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Northern Hemisphere forcing of Southern
Hemisphere climate during the last deglaciation
Feng He1, Jeremy D. Shakun2, Peter U. Clark3, Anders E. Carlson1,3,4, Zhengyu Liu1,5, Bette L. Otto-Bliesner6 & John E. Kutzbach1

According to the Milankovitch theory, changes in summer insola-
tion in the high-latitude Northern Hemisphere caused glacial
cycles through their impact on ice-sheet mass balance1. Statistical
analyses of long climate records supported this theory, but they
also posed a substantial challenge by showing that changes in
Southern Hemisphere climate were in phase with or led those in
the north2. Although an orbitally forced Northern Hemisphere
signal may have been transmitted to the Southern Hemisphere3,
insolation forcing can also directly influence local Southern
Hemisphere climate, potentially intensified by sea-ice feedback4–6,
suggesting that the hemispheres may have responded indepen-
dently to different aspects of orbital forcing. Signal processing of
climate records cannot distinguish between these conditions, how-
ever, because the proposed insolation forcings share essentially
identical variability7. Here we use transient simulations with a
coupled atmosphere–ocean general circulation model to identify
the impacts of forcing from changes in orbits, atmospheric CO2

concentration, ice sheets and the Atlantic meridional overturning
circulation (AMOC) on hemispheric temperatures during the first
half of the last deglaciation (22–14.3 kyr BP). Although based on a
single model, our transient simulation with only orbital changes
supports the Milankovitch theory in showing that the last deglacia-
tion was initiated by rising insolation during spring and summer
in the mid-latitude to high-latitude Northern Hemisphere and by
terrestrial snow–albedo feedback. The simulation with all forcings
best reproduces the timing and magnitude of surface tempera-
ture evolution in the Southern Hemisphere in deglacial proxy
records8,9. AMOC changes associated with an orbitally induced
retreat of Northern Hemisphere ice sheets10 is the most plausible
explanation for the early Southern Hemisphere deglacial warming
and its lead over Northern Hemisphere temperature; the ensuing
rise in atmospheric CO2 concentration provided the critical feed-
back on global deglaciation9,11.

To identify the physical mechanisms associated with the onset of
the last deglaciation, we conducted four single-forcing transient simula-
tions in addition to a transient simulation with all forcings12 (hereafter
ALL), using the Community Climate System Model version 3 (CCSM3) of
the US National Center for Atmospheric Research: ORB (22–14.3 kyr BP),
forced only by transient variations of orbital configuration13 (Figs 1a and
2a, b); GHG (22–14.3 kyr BP), forced only by transient variations of atmo-
spheric greenhouse gas concentrations14 (Fig. 1a); MOC (19–14.3 kyr BP),
forced only by transient variations of meltwater fluxes from the Northern
Hemisphere (NH) and Antarctic ice sheets12 (Fig. 1b, c); and ICE (19–
14.3 kyr BP), forced only by quasi-transient variations of ice-sheet oro-
graphy and extent based on the ICE-5G (VM2) reconstruction15. All other
forcing factors for each single-forcing simulation were held constant at
their Last Glacial Maximum value. See Methods for further details.

For comparison with model results, we constructed Southern
Hemisphere (SH) regional proxy temperature stacks from records

south of the equatorial region (15–90u S), with four surface air tem-
perature (SAT) records used to construct an Antarctic stack, five sea
surface temperature (SST) records for the South Atlantic stack, six SST
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Figure 1 | Comparison of data and models for SH regional temperature
stacks. a, Insolation on 21 June at 60uN (ref. 13) and atmospheric CO2

concentration14. b, Eustatic sea level28. Age error bars, 6 2 s.d. c, NH meltwater
(NHMW) fluxes12, in metres of global sea level rise per 1,000 years. d, Pa/Th ratio
at Bermuda (GGC5 core) as a proxy for AMOC export29, and model maximum
AMOC transport (below 500 m). Sv, Sverdrup (1 Sverdrup 5 106 m3 s21).
e, Greenland SAT based on GISP2 ice core30 and from simulations (model offset
by 24.5 uC). f–i, Regional SST stack in the South Atlantic (f), the Indian Ocean
(g), the South Pacific (h) and the SH Ocean (i). j, Regional SAT stack over
Antarctica. In d–j: black, reconstruction; red, simulation ALL; blue, simulation
ORB (10-year annual averages). LGM, Last Glacial Maximum.
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records for the South Pacific stack, two SST records for the Indian
Ocean, and the combined 13 SH SST records for the SH SST stack
(Supplementary Table 1). The simulated deglacial temperature evolu-
tion at the locations of each proxy record is used to derive the corres-
ponding regional deglacial temperature stacks for each transient
CCSM3 simulation, providing a direct data-model comparison (Sup-
plementary Figs 1–5).

Simulation ALL captures the timing and much of the amplitude of
deglacial warming recorded in SH proxy temperature records between
the Last Glacial Maximum and the onset of Bølling warming (22–
15 kyr BP) (Fig. 1 and Supplementary Figs 6 and 7). Moreover, the
deglacial temperature evolution in the proxy and model ALL stacks
identifies the SH lead over the NH, with the onset of deglacial warming
starting 19–18 kyr BP in the SH, more than 1 kyr earlier than over
Greenland (Fig. 1 and Supplementary Fig. 8). The linear summation
of the four single-forcing transient simulations (hereafter simulation
SUM) also reproduces the temperature changes in simulation ALL
(Fig. 3 and Supplementary Fig. 9), suggesting that the transient clima-
tic responses in these regions are linearly proportional to the changes
in the four simultaneous forcings in the coupled climate model.

We use the results from the ORB simulation to evaluate the different
hypotheses of orbital forcing of climate during the early deglacial
period3–6. After correcting for the calendar effect16,17, which is most
pronounced in the SH spring season, we find that the apparent degla-
cial increase of mid-latitude to high-latitude SH spring insolation4,6

disappears (Supplementary Figs 10 and 11). The initial increase of
the mid-latitude to high-latitude NH spring–summer insolation
between 22 and 19 kyr BP was about threefold that in the SH (Fig. 2a,
b). Furthermore, the decrease in surface albedo from the melting of
terrestrial snow cover in the NH results in additional net solar flux
absorption in the NH (Supplementary Figs 12–15). Consequently, NH
summers in simulation ORB warm by up to 2 uC in the Arctic and by
up to 4 uC over Eurasia, with an area average of 0.9 uC warming in mid
to high latitudes in the NH (Fig. 2c, e). In contrast, the simulated area-
average SH maximum seasonal temperature change (March–May or
December–February) from 22–19 kyr BP increases by only 0.3 uC, with
limited regional Southern Ocean warming of less than 2 uC (Fig. 2c, f).

The increase in NH spring–summer insolation continued to
exceed the increase in SH insolation throughout the Oldest Dryas
(19–14.3 kyr BP), and was about tenfold the anomaly in SH autumn
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Figure 2 | Comparison of the deglacial warming between the NH and the SH
in simulation ORB. a, b, Insolation changes at the top of the atmosphere in
seasonal averages13: NH mid–high latitude (40–90uN) (a) and SH mid–high
latitude (40–90u S) (b). c, d, NH (red) and SH (black) mid–high latitude area
average SAT in seasonal averages between 22 and 19 kyr BP (c) and between 22
and 14.3 kyr BP (d). e, f, Pattern of SAT changes between 19 and 22 kyr BP in NH

summer (June–August) (e) and SH autumn (March–May) (f). g, h, Pattern of
SAT changes between 22 and 14.3 kyr BP in NH summer (June–August) (g) and
SH winter (June–August) (h). In a–d: triangles, March–May; filled circles,
June–August; open circles, September–November; squares, December–
February. The seasons are fixed angular seasons16,17.
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insolation at the end of the Oldest Dryas (Fig. 2a, b). Concurrently,
simulated NH summers warm by up to 4 uC in the Arctic and up to
8 uC over Eurasia, mostly due to the snow–albedo feedback (Sup-
plementary Figs 16–19), with an area average of 3.5 uC warming in
mid-latitude to high-latitude regions of the NH (Fig. 2d, g). The simu-
lated area-average winter temperature warming in the SH from 22 to
14.3 kyr BP is, however, less than 0.5 uC, with limited regional Southern
Ocean warming of less than 2 uC (Fig. 2d, h).

Our ORB simulation thus supports the Milankovitch theory in
showing that substantial summer warming occurs in the NH at the
end of the Last Glacial Maximum as a result of the larger increase in
high-latitude spring–summer insolation in the NH and greater sensi-
tivity of the land-dominated northern high latitudes to insolation
forcing from the snow–albedo feedback. This orbitally induced warm-
ing probably initiated the retreat of NH ice sheets10 and helped sustain
their retreat during the Oldest Dryas. In contrast, insolation forcing
causes significantly less warming in the SH, particularly during the
early deglacial period. Most notably, the ORB simulation fails to
produce any of the warming seen in the SH regional SST stacks during
the Oldest Dryas (Fig. 1). Over Antarctica, the simulated ORB stack
shows only ,0.5 uC of deglacial warming, a 90% underestimation of
the reconstructed warming in the Antarctic proxy stack (Fig. 1 and
Supplementary Figs 9, 20 and 21). Our transient simulations thus
suggest that SH orbital forcing alone is too weak to account for the
SH warming during the last deglaciation, which can be attributed to

the weak response of SH sea ice to the local insolation forcing that was
previously suggested to be a strong feedback for amplifying SH orbital
changes4–6 (Supplementary Figs 22–24). An additional shortcoming of
hypotheses invoking SH insolation forcing to trigger deglaciation, such
as austral spring insolation or summer duration, is that these particular
quantities are strong functions of precession and thus cannot readily
account for the association between terminations and high obliquity18.

At the onset of the SH deglacial warming 19–17 kyr BP, simulation
ALL reproduces the antiphase annual changes in SAT over Greenland
and Antarctica, with 4–6 uC of cooling over Greenland and ,1.5 uC of
warming over Antarctica, capturing the timing and much of the recon-
structed SH warming (Fig. 3 and Supplementary Figs 25 and 26). In a
similar manner to the ORB simulation, the ICE and GHG simulations
fail to reproduce significant temperature change in the SH during this
interval, as a result of the lack of major changes in ice sheets and
concentrations of atmospheric greenhouse gases. In contrast, simu-
lation MOC accounts for almost all of the temperature changes in
simulations SUM and ALL (Supplementary Fig. 26), suggesting that
the onset of SH warming represents a bipolar seesaw response to the
decrease in AMOC associated with the orbitally forced NH ice-sheet
retreat that began 20–19 kyr BP10.

Further support for the role of the bipolar seesaw 19–17 kyr BP

comes from the spatial correlation between data and model tempera-
tures from 80 proxy records that span both hemispheres8,9 (Fig. 4).
Among all the single forcing transient simulations, only simulation
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Figure 3 | Early deglacial warming in single-forcing transient simulations.
a–c, Summit Greenland SAT (GISP2) (a), SH SST stack (b) and Antarctic SAT
stack (c) in simulation ORB. d–o, As for a–c, but for simulations ICE
(d–f), GHG (g–i), MOC (j–l) and ALL/SUM (m–o). All model variables are

shown in 10-year annual averages. Proxy reconstructions are shown in black. In
a–l, single-forcing simulations are shown in red. In m–o, simulation ALL is
shown in red, and simulation SUM is shown in blue. LGM, Last Glacial
Maximum.
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MOC shows variability and significant spatial correlation (P , 0.01)
with the 80 proxy records in terms of the deglacial temperature change
during this time, with most of the warming occurring at SH proxy
locations and most of the cooling at NH locations (Fig. 4). Simulation
MOC also accounts for the significant correlation between the proxy
and simulations ALL and SUM during this period (Fig. 4).

The bipolar seesaw 19–17 kyr BP was followed by global warming 17–
15 kyr BP from the deglacial increase in CO2 concentration beginning at
,17.5 kyr BP9. Simulation ALL reproduces the in-phase changes among
SATs over Greenland and Antarctica and SSTs in the SH (Fig. 3 and
Supplementary Figs 27 and 28), whereas simulations ORB and ICE
fail to produce significant temperature changes during this interval,
because of the cancellation of the seasonal temperature changes from
the orbital forcing and the lack of major changes in ice-sheet size. With
a weak AMOC 17–15 kyr BP, simulation MOC produces continued but
weak warming of SST in the SH and SAT in Antarctica because of
thermal inertia in SH oceans during the bipolar seesaw 19–17 kyr BP.
Simulation GHG accounts for most of the temperature change in simu-
lations ALL and SUM, suggesting that forcing by greenhouse gases is
the dominant mechanism for synchronizing deglacial warming over
Greenland and Antarctica and in SSTs in the SH 17–15 kyr BP.

The increase in CO2 concentration during deglaciations is fundament-
ally tied to Southern Ocean processes19 and closely tracks Antarctic tem-
perature changes20. The dominance of NH meltwater forcing in triggering
SH warming in our model implies that the initial increase in deglacial
CO2 concentration was in turn related to this NH forcing. Moreover, the
timing and duration of the steps in the deglacial CO2 record have been
associated with AMOC reductions21,22, further supporting the import-
ance of NH meltwater in triggering and maintaining the deglacial increase
in CO2 concentration. At the same time, the dominant role of CO2 in
driving deglacial warming in simulation ALL suggests a positive feedback
between melting ice sheets and increasing CO2 concentration11, with
attendant NH meltwater playing the key role in transferring NH degla-
ciation to the SH and sustaining the deglacial increase in CO2 con-
centration. In contrast, the weak response of the Southern Ocean in
simulation ORB throughout the first half of the deglaciation suggests that
local insolation contributed little to the increase in CO2 concentration4,5.

Our results therefore support the Milankovitch theory in identifying
a strong NH response to NH insolation forcing. Our results also pro-
vide a physical mechanism that can explain the apparent inconsistency
between the Milankovitch theory and the early deglacial warming of
the SH: the SH lead is caused by the bipolar seesaw (initially induced by
NH orbital forcing) that warms the SH and cools the NH3,23. The
impact of SH orbital variations and simulated sea-ice feedback4–6 are
substantially weaker than the bipolar seesaw and cannot account for
the ,1.5 uC warming in the SH regional proxy temperature stacks 19–
17 kyr BP. Much of the SH warming during the last deglaciation was
therefore driven initially by NH forcing and subsequently by increa-
sing concentrations of atmospheric greenhouse gases. We suggest that
our results may apply to each of the major deglaciations of the past
450 kyr. Given the muted Antarctic temperature response to insolation
forcing and NH ice-sheet changes simulated in our model, and that
Antarctic temperature may consistently lead CO2 concentration24,25,
NH meltwater forcing associated with large ice sheets provides a viable
mechanism for triggering SH deglacial warming and the attendant
increase in CO2 concentration19, which is consistent with records show-
ing that a decrease in AMOC is a common feature of terminations21,26,27.

METHODS SUMMARY
We conducted four single-forcing transient simulations of the last deglaciation
(ORB, ICE, GHG and MOC) with CCSM3 of the US National Center for
Atmospheric Research, to test the impact of these different forcings in the transient
simulation ALL12, and to investigate the contribution of each individual forcing to
early deglacial warming in the SH. As in simulation ALL, all single-forcing tran-
sient simulations include dynamic vegetation feedback and a fixed annual cycle of
aerosol forcing. Similar to simulation ALL, simulations ORB and GHG were
branched off from an equilibrium Last Glacial Maximum simulation12. Simu-
lation ORB was forced only by transient variations in orbital configuration13 of
the past 22 kyr, and simulation GHG was forced only by transient variations in
greenhouse gas concentrations of the past 22 kyr (ref. 14). All other forcing factors
for simulations ORB and GHG are held constant with the values of 22 kyr BP. Both
simulations MOC and ICE were branched off at 19 kyr BP from simulation ALL.
Simulation MOC was forced only by transient variations of NH meltwater fluxes
that were identical to those applied in simulation ALL12. In simulation ICE, con-
tinental ice-sheet orographies and extents were modified on the basis of the time
resolution of the ICE-5G (VM2) reconstruction15; that is, once per 1,000 years for
19–17 kyr BP, and once per 500 years from 17 kyr BP onwards. All other forcing
factors for simulations MOC and ICE are held constant with the values of 19 kyr BP.

The SH regional temperature stacks were derived from the deglacial proxy
records9 that contain most published high-resolution (median resolution 200 years),
well-dated (636 radiocarbon dates) temperature records from the last deglaciation;
these therefore represent the current state of knowledge on SH deglacial temperature
variability. The data were linearly interpolated to 100-year resolution and combined
as averages to yield mean temperature time series for the regional temperature stacks.

Received 21 August; accepted 27 November 2012.
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