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AUTHOR SUMMARY

Deciphering the
evolution of
global climate
from the end of
the Last Glacial
Maximum (LGM)
approximately
19 ka to the early
Holocene 11 ka
presents an
outstanding
opportunity for
understanding the
transient response
of Earth’s climate
system to external
and internal
forcings. During
this interval of
global warming,
virtually every
component of the
climate system
underwent large-
scale change,
sometimes at
extraordinary
rates, as the
world emerged
from the grips of
the last ice age.
This dramatic
time of global
change was triggered by changes in insolation, with associated
changes in ice sheets, greenhouse gas concentrations, and
other amplifying feedbacks that produced distinctive regional
and global responses. In addition, there were several episodes
of large and rapid sea-level rise and abrupt climate change
that produced regional climate signals superposed on those
associated with global warming. Considerable ice-sheet melting
and sea-level rise occurred after 11 ka, but otherwise the
world had entered the current interglaciation with near-pre-
Industrial greenhouse gas concentrations and relatively stable

climates. Here we
summarize a
major effort by
the paleoclimate
research
community to
characterize these
changes through
the development
of well-dated,
high-resolution
records of the
deep and
intermediate
ocean as well as
surface climate.

Several proxies
identify large
changes in the
volume and
circulation of the
major water
masses that fill
the deep ocean.
During the LGM,
there was a
marked division
in the Atlantic,
Indian, and
Pacific oceans
separating
shallower,
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Fig. P1. (A) Comparison of the global temperature PC1 (blue line, with confidence intervals
showing results of jackknifing procedure for 68% and 95% of records removed) with record of
atmospheric CO2 from European Project for Ice Coring in Antarctica Dome C ice core (red line with
age uncertainty) (4) on revised timescale from ref. 5. (B) Comparison of the global temperature PC2
(blue line, with confidence intervals showing results of jackknifing procedure for 68% and 95% of
records removed) with Pa/Th record (a proxy for Atlantic meridional overturning circulation) (3)
(green and purple symbols). Also shown are freshwater fluxes from ice-sheet meltwater, Heinrich
events, and routing events. (C) Comparison of the global precipitation PC1 (blue line) with record of
methane (green line) and radiative forcing from greenhouse gases (red line). OD, Oldest Dryas; BA,
Bølling—Allerød; YD, Younger Dryas; MWP, meltwater pulse.
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nutrient-poor intermediate water from more nutrient-rich deep
water. In the North Atlantic, Antarctic Bottom Water
expanded northward and upward at the expense of North
Atlantic Deep Water (NADW), while both water masses
maintained a vigorous circulation. In the southwest Pacific and
the Arabian Sea, there was an increased influence of Antarctic
Intermediate Water (AAIW). During the subsequent
deglaciation, there was a net decrease of the Atlantic
meridional overturning circulation (AMOC) below LGM
strength during the Oldest Dryas, renewed production of
NADW at the start of the Bølling–Allerød, followed by a
subsequent decrease during the Younger Dryas. In the
southwest Pacific and the Arabian Sea, the influence of AAIW
further increased during the Oldest Dryas, decreased again
during the Bølling–Allerød, and subsequently increased during
the Younger Dryas. In contrast, intermediate-depth sites in the
southeast Pacific suggest greatest expansion of AAIW during
the LGM, followed by stepwise reduction between 17
and 11 ka.

The low concentrations of atmospheric CO2 during the
LGM are thought to have been caused by greater storage of
carbon in the deep ocean through stratification of the
Southern Ocean (1). Release of the sequestered carbon may
have occurred due to deep Southern Ocean overturning
induced by enhanced wind-driven upwelling and sea-ice retreat
associated with times of Antarctic warming, coincident with
the Oldest and Younger Dryas cold events in the north.

We used empirical orthogonal functions (EOFs) to provide
an objective characterization of the temporal and spatial
patterns of the leading modes of global surface climate
variability for the 20- to 11-ka interval as derived from 166
published proxy records. In addition to characterizing sea
surface temperature (SST) variability, we also characterize
variability in regional and global continental temperature and
precipitation, as well as derive a composite of global
temperature variability.

Our analysis indicates that the superposition of two
orthogonal modes explains much of the variability (64–100%)
in regional and global climate during the last deglaciation
(Fig. P1). The nearly uniform spatial pattern of the global
temperature EOF1 and the large magnitude of the
temperature principal component 1 (PC1) variance indicate
that this mode reflects the global warming of the last
deglaciation. Given the large global forcing of greenhouse
gases (GHGs) (2), the strong correlation between PC1 and the
combined GHG forcing (r2 ¼ 0.97) (Fig. P1) supports
arguments that GHGs were a major driver of global warming.

In contrast, the global temperature PC2 is remarkably
similar to a North Atlantic Pa/Th record (r2 ¼ 0.86) (Fig. P1)

that is interpreted as a kinematic proxy for the strength of the
AMOC (3). Similar millennial-scale variability is identified in
several other proxies of intermediate- and deep-ocean
circulation, identifying a strong coupling between SSTs and
ocean circulation. The large reduction in the AMOC during
the Oldest Dryas can be explained as a response to the
freshwater forcing associated with the 19-ka meltwater pulse
from Northern Hemisphere ice sheets, Heinrich event 1, and
routing events along the southern Laurentide Ice Sheet
margin, whereas the reduction during the Younger Dryas was
likely caused by freshwater routing through the St. Lawrence
River and Heinrich event 0. The sustained strength of the
AMOC following meltwater pulse 1a supports arguments for a
large contribution of this event from Antarctica . With EOF2
accounting for only 13% of deglacial global climate variability,
we conclude that the direct global impact of AMOC variations
was small in comparison to other processes operating during
the last deglaciation.

The global precipitation EOF1 shows a more complex
spatial response than the global temperature EOF1, whereas
the initial increase in the associated PC1 significantly lags the
initial increase in the global temperature PC1 and exhibits
greater millennial-scale structure than seen in the global
temperature PC1 (Fig. P1). Insofar as precipitation increases
should accompany a warming planet, the approximately 2-ky
lag between the initial increase in temperature and
precipitation may reflect one or more mechanisms that affect
low-latitude hydrology, including the impact of Oldest Dryas
cooling, a nonlinear response to Northern Hemisphere forcing
by insolation and glacial boundary conditions, or
interhemispheric latent heat transports. This response may
then have been modulated by subsequent millennial-scale
changes in the AMOC and its attendant effects on African
and Asian monsoon systems and the position of the
Intertropical Convergence Zone and North American storm
tracks.
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