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Anti-phasing temperature between hemispheres and bi-polar seesaw

2

using paleoclimatic data is the construction of absolute
timescales for records which are geographically distant from
each other. However, timescales need not be absolute; the
ice core synchronizations have demonstrated that common
timescales, constructed based on varying global properties,
are equally suitable.
[11] The original bipolar seesaw (Figure 2, right) implied

that changes in the north and south occur at the same time.
This requires very fast signal transmission in the ocean.
Heating large water bodies requires time due to thermal
inertia. A faster response is afforded by wave propagation
and the associated vertical displacement of isopycnals.
Ocean models show that density anomalies are propagated
meridionally by coastal Kelvin waves along the western and
eastern basin boundaries. From there, the interior then
adjusts in response to westward propagating Rossby waves
[Kawase, 1987]. Such wave-mediated adjustment processes
are fast and occur on timescales of months to a few decades
[Goodman, 2001]. In the Southern Ocean, the response is
slower because of the absence of lateral boundaries which
support waves. There, a thermal response is more appropri-
ate. Circulation models suggest that the typical adjustment
time of the modern Southern Ocean is on the order of 300 to
500 years [England, 1995]. There exists evidence from
various paleoceanographic proxy data [François et al.,
1997; Sikes et al., 2000; Goldstein et al., 2001; van Beek
et al., 2002] and modeling [Winguth et al., 2000; Meissner
et al., 2003] that the ventilation in the Southern Ocean was
reduced during the last ice age due to increased stratifica-
tion, and therefore, adjustment times are expected to be
longer.
[12] This naturally leads to the following hypothesis: Does

the addition of a heat reservoir to the original bipolar seesaw
significantly improve the correlation between the isotopic
records from Antarctica and Greenland, and if so, what
typical timescale of the heat reservoir would be predicted
by the correlation analysis? On the basis of Figure 2, we
formulate an energy balance of the modified ‘‘thermal
bipolar seesaw’’, for which it is assumed that the change in

heat storage of a ‘‘southern heat reservoir’’ is proportional to
the temperature difference between the reservoir and the
southern end of the seesaw,

d TS tð Þ
d t

¼ 1

t
$TN tð Þ $ TS tð Þ½ &: ð1Þ

[13] The temperature anomaly of the heat reservoir is
denoted by TS, t is the characteristic timescale of the heat
reservoir, and TN denotes the time-dependent temperature
anomaly of the northern end of the bipolar seesaw ($TN is
the corresponding temperature anomaly of the southern end
communicating with the heat reservoir). Using Laplace
transform, one can solve for TS

TS tð Þ ¼ $ 1

t

Z

t

0

TN t $ t0ð Þe$t0=t
h i

dt0 þ TS 0ð Þ: ð2Þ

[14] The reservoir temperature is therefore a convolution
of the northern temperature using the timescale t. There-

Figure 1. Latitude-depth plots in the Atlantic of the temperature difference between a state of collapsed
and one of an active meridional overturning circulation (off minus on). Temperature differences exhibit a
bipolar pattern with cold anomalies in the North Atlantic and warm anomalies south of about 10–20!N.
(a) Results from the Bern 2d model [Stocker et al., 1992b], (b) and from a three-dimensional coupled
model [Schiller et al., 1997]. (Figure 1b supplied by U. Mikolajewicz).

Figure 2. Schematic of the thermal bipolar seesaw model.
The original bipolar seesaw is coupled to a heat reservoir
possibly representing the Southern Ocean or another slowly
responding component of the climate system. The double
arrow indicates that in the simple model the heat exchange
with the reservoir is parameterized diffusively.
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FIG. 5. Implied zonal annual mean ocean heat transports based upon the surface fluxes for Feb
1985–Apr 1989 for the total, Atlantic, Indian, and Pacific basins for NCEP and ECMWF atmo-
spheric fields (PW). The 1 std err bars are indicated by the dashed curves.

all latitudes. The lack of reproducibility is consistent
with the very small size of the interannual variability
(1%–3% of the actual transports), and the main message
is that temporal sampling is not a major factor.
For the ERBE period, the bias in the northward at-

mospheric energy transport as compared with the mean
for the entire 1979–98 period is slightly negative by
about 0.05 PW from 108 to 508N and is positive by
about 0.05 PW from 108 to 358S. This is consistent with
the error bar estimates provided by the panel on the
right of Fig. 4, with values divided by 2 (square root
of the number of ERBE years), in terms of sampling.

c. The derived ocean heat transports

In Fig. 2, the difference (RT 2 AT) gives an implied
ocean heat transport, and for NCEP, in particular, the
implication is that there is almost no ocean contribution
north of 458N. However, such an ocean estimate as-
sumes that the long-term surface heat budget over land
is in balance, because internal heat transport is negli-
gible. Instead, such a balance does not typically exist
over land, and so such an ocean estimate is contaminated

by the considerable problems over land. This constraint
allows the errors in atmospheric transports and surface
fluxes over land to be quantified, and they are found to
be largest over complex and high topography (Trenberth
et al. 2001a). Therefore it is desirable to recompute the
ocean transport separately based upon the implied sur-
face fluxes over just the ocean, and in this way we can
also (somewhat arbitrarily south of 358S) partition the
transports into those from the individual ocean basins.
The implied zonal mean ocean transports, adjusted as

discussed below, are computed from the residually de-
rived surface fluxes (Fig. 5) starting at 658N where there
is a minimum of ocean available to transport heat north-
ward. Estimates are that the transport through the Bering
Strait is 0.2 3 1013 W, and that in the North Atlantic is
1.4 3 1014 W (Aagaard and Greisman 1975). Therefore
we use 0.14 PW at 658N as the starting point of our
integration in the Atlantic. We set the dividing line be-
tween the Atlantic and Indian Ocean at 258E, directly
south of Africa. The Atlantic and the Pacific are sepa-
rated at 708W, south of South America. For the Pacific
and Indian Oceans, we use 1308E from 58S to south of
Australia and 1008E north of 58S. Although integration

Trenberth and Caron (2001)

WAIS (2015)

Anti-phasing temperature changes between Greenland and Antarctica

forcing8 or ice shelf collapse7. We acknowledge, however, that the
abruptNorthAtlantic events could be the response to a remote process
not visible in the ice core records; therefore, although we cannot ascer-
tain the location of the elusive DO ‘trigger’ (if such a concept is even
meaningful in a highly coupled dynamical system), our results clearly
indicate a north-to-south directionality of the abrupt phases of the
bipolar seesaw signal.
The centennial timescale of the NH lead demonstrates the dom-

inance of oceanic processes in propagatingNH temperature anomalies
to the SH high latitudes. Any atmospheric teleconnection would be
manifested within at most a few decades after the abrupt NH event18;
on this timescale theWDC d18O stacks (Fig. 2b, c) show no discernible
temperature response above the noise. We estimate the noise level by
subtracting the fitted curves from the d18O stacks; the remaining signal
has a 2s variability of 0.14%, or about 0.18 uC assuming an isotope
sensitivity of 0.8%K21. We therefore estimate an upper bound of
0.18 uC on an atmospherically induced Antarctic temperature res-
ponse (for comparison, millennial Antarctic temperature variations
are on the order of 1–2 uC). A readjustment of atmospheric transport
may induce spatially inhomogeneous temperature changes8,16 that
may be (partly) responsible for the heterogeneity in expression, or
shape, of AIM events across Antarctica3.
We find that on average the DO cooling signal is transmitted as fast

to Antarctica as the DO warming signal is (our sensitivity study sug-
gests a difference in propagation time of 106 89 years). This implies
that the north-to-south propagation time is independent of theAMOC
background state; that is, it is independent of whether the AMOC is in
the weak or strong overturning state.Modelling work suggests that the
meridional propagation time across the ACC latitudes depends prim-
arily on ACC strength21; our inference of similar propagation times
may thus reflect a stability of the ACC on millennial timescales. There
is also a conspicuous synchronicity between the phasing of the bipolar
seesaw and the duration of the abrupt increase in CO2 at 14.6 kyr
(Fig. 3d); if the former does indeed reflect the timescale of the oceanic
response, this may hold clues about the (unidentified) source of this
CO2 (ref. 26).

Proxy records of North Atlantic ventilation and overturning
strength duringMarine Isotope Stage 3 typically show themost prom-
inent excursions during Heinrich stadials11,12, periods of extreme
cold in the North Atlantic associated with layers of ice-rafted
debris in ocean sediments that represent times of massive delivery of
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Figure 2 | Interhemispheric phasing of the bipolar seesaw. a, Lagged
correlation between NGRIP d18O and WDC d(d18O)/dt (blue), and between
WDC CH4 and d(d18O)/dt (green). Millennial-scale variability is isolated by
using a fourth-order Butterworth bandpass filter (500–10,000-year window);
the CH4-synchronized part of the records is used (31.2–68 kyr). b, DO3–18
stack of NGRIP d18O (blue), WDC CH4 (green) and WDC d18O (orange with
curve fit), aligned at the midpoint of the DO warming signal. Events are
averaged with their original amplitudes and normalized after stacking for

convenience of visualization. c, As in b, but for NH abrupt cooling events (that
is, the interstadial terminations). d–f, Histograms of NH lead time associated
with a–c, respectively, generated by binning solutions from the sensitivity
study. The total number of solutions is 43 103 in d, and 43 105 in e and
f. Distributionmean and 2s probability bounds are listed in the panels. Shaded
vertical yellow bars (upper panels) showNH lead time; the error bar represents
2s as defined for the lower panels.
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Climate response to AMOC changes not confined to the Atlantic and Southern Ocean

3

Pedro et al. (2018)

several challenges to the thermal bipolar seesaw hypothesis. We
touch on these briefly below and return to them in more detail in
the following sections.

The first challenge concerns the location and timing of the

Atlantic temperature anomalies. The thermal seesaw hypothesis
predicts that an AMOC collapse causes North Atlantic cooling and
South Atlantic warming (and vice-versa for AMOC resumption). In
the GCM, the North Atlantic cooling is restricted to the near surface

Fig. 4. Modelled meridional ocean and atmospheric heat transport climatologies and anomalies for the AMOC collapse and AMOC resumption experiments (annual mean data);
including the global atmosphere, the global ocean, the Atlantic Ocean and the combined Pacific and Indian Ocean. The top panels show the mean heat transports for the 100 years
prior to the AMOC perturbations. The lower panels show the mean heat transport anomalies for the period 200e300 years after the onset of the respective AMOC perturbations. The
dashed line in the anomaly plots is the sum of the total atmosphere and total ocean anomaly. Positive values signify northward heat transport.

Fig. 5. Surface temperature anomalies (top) and Atlantic depth transect temperature anomalies (bottom) for the time slice 200e300 years after the onset of the respective AMOC
perturbations. Anomalies are calculated with respect to the 100 years immediately prior to the AMOC perturbation. For the Atlantic Ocean depth transect we take the zonal mean
between 30

!
Wand 15

!
E. The dashed lines mark the position of the Antarctic Circumpolar Current (ACC) in the model (which we define by the surface maximum in zonal velocity).

All shaded temperature anomalies are significant at the 95% confidence level (judged here and in subsequent figures using a two-sided Student's t-test). The contour spacing is
0.5 !C for all plots, the zero contour is omitted.

J.B. Pedro et al. / Quaternary Science Reviews 192 (2018) 27e46 33

Compensating heat transport responses between the Atlantic and Indo-Pacific at southern boundary 
following a collapsed AMOC.

Atlantic

Indo-Pacific

Atlantic+Indo-Pac

Atmosphere
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Compensating heat transport due to transient inter-basin overturning compensation
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Transient inter-basin overturning compensation between Atlantic and Indo-Pacific

5

Overturning circulation in CESM LE Climate model simulations of the 21st century
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Response of the overturning circulation to CO2 forcing in CESM Large Ensemble

• Indo-Pacific develops a positive overturning circulation anomaly that
compensates much of the AMOC changes in the Southern
Hemisphere.

12 / 14

Top: (2006-2015)

Bottom: Changes

Overturning circulation streamfunction in CESM1 (RCP 8.5)

Different from the steady state balance, the Indo-Pacific develops an overturning circulation 
anomaly that opposes the Atlantic changes, balanced by an adiabatic deepening of isopycnals 
(not PMOC or interbasin overturning seesaw as discussed in Saenko et al., 2004). 

Southern 
Ocean

Sun et al. (2020)
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Overturning circulation in reduced gravity model

6

Reduced gravity model (Lat x Lon x 1.5)
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Overturning circulation in reduced gravity model
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Overturning responses to reduced NADW formation

8

reduced gravity, which determines the Kelvin and
Rossby wave propagation speed and influences the
gyre adjustment.
Interface deepening on the eastern boundary also

radiates into the interior via westward-propagating
Rossby waves on a decadal time scale. Thus, interface
displacements on the eastern boundary are indicative of
the zonally averaged changes in the interface depth of
each basin. While the interface deepens in both basins
over the first 50 years after the NADWperturbation, the
average interface displacement is 30m in the Atlantic
but 10m in the Indo-Pacific (Fig. 5a).
The downward displacement of the interface depth

also leads to an enhancement of the southward eddy
transport, which is proportional to the zonal-mean in-
terface depth at y0 [Eq. (18)]. Assuming that the zonal-
mean interface depth hA

0 and the zonal interface depth
difference Dh5 hA

e 2 hA
w change by the same order of

magnitude during the first 50 years of adjustment

(Figs. 5c,d), i.e., dhA
0 ; dhA

e 2 dhA
w , we can estimate the

relative importance of the eddy transport response
(dTA

E ) as compared with the geostrophic transport re-
sponse (dTA

G) as

dTA
E

dTA
G

’
KGM(x

A
e 2 xAw)/Ly

(g0/f
0
)hA

0

, (22)

recalling that the meridional geostrophic transport is

TA
G 5

g0

2f0
(hA

e )
2
2 (hA

w)
2

h i

, (23)

and thus the change in TA
G can be approximated as

dTA
G ’

g0

f
0

hA
0 (dh

A
e 2 dhA

w) . (24)

Applying the zonal-mean interface depth hA
0 ’ 750m

from the control run, this yields dTA
E /dT

A
G ’ 0:02.

FIG. 5. Response of the interface depth to a 24-Sv step change in the NADW formation rate in the reduced
gravitymodel: (a) Change in the interface depth 50 years after the NADW formation reduction (m). (b) Hovmöller
diagram of the interface depth anomaly dh (m) along the red line in (a). (c) Time series of the zonal interface depth
difference (m) between the eastern and western boundaries of the Atlantic basin at 458S, Dh5 hA

e 2hA
w . Note the

change in temporal discretization to highlight the fast response during the first 100 years. (d) Time series of the
zonally averaged interface depth, along 458S in the Atlantic basin (hA

0 ; blue curve) and the Indo-Pacific basin (hP
0 ;

orange curve). In (b), we use a gray dash–dotted line to indicate the phase speed of Kelvin waves and a gray dashed
line to indicate the westward propagation speed of equatorial Rossby waves. The Kelvin wave speed is estimated to
be cK 5 (g0h)1/2 ’ 2.8m s21, and the equatorial Rossby wave speed is estimated to be cR 5 cK/3 ’ 0.9m s21

(Gill 1982).
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Compensating overturning responses between Atlantic and Indo-Pacific
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Compensating heat transport responses between Atlantic and Indo-Pacific
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Indo-Pacific subsurface warming due to inter-basin heat exchanges

11

Sun et al. (2022)

• Centennial subsurface warming due to inter-basin overturning (compare with vertical diffusion)

• This is an important heat source for future Indo-Pacific warming on centennial timescales 
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An update to bi-polar seesaw: a thermal inter-basin seesaw

12

using paleoclimatic data is the construction of absolute
timescales for records which are geographically distant from
each other. However, timescales need not be absolute; the
ice core synchronizations have demonstrated that common
timescales, constructed based on varying global properties,
are equally suitable.
[11] The original bipolar seesaw (Figure 2, right) implied

that changes in the north and south occur at the same time.
This requires very fast signal transmission in the ocean.
Heating large water bodies requires time due to thermal
inertia. A faster response is afforded by wave propagation
and the associated vertical displacement of isopycnals.
Ocean models show that density anomalies are propagated
meridionally by coastal Kelvin waves along the western and
eastern basin boundaries. From there, the interior then
adjusts in response to westward propagating Rossby waves
[Kawase, 1987]. Such wave-mediated adjustment processes
are fast and occur on timescales of months to a few decades
[Goodman, 2001]. In the Southern Ocean, the response is
slower because of the absence of lateral boundaries which
support waves. There, a thermal response is more appropri-
ate. Circulation models suggest that the typical adjustment
time of the modern Southern Ocean is on the order of 300 to
500 years [England, 1995]. There exists evidence from
various paleoceanographic proxy data [François et al.,
1997; Sikes et al., 2000; Goldstein et al., 2001; van Beek
et al., 2002] and modeling [Winguth et al., 2000; Meissner
et al., 2003] that the ventilation in the Southern Ocean was
reduced during the last ice age due to increased stratifica-
tion, and therefore, adjustment times are expected to be
longer.
[12] This naturally leads to the following hypothesis: Does

the addition of a heat reservoir to the original bipolar seesaw
significantly improve the correlation between the isotopic
records from Antarctica and Greenland, and if so, what
typical timescale of the heat reservoir would be predicted
by the correlation analysis? On the basis of Figure 2, we
formulate an energy balance of the modified ‘‘thermal
bipolar seesaw’’, for which it is assumed that the change in

heat storage of a ‘‘southern heat reservoir’’ is proportional to
the temperature difference between the reservoir and the
southern end of the seesaw,

d TS tð Þ
d t

¼ 1

t
$TN tð Þ $ TS tð Þ½ &: ð1Þ

[13] The temperature anomaly of the heat reservoir is
denoted by TS, t is the characteristic timescale of the heat
reservoir, and TN denotes the time-dependent temperature
anomaly of the northern end of the bipolar seesaw ($TN is
the corresponding temperature anomaly of the southern end
communicating with the heat reservoir). Using Laplace
transform, one can solve for TS

TS tð Þ ¼ $ 1

t

Z

t

0

TN t $ t0ð Þe$t0=t
h i

dt0 þ TS 0ð Þ: ð2Þ

[14] The reservoir temperature is therefore a convolution
of the northern temperature using the timescale t. There-

Figure 1. Latitude-depth plots in the Atlantic of the temperature difference between a state of collapsed
and one of an active meridional overturning circulation (off minus on). Temperature differences exhibit a
bipolar pattern with cold anomalies in the North Atlantic and warm anomalies south of about 10–20!N.
(a) Results from the Bern 2d model [Stocker et al., 1992b], (b) and from a three-dimensional coupled
model [Schiller et al., 1997]. (Figure 1b supplied by U. Mikolajewicz).

Figure 2. Schematic of the thermal bipolar seesaw model.
The original bipolar seesaw is coupled to a heat reservoir
possibly representing the Southern Ocean or another slowly
responding component of the climate system. The double
arrow indicates that in the simple model the heat exchange
with the reservoir is parameterized diffusively.

STOCKER AND JOHNSEN: THERMAL BIPOLAR SEESAW 11 - 3

Stocker and Johnson (2003)

N. Atlantic

S. Atlantic

(a) Bipolar Seesaw

Southern
Ocean

(b) Inter-basin Seesaw

Southern Ocean

Atlantic

Indo-Pacific

Atlantic Ocean

Indo-Pacific

N. Atlantic

Longitude
La

tit
ud

e

Latitude

De
pt

h

Heat Reservoir
Heat Reservoir

Heat transport anomalySubsurface warmingSurface cooling

Sun et al. (2022)



/14

Nutrient redistribution by the inter-basin overturning responses following AMOC weakening
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Indo-Pacific: Isopycnal deepening decreases 
upper ocean nutrient concentration

Atlantic: decrease in nutrients supply by the 
northward AAIW transport

Following a weakened AMOC,

• Due to different vertical nutrients gradient between Atlantic and Indo-Pacific, this inter-basin 
overturning response could also drive a net nutrient transport into the Southern Ocean.
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The transient inter-basin overturning responses to AMOC changes plays a key role in redistributing 
heat and nutrients. 

    Email: shantong@caltech.edu                         Website: stsun.github.io 

mailto:shantong@caltech.edu
http://stsun.github.io

