical tem-
perature profile (Fig. Sc, d). The warming has a weaker
contribution from diapycnal mixing (differences between
the blue and orange lines in Fig. 5e), which actually dif-
fuses the laterally-induced subsurface warming vertically
and leads to an anomalous surface heat loss (orange line
Fig. 5b).

Both the MITgem simulations and the advection-
diffusion model demonstrate that a reduced AMOC would
drive a heat transport convergence into the Indo-Pacific
across the southern boundary, providing an inter-basin
pathway for a slow centennial-scale subsurface warming
in the Indo-Pacific basins. This subsurface warming is
largely due to an adiabatic deepening of the isopycnals,
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driven by the transient inter-basin overturning circulation
(Text S1 of the Supporting Information). Rather than
a downward diffusion of heat following surface warm-
ing, here diapycnal mixing results in an upward heat flux
as the subsurface temperature anomaly diffuses upward.
This upward flux may significantly modify the surface air-
sea heat flux (e.g., orange line in Fig. 5b), implying that
the transient inter-basin overturning circulation may con-
tribute to the pattern of ocean surface warming (Xie et al.
2010) as well as the strength of regional radiative feedback
in a changing climate (Armour et al. 2013). A further dis-
cussion of the inter-basin heat redistribution in the context
of a proposed bi-polar seesaw mechanism is provided in
Section 5b.

4. Indo-Pacific warming due to AMOC slow-down in a
warming climate

The MITgcm ocean-only simulations indicate that an
inter-basin heat exchange driven by an AMOC weakening
can contribute substantially to the warming of the Indo-
Pacific basins. Yet, these ocean-only simulations miss key
components of the climate system, including some that
may also influence ocean basin heat content. Thus, the ro-
bustness of the inter-basin heat redistribution is next tested
in a more realistic context — a coupled climate simulation
under an abrupt CO, quadrupling forcing. In the coupled
model, the inter-basin heat transport, driven by the AMOC
weakening, also contributes substantially to a slow sub-
surface warming of the Indo-Pacific basins once the ocean
surface mixed layer equilibrates with the atmosphere.

a. Changes in circulation and heat transport

In response to the abrupt CO;, quadrupling, there is an
initial weakening of the AMOC and a southward transport
anomaly in the upper Indo-Pacific basins of roughly 3 Sv
that is short-lived, decaying away within the first decade
of the simulation (Fig. 6a; negative values represent south-
ward transport). These initial, sub-decadal scale responses
occur due to adjustments to a southward shift in the posi-
tion of the Southern Hemisphere westerly wind following
the CO, quadrupling (e.g., Rugenstein et al. 2016; Men-
zel and Merlis 2019). Specifically, this shift produces an
easterly wind anomaly near 30°S (not shown) that is ac-
companied by an anomalous southward Ekman transport,
which manifests as a strengthening of the shallow over-
turning circulation. This upper-ocean circulation change
accounts for the southward heat transport anomaly across
30°S during the first decades in both the Atlantic and the
Indo-Pacific basins (Fig. 6b). After the initial decade, as
the circulation adjusts to changes in the surface wind stress
curl via the propagation of Rossby waves across the basin,
the wind-driven gyre circulation becomes slightly weaker
than the preindustrial control state. Subsequently, the gyre
does not contribute substantially to changes in the heat

transport (see further discussion in Text S2 of the support-
ing information).

The focus of the remainder of this section is on the
centennial-scale overturning circulation changes and its
contribution to the heat budget, i.e., the evolution that fol-
lows the initial transient decadal response. As shown in
Sun and Thompson (2020), the AMOC strength at 30°S
weakens by around 8 Sv (40%) during the first 100 years
in response to the CO; quadrupling and then recovers by
~4 Sv in the following 150 years (gray line in Fig. 6a).
Similar to the MITgcm simulations in Section 3, the Indo-
Pacific overturning circulation substantially compensates
the AMOC changes (blue and green line in Fig. 6a), leav-
ing the Southern Ocean overturning circulation largely un-
changed during this 250-year simulations (orange line in
Fig. 6a).

The rate of surface heat uptake by the ocean also
changes dramatically during the 250-year simulations.
During the first 50 years, the Indo-Pacific basin-averaged
surface heat flux anomaly decays from around 9 Wm~? to
OWm™2 (positive indicates surface heat uptake) (Fig. 7a),
suggesting an approximate thermal balance between the
atmosphere and the ocean surface mixed layer in the Indo-
Pacific basins. The Indo-Pacific stands in contrast with
the Atlantic Ocean and the Southern Ocean, which have
large positive surface heat flux anomalies throughout the
250-year simulations, related to the upwelling of deep
waters. The Atlantic surface heat flux anomaly, which
is largely localized in the subpolar North Atlantic (not
shown), changes due to the AMOC evolution, increasing
from 6 Wm ™2 to 8 Wm 2 as the AMOC weakens and then
decreasing to around 4 Wm~? at the end of the 250-year
simulation as the AMOC recovers (e.g., Shi et al. 2018)
(Figs. 6a and 7a). The Southern Ocean surface heat flux
anomaly, seemingly independent of the AMOC evolution,
slowly decreases from 8 Wm™2 to around 3 W m~2 within
250 years. The different surface heat uptake rates be-
tween the Atlantic and Indo-Pacific basins, and the South-
ern Ocean in response to the abrupt CO; forcing leads to
thermal steric height gradients between these basins and,
thus, necessitates an inter-basin heat exchange to remove
this gradient (Newsom et al. 2021).

Similar to the ocean-only simulations, as the AMOC
weakens, starting 20 years after the CO, perturbation,
the Atlantic develops a southward heat transport anomaly
and the Indo-Pacific develops a northward heat transport
anomaly across the southern boundaries (blue and green
lines Fig. 6b). However, unlike the ocean-only simulations
in which the residual meridional heat transport anomaly
into the Southern Ocean is close to zero due to a large can-
cellation between Indo-Pacific and Atlantic anomalies, in
the coupled simulations the magnitude of the Indo-Pacific
heat transport anomaly is roughly two times as large as the
Atlantic heat transport anomaly. This leads to a net north-
ward heat transport anomaly out of the Southern Ocean
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(orange line in Fig. 6b), which is required to balance the
anomalous positive heat uptake in the Southern Ocean
throughout the 250-year simulations (Fig. 7a). Since the
volume transport anomalies are of similar magnitude be-
tween the Indo-Pacific and the Atlantic, the asymmetry in
the meridional heat transport anomaly must be due to the
different vertical temperature distribution between these
two basins. The vertical temperature gradient is smaller
in the Atlantic as compared to the Indo-Pacific because
NADW is warmer and saltier than its deep water counter-
part in the Indo-Pacific (see details in Section 5c). This
inter-basin difference in temperature and salinity proper-
ties is not reproduced in the MITgcm ocean-only runs.
Changes in the gyre circulation due to the southward shift
of the SH westerlies do not strongly impact the heat trans-
port asymmetry (Text S2 of the supporting information).

b. Slow subsurface warming in the Indo-Pacific

In response to the abrupt CO, forcing, the Indo-Pacific
warms on two distinct time scales (Fig. 7b and d). The
Indo-Pacific basin-averaged surface temperature increases
by ~2°C in 20 years. This first stage is the “fast warm-
ing,” which is mainly confined to the surface mixed layer
(Fig. 7c,d). The fast warming is followed by a “slow
warming” phase of similar magnitude that occurs over the
next ~200 years. In contrast to the fast warming phase, the
slow warming is characterized by a warming signal that
is larger in the subsurface than at the surface (Fig. 7d).
We present the vertical structure of the slow warming in
the Indo-Pacific by calculating the temperature anomaly
with respect to the temperature profile at year 20, follow-
ing Long et al. (2014). The temperature evolution shows a
subsurface warming pattern with temperatures increasing
by more than 1°C down to 1.5 km depth within 250 years
(Fig. 8a). In previous studies this slow subsurface warm-
ing has been attributed to a diffusive (downward) heat flux
that transfers heat from the surface into the deep ocean
(Held et al. 2010; Long et al. 2014). However, apply-
ing the model’s upper-ocean (from the mixed layer base
to 1 km) mean diapycnal diffusivity of 2x107> m?s~!, a
rough estimate for the timescale 7 at which diffusion af-
fects the temperature at a depth d = 1 km, 7 ~ d? /X, is
around 1500 years. This is substantially longer than the
timescale associated with the simulated warming of the
deep Indo-Pacific ocean (Fig. 7c) and suggests the need to
identify a different process to account for the deep warm-
ing. We suggest that the deeper warming is instead due to
the inter-basin overturning circulation.

Changes in the subsurface temperature during the slow
warming phase peak at around 400 m, much shallower
than the overturning circulation responses (Fig. 8c, e).
This mainly arises from the sharp decrease in the verti-
cal temperature gradient with depth, although there is an
additional contribution from diffusion, which is mainly

confined to the upper ocean as discussed below. We es-
timate the temperature evolution related to the overturning
circulation changes by integrating the advection-diffusion
equation [Eq. (7)] in time. The integration of the vertical
advection term alone [Eq. (10)] approximately reproduces
the slow warming at year 250 below 1.5 km (Fig. 8e), sug-
gesting that the deep warming is driven by the inter-basin
overturning circulation. However, this approach substan-
tially underestimates the simulated warming at shallower
depths (Fig. 8e). Part of this underestimation is due to the
neglected vertical diffusion. We estimate the temperature
changes due to vertical diffusion alone, which was high-
lighted in Held et al. (2010) as the driver of the deep ocean
warming, by solving a diffusion equation [¢f. Eq. (7)],

206’ 0 06’
—_= —_ 11
o 9z <K 3z ) ’ ()
with the boundary conditions as follows,
26’
KTZ = S/fC) @Z—O7 (12)
26’
K= =0, @z=—zpo.
dz

Here, poc,F);. = H;./Arp is the Indo-Pacific surface heat
flux anomaly, given by the blue line in Fig. 7a, and x is
reported by the model and horizontally averaged over the
Indo-Pacific basins. Driven by the anomalous surface heat
flux due to CO, forcing, the temperature changes, from
year 20 to year 250, due to vertical diffusion (orange line
in Fig. 8e) also peak at the subsurface, with a similar mag-
nitude as the temperature change due to the advection term
(blue line in Fig. 8e). However, this diffusive subsurface
warming is confined to a shallower depth, mainly in the
upper 1 km. Accounting for both vertical advection and
diffusion, i.e., solving the advection-diffusion equation (7)
with the boundary conditions (12), we recover a larger
subsurface warming that comes closer to reproducing the
simulated evolution of the temperature profile (green and
red lines in Fig. 8e). The additional underestimated warm-
ing in the upper 1 km after accounting for both vertical ad-
vection and diffusion, we speculate, is largely due to our
calculation of the overturning-driven temperature changes
in Eulerian space, as discussed in the heat budget analysis
below.

Despite a weak surface heat uptake anomaly after
year 50 (Fig. 7a), the Indo-Pacific heat content increases
steadily and at approximately the same rate throughout the
250 year simulation (blue line in Fig. 8b). A heat bud-
get analysis shows that roughly 75% of the heat content
increase and sea level rise during the slow warming, esti-
mated between year 20 and year 150, is due to the heat
transport anomaly across the southern boundary by the
overturning circulation (red solid line in Fig. 8b), with
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FIG. 8. Subsurface warming and heat budget of the Indo-Pacific basin for the slow warming in CCSM4 (cf. Fig. 5). (a) Hovmoller diagram
of the temperature anomaly (86 in reference to year 20) in the CCSM4 4xCO, experiment, horizontally-averaged over the Indo-Pacific basins.
(b) Heat content changes (blue) due to anomalous surface heat uptake (orange), heat transport anomalies across the southern boundary by the
overturning circulation (red), and the residual (green). The heat content increase driven by changes in the Eulerian-mean overturning circulation
is given by the red dashed line. The equivalent sea level rise, calculated using a constant thermal expansion coefficient 1.5x10* °C~!, due to
heat content increase is labelled on the right ordinate axis. (c) Vertical velocity anomaly in balance with the Indo-Pacific overturning circulation
changes at 30°S, averaged over the 250 year simulation. (d) Vertical temperature gradient horizontally-averaged over the Indo-Pacific basin in the
preindustrial (PI) run. (e) Temperature changes during the slow warming phase, from year 20 to 250, due to overturning-driven vertical advection
[Eq. (10); blue], vertical diffusion [Eq. (11); orange], and the combination of both vertical advection and diffusion [Eq. (7); green]. The temperature
anomaly at year 250, associated with the slow warming (panel a), is plotted as a green line for comparison.

the remaining 25% mainly due to surface heat uptake (or-
ange line in Fig. 8b). The heat transport anomaly by the
overturning circulation, estimated in the Eulerian space,
is smaller than that estimated in isopycnal coordinate (red
dashed line vs red solid line in Fig. 8b), likely account-
ing for the underestimated subsurface warming by the
advection-diffusion equation (green and red lines Fig. 8e).

The above analysis highlights inter-basin heat redistri-
bution, driven by a weakening of the AMOC, as a ma-
jor source for the continued heat content changes and sea
level rise in the Indo-Pacific basins following a fast sur-
face mixed layer warming (Fig. 8b). This dominance of

the inter-basin exchange holds even in a coupled climate
model where the surface heat uptake is not constrained by
imposed surface boundary conditions. This slow warming,
peaking at the subsurface, occurs on centennial timescales
as volume converges within the upper ocean and is con-
nected to changes in high-latitude processes that modify
the ocean overturning circulation (Thompson et al. 2019;

Sun and Thompson 2020).
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FIG. 9. Heat transport anomaly across 30°S in the CCSM4 abrupt
4xCO, experiment in comparison to the preindustrial Control simula-
tion. (a) Heat transport anomaly across 30°S in the Atlantic (black) due
to changes in the circulation (blue), changes in temperature (orange),
and changes in both (green) [Eq. (13)]. (b) Heat transport anomaly
across 30°S in the Indo-Pacific (black) due to changes in the circulation
(blue), changes in temperature (orange), and changes in both (green).
(c) Heat transport anomaly driven by the Eulerian-mean overturning
circulation anomaly [Eq. (1)] in the Atlantic (blue) and Indo-Pacific
(orange). The green line represents the heat transport calculated using
the Atlantic overturning circulation anomaly applied to the Indo-Pacific
temperature profile; the sign of this curve is reversed to more easily
compare with the orange line [opposite sign of Eq. (14); see Section 5c
for details].

5. Discussion
a. Passive vs active warming

The simulations in this study emphasize the role that
circulation changes have on ocean heat transport and the

convergence of heat into certain regions of the ocean, a
mechanism that has been referred to as “active warming.”
However, changes to the ocean’s temperature distribution
can also contribute to heat transport anomalies, even in
the absence of a change in the ocean circulation, a mecha-
nism referred to as “passive warming.” In the ocean-only
simulations, despite a relaxation boundary condition that
can change the net surface heat flux, modifications to the
vertical temperature profile due to the subsurface warm-
ing do not substantially change the vertical temperature
gradient from the control state (Fig. 5a,d), and thus, the
heat transport anomaly is predominantly due to the over-
turning circulation changes. However, in the CCSM4 ex-
periments, due to the larger atmospheric perturbation, the
ocean’s temperature fields evolve due to radiative forcing
and can feedback on the ocean heat transport. Here we
compare the contributions to the meridional heat trans-
port across 30°S due to circulation changes and temper-
ature changes in the Atlantic and Indo-Pacific basins in
the CCSM4 4xCO, experiment.

The meridional ocean heat transport anomaly across
30°S in the 4xCO; experiment, relative to the preindus-
trial (PI) run and including contributions from both the
gyre circulations as well as the deeper overturning circula-
tion, can be decomposed into three components: changes
in circulation, changes in temperature, and changes in both
(e.g., Hu et al. 2020). This can be written as:

0 Xe
H :pocp/ / (v 6o+ vp16' +V0') dudz, (13)
~Zbot V Xw

where primes denote anomalies from the PI run. In both
the Atlantic and Indo-Pacific basins, the second and third
terms are small and of opposite sign. The reason for
the leading order cancellation between these two terms is
not immediately obvious. However, this cancellation im-
plies that the heat transport anomaly across 30°S is dom-
inated by circulation changes (Fig. 9a, b), such that the
dominant contribution to inter-basin heat exchange in the
CCSM4 4xCO; experiment is linked to overturning circu-
lation changes caused by the AMOC weakening (Figs. 6b
and 9).

Although the results of this study highlight the role
of active warming in inter-basin heat exchange, passive
warming could be important for the Indo-Pacific heat con-
tent changes on certain timescales. Recently, Bronse-
laer and Zanna (2020) suggested that the projected pat-
tern of heat content changes during the 21% century is
dominated by passive ocean heat uptake due to increasing
atmospheric CO, radiative forcing. This passive warm-
ing process appears to manifest in the CCSM4 4xCO, ex-
periment mainly during the fast warming stage, when the
Indo-Pacific heat content changes are mainly due to local
surface heat uptake (Fig. 7). However, beyond the 21%
century when atmospheric CO; reaches equilibrium, sur-
face ocean heat uptake mainly occurs in the high-latitude
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North Atlantic and Southern Ocean, and our results sug-
gest that the Indo-Pacific warming will be predominately
due to heat redistribution by the inter-basin overturning
circulation.

b. Inter-basin seesaw vs bipolar seesaw

This study has, to this point, largely focused on the im-
plications of Indo-Pacific warming due to future climate
change. However, rearrangement of the AMOC and the
associated changes in meridional heat transport have also
been key features of abrupt climate change events through-
out Earth’s history. Of particular relevance is the thermal
bi-polar seesaw, used to describe a change in heat content
of the North Atlantic and the Southern Ocean on multi-
centennial to millennial timescales associated with Dans-
gaard—Oeschger (DO) events (Crowley 1992; Stocker and
Johnsen 2003). High-latitude forcing, such as Heinrich
events, are believed to interrupt NADW formation, after
which the AMOC weakens and a southward heat transport
anomaly emerges in the Atlantic basin. This southward
heat transport anomaly has been postulated as the reason
for anti-correlated temperature changes between Green-
land and Antarctica during DO events (Crowley 1992):
during periods when Greenland warms, Antarctica cools,
and vice versa. The more gradual trends in Antarctic tem-
perature as compared to the abrupt Northern Hemisphere
changes are explained in Stocker and Johnsen (2003) by
assuming that the Southern Ocean acts as a heat reservoir
for the southward heat transport (Fig. 10a). More recently,
Buizert et al. (2015) used high-accumulation ice cores to
show that changes in Northern and Southern Hemispheres
temperature were not synchronous, but rather Northern
Hemisphere changes lead Southern Hemisphere changes
by roughly 200 years. This study provides strong evidence
that inter-hemispheric heat redistribution is carried out by
the ocean, rather than atmospheric processes and further-
more that this characteristic lag time scale is independent
of the background climate state. However, this study did
not offer a mechanistic description of the processes that
give rise to the 200-yr timescale, although Thompson et al.
(2019) suggest that it could be related to the time needed
to adjust the stratification and therefore the ventilation of
deep waters in the Southern Ocean.

Here we suggest two important updates to the bipolar
seesaw theory. First, over a series of studies (Sun et al.
2020; Sun and Thompson 2020), it has been shown that
the initial response to a transition in the AMOC takes place
principally in the Indo-Pacific basins, not in the South-
ern Ocean. This is true for changes in both circulation
and heat transport. Second, we suggest an inter-basin see-
saw, in which the Indo-Pacific, rather than the Southern
Ocean, acts as the heat reservoir for the AMOC-driven
heat transport changes (Fig. 10b). For instance, when the
AMOC weakens during an abrupt Northern Hemisphere

cooling event, the southward heat transport anomaly in the
Atlantic was likely substantially compensated by a north-
ward heat transport anomaly into the Indo-Pacific basins,
driven by the transient inter-basin overturning circulation
(Fig. 1). This inter-basin heat redistribution leads to a
cooling in the high-latitude North Atlantic and a subsur-
face warming in the Indo-Pacific on centennial timescales,
i.e., an inter-basin seesaw. The subsurface warming in the
Pacific weakens the upper ocean density stratification and
may have additionally contributed to enhanced ventilation
in the high-latitude North Pacific during Heinrich events
(Walczak et al. 2020).

This transfer of heat into the Indo-Pacific is important
for two reasons. First, the Indo-Pacific, at 30°S, domi-
nates the zonal extent of the ocean and for this reason, has
a stronger impact on the stratification of and transport into
the Southern Ocean — essentially, the Indo-Pacific basins
provide the northern boundary condition for the depths of
the isopycnals that span the ACC (Nikurashin and Vallis
2012; Thompson et al. 2016; Sun et al. 2018). The anoma-
lous subsurface warming of the Indo-Pacific proceeds
changes in the Southern Ocean (Fig. 4a) and provides an
efficient pathway for the increased, subsurface heat con-
tent in the Indo-Pacific to be transported into the South-
ern Ocean. Second, the adjustment of the Indo-Pacific
basins to changes in the surface forcing that perturbs the
AMOC happens over a period of multiple decades to a few
centuries. The heat transport anomaly into the Southern
Ocean, which arises from a residual between the Atlantic
and the Indo-Pacific heat transport anomalies, only slowly
increases in magnitude as the Southern Ocean overturning
circulation responds on multi-centennial timescales (or-
ange lines in Fig. 4). Thus, an inter-basin seesaw between
the Atlantic and Indo-Pacific helps to explain the more
gradual changes in Antarctic temperature paleo-records as
compared to the abrupt changes in the high-latitude North
Atlantic during the DO events. The 200-yr lag of SH tem-
perature responses in the inter-hemispheric phase changes
is also consistent with the dynamical processes that en-
able the inter-basin exchange, although further studies are
needed to confirm the relative importance of this mecha-
nism in the presence of other forcing changes, such as a
perturbation to the strength or position of SH westerlies.

The transient compensation in meridional heat trans-
port between the Atlantic and Indo-Pacific basins in re-
sponse to an AMOC weakening has been reported in pre-
vious studies (e.g., Pedro et al. 2018), and is implicitly in-
cluded in the conceptual model studies by Thompson et al.
(2019), but the mechanisms that give rise to this compen-
sation were not explored. Here we connect the inter-basin
heat transport between the Atlantic and Indo-Pacific basins
to a transient inter-basin overturning circulation, following
AMOC changes.



16 JOURNAL OF CLIMATE
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(b) Inter-basin Seesaw
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F1G. 10. Schematics of the (a) bipolar seesaw and (b) inter-basin seesaw mechanisms. The bipolar seesaw schematic is adapted from Stocker and
Johnsen (2003, their Figure 2), with the double-arrow representing heat exchange between the Southern Ocean and South Atlantic due to diffusive
processes. In panel (b), the orange arrows represent the heat transport anomaly following a weakened AMOC, with the magnitude represented by
the width of the arrow. The anomalous heat transport into the Southern Ocean is the residual between the Atlantic (southward) and the Indo-Pacific
(northward) heat transport anomalies, and it is weaker than the heat transport anomalies in either of the two northern basins. This revised view of
centennial-scale overturning adjustment suggests that the Indo-Pacific is the key heat reservoir associated with Dansgaard-Oeschger (DO) events
during the last glacial period, (c¢f. Stocker and Johnsen 2003; Pedro et al. 2018).

c. Southern Ocean’s role in the inter-basin heat transport

There remain outstanding questions regarding the
Southern Ocean’s role in the inter-basin heat transport.
For instance, the CCSM4 coupled simulation shows that
the magnitude of the heat transport response is larger in
the Indo-Pacific (H{p) as compared to the Atlantic (H)ypy ),
associated with the transient inter-basin overturning circu-
lation, i.e., Hyo, = Hjp + H{p > 0 (Fig. 6). This behavior
differs from the ocean-only simulations in which Héo <0
(Fig. 4). The inter-basin asymmetry in heat transport in the
CCSM4 coupled simulation arises from differences in the
vertical temperature gradients between the Atlantic and
Indo-Pacific basins. This difference in temperature struc-
ture is consistent with observations but not simulated in
the MITgcm ocean-only runs. To support this, we cal-
culate the hypothetical overturning-driven heat transport
anomaly in the Atlantic basin but imposing a temperature
profile that is identical to the Indo-Pacific (6jp), i.e.,

0o v
Hyqp, = —/ SV¥arL Orpdz. (14)
—Zbot

9z
Indeed, using the same temperature profile in the Indo-
Pacific from the PI control run, the heat transport driven by
the Eulerian-mean Atlantic overturning circulation (green
line in Fig. 9c; reversed in sign for comparison) is ap-
proximately the same as the Indo-Pacific (orange line in

Fig. 9¢). Crucially, a positive (northward) value for H{,
is consistent with an anomalous surface heat uptake that
occurs in the Southern Ocean in CCSM4 after the CO,
quadrupling (Fig. 7). Yet, it is not obvious whether the
heat transport anomaly into the Southern Ocean should be
positive or negative in the case of a reduction in AMOC
strength but no substantial change in the Southern Ocean
surface forcing.

6. Summary

Changes in Earth’s climate are often associated with a
reorganization of the global ocean overturning circulation.
Recently, Sun et al. (2020) showed that there is a transient
overturning compensation between the Atlantic and Indo-
Pacific basins, following a perturbation in the AMOC. As
the AMOC weakens, the Indo-Pacific develops an oppos-
ing overturning circulation anomaly, characterized by an
anomalous northward surface transport. In this study, we
show that this transient inter-basin overturning circulation
can effectively redistribute heat between the Atlantic and
the Indo-Pacific basins, leading to a slow centennial sub-
surface warming in the Indo-Pacific. This process makes
the dominant contribution to changes in ocean heat content
in these basins, even in cases where atmospheric warm-
ing leads to increased surface heat uptake. We postu-
late that there is an inter-basin seesaw associated with the
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transient inter-basin overturning circulation that also helps
to explain why Antarctic temperature records during the
last glacial period generally show more gradual changes
than the abrupt transitions recorded in the Northern Hemi-
sphere.

By examining an abrupt CO, quadrupling experiment
in a coupled climate model, which presents a fast decadal
surface warming and a slow centennial subsurface warm-
ing, we show that the inter-basin heat redistribution, driven
by a weakening of the AMOC, contributes substantially to
the slow subsurface warming and sea level rise in the Indo-
Pacific in response to CO; forcing (e.g., Long et al. 2020).
This inter-basin pathway for the Indo-Pacific warming,
which hinges on adiabatic processes, is separate from the
diapycnal processes emphasized in previous studies that
occur over millennial timescales due to the downward
diffusion of heat into the deep ocean (e.g., Held et al.
2010). The subsurface warming driven by the transient
inter-basin overturning circulation gives rise to an interior
heat anomaly in the ocean that can, over time, diffuse up-
ward and potentially contribute to the pattern of ocean sur-
face warming (Xie et al. 2010), influence regional air-sea
heat fluxes and atmospheric circulation (Kang et al. 2020;
Molina et al. 2021), and modulate regional radiative feed-
back (Armour et al. 2013).
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APPENDIX A

Definition of the overturning circulation
streamfunction and heat transport

The meridional overturning circulation streamfunction
in a basin is calculated in 0, (potential density referenced

to 2000 dbar) coordinate as

1 ity (xe [0
/ / / vi(xy,z,t) (Al
t27t1 tl Xw  “ —Zbot
x A (02— 03 (x,y,2,1)) dzdxdt,

IP(% 62) =

where v, = VEulerian + Veddy 18 the total meridional veloc-
ity that includes both the Eulerian-mean flow (VEulerian)
and eddy bolus contribution due to parameterized ed-
dies (Veddy)s 0'2’ is the potential density field calculated
by the model, #; and #, define the averaging period, and
J (0, — 0}) is the Heaviside step function of 6, — o such
that y(y,0,) represents the northward volume transport
above the isoycnal denoted by .

For presentation purpose, we map the overturning cir-
culation streamfunction ¥ to depth coordinates using the
zonal and time averaged depth of each isopycnal (Fig. 3)

0 (3C0n0)) =¥ 0), (A2)
where {(y, 0,) is the zonal and time mean of the isopycnal
depth £ (Nurser and Lee 2004).

In this study, we also use the Eulerian-mean overturning

circulation,
1 %) Xe 0 , ,
/ / / VEulerian(xyy,Z ,f)dZ dxdt.
h—n. 51 Xw Y2

(A3)
As compared to the isopycnal overturning circulation, the
Eulerian-mean overturning circulation misses the eddy bo-
lus contribution (vpepus), as well as the contribution due to
standing eddies (Viebahn and Eden 2012).
The meridional heat transport associated with the isopy-
cnal overturning circulation is calculated as

v(y,2) =

o 9% (3,02) 5

905 (A4)

Hor(y) = p()Cp/ (y,02)dos.

Omin

Here 6 is the thickness-averaged temperature (Young
2012), defined as

2 [E0(x,3, &, 0)(x,y, 02,1 )dxdt
. ztlz f;ff Y(x,y,02,t)dxdt

0(y,00) = . (A5)

where { is the depth of isopycnal 6, and ¥y = d{/d o, is
the isopycnal thickness.
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Introduction

This supporting information contains two sections of
text and two figures. In Text S1, the reduced Indo-Pacific
upwelling, driven by a weakening AMOC, is partitioned
into contributions due to adiabatic and diabatic processes.
In Text S2, the influence of Southern Hemisphere wind
changes on heat transport is examined with an additional
MITgem simulation.

Text S1: Adiabatic vs Diabatic processes in the subsur-
face warming

In response to a weakening AMOC, the Indo-Pacific de-
velops an overturning circulation anomaly that opposes
the Atlantic changes, characterized by a reduced Indo-
Pacific upwelling (or an anomalous downwelling) that ac-
counts for much of the subsurface warming in the ocean-
only simulations. Noting that the salinity contribution to
the Indo-Pacific buoyancy change is an order of magnitude
smaller than the temperature contribution in these simula-
tions, the subsurface warming largely arises from a deep-
ening of isopycnals. This deepening could either be driven
by the Indo-Pacific overturning circulation anomaly or a
change in diapycnal mixing due to the evolution of the
density stratification, as discussed below.

Following Sun and Thompson (2020), we partition the
changes in the Indo-Pacific upwelling (w’) into a compo-
nent due to vertical movement of isopycnals (wi,) and a
component due to changes in diapycnal mixing (wiﬁap):

/

W = Wiop + Weiap- (S1)
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Integrating Eq. (S1) over an isopycnal surface, 6,, within
the Indo-Pacific basin, we have

_84//(627” +// W:iiap(x7yvzat)dXdya
at o
(52)

where W represents the Indo-Pacific overturning circula-
tion anomaly at the southern boundary (30°S), defined in
Eq. (A1), and ¥ represents the volume above the isopyc-
nal ¢, in the Indo-Pacific.

Dividing Eq. (S2) by the horizontal area of the Indo-
Pacific basin, Ap, and rearranging the equation, we have
the evolution of the mean isopycnal (0») depth,

—lP_/g(Gz,t) =

[
Arp
as,
ail(627t) lP/(G%t) 1 /
= — ; t)dxdy.
ot Ap +AIP //62 Waiap (.3, 2:1) dedy

(83)
Therefore, changes in the isopycnal depth (labeled as term
I below) is driven by a combination of the volume trans-
port anomaly across the southern boundary (term II) and
the change in diapycnal mixing (term III),

I II

—NN— 1 t

h(0s,1) —h(0,,0) =i b Y (0,,t")dt’

1
+7/ // W:iiap(xv)’azat/)dXdydt/-
Ap Jo JJo,

I

(84)

In the absence of changes in diapycnal mixing (III), the
overturning circulation anomaly at the southern boundary
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FIG. S1. Changes in the mean isopycnal depth (blue) in the Indo-Pacific and its contributions due to overturning circulation responses (orange)
and changes in diapycnal mixing (green), diagnosed using Eq. (S4). The contribution due to changes in diapycnal mixing is calculated as the
difference between the blue and orange lines. Four representative isopycnals are selected with their initial depth indicated in parentheses in the

title.

is balanced by an adiabatic movement of the isopycnals.
On the other hand, in the absence of overturning circula-
tion responses (II), changes in diapycnal mixing (e.g., due
to surface forcing perturbations) can also lead to a change
in the isopycnal depth and subsurface warming.

We examine the mean isopycnal depth changes and
the relative contribution from overturning circulation re-
sponses and changes in diapycnal mixing in the MITgcm
simulations following Eq. (S4) (Fig. S1). During the first
50 years after the fresh water hosing, changes in the den-
sity stratification are small (Fig. 5a) and contributions to
the isopycnal deepening related to modifications in diapy-
cnal mixing can be neglected (Fig. S1). In this case, the
subsurface warming is almost exclusively due to an adia-
batic deepening of isopycnals driven by the overturning
circulation anomaly. As the subsurface warming inten-
sifies beyond the first 50 years, diapycnal mixing slowly
diffuses the subsurface heat/buoyancy anomaly vertically,
which makes a significant contribution to the warming
structure at the end of the 250-year simulation. Over much
of upper water column, diapycnal mixing weakens the

isopycnal deepening (Fig. Sla,b,c) and represents a cool-
ing effect (the upper 1.9 km in Fig. 5e). In the abyss,
by diffusing the subsurface warming downward, changes
in diapycnal mixing strengthens the isopycnal deepen-
ing (Fig. S1d) and represents a warming effect (below
1.9 km depth in Fig. 5e). Similar behavior occurs in the
CCSM4 coupled CO; quadrupling experiments (cf. Sun
and Thompson 2020, their Figure 3b), except that changes
in diapycnal mixing warms the ocean column due to sur-
face heat uptake as CO, increases (Fig. 8e).

Text S2: Influence of Southern Hemisphere wind
changes on heat transport

Changes in the overturning circulation and inter-basin
heat transport are also influenced by a southward shift
in the Southern Hemisphere westerly wind in response
to CO, quadrupling in the CCSM4 simulation (Fig. 6).
This change in the surface wind could modify the strength
of the gyre circulation and potentially contribute to inter-
basin heat exchange (Menzel and Merlis 2019). Here we
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F1G. S2. Changes in the volume and heat transport in the MITgcm
“Wind+Hosing” experiment. (a) Meridional volume transport anomaly
relative to control by the upper 1 km across 30°S in the Atlantic (blue),
Indo-Pacific (green), and the combinatin of these two basins (orange).
(b) Meridional heat transport anomaly relative to control by the over-
turning circulation [Eq. (A4)] across 30°S. (c) Time integration of
the meridional heat transport anomaly, difference between the MIT-
gem “Wind+Hosing” experiment and the “Hosing” experiment, due to
changes in the surface wind.

discuss the influence of the surface wind changes on the
overturning circulation and inter-basin heat transport.

We carry out an additional MITgem simulation
(“Wind+Hosing”) that is the same as the perturbed run
(“Hosing”) in Section 3 but with modifications to the sur-
face wind anomalies that mimic the CCSM4 4xCO, ex-
periment (orange line in Fig. 2b). With a change in the
surface wind similar to the CCSM4 4xCO, experiment
in both structure and magnitude, the barotropic subtropi-

cal circulation changes by a similar magnitude as CCSM4
(not shown). The overturning circulation and meridional
heat transport responses resemble the CCSM4 4xCO, ex-
periments in the first decade (Fig. S2 and Fig. 6) and are
characterized by a southward upper ocean volume trans-
port anomaly and southward heat transport anomaly after
year 1 in both the Indo-Pacific and the Atlantic, driven
by the southward Ekman transport anomaly. Both the up-
per ocean volume transport and heat transport anomaly re-
verse signs in the following years as the circulation adjusts
to changes in the surface wind forcing until they are dom-
inated by the AMOC changes. This highlights the direct
atmospheric effect of increased CO; radiative forcing on
short timescales (Menzel and Merlis 2019).

Beyond decadal timescales, however, the wind changes
do not appear to substantially affect the overturning circu-
lation and heat transport. We integrate in time the differ-
ences in the meridional heat transport between the MIT-
gcm “Wind+Hosing” experiment and the “Hosing” exper-
iment (Fig. S2c) to show the impact of wind changes in
the heat budget. At the end of the 250 years simula-
tion, the weakened wind-driven gyre circulation, driven
by the surface wind changes, leads to an anomalous heat
convergence into the Indo-Pacific of roughly 0.35x 102 J
and an anomalous heat divergence out of the Atlantic by
0.64x 10?3 J. This heat content change is an order of mag-
nitude smaller than the change due to the inter-basin heat
exchange driven by the AMOC weakening (cf. Fig. 5b),
which has a magnitude around 8x 103 J. Based on these
MITgem simulations, we speculate that changes in the
gyre circulation related to changes in the Southern Hemi-
sphere wind forcing do not contribute substantially to the
inter-basin heat exchange and the slow subsurface warm-
ing in the Indo-Pacific in the CCSM4 simulations.
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