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While the abrupt climate events of the last deglaciation are well defined in ice core records from the polar
regions of both hemispheres, their manifestation elsewhere is less well constrained. Here we compile 104
high-resolution paleoclimate records to characterize the timing and spatial pattern of climate change
during the last deglaciation. This compilation indicates relatively concurrent timing of the Last Glacial
Maximum (LGM; peak glacial conditions) and the Altithermal (peak interglacial conditions) in the
Northern (22.1 +4.3 ka and 8.0 + 3.2 ka) and Southern (22.3 + 3.6 ka and 7.4 + 3.7 ka) Hemispheres, sug-
gesting the hemispheres were synchronized by greenhouse gases, local insolation, and/or Northern
Hemisphere induced ocean circulation changes. The magnitude of the glacial—interglacial temperature
change increases with latitude, reflecting the polar amplification of climate change, with a likely minimum
global mean cooling of ~—4.9 °C during the LGM relative to the Altithermal.

Empirical orthogonal function (EOF) analysis of 71 records spanning 19—11 ka indicates that two modes
explain 72% of deglacial climate variability. EOF1 (61% of variance) shows a globally near-uniform pattern,
with its principal component (PC1) strongly correlated with changes in atmospheric CO,. EOF2 (11% of
variance) exhibits a bipolar seesaw pattern between the hemispheres, with its principal component (PC2)
resembling changes in Atlantic meridional overturning circulation strength. EOF analysis of 90 records
from 15 to 11 ka indicates that northern and southern modes of climate variability characterize the
Younger Dryas-Bglling/Allergd interval. These modes dominate at the higher latitudes of each hemisphere
and exhibit a complex interaction in the tropics. The magnitude of the Younger Dryas climate anomaly
(cooler/drier) increases with latitude in the Northern Hemisphere, with an opposite pattern (warmer/
wetter) in the Southern Hemisphere reflecting a general bipolar seesaw climate response. Global mean
temperature decreased by ~ 0.6 °C during the Younger Dryas. Therefore, our analysis supports the para-
digm that while the Younger Dryas was a period of global climate change, it was not a major global cooling
event but rather a manifestation of the bipolar seesaw driven by a reduction in Atlantic meridional
overturning circulation strength.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction to determine the spatial response of the climate system to the

millennial-scale events of the last deglaciation.

The development over the past decade of many higher resolution
paleoclimate records spanning the last deglaciation provides an
unprecedented perspective on orbital and millennial-scale climate
changes during this time period (Clement and Peterson, 2008).
Nevertheless, vast areas of the planet that may be integral players in
any given climate event remain undersampled. Moreover, there is
a danger in relying on a few records to characterize hemispheric to
global climate change. This is particularly evident when attempting
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The most prominent deglacial events of the Northern Hemi-
sphere are Heinrich Event 1 (H1, ~17.5 to 16 ka) and the associated
Oldest Dryas cold period ( ~ 18 to 14.7 ka), the Belling/Allered warm
period (~14.7 to 12.9 ka) and the Younger Dryas cold event (~12.9
to 11.7 ka) (Fig. 1) (Alley and Clark, 1999). In the Southern Hemi-
sphere, the most noted deglacial event is the Antarctic Cold Reversal,
which was originally defined in Antarctic ice cores as cooling or
cessation of deglacial warming ~15 to 13 ka (Fig. 1) (Jouzel et al,,
1995). Proxy records suggest a so-called bipolar seesaw response
during this deglacial interval, with antiphased temperature anom-
alies in the two polar hemispheres (Broecker, 1998; Alley and Clark,
1999; Blunier and Brook, 2001; Clark et al., 2002). Concurrent
changes in Atlantic meridional overturning circulation (AMOC)
strength in response to North Atlantic surface freshening may have
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Fig. 1. Deglacial ice core time series and insolation. (a) GISP2 6'%0 (black step plot)
(Blunier and Brook, 2001). (b) Byrd 6'80 (grey step plot) (Blunier and Brook, 2001).
(c) Insolation for 60°N on June 21 (black line) and for 60°S on December 21 (dashed
black line) (Berger and Loutre, 1991). The timing of the Younger Dryas (YD), Bolling/
Allergd (B/A), Heinrich Event 1 (H1), Oldest Dryas (OD) and Antarctic Cold Reversal
(ACR) are denoted.

redistributed heat and thus caused this bipolar seesaw behavior
(Boyle and Keigwin, 1987; Broecker, 1998; Clark et al., 2002;
McManus et al., 2004; Robinson et al., 2005; Stouffer et al., 2006;
Carlson et al,, 2007a; ; Liu et al,, 2009). In contrast, arguments for
global cooling during the Younger Dryas and Oldest Dryas,
predominately based on Southern Hemisphere valley glacier records,
would imply an atmospheric forcing mechanism rather than vari-
ability in AMOC strength (Huesser and Rabassa, 1987; Denton and
Hendy, 1994; Lowell et al, 1995; Ariztegui et al, 1997; Denton
et al.,, 1999a; ; Ivy-Ochs et al., 1999; Broecker, 2003; Moreno et al.,
2001). These differing views on the impact of the Younger Dryas
and Oldest Dryas thus imply profoundly different drivers of abrupt
climate change (Clement and Peterson, 2008).

A more complete and accurate characterization of past climate
events requires the integration of a large body of records, with
sufficient resolution and dating control to adequately constrain the
nature and behavior of different parts/regions of the climate system
during an event. Here we compile 104 deglacial paleoclimate
records to quantify the timing of the Last Glacial Maximum (LGM)
and Holocene Altithermal, and perform time series analyses to
identify patterns in deglacial climate variability, focusing on the
Bolling/Allered-Younger Dryas period. Our analyses indicate an
interhemispheric synchronicity in the timing of the LGM and Alti-
thermal. Similar to previous work with a smaller number of records
(Clark et al., 2002), Empirical Orthogonal Function (EOF) analysis
identifies two major modes of deglacial climate variability: a global
pattern paralleling changes in atmospheric CO, concentration and
a bipolar pattern resembling variations in AMOC strength. The
Younger Dryas, as documented in 90 records, confirms this bipolar
pattern with climate deterioration focused in northern high lati-
tudes and climate amelioration in the Southern Hemisphere. We
find that global cooling during the Younger Dryas was ~1/10 of
LGM cooling.

2. Empirical orthogonal function methodology

The database generated in this study is comprised of many of
the highest-resolution and best-dated climate records currently

available that cover the last 25 kyrs (Supplementary Data, Fig. 2).
We do not assign special consideration to the particular charac-
teristics (e.g., geographic location, type of proxy, density of radio-
carbon ages) of the climate records in forming the database, but
rather simply attempt to include as many records as possible that
are of sufficient temporal resolution to provide meaningful infor-
mation on deglacial climate changes. Fig. 3 shows the resolution of
the records; the median resolution is 130 years from 19 to 11 ka and
106 years from 15 to 11 ka. Approximately 80% of the records have
resolutions higher than 250 years, corresponding to, for example, at
least five data points during the Younger Dryas interval. The records
are biased toward ocean margins due to the relative paucity of
high-resolution time series from land as well as low sedimentation
rates and carbonate dissolution in the deep ocean.

We use EOF analysis to compute objectively defined modes of
variability from this database. EOF analysis identifies spatial-
temporal patterns of variability in a dataset through a linear
decomposition of the records into a series of independent basis
functions (Mix et al., 1986a,b). The EOFs are the eigenvectors of the
temporal correlation matrix, which, as opposed to the covariance
matrix, results in each dataset providing equal weight toward the
EOFs. Such an approach is necessary because this database is
comprised of many different proxies, which have different vari-
ances in their respective units and are thus not directly comparable.

Records were linearly interpolated to 100 yr resolution. Results
are unaffected by factor-of-two changes in interpolated resolu-
tion. We find that the principal components (PCs) are relatively
insensitive to the number of input records used through a jack-
knifing method in which 10, 20, 30,...90% of the records were
randomly removed 100 times and the PCs recalculated. Monte
Carlo simulations introducing random age model errors to the
input records suggest the chronologies of the PCs are also rela-
tively robust as these errors tend to be “averaged out” in the EOF
analysis. Published chronologies were used for each record.
Radiocarbon chronologies were calibrated when necessary. The
chronologies were referenced to years before 1950 AD if the
original author defined the “present” and left unchanged from
the published version if not. Records were oriented so that
“warm”/“wet” points upwards.

3. The Last Glacial—interglacial transition
3.1. Timing of the Last Glacial maximum—altithermal

We define the LGM (Altithermal) as the age of the lowest
(highest) value in the 1 kyr running mean of the time series
(Supplementary Data). A 1 kyr average was used in order to identify
robust, persistent climate states and avoid anomalous outlying
values. We use 56 records that cover at least 24—11 ka for the LGM
and 78 records covering at least 10—2 ka for the Altithermal. Note
that our use of existing terminology — ‘LGM’ and ‘Altithermal’ — for
the most extreme climate periods is merely for convenience and
not meant to imply our definition of these climate states is neces-
sarily relevant to other definitions (e.g., maximum ice volume, sea-
level lowstand, etc.).

There is considerable variation in the timing of these extreme
climate states in different records with the LGM and Altithermal
each spread over more than 10 kyr (Fig. 4). Nevertheless, the timing
of the LGM and Altithermal in the Northern (22.1+4.3Ka,
8.0 + 3.2 ka) and Southern (22.3 + 3.6 ka, 7.4 + 3.7 ka) Hemispheres
is statistically indistinguishable and their mean ages differ by only
a few centuries (Fig. 4). Note that there is no latitudinal trend in the
timing of the LGM (% = 0.0036, p = 0.66) or Altithermal (> = 0.0085,
p = 0.43). These values are nearly unchanged when considering only
the proxy temperature records.
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Fig. 2. Map of the time series utilized in this manuscript on a 15° grid. See Supplementary Data for specific time series locations and descriptions.

3.2. Magnitude of the glacial—interglacial temperature change

Using just the proxy records of temperature (44 records), we
calculate the glacial-interglacial temperature change at each site by
taking the difference between the mean values during the global
LGM (22.2 +£4.0 ka) and Altithermal (7.8 4 3.4 ka) (Supplementary
Data). Note that not all records span these entire 1¢ time intervals,
but a mean value was still calculated from the data that lie within
them. Glacial—interglacial temperature increases range from 0.4 to
17 °C (Fig. 5). The magnitude of temperature changes increases
poleward in both hemispheres, with significantly greater cooling in
the northern relative to the southern high latitudes. However, the

northern high latitudes are represented by only one point (GISP2 ice
core) making this latter conclusion tenuous. At the same time, the
GISP2 site has experienced relatively small changes in albedo and
elevation since the LGM (Cuffey and Clow, 1997), so it is conceivable
that northern high latitude regions formerly covered by seaice orice
sheets cooled as much or more than GISP2 at the LGM. Nevertheless,
there is a clear need for more high-resolution deglacial temperature
records in the northern high latitudes.

We calculate a net global LGM cooling relative to the Altithermal
with these data by fitting a 3rd order polynomial to the gla-
cial—interglacial temperature changes as a function of latitude
(r?=0.80, p < 0.0001) and then weighting by latitudinal area. The
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Fig. 3. Histograms of the average resolution of the climate records used in this study over the intervals (a) 19—11 ka and (b) 15—11 ka. The vertical dashed lines show the median

resolution of the records.
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Fig. 4. Timing of the LGM and Altithermal for the Northern (a) and Southern Hemi-
spheres (b). Bins are 1 kyr. Black line and gray box denote the average and standard
deviation of LGM and Altithermal timing for each hemisphere. Northern Hemisphere
LGM = 22.1 +4.3 ka; Southern Hemisphere LGM = 22.3 + 3.6 ka; Northern Hemisphere
Altithermal = 8.0 & 3.2 ka; Southern Hemisphere Altithermal = 7.4 & 3.7 ka.

resulting global cooling at the LGM is ~4.9 °C, which should likely be
considered a minimum estimate for several reasons. Most of the
records used are from the oceans, which are less sensitive to climate
change than the continents in climate models (e.g., Pinot et al., 1999;
Otto-Bliesner et al., 2006). Furthermore, sea level lowering during the
LGM effectively raised the continents by ~120 m (e.g., Clark and Mix,
2002), which would have resulted in an additional ~0.75 °C adia-
batic cooling of marine air advected over land areas. Finally, proxy
temperature records are absent from areas formerly covered by sea
ice and ice sheets. These areas likely experienced the greatest cooling
during the LGM due to their greatly altered albedo, and, in the case of
the ice sheets, increased elevation. It should also be cautioned that
our estimate for LGM cooling is limited by its relatively small sample
size.

3.3. EOF Analysis of deglacial climate variability

EOFs were computed for the last deglaciation (19—11 ka) using 71
records (Supplementary Data). EOF1 dominates the variance in these
datasets (61% of total) and shows strong positive factor loadings in

nearly every record (Fig. 6b), similar to the results of Clark et al.
(2002). PC1 rises exponentially over this interval, although this
pattern is interrupted by a plateau from ~14.5 to 12.5 ka. Rising
boreal summer insolation as well as decreasing global ice volume
could potentially explain the deglacial trend seen in PC1 (Fig. 7).
However, these forcings likely had little effect on Southern Hemi-
sphere climate (Manabe and Broccoli, 1985; Broccoli, 2000), and
Southern Hemisphere records have equally high EOF1 loadings as
those in the Northern Hemisphere. The largest deglacial climate
forcing (or feedback) common to both hemispheres is the increase in
atmospheric greenhouse gas concentration, particularly CO,. The
plateau in PC1 ~14.5 to 12.5 ka resembles the plateau in atmo-
spheric CO, during this same time interval and not insolation or ice
volume (Fig. 7). Indeed, PC1 is notably similar to CO, over its entire
length (r*> = 0.97 with Dome C; 1% = 0.88 with Siple Dome; r* = 0.88
with Dome F; p < 0.0001 for all 3 comparisons) (Monnin et al., 2001;
Ahn et al., 2004; Kawamura et al., 2007). Note that these CO, records
were not used in this analysis and thus did not contribute to PC1.

EOF2 explains 11% of the variance in the database with a more
complex factor loading pattern than EOF1 (Fig. 6¢). Generally
negative loadings in the Southern Hemisphere and positive
loadings in the Northern Hemisphere suggest EOF2 records
a bipolar seesaw response, similar to the results of Clark et al.
(2002). Tropical and subtropical loading signs are quite variable
in both hemispheres. PC2 decreases from ~19 to 16 ka, with an
abrupt increase ~14.7 ka, followed by a second decrease ~12.9 ka
and increase ~11.6 ka (Fig. 8). Comparison with a Pa/Th proxy
record of AMOC strength (McManus et al., 2004) (not included in
the analysis) shows significant commonality (Fig. 8) (r* =0.55,
p <0.0001).

Higher order EOFs account for little variance (<7%) in the
database and do not show spatially coherent patterns. We therefore
consider them insignificant and do not discuss them further.

4. Bolling/Allerad—Younger Dryas climate variability

4.1. EOF analysis of climate during the Bolling/Allerad—Younger
Dryas

Most of the climate variability from 19 to 11 ka is associated
with the overall deglacial trend with relatively little variance at
millennial time scales. Therefore, we focus the EOF analysis to
15—11 ka using 90 records to better characterize climate variability
during the Bglling/Allerad—Younger Dryas oscillations (Supple-
mentary Data). Over half of the variance in this database can be
explained by two modes of variability of nearly equal significance;
EOF1 explains 32% and EOF2 explains 26% of the variance (Fig. 9).
The jackknifing results indicate these modes are robust (Fig. 10).
EOFs 3 and 4 account for only 12 and 5% of the variance with no
pattern in their loadings and are thus considered insignificant.

The first two EOFs display what are to a first order opposite
spatial patterns (Fig. 9). EOF1 has large positive loadings in the
extratropical Southern Hemisphere, which become progressively
smaller and of mixed sign in the tropics and Northern Hemisphere
(Fig. 9b). EOF2 displays large positive loadings in the Northern
Hemisphere and increasingly smaller and mixed signed loadings in
the tropics and Southern Hemisphere (Fig. 9c). Thus, EOF1 and
EOF2 can be described as representing “southern” and “northern”
modes of variability, similar to the results of an EOF analysis of
Marine Isotope Stage 3 records (Clark et al., 2007). Interestingly,
some low latitude records have intermediate to large loadings for
EOF1 and/or EOF2 suggesting that tropical climate cannot be
adequately explained without both EOFs. PC1 increases gradually
from ~14.9 to 13.8 ka, is relatively constant from ~13.8 to 13.0 ka
and increases again more strongly after ~13.0 ka (Fig. 10a). PC2
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Fig. 5. Magnitude of the glacial-interglacial temperature change relative to absolute latitude. Black squares are the Northern Hemisphere (NH), gray circles the Southern

Hemisphere (SH).

shows three major transitions, with increases at ~14.6 and 11.7 ka
separated by a decrease at ~13.0 ka (Fig. 10b).

Dividing the records by region and recalculating the 15—11 ka
EOFs helps to quantify the influence of these northern and southern
modes around the world. EOFs were computed separately for
records from the extratropical Northern Hemisphere (>30°N,
n=25), tropics (30°N—30°S, n=47), and extratropical Southern
Hemisphere (>30°S, n=18). EOF1 accounts for substantially more
variance than EOF2 in both the northern (41 and 19%) and southern
(60 and 14%) extratropics, but EOF1 and EOF2 are nearly equal in the
tropics (29 and 25%). PC1 and PC2 for the tropics are quite similar to
the first PCs for the southern (2 = 0.88, p < 0.0001) and northern
(* =0.88, p < 0.0001) extratropics, respectively. Thus, there appear
to be signals associated with the higher latitudes of each hemisphere
that exerted similar sized influences on the lower latitudes. Northern
extratropic PC1 shares similarities with the Pa/Th record of AMOC

strength (? =046, p=0.004) (McManus et al, 2004) while
southern extratropic PC1 resembles atmospheric CO, (1°=0.85,
p <0.0001) (Monnin et al., 2001). The northern mode, therefore,
likely reflects the direct effects of AMOC variations, while the
southern mode reflects greenhouse gas forcing and the processes
affecting it such as changes in Southern Ocean circulation, sea ice
extent and upwelling, which may have been forced in turn by AMOC
variability (Monnin et al., 2001; Ahn and Brook, 2008; Barker et al.,
2009).

Further separating the tropical records into those that are proxies
for temperature (n=33) and precipitation/windiness (n = 14) and
again calculating 15—11 ka EOFs reveals differences in how the high
latitudes of the two hemispheres affected low latitude climate. The
tropical temperature PC1 and PC2 account for 34 and 18% of the
variance, and are again similar to PC1 for the southern (r* = 0.93,
p<0.0001) and northern (”>=0.86, p<0.0001) extratropics,



1806 J.D. Shakun, A.E. Carlson / Quaternary Science Reviews 29 (2010) 1801—1816

Fig. 6. Communality (a), EOF1 (b), and EOF2 (c) maps for the 19—11 ka analysis. EOF1 explains 61% of the deglacial variability; EOF2 explains 11% of the deglacial variability.
Magnitude of each record’s loading indicated by legend. Positive loadings are shown in red, negative loadings in blue. The square of the factor loading gives the fraction of variance
in each record explained by the EOF. Communalities give the fraction of variance explained by the first two EOFs for each record. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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and 90% (in progressively lighter shades of gray) of the records during the jackknifing
procedure described in Section 2.

respectively. The tropical precipitation/windiness PC1 and PC2
explain 47% and 16% of the variance, and are similar to PC1 for the
northern (% = 0.79, p < 0.0001) and southern extratropics (r* = 0.68,
p <0.0001), respectively. These results indicate that the northern

Pa/Th

19 18 17 16 15 14 13 12 "1
Age (ka)

Fig. 8. 19—11ka PC2 (a) and North Atlantic Pa/Th, a proxy for AMOC strength
(McManus et al., 2004) (b). The timing of the Younger Dryas (YD), Balling/Allerad (B/A)
and Oldest Dryas (OD) are denoted. Gray confidence intervals show the results of the
jackknifing procedure described in Section 2 and are the same as in Fig. 7.

mode of AMOC-driven climate variability had a larger impact on
tropical atmospheric circulation and hydrology, likely caused by
meridional displacements of the Intertropical Convergence Zone
(ITCZ) (Chiang and Bitz, 2005; Yancheva et al.,, 2007). In contrast,
tropical temperature appears to be have been driven more strongly
by the southern mode involving Southern Ocean processes and
greenhouse gas forcing.

4.2. Relative magnitude of the Younger Dryas

The magnitude of the Younger Dryas around the planet has been
used as a fingerprinting technique to identify the forcing locus
(Broecker, 1994, 2003; Peteet, 1995). The differing nature of proxy
records (e.g., 60 value versus Mg/Ca ratio versus sediment color),
however, makes it difficult to relate the magnitude of the Younger
Dryas in one record to another. The shift from a glacial to interglacial
state provides a common backdrop against which to compare
shorter events like the Younger Dryas. That is, the magnitude of the
Younger Dryas can be determined as a fraction of the glacial-inter-
glacial range in each record. While the glacial-interglacial range
certainly varied around the globe (Fig. 5), particularly between the
low and high latitudes, this method provides a first-order approach
to mapping the size of the Younger Dryas. Here, we define the
Younger Dryas interval in 72 records (Supplementary Data) in one of
two ways: (1) in records where the Younger Dryas is distinct (e.g.,
Greenland ice cores, Cariaco Basin sediment, Hulu Cave speleo-
thems) it is defined visually; (2) in records where the Younger Dryas
is unclear or absent, the Greenland ice core Younger Dryas chro-
nozone (12,850—11,650 years before 1950 AD) (Rasmussen et al.,
2006) is used to define it. We compute a mean Younger Dryas
value for the period 200 yr after the onset and 200 yr prior to the
termination of the Younger Dryas interval. This 200 yr buffer is
applied to ensure that only values from clearly within the Younger
Dryas interval are used. The mean Younger Dryas value is then
subtracted from the mean value for the interval 200—1000 yr
preceding the Younger Dryas (approximately the Allergd). The
difference between the Younger Dryas and Allered is divided by the
difference between the 1 kyr interval of highest (Altithermal) and
lowest (LGM) values over the last 30 kyr. Therefore, Younger Dryas
magnitudes range from —1 to +1, with larger absolute values
reflecting larger Younger Dryas-age climate excursions. Positive
numbers indicate a continuation of the overall deglacial trend during
the Younger Dryas relative to the Allerad and negative numbers
indicate a climate reversal.

Despite considerable spatial heterogeneity in the magnitude of
the Younger Dryas, several patterns emerge from the map (Fig. 11).
The spatial pattern is similar to 19—11 ka EOF2, with mainly negative
values in the Northern Hemisphere and positive values in the
Southern Hemisphere (Fig. 11a). As has long been known, the
Younger Dryas was a return toward glacial conditions in many areas
of the Northern Hemisphere, such as the mid to high latitudes and
regions of the low latitudes affected by the ITCZ and monsoons.
There is a slight latitudinal trend in the magnitude of the Younger
Dryas, with a tendency for more negative values at higher Northern
Hemisphere latitudes and more positive values at higher Southern
Hemisphere latitudes (Fig. 11b). Low latitude Younger Dryas anom-
alies tend to be larger in precipitation-related proxies (0.33 + 0.14,
n=10) than temperature records (0.13 +0.16, n=31), suggesting
that the Younger Dryas may have had a greater impact on the
tropical hydrological cycle than on tropical sea surface temperatures.

4.3. Younger Dryas temperature anomalies

While normalizing the magnitude of the Younger Dryas by the
glacial-interglacial range facilitates comparison of different types of
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Fig. 9. Communality (a), EOF1 (b), and EOF2 (c) maps for the 15-11 ka analysis. EOF1 and EOF2 explain 32% and 26% of the Bolling/Allered—Younger Dryas variability, respectively.
Magnitude of each record’s loading indicated by legend. Positive loadings are shown in red, negative loadings in blue. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 10. Bolling/Allerad—Younger Dryas PCs from 15 to 11 ka; PC1 (a) and PC2 (b). The
Younger Dryas (YD), Boelling/Allerad (B/A) and Antarctic Cold Reversal (ACR) are
denoted. Gray confidence intervals show the results of the jackknifing procedure
described in Section 2 and are the same as in Fig. 7.

proxy records, a more direct comparison can be made by focusing
on calibrated temperature proxy records (55 records are included
here; Supplementary Data). Note that these records do not provide
a 1:1 comparison due to differences in proxies and calibrations (e.g.,
Mg/Ca, UX37) (Lea, 2003; Mix, 2006), as well as foraminifera depth
habitats and seasonal biases. We compute mean Younger Dryas and
Allerad temperatures using the same approach as described above
for the magnitude of the Younger Dryas, and subtract to yield the
Younger Dryas temperature anomaly relative to the preceding
Allergd period.

The most striking feature of the temperature anomaly map and
plot is the meridional gradient, particularly in the Northern
Hemisphere (Fig. 12). Average cooling in the Northern Hemisphere
high and mid latitudes is ~5°C (n=3) and 2 °C (n = 13), respec-
tively. Tropical temperature anomalies are between 1 and —1 °C,
with the exception of Cariaco Basin (—3.3 °C) (Lea et al., 2003), and
average to nearly 0 °C in both hemispheres (n=31). The Southern
Hemisphere mid to high latitude records show warming of 0—2 °C
(n=8) with an average of ~1 °C. Anomalies greater than 2 °C are
concentrated around the North Atlantic region, near deepwater
formation sites and their associated sea ice feedback.

To extrapolate the Younger Dryas temperature data globally, we
use a similar technique as that employed with the glacial-interglacial
change in temperature (Section 3.2.). We fit a 3rd order polynomial
to the Younger Dryas temperature anomalies as a function of latitude
(=0.50, p < 0.0001) and weight by latitudinal area. The result is
a global mean cooling of ~0.6 °C during the Younger Dryas.

4.4. Relative magnitude of the Bolling/Allerad

We conduct an analysis similar to that presented above for the
Younger Dryas (Section 4.2.) on the Bglling/Allered to quantify its
magnitude in relation to the glacial-interglacial range in each record
(71 records; Supplementary Data). The mean value for the interval
16.0—15.0 ka is subtracted from the mean 14.5—13.5 ka value ( ~ the
Bolling/Allergd) and divided by the difference between the highest
(Altithermal) and lowest (LGM) values in the 1 kyr running mean of

the time series. The results of this analysis are less clear than those
for the Younger Dryas because the Bglling/Allerad was generally not
a climate reversal and is therefore not as readily apparent against the
overall deglaciation. Indeed, 82% of the records show positive
anomalies for the magnitude of the Belling/Allered indicating
a continuation of the deglacial trend (Fig. 13a). One notable result is
a significant anticorrelation between the magnitudes of the Bolling/
Allergd and Younger Dryas (r° = 0.45, p < 0.0001) (Fig. 13b). Records
with large positive (negative) anomalies during the Bglling/Allerad
tend to have large negative (positive) anomalies during the Younger
Dryas. This relationship provides support for the notion that these
events represent opposite responses of the climate system to the
same fundamental forcing mechanism.

5. Discussion

The global average climate-defined LGM age of 22.2 +4.0 ka
inferred from the 56 records analyzed here is broadly similar to both
classical (CLIMAP, 1976—18 ™C ka or ~21 ka) and more recent (Mix
et al., 2001 — see below; Clark et al., 2009 — 26.5 to 19 ka) definitions
of the LGM based on maximum global ice volume from foraminiferal
6'80 and/or sea level records. The LGM in 54% of the records fall
within LGM Chronozone Level 2 (18—24 ka) and 39% are within LGM
Chronozone Level 1 (19—23 ka) of Mix et al. (2001), suggesting that
while these may be useful chronostratigraphic definitions of the
LGM for the reasons presented by Mix et al. (2001), they do not
appear to capture the length or variability of the LGM. It should be
cautioned, however, that we identify the LGM in each record as
a single point in time, which gives no indication of its duration or
stability in any particular record; these would be worthwhile issues
to investigate in the future. This similarity in timing between the
climate and ice sheet-defined LGM intervals suggests a strong
connection between maximum ice volume and glacial climate.
Insofar as the onset of deglaciation immediately followed the
minimum in a climate record (i.e., our LGM definition), our database
indicates the deglaciation in most records began before the rise of
CO; at ~17 to 18 ka (Monnin et al., 2001) and thus requires another
forcing to have triggered deglaciation, even though CO, appears to
have been a powerful feedback (see Section 3.3). Boreal summer
insolation is the most likely candidate to explain the shift towards an
interglacial ~22 ka, which implicates it as the ultimate forcing
behind the termination of the LGM in the Northern Hemisphere
(Barker et al., 2009; Clark et al., 2009). How, or if, this change in
Northern Hemisphere energy impacted Southern Hemisphere
climate is difficult to assess from our existing database (e.g., Clark
et al,, 2004, 2009; Huybers and Denton, 2008).

The similar timing of the LGM and Altithermal between the
Northern and Southern Hemispheres (Fig. 4) suggests that the
hemispheres were synchronized at orbital timescales. Atmospheric
greenhouse gases are the most likely synchronizer given their
global nature and strong forcing (Alley and Clark, 1999; Alley et al.,
2002; Barrows et al., 2007a), which the 19—11 ka PC1 supports by
showing global deglaciation tracked the rise in atmospheric CO,.
However, as noted above, many of the climate records from both
hemispheres begin their deglacial progression prior to the initial
rise in CO,. Imbrie et al. (1993) and Gildor and Tziperman (2001)
suggested that the effects of upwelled North Atlantic Deepwater
on Southern Ocean temperatures may have also synchronized the
hemispheres, but Alley and Clark (1999) argued that empirical
evidence favors an out of phase response between the hemispheres
due to changes in deepwater formation (Crowley, 1992). Alterna-
tively, or additionally, both hemispheres may have responded to
local insolation forcing, with a minimum in boreal summer inten-
sity in the north and a minimum in austral summer length in the
south leading to similar timing of the maximum glacial climate
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(Huybers and Denton, 2008). Our compilation of LGM records
points to the difficulty in determining leads and lags between the
hemispheres in the timing of LGM termination. Given the large
spread in the timing of the LGM in both hemispheres, caution
should be taken when selecting only one or several records for the
basis of arguments on the forcing and phasing of orbital scale
climate change.

The timing of the Northern Hemisphere Altithermal at
8.0 & 3.2 ka (Fig. 4) is consistent with forcing from boreal summer
insolation in combination with greenhouse gases. The ~4 kyr lag
behind peak insolation may, in part, reflect the effects of the waning
Northern Hemisphere ice sheets, which did not completely disappear
until ~6.5 ka (Antevs, 1953; Kaufman et al., 2004; Kaplan and Wolfe,

2006; Carlson et al., 2007b, 2008a). While the Southern Hemisphere
also has a modest peak in the early Holocene (Fig. 4b), there is a more
even distribution of Altithermal ages throughout the Holocene than
the Northern Hemisphere, suggesting the that concept of a peak
interglacial climate state may not be as meaningful in the Southern
Hemisphere.

The different magnitudes of glacial-interglacial temperature
changes between the hemispheres (Fig. 5) are consistent with
multiple forcing/feedback mechanisms of glacial cooling for
each hemisphere. In the Northern Hemisphere, the expansion of
large ice sheets and North Atlantic sea ice, lower greenhouse
gases, and changes in vegetation and aerosols likely combined to
produce the LGM climate (Manabe and Broccoli, 1985; Broccoli,
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2000; Otto-Bliesner et al., 2006; Schneider von Deimling et al.,
2006; Braconnot et al., 2007). In the Southern Hemisphere, the
continental shelf edge limited the expansion of the only major
ice sheet (Antarctic) suggesting that Southern Ocean sea ice
expansion, lowered greenhouse gases, and increased aerosols
were the major drivers of Southern Hemisphere LGM climate
(Imbrie et al., 1993; Gildor and Tziperman, 2001; Otto-Bliesner
et al, 2006; Braconnot et al, 2007; Lambert et al., 2008).
Thus, the large ice sheet forcing may account for much of the
greater cooling and steeper meridional temperature gradient in
the Northern Hemisphere relative to the Southern Hemisphere
(Fig. 5).

The EOF results identify major drivers of climate change over the
deglaciation. The agreement between 19 and 11 ka PC1 and
atmospheric CO, implicates the carbon cycle as an important

feedback of global deglacial climate change (Figs. 6b and 7)
(Chamberlin, 1897; Mix et al., 1986a; Visser et al., 2003; Lea et al.,
2006; Otto-Bliesner et al., 2006). The correlation between 19 and
11 ka PC2 and AMOC strength supports arguments that variations
in AMOC are another important deglacial climate forcing with
a bipolar seesaw climate response (Broecker, 1998; Blunier and
Brook, 2001; Clark et al., 2002; Liu et al., 2009) (Figs. 6¢ and 8).
Indeed, the climate effects of the initial decrease in AMOC strength
at ~19 ka to a minimum during the Oldest Dryas are well-repre-
sented in PC2 (Fig. 8). The attendant bipolar seesaw climate
response (Northern Hemisphere cooling/drying, Southern Hemi-
sphere warming/wetting) to this AMOC reduction may help explain
the often noted “lead” in Southern Hemisphere climate (e.g.,
Shackleton, 2000; Koutavas et al., 2002; Visser et al., 2003; Lea
et al,, 2006; Stott et al., 2007) over Northern Hemisphere climate
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and ice sheets (Alley et al., 2002; Clark et al., 2004, 2009; Carlson
et al., 2008b).

AMOC variability was expressed as relatively coherent northern
and southern climate modes in the higher latitudes of each hemi-
sphere, whereas the climate response was spatially more variable
in the low latitudes (see Sections 3.3 and 4.1). This difference may
reflect the larger number of climate variables recorded by proxies
as well as the variety of transmission mechanisms operating in
different subtropical and tropical regions. For example, a reduction
in AMOC during the Younger Dryas would cause a southward shift
in the ITCZ, changing latitudinal precipitation and wind patterns as
well as upwelling regimes (Mix et al.,, 1986b; Haug et al., 2001;

Chiang et al., 2003; Lea et al., 2003; Chiang and Bitz, 2005; Zhang
and Delworth, 2005; Benway et al., 2006). Reduced northward
heat transport associated with weakened AMOC may store heat in
the subtropics and tropics of the western Atlantic (Crowley, 1992;
Riithlemann et al., 1999; Schmidt et al., 2004; Grimm et al., 2006;
Weldeab et al., 2006; Carlson et al., 2008c), causing warming
during an overall North Atlantic cooling event. Another polar
connection to the tropics is via the oceanic tunnel of thermocline
subduction and the atmospheric bridge of the Hadley Circulation
(Liu and Yang, 2003). Warming of Southern Ocean thermocline
water (at the end of the Antarctic Cold Reversal) from a reduction in
AMOC strength (Schmittner et al.,, 2003) may crop out in the
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tropical surface ocean within decades causing tropical warming
during the Younger Dryas. Therefore, the bipolar seesaw behavior
at the high latitudes of the two hemispheres (Bolling/Allerad
warming-Antarctic Cold Reversal followed by Younger Dryas cool-
ing-termination of Antarctic Cold Reversal) (Broecker, 1998; Blunier
and Brook, 2001; Clark et al., 2002; Weaver et al., 2003) may have
affected different tropical-subtropical regions possibly at different
times.

Bipolar seesaw temperature responses during the Younger Dryas
are likewise best expressed in the mid to high latitudes of each
hemisphere, but less clear in the low latitudes. North Hemisphere
cooling of 2—8°C is evident above ~35°N whereas Southern
Hemisphere warming of 1-2 °C is apparent below ~45°S (Fig. 12).
The tropical and subtropical temperature changes, in contrast, are
between —1 and +1 °C (with the exception of Cariaco Basin, —3.3 °C;
Lea et al,, 2003), or ~0 °C when considering the error in calculating
temperature from proxies (e.g., Mg/Ca, UX 37; Lea, 2003). We suggest
that the seesaw model does not adequately represent tropical
temperature variability, which instead seems to be predominantly
controlled by greenhouse gases. Lower latitude precipitation does
appear to exhibit a seesaw pattern, however.

All of the patterns discussed above suggest a northern high lati-
tude origin for the Younger Dryas cold event, because (1) the largest
negative climate anomalies occur in the extratropical Northern
Hemisphere focused around the North Atlantic, (2) there is a variable
expression of the Younger Dryas in both sign and magnitude in the
tropics and subtropics, and (3) modest positive climate anomalies
occur in the extratropical Southern Hemisphere (Figs. 11 and 12).
This is consistent with the Younger Dryas being a redistribution of
heat, as would accompany a reduction in AMOC strength (Fig. 8),
rather than a global-scale cooling event, which requires a change in
the planetary energy balance. Younger Dryas cooling in the north
does appear to slightly outweigh warming in the south, however,
with a global mean cooling of ~0.6 °C (Fig. 12b). As greenhouse
gases, insolation, and global ice volume were nearly unchanged from
the Allered to the Younger Dryas (Fig. 7), a net global cooling could
most plausibly be explained by increased Northern Hemisphere
albedo due to greater snow and sea ice cover and aerosol loading
(Alley, 2000; Denton et al., 2005). This small global mean tempera-
ture decrease during the Younger Dryas relative to the global cooling
of ~4.9°C at the LGM would suggest that the Younger Dryas was
hardly a return to ice age climate. It is instead on par with the global
cooling of ~0.8 °C during the Little Ice Age relative to the present
(Mann et al., 2008).

Several other differences stand out between the Younger Dryas
and the LGM. Meridional temperature gradients were generally
smaller for the Younger Dryas. One hemisphere warmed while the
other cooled during the Younger Dryas whereas both were colder
during the LGM. Tropical temperatures were largely unaffected by
the Younger Dryas with an average temperature change of
0.0 £ 0.8 °C (n=31), but the tropics cooled by 2.5 4+ 0.9 °C (n = 28)
during the LGM. Moreover, temperature anomalies during the LGM
were generally several times larger than those during the Younger
Dryas (Figs. 5 and 11). One similarity, however, is that greater
climate change occurred in the Northern Hemisphere than in the
Southern Hemisphere and the meridional temperature gradient
steepened considerably in the northern extratropics, suggesting the
northern higher latitudes may be more sensitive to climate change.

Arguments for Southern Hemisphere cooling, and thus global
cooling, during the Younger Dryas are predominately based on valley
glacier records constrained by limiting radiocarbon dates (Broecker,
1994, 2003; Denton and Hendy, 1994; Lowell et al., 1995; Ariztegui
et al, 1997; Denton et al., 1999b). The most often cited record is
the Waiho Loop Moraine of New Zealand (Denton and Hendy, 1994).
The majority of Waiho radiocarbon dates, however, precede the

onset of the Younger Dryas (Broecker, 2003), a result recently
confirmed by Turney et al. (2007). Moreover, this moraine may not
represent a climatic event, but rather an anomalous landslide-trig-
gered glacier advance through the insulating effect of the debris
(Tovar et al., 2008). Much work has recently applied cosmogenic
dating to late-glacial Southern Hemisphere moraines to address the
extent of the Younger Dryas (Strelin and Malagnino, 2000; Douglass
et al., 2005, 2006; McCulloch et al., 2005; Sugden, 2005; Sugden
et al., 2005; Barrows et al., 2007b; Kilian et al., 2007; Ackert et al.,
2008; Kaplan et al., 2008; Moreno et al., 2009). Given current
debates on the limitations in dating glacial events (Applegate et al.,
2008; Barrows et al., 2008; Lowell and Kelly, 2008; Putnam et al.,
2010), however, these glacial records do not at present provide
strong evidence for or against Southern Hemisphere cooling during
the Younger Dryas. We suggest that the modes of deglacial climate
variability identified in our analyses of high-resolution, well-dated
climate records predict Southern Hemisphere moraines of Younger
Dryas age are, in general, unlikely to be found.

The main mechanism proposed for atmospheric, and not AMOC,
forcing of the Younger Dryas calls on El Nino-Southern Oscillation
(ENSO)-like processes originating in the tropics (Cane and Clement,
1999; Clement and Cane, 1999; Clement et al., 2001; Broecker, 2003;
Clement and Peterson, 2008). Such a scenario would likely result in
three observable patterns. Presumably, ENSO-like forcing would
produce (1) interhemispheric symmetry in the response of the
climate system (Hoerling and Kumar, 2000; Seager et al., 2005), (2)
a marked change in the global energy balance via changes in plan-
etary albedo and greenhouse trapping (Cane and Clement, 1999;
Thompson et al., 2008), and (3) the largest climate signals in the
tropics (Ropelewski and Halpert, 1987; Mantua and Hare, 2002) as
occurs with modern ENSO variability. The analyses presented above
contradict these predictions, and rather demonstrate the existence
of two different hemispheric modes of climate variability that are
most pronounced at higher latitudes and interact in a complex
manner in the tropics. They also suggest a relatively diminutive
perturbation to the planetary energy budget during the Younger
Dryas, which in any case was driven largely by the northern high
latitudes and not the tropics.

6. Conclusions

There are five main conclusions drawn from these analyses of
deglacial climate records.

(1) The timing of the LGM and Altithermal varied considerably
around the globe but were statistically synchronous between
the hemispheres. The LGM and Altithermal occurred at
22.1 +£4.3 ka and 8.0 & 3.2 ka in the Northern Hemisphere and
223+3.6ka and 744+3.7ka in the Southern Hemisphere,
respectively. Global mean cooling during the LGM was likely at
least ~4.9 °C relative to the Altithermal.

(2) The first mode of deglacial climate variability is common to
most climate records and is likely related to rising CO,, impli-
cating it as a major deglacial forcing/feedback.

(3) The second mode of deglacial climate variability shows a bipolar
seesaw pattern between the hemispheres most likely driven by
fluctuations in AMOC strength. This bipolar climate pattern may
partly explain the apparent “lead” of Southern Hemisphere
climate over Northern Hemisphere climate and ice sheets.

(4) The Belling/Allerod—Younger Dryas climate oscillations were
an expression of this bipolar seesaw with the Antarctic Cold
Reversal representing the opposite sign response of the
Southern Hemisphere. However, these climate events are most
clear at mid to high latitudes with a complex climate response
in the tropics and subtropics of both hemispheres.
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(5) While the Younger Dryas may have been a near-global scale
climate change, in the sense that climatic anomalies occurred in
many regions during this time, it was not a major global cooling
event (approximately —0.6°C change), with many records
showing warming or a shift toward interglacial conditions
through the Younger Dryas. This is particularly evident in the low
latitudes of the Northern Hemisphere and in many areas of the
Southern Hemisphere. Globally, the Younger Dryas was by no
means a return to ice age climate.
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