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This dissertation presents the results of statistical analyses of large climate
datasets from two time intervals — the 20™ century instrumental record and the proxy
record of the last deglaciation — in order to understand the forcings and mechanisms of
past climate variability.

A longstanding question in climate dynamics concerns the origin of Pacific
decadal variability (PDV). This issue is addressed by calculating the Southern
Hemisphere equivalent of the Pacific Decadal Oscillation (PDO) index from Pacific
sea surface temperature (SST) anomalies over the 20™ century, which is found to be
similar to its Northern Hemisphere counterpart. The Northern and Southern PDO
indices both exhibit pronounced seasonality in autocorrelation with interannual
persistence of winter SST anomalies despite their absence during the intervening
summer, suggesting a role for reemergence. These two indices can be reasonably well
reproduced using a first-order autoregressive model forced by the El Nifio-Southern
Oscillation, suggesting that Pacific decadal variability on both sides of the equator
may largely be a reddened response to tropical forcing.

Over 100 high-resolution proxy climate time series spanning parts or all of the
Last Glacial Maximum (LGM) to Holocene interval are analyzed to characterize

spatiotemporal patterns of glacial-interglacial climate change. Peak glacial and



interglacial conditions occurred statistically synchronously between 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,
suggesting that the hemispheres were synchronized by greenhouse gases, local
insolation, and/or ocean circulation. Global cooling during the LGM was likely
>4.9°C, but only ~0.6°C during the Younger Dryas. Younger Dryas climate
anomalies exhibit a general hemispheric seesaw pattern with the largest negative
anomalies in the high northern latitudes, mixed sign anomalies in the low latitudes,
and modest positive anomalies in the high southern latitudes, consistent with an ocean
circulation driver of this event. Empirical Orthogonal Function analysis of 71 records
from 19-11 ka indicates that 72% of deglacial climate variability can be explained by
two modes. The first mode (61% of the variance) shows a globally near-uniform
signal and its associated principal component is strongly correlated with ice-core
records of atmospheric CO,. The second mode (11% of the variance) displays a more
variable spatial pattern and its principal component parallels variations in Atlantic
Meridional Overturning Circulation (AMOC) strength.

Averaging 77 calibrated proxy temperature records over the last deglaciation
indicates that global mean temperature was highly correlated and varied nearly in
phase with the rise in CO,, which differs from ice-core studies suggesting Antarctic
temperature led CO,. This result thus suggests a primary role for CO; in driving
deglacial warming and the global deglaciation. Northern and Southern Hemisphere
mean temperature time series both bear the imprint of CO, forcing, but differ largely
in response to the millennial-scale seesawing of heat between the hemispheres related
to AMOC variability. An analysis of deglacial temperature variability by latitude
indicates that deglacial warming began near-synchronously throughout the Southern
Hemisphere and tropics at ~19 ka and was coeval with abrupt cooling in the northern
extratropics. These worldwide temperature changes may have been driven by a
collapse of the AMOC related to the 19-kyr meltwater pulse. As this meltwater event
has been tied to initial melting of Northern Hemisphere ice sheets in response to



boreal summer insolation forcing, a classic Milankovitch trigger is implicated for the

last deglaciation.
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Analyzing Large Paleoclimate Datasets: Implications for Past and Future
Climate Change

Chapter 1

Introduction

1.1 Context

The paleoclimate record informs our understanding of future climate change
associated with anthropogenic forcings in at least two critical ways: 1) it can reveal the
dynamics of internal climate variability upon which anthropogenic warming will be
superimposed, and 2) it shows how the climate system responded to past forcings,
providing insight into climate sensitivity. This dissertation addresses both of these
issues through statistical analyses of large datasets from two time intervals — the 20"
century instrumental record and the proxy record of the last deglaciation. A recurrent
theme in this work is determining spatial and temporal patterns of climate variability

in order to elucidate the underlying physical mechanisms.

1.2 Motivating Questions and Approaches
1.2.1 Chapter 2: Tropical origins of North and South Pacific decadal variability

The Pacific Decadal Oscillation (PDO) is defined as the leading mode of sea
surface temperature variability in the North Pacific (Mantua et al., 1997). As its name
suggests, the PDO is dominated by decadal-scale variability and exerts an important
control on North American climate and ecosystems (Mantua et al., 1997) and possibly
the interdecadal structure of the global mean temperature record as well (Swanson and
Tsonis, 2009). A long-standing question concerns the origin of the PDO: is it an
independent climate mode driven by low frequency processes in the North Pacific or
instead a reddened response to interannual climate variability initiated elsewhere, such
as the El Nifo-Southern Oscillation (ENSO) in the tropical Pacific? This question is
addressed by calculating the South Pacific-equivalent of the PDO index over the 20™



century and statistically evaluating its relationship to its North Pacific counterpart as
well as ENSO.

1.2.2 Chapter 3: A global perspective on Last Glacial Maximum to Holocene Climate
Change

While many forcings potentially responsible for climate change during the last
glacial-interglacial transition have been identified — e.g., insolation, greenhouse gases,
ice sheets, freshwater, etc. — the relative role and expression of each remains to be
satisfactorily parsed out (e.g., Alley and Clark, 1999; Liu et al., 2009). For example,
the abrupt climate changes of the last deglaciation, such as the Younger Dryas, have
been variously attributed to changes in ocean circulation (Broecker and Denton, 1985;
Clark et al., 2002), the mean state of the tropical coupled ocean-atmosphere system
(e.g., ENSO) (Clement et al., 2001; Broecker, 2003), and most recently, a bolide
impact (Firestone, 2007). A large number of proxy records spanning this time interval
have been developed over the past decade or so, which may permit evaluation of these
various hypotheses. Here, 104 paleoclimate records covering parts or all of the Last
Glacial Maximum to Holocene interval are synthesized to address several questions.
When were peak glacial and interglacial conditions reached in the polar hemispheres?
What was the magnitude and spatial pattern of climate anomalies during the Last
Glacial Maximum and the Younger Dryas, and how do they compare? What were the
most common spatiotemporal modes of climate variability during the last deglaciation,

and what forcing mechanisms, if any, do they reflect?

1.2.3 Chapter 4: The role of CO, during the last deglaciation

Following on the results in Chapter 3, 77 calibrated, proxy temperature records
spanning the last deglaciation (19-6.5 ka) are synthesized and averaged to determine
how temperature varied globally and among various regions over this interval. This
work explores the following questions. How important were greenhouse gases in

driving global warming during the last deglaciation? What was the phasing of global



temperature and atmospheric CO, during this time? Did AMOC variations produce
massive redistributions of heat between the hemispheres?  And lastly, can
spatiotemporal patterns of temperature variability be used to decipher the trigger of
global deglaciation?

1.3 Current Publication Status
As of this writing, Chapters 2 has been published in Geophysical Research
Letters, Chapter 3 has been published in Quaternary Science Reviews, and Chapter 4

is in preparation for submission to Science.
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2.1 Abstract

The origin of the Pacific Decadal Oscillation (PDO), the leading mode of sea
surface temperature variability for the North Pacific, is a matter of considerable
debate. One paradigm views the PDO as an independent mode centered in the North
Pacific, while another regards it as a largely reddened response to El Nifio-Southern
Oscillation (ENSO) forcing from the tropics. We calculate the Southern Hemisphere
equivalent of the PDO index based on the leading mode of sea surface temperature
variability for the South Pacific and find that it adequately explains the spatial
structure of the PDO in the North Pacific. A first-order autoregressive model forced
by ENSO is used to reproduce the observed PDO indices in the North and South
Pacific. These results highlight the strong similarity in Pacific decadal variability on
either side of the equator and suggest it may best be viewed as a reddened response to
ENSO.

2.2 Introduction and Approach

The origin of Pacific decadal variability (PDV) remains an outstanding
question in climate dynamics. This issue has received considerable attention over the
past 15 years and numerous hypotheses have been advanced concerning the
mechanisms responsible for generating PDV. These hypotheses lie along a spectrum
based on the geographic region held accountable for driving PDV. At one end of the
spectrum emphasis is placed on the tropical Pacific, on the other the extratropical
North Pacific is seen as the driver, and in between tropical-extratropical interactions
are called upon. In reality, these hypotheses should be seen as representing a
continuum of possibilities, with perhaps several processes in play.

Much evidence favors a tropical source for PDV. Newman et al. (2003)
developed a simple statistical model to show that North Pacific decadal variability can
be well represented as a reddened response to the El Nifio-Southern Oscillation
(ENSO). Deser et al. (2004) showed that the North Pacific Index (NPI; a measure of

the strength of the Aleutian Low) was coherent with numerous climate variables in the



tropical Indo-Pacific on decadal timescales over the 20™ century. Kidson and
Renwick (2002) found that large scale South Pacific SST variability from 1981-1999
is almost entirely related to ENSO and coherent extratropical modes do not appear to
be significant. Observations and modeling indicate that EI Nifio anomalies can persist
for over a decade in the extratropical ocean as they propagate westward as Rossby
waves (Jacobs et al., 1994). The regime shift in 1976/77 from a negative to a positive
phase of PDV was concurrent with a deepening of the eastern tropical Pacific
thermocline recorded in Galapagos corals (Guilderson and Schrag, 1997), while
modeling suggests this thermocline shift can be explained solely by equatorial wind
forcing and does not require a link to the extratropics (Karspeck and Cane, 2002).

At the same time, there is notable support for a North Pacific driver of PDV,
particularly from modeling. One hypothesis is that ocean-atmosphere coupling
involving the subtropical gyre and the Aleutian Low gives rise to a decadal oscillation
in the North Pacific, with the timescale of the oscillation set by the spin-up time of the
gyre (Latif and Barnett, 1994; White and Cayan, 1998; Barnett et al., 1999). In
essence, the meridional gradient of SST is amplified by atmospheric feedbacks, but as
SST anomalies propagate around the gyre, wind stress curl anomalies reverse and the
opposite phase of the oscillation is reached. Also, observations indicate that North
Pacific wintertime ocean-atmosphere variability may be largely independent of ENSO
on both interannual and interdecadal timescales (Zhang et al., 1996). While these
results suggest North Pacific decadal variability is not driven from the tropics, several
studies argue that the North Pacific instead modulates ENSO variability. For example,
the seasonal footprinting mechanism posits that North Pacific SST anomalies
generated by winter atmospheric variability can influence tropical and subtropical
atmospheric circulation the following summer, including the zonal wind stress
anomalies along the equator important for driving ENSO variability (Vimont et al.,
2001; Vimont et al., 2003a; 2003b).

Tropical-extratropical interactions have also received considerable attention.

A well-known example is the conceptual and numerical work of Gu and Philander



(1997), which modeled PDV as a self-sustaining oscillation involving exchanges
between the tropical and extratropical oceans. In their model, a tropical warming, for
example, strengthens the mid-latitude westerlies causing cooling there.  An
extratropical cold SST anomaly then subducts in the subtropical gyre along isopycnals
and upwells at the equator approximately a decade later reversing the phase of the
oscillation. Zhang et al. (1998) suggested such a process triggered the 1976/77
climate shift. Schneider et al. (1999), on the other hand, found extratropical thermal
anomalies do not propagate equatorward of 18°N.

In addition to this debate over the geographic origin of PDV, a related question
concerns the nature of PDV itself. Some paradigms view PDV as a true oscillatory
mode, while others suggest it manifests from the superposition of several quasi-
independent processes acting at various spatial and temporal scales. Examples of an
oscillator include those involving the isopycnal subduction mechanism of Gu and
Philander (1997) as well as the delayed gyre-atmosphere coupling first proposed by
Latif and Barnett (1994). In contrast, several statistical approaches have decomposed
PDV into a number of distinct phenomena. Schneider and Cornuelle (2005) were able
to reconstruct North Pacific decadal variability over the latter half of the 20™ century
using a first-order autoregressive model forced by ENSO, the NPI, and zonal
advection anomalies in the Kuroshio-Oyashio extension (KOE) region. The
contribution of these processes to PDV was found to be frequency dependent with
subannual timescales dominated by the NPI, interannual timescales by the NPI and
ENSO, and decadal timescales by all three. Newman (2007) arrived at a similar
conclusion in reconstructing PDV from a multivariate empirical model, which
suggested PDV arises from several red noise processes each with their own decay
timescale and spatial pattern. Lastly, Vimont (2005) showed that the SST pattern of
PDV can be recovered using only interannual information, specifically, three leading
patterns of variability corresponding to ENSO precursors, peak ENSO conditions, and
ENSO ‘leftovers’. He concluded, therefore, that PDV may simply represent the long-

term average of ENSO cycle variations.



A fundamental characteristic of PDV is its spatial signature, which is often
described as “ENSO-like” with sea surface temperature (SST) anomalies of one sign
in the central to eastern tropical Pacific and along eastern boundaries surrounded by a
horseshoe of oppositely signed anomalies extending into the central North and South
Pacific from the western tropical Pacific (Zhang et al., 1997; Garreaud and Battisti,
1999). This interhemispheric symmetry and similarity to ENSO has been taken as
evidence that PDV is driven from the tropics (Garreaud and Battisti, 1999; Linsley et
al., 2000). However, while ENSO anomalies are largest in the tropics and rather
narrowly confined about the equator, tropical anomalies associated with PDV are
broader and similar in magnitude to those in the extratropics, particularly the North
Pacific (Vimont, 2005). Thus, the North Pacific is often seen as the center of action.
Accordingly, a commonly used metric of PDV is the Pacific Decadal Oscillation
(PDO) index, which is the leading mode of SST variability in the North Pacific. More
specifically, the PDO is defined as the leading principal component (PC) of residual
monthly SST anomalies in the North Pacific poleward of 20°N after removing global
mean SST anomalies. While the domain of the PDO and the term itself implicitly
suggest PDV arises from an oscillation centered in the North Pacific, the pan-Pacific
nature and apparent symmetry about the equator of PDV argue against this more
regionalized perspective.

A simple approach is taken here to address the geographic extent of the PDO
and quantify the interhemispheric symmetry of PDV. We calculate the Southern
Hemisphere equivalent of the PDO index for 1901-2007 AD based on the leading PC
of residual monthly SST anomalies in the South Pacific poleward of 20°S using the
HadISST1 dataset (Rayner et al., 2003). This “Southern Hemisphere PDO” is strongly
correlated with its Northern Hemisphere counterpart strengthening the case for

tropically-driven PDV.
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2.3 Results

The leading PCs of monthly SST anomalies in the North and South Pacific are
shown in Figure 2.1. Both account for 23% of the variance in their respective
domains. The timing of positive and negative phases in the PCs are broadly similar;
indeed, the two time series are significantly correlated at r=0.38 (p<0.0001, using
Student’s t-test, the 1284 monthly data points, and a conservative estimate of 128 df).
In addition, the prominent regime shifts in North Pacific PC1 (i.e, the PDO index)
appear to generally have South Pacific counterparts, particularly those in 1976/77 and
1998/99. These leading PCs were low-pass filtered with a 7-year cutoff to remove
interannual variability associated with ENSO that is almost certainly in common in the
North and South Pacific (Karoly, 1989). This increases their correlation to r=0.59.
One modest difference between the PCs worth noting is that North Pacific PC1 is
somewhat redder than South Pacific PC1 and exhibits slightly greater variability at
decadal periods. Schneider and Cornuelle (2005) found that decadal variability in the
North Pacific was due in approximately equal part to ENSO, NPI, and KOE zonal
advection anomalies. While ENSO also directly affects the South Pacific, the latter
two phenomena are confined to the North Pacific, which may explain the weaker low
frequency variability in the South Pacific.

Regressing basinwide monthly SST anomalies onto the leading PCs from the
North and South Pacific produces fields with high pattern correlation (r=0.75) (Figure
2.2). The correlation within the PDO domain (i.e., poleward of 20°N) is r=0.83.
Repeating this regression onto the low pass filtered PCs increases the basinwide
spatial correlation to r=0.87 (Figure 2.2). These observations indicate the spatial
structure of the PDO in the North Pacific can be well explained by the leading mode
of variability for the South Pacific. This result is particularly striking in light of the
various fundamental differences between the North and South Pacific, such as basin
geometry, a much stronger western boundary current (Kuroshio-Oyashio) and an
isolated subpolar low pressure center (Aleutian Low) in the North Pacific, a

subtropical atmospheric convergence zone in the South Pacific, and the equatorial
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Figure 2.1: The leading PCs of (b) North and (c) South Pacific monthly SST
anomalies, each poleward of 20° latitude. Both account for 23% of the variance in
their respective domains. The time series have been standardized to unit variance.
Also shown are the PCs after low pass filtering (a and d) with a 7 year cutoff to
remove ENSO-band variability.
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Figure 2.2: Basin-wide monthly SST anomalies regressed onto PC1 for the (a) North
and (b) South Pacific. Regression parameters have been standardized such that they
show the °C change per standard deviation of the PC. SST regressions onto the low
pass filtered (c) North and (d) South Pacific are also shown. Contour intervals are
0.1°C.
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asymmetry of ENSO SST anomalies in the eastern tropical Pacific. We also explored
whether the reduced space optimal interpolation used to create the HadISST1 dataset
may have corrupted this finding of interhemispheric symmetry, but found this unlikely
(see Appendix A). It thus appears PDV is very similar on both sides of the equator
implicating the tropics as the common forcing.

Plots of monthly lag autocorrelation for the North and South Pacific PC1s
reveal an interesting similarity. In both cases, the annual cycle of lag autocorrelation
exhibits considerable seasonality with maximum autocorrelation in the winter and
minimum autocorrelation in the summer of each respective hemisphere (Figure 2.3).
This reflects the interannual persistence of winter SST anomalies despite the lack of a
relationship between SST anomalies from one summer to the next. This phenomenon
has received considerable attention in the North Pacific and has been theorized to be a
product of the reemergence mechanism in which winter SST anomalies are
sequestered beneath a thin summer mixed layer only to reemerge the following winter
as mixing increases and the mixed layer thickens (Alexander et al., 1999; Deser et al.,
2003).

Based on the two observations made above, namely that tropical forcing and
reemergence both appear to play important roles in Pacific SST variability, we model
PDV as a first-order autoregressive process driven by ENSO as done by Newman et
al. (2003). This AR-1 model is applied to the North and South Pacific separately.

PDOy = aPDOy; + BENSO, + 1,

The modeled PDO index at year n is a function of the modeled PDO index at n-1 and
the observed ENSO index (Nifio 3.4) at n. These annually-averaged indices are
centered on boreal winter (Jul-Jun) for the North Pacific and austral winter (Jan-Dec)
for the South Pacific. Per Newman et al. (2003), the coefficients p and o are
parameters derived, respectively, by regression of the PDO index on the ENSO index,

then autoregression of the residual time series with a lag of one year. nis an
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Figure 2.3: Plots of monthly lag autocorrelation for (top) North and (bottom) South
Pacific PC1. Lag in months is given on the abscissa and month of the year is given on
the ordinate. Correlations are represented by the color bar on the right and are
contoured in intervals of 0.2. Lags of 0, 1, and 2 years are demarcated by the vertical
black bars. The diagonal dashed lines highlight the seasonal cycle of lag
autocorrelation, which is centered on February for North Pacific PC1 and July for
South Pacific PC1. The black cross shows the correlation between South Pacific PC1
during March and the following December, as an example.
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uncorrelated noise term not used in our analysis but shown for completeness. o and 3
are 0.51 and 0.56 for North Pacific PC1 and 0.62 and 0.71 for South Pacific PC1.
While Newman et al. (2003) found this simple model did a remarkable job
reproducing the observed 20™ century PDO index in the North Pacific (r=0.63 in our
study), it yields an even stronger fit to our Southern Hemisphere PDO index (r=0.71)
(Figure 2.4). The greater success of the model in the South Pacific may be a function
of its larger o and B terms, which indicate that the persistence of SST anomalies and
ENSO forcing are more important. The stronger ENSO signal in the South Pacific
may derive from the equatorial asymmetry of ENSO SST anomalies in the eastern
tropical Pacific, which extend considerably further to the south than north. One
implication of this finding is that the South Pacific may be a better place to develop

paleo-ENSO records as it appears to contain a ‘cleaner” ENSO signal.

2.4 Conclusions

Deriving a Southern Hemisphere equivalent of the PDO index shows that the
spatial signature of the PDO can be well explained by the leading mode of SST
variability for the South Pacific. Thus, PDV appears to be a basin-wide phenomenon
most likely driven from the tropics. Moreover, while it was already known PDV north
of the equator could be adequately modeled as a reddened response to ENSO, our
results indicate this is true to an even greater extent in the South Pacific.
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3.1 Abstract

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, suggesting 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 15-11 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 paradigm that while

the Younger Dryas was a period of global climate change, it was not a major global
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cooling event but rather a manifestation of the bipolar seesaw driven by a reduction in

Atlantic meridional overturning circulation strength.

3.2 Introduction

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 to determine the spatial response of the climate
system to the millennial-scale events of the last deglaciation.

The most prominent deglacial events of the Northern Hemisphere are Heinrich
Event 1 (H1, ~17.5-16 ka) and the associated Oldest Dryas cold period (~18-14.7 ka),
the Balling/Allergd warm period (~14.7-12.9 ka) and the Younger Dryas cold event
(~12.9-11.7 ka) (Figure 3.1) (Alley and Clark, 1999). In the Southern Hemisphere, 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 ~15-13 ka
(Figure 3.1) (Jouzel et al., 1995). Proxy records suggest a so-called bipolar seesaw
response during this deglacial interval, with antiphased temperature anomalies in the
two polar hemispheres (Alley and Clark, 1999; Blunier and Brook, 2001; Broecker,
1998; Clark et al., 2002). Concurrent changes in Atlantic meridional overturning
circulation (AMOC) strength in response to North Atlantic surface freshening may
have redistributed heat and thus caused this bipolar seesaw behavior (Boyle and
Keigwin, 1987; Broecker, 1998; Carlson et al., 2007a; Clark et al., 2002; Liu et al.,
2009; McManus et al., 2004; Robinson et al., 2005; Stouffer et al., 2006). 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 variability in AMOC strength (Ariztegui
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Figure 3.1: Deglacial ice core time series and insolation. (a) GISP2 &0 (black step
plot) (Blunier and Brook, 2001). (b) Byrd &0 (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), Balling/Allergd (B/A), Heinrich Event 1 (H1), Oldest Dryas (OD) and Antarctic
Cold Reversal (ACR) are denoted.
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et al., 1997; Broecker, 2003; Denton and Hendy, 1994; Denton et al., 1999a; Huesser
and Rabassa, 1987; Ivy-Ochs et al., 1999; Lowell et al., 1995; 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 Bglling/Allerad-Younger Dryas period. Our analyses indicate an
interhemispheric synchronicity in the timing of the LGM and Altithermal. 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 latitudes and climate amelioration in the Southern
Hemisphere. We find that global cooling during the Younger Dryas was ~1/10 of
LGM cooling.

3.3 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
(Appendix B, Figure 3.2). We do not assign special consideration to the particular
characteristics (e.g., geographic location, type of proxy, density of radiocarbon 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
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meaningful information on deglacial climate changes. Figure 3.3 shows the resolution
of the records; the median resolution is 130 years from 19-11 ka and 106 years from
15-11 ka. Approximately 80% of the records have resolutions higher than 250 years,
corresponding to, for example, at least five datapoints 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; 1986b). 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 variances 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 resolution. We find that the principal
components (PCs) are relatively insensitive to the number of input records used
through a jackknifing 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 relatively 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.
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Figure 3.2: Map of the time series utilized in this chapter on a 15° grid. See
Supplementary Data for specific time series locations and descriptions.
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Figure 3.3: 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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3.4 The Last Glacial-Interglacial Transition
3.4.1 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 (Appendix B). 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 necessarily 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
(Figure 3.4). Nevertheless, the timing of the LGM and Altithermal in the Northern
(22.1 + 4.3 ka, 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
(Figure 3.4). Note that there is no latitudinal trend in the timing of the LGM
(r*=0.0036, p=0.66) or Altithermal (r?=0.0085, p=0.43). These values are nearly

unchanged when considering only the proxy temperature records.

3.4.2 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 £ 3.4 ka)
(Appendix B). Note that not all records span these entire 1o 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 (Figure 3.5). The magnitude of

temperature changes increases poleward in both hemispheres, with
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Figure 3.4: Timing of the LGM and Altithermal for the (a) Northern and (b) Southern
Hemispheres. 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 Kka;
Northern Hemisphere Altithermal = 8.0 + 3.2 ka; Southern Hemisphere Altithermal =
7.4 £3.7 ka.
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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 sea ice or ice 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 3" order polynomial to the glacial-interglacial temperature changes as
a function of latitude (r*=0.80, p<0.0001) and then weighting by latitudinal area. The
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 adiabatic 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.

3.4.3 EOF Analysis of Deglacial Climate Variability

EOFs were computed for the last deglaciation (19-11 ka) using 71 records (Appendix
2). EOF1 dominates the variance in these datasets (61% of total) and shows strong
positive factor loadings in nearly every record (Figure 3.6b), 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
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Figure 3.6: (a) Communality, (b) EOF1, and (c) EOF2 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.
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well as decreasing global ice volume could potentially explain the deglacial trend seen
in PC1 (Figure 3.7). However, these forcings likely had little effect on Southern
Hemisphere climate (Broccoli, 2000; Manabe and Broccoli, 1985), 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 ~14.5-12.5 ka resembles the plateau in atmospheric CO,
during this same time interval and not insolation or ice volume (Figure 3.7). Indeed,
PC1 is notably similar to CO, over its entire length (r>=0.97 with Dome C; r*=0.88
with Siple Dome; r?=0.88 with Dome F; p<0.0001 for all 3 comparisons) (Ahn et al.,
2004; Kawamura et al., 2007; Monnin et al., 2001). Note that these CO, records were
not used in this analysis and thus did not contribute to PCL1.

EOF2 explains 11% of the variance in the database with a more complex factor
loading pattern than EOF1 (Figure 3.6¢). 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 (Figure 3.8). Comparison with a Pa/Th proxy record of
AMOC strength (McManus et al., 2004) (not included in the analysis) shows
significant commonality (Figure 3. 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.
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Figure 3.7: (a) 19-11 ka PC1 and deglacial time series. (b) Deglacial atmospheric
CO, on EDC2 timescale (Monnin et al., 2001). (c) Boreal summer insolation (Berger
and Loutre, 1991). (d) Deglacial relative sea level rise (Clark and Mix, 2002). The
plateau in atmospheric CO, is denoted. The dashed gray line confidence intervals
around the PC give the standard deviation of 100 EOF calculations performed after
randomly removing 10, 50 and 90% (in progressively lighter shades of gray) of the
records during the jackknifing procedure described in Section 3.3.
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Figure 3.8: (a) 19-11 ka PC2 and (b) North Atlantic Pa/Th, a proxy for AMOC
strength (McManus et al., 2004). The timing of the Younger Dryas (YD),
Balling/Allergd (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 Figure 3.7.
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3.5 Balling/Allergd-Younger Dryas Climate Variability
3.5.1. EOF Analysis of Climate during the Bglling/Allergd—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 (Appendix B).
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 (Figure 3.9). The jackknifing results indicate these modes are robust (Figure
3.10). 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
(Figure 3.9). EOF1 has large positive loadings in the extratropical Southern
Hemisphere, which become progressively smaller and of mixed sign in the tropics and
Northern Hemisphere (Figure 3.9b). EOF2 displays large positive loadings in the
Northern Hemisphere and increasingly smaller and mixed signed loadings in the
tropics and Southern Hemisphere (Figure 3.9c). 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 t0 13.0 ka and increases again more strongly after ~13.0 ka (Figure 3.10a). PC2
shows three major transitions, with increases at ~14.6 and 11.7 ka separated by a
decrease at ~13.0 ka (Figure 3.10Db).

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
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Figure 3.9: (a) Communality, (b) EOF1, and (c) EOF2 maps for the 15-11 ka
analysis. EOF1 and EOF2 explain 32% and 26% of the Bglling/Allerad—Younger
Dryas variability, respectively. Magnitude of each record’s loading indicated by
legend. Positive loadings are shown in red, negative loadings in blue.
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Figure 3.10: Bglling/Allergd—Younger Dryas PCs from 15-11 ka; (a) PC1 and (b)
PC2. The Younger Dryas (YD), Balling/Allergd (B/A) and Antarctic Cold Reversal
(ACR) are denoted. Gray confidence intervals show the results of the jackknifing
procedure described in Section 3.3 and are the same as in Figure 3.7.



38

(>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 (r=0.88, p<0.0001) and northern (r*=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 (r*=0.46, p=0.004) (McManus et al., 2004) while southern extratropic
PC1 resembles atmospheric CO, (r°=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  (r’=0.86, p<0.0001) extratropics, respectively. The tropical
precipitation/windiness PC1 and PC2 explain 47% and 16% of the variance, and are
similar to PC1 for the northern (r?=0.79, p<0.0001) and southern extratropics (r*=0.68,
p<0.0001), respectively. These results indicate that the northern 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.
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3.5.2 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., 50 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-interglacial range in each record. While the glacial-interglacial
range certainly varied around the globe (Figure 3.5), 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 (Appendix
B) in one of two ways: 1) in records where the Younger Dryas is distinct (e.g.,
Greenland ice cores, Cariaco Basin sediment, Hulu Cave speleothems) it is defined
visually; 2) in records where the Younger Dryas is unclear or absent, the Greenland
ice core Younger Dryas chronozone (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 Allergd 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 Allergd and

negative numbers indicate a climate reversal.
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Despite considerable spatial heterogeneity in the magnitude of the Younger
Dryas, several patterns emerge from the map (Figure 3.11). 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 (Figure 3.11a). 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 (Figure 3.11b). Low latitude Younger Dryas anomalies 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.

3.5.3 Younger Dryas Temperature Anomalies

While normalizing the magnitude of the Younger Dryas by the glacial-
interglacial range facilitates comparison of different types of proxy records, a more
direct comparison can be made by focusing on calibrated temperature proxy records
(55 records are included here; Appendix B). Note that these records do not provide a
1:1 comparison due to differences in proxies and calibrations (e.g., Mg/Ca, U*3))
(Lea, 2003; Mix, 2006), as well as foraminifera depth habitats and seasonal biases.
We compute mean Younger Dryas and Allergd 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 Allerad period.

The most striking feature of the temperature anomaly map and plot is the
meridional gradient, particularly in the Northern Hemisphere (Figure 3.12). Average
cooling in the Northern Hemisphere high and mid latitudes is ~5 °C (n=3) and 2 °C
(n=13), respectively. Tropical temperature anomalies are between 1 and -1 °C, with
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Figure 3.11: Magnitude of Younger Dryas climate change. (a) Map of the Younger
Dryas fraction of the glacial-interglacial (G-1G) change. Red denotes Younger Dryas
was continuation of deglacial trend while blue denotes it was a climate reversal. (b)
Plot of the Younger Dryas (YD) fraction of the G-1G change relative to latitude.
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Figure 3.12: Magnitude of the Younger Dryas temperature change. (a) Map of the
Younger Dryas temperature anomaly. Circle denotes the size of the temperature
change. Blue is cooling, red warming. (b) Plot of the Younger Dryas (YD)
temperature anomaly relative to latitude.
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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 3" order polynomial to the Younger Dryas temperature
anomalies as a function of latitude (r?=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.

3.5.4 Relative Magnitude of the Bglling/Allergd

We conduct an analysis similar to that presented above for the Younger Dryas
(Section 4.2) on the Baglling/Allered to quantify its magnitude in relation to the
glacial-interglacial range in each record (71 records; Appendix B). The mean value
for the interval 16.0-15.0 ka is subtracted from the mean 14.5-13.5 ka value (~the
Balling/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 Bglling/Allergd indicating a continuation of the deglacial trend
(Figure 3.13a). One notable result is a significant anticorrelation between the
magnitudes of the Bglling/Allergd and Younger Dryas (r?=0.45, p<0.0001) (Figure
3.13b). Records with large positive (negative) anomalies during the Bglling/Allergd
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.
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Figure 3.13: Magnitude of Baglling/Allered climate change. (a) Map of the
Balling/Allerad fraction of the glacial-interglacial (G-1G) change. Red denotes
Balling/Allered was continuation of deglacial trend while blue denotes it was a
climate reversal. (b) Magnitude of the Younger Dryas (YD) anomaly versus the
Balling/Allerad (B/A) anomaly.
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3.6 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
14C ka or ~21 ka) and more recent (Mix et al., 2001 — see below; Clark et al., 2009 —
26.5-19 ka) definitions of the LGM based on maximum global ice volume from
foraminiferal %0 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 ~17-18 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 3.4.3). 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 (Figure 3.4) 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;
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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). Alternatively,
or additionally, both hemispheres may have responded to local insolation forcing, with
a minimum in boreal summer intensity in the north and a minimum in austral summer
length in the south leading to similar timing of the maximum glacial climate (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 (Figure 3.4)
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; Carlson et al., 2007b; 2008a; Kaplan and
Wolfe, 2006; Kaufman et al., 2004). While the Southern Hemisphere also has a
modest peak in the early Holocene (Figure 3.4b), there is a more even distribution of
Altithermal ages throughout the Holocene than the Northern Hemisphere, suggesting
that the 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 (Figure 3.5) are consistent with multiple forcing/feedback

mechanisms of glacial cooling for each hemisphere. In the Northern Hemisphere, the
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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
(Braconnot et al., 2007; Broccoli, 2000; Manabe and Broccoli, 1985; Otto-Bliesner et
al., 2006; Schneider von Deimling et al., 2006). 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
(Braconnot et al., 2007; Gildor and Tziperman, 2001; Imbrie et al., 1993; Lambert et
al., 2008; Otto-Bliesner et al., 2006). 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 (Figure 3.5).

The EOF results identify major drivers of climate change over the deglaciation.
The agreement between 19-11 ka PC1 and atmospheric CO, implicates the carbon
cycle as an important feedback of global deglacial climate change (Figure 3.6b & 7)
(Chamberlin, 1897; Lea et al., 2006; Mix et al., 1986a; Otto-Bliesner et al., 2006;
Visser et al., 2003). The correlation between 19-11 ka PC2 and AMOC strength
supports arguments that variations in AMOC are another important deglacial climate
forcing with a bipolar seesaw climate response (Blunier and Brook, 2001; Broecker,
1998; Clark et al., 2002; Liu et al., 2009) (Figure 3.6c & 8). Indeed, the climate
effects of the initial decrease in AMOC strength at ~19 ka to a minimum during the
Oldest Dryas are well-represented in PC2 (Figure 3.8). The attendant bipolar seesaw
climate response (Northern Hemisphere cooling/drying, Southern Hemisphere
warming/wetting) to this AMOC reduction may help explain the often noted “lead” in
Southern Hemisphere climate (e.g., Koutavas et al., 2002; Lea et al., 2006;
Shackleton, 2000; Stott et al., 2007; Visser et al., 2003) over Northern Hemisphere
climate and ice sheets (Alley et al., 2002; Carlson et al., 2008b; Clark et al., 2004;
2009).

AMOC variability was expressed as relatively coherent northern and southern

climate modes in the higher latitudes of each hemisphere, whereas the climate
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response was spatially more variable in the low latitudes (see Sections 3.4.3 and
3.5.1). 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 (Benway et al., 2006;
Chiang et al., 2003; Chiang and Bitz, 2005; Haug et al., 2001; Lea et al., 2003; Mix et
al., 1986b; Zhang and Delworth, 2005). Reduced northward heat transport associated
with weakened AMOC may store heat in the subtropics and tropics of the western
Atlantic (Carlson et al., 2008c; Crowley, 1992; Grimm et al., 2006; Rihlemann et al.,
1999; Schmidt et al., 2004; Weldeab et al., 2006), 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 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 (Bglling/Allergd warming-
Antarctic Cold Reversal followed by Younger Dryas cooling-termination of Antarctic
Cold Reversal) (Blunier and Brook, 2001; Broecker, 1998; 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 (Figure 3.12). 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, U* 37; Lea,
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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 latitude 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 (Figure 3.11 & 12). This is consistent with the
Younger Dryas being a redistribution of heat, as would accompany a reduction in
AMOC strength (Figure 3.8), 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 (Figure 3.12b). As greenhouse gases, insolation, and global ice
volume were nearly unchanged from the Allergd to the Younger Dryas (Figure 3.7), 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 temperature 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 + 0.9 °C (n=28) during the LGM. Moreover, temperature
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anomalies during the LGM were generally several times larger than those during the
Younger Dryas (Figure 3.5 & 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; Ariztegui et al., 1997; Denton et al.,
1999b; Denton and Hendy, 1994; Lowell et al., 1995). 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-
triggered 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 (Ackert et al., 2008;
Barrows et al., 2007b; Douglass et al., 2005, 2006; Kaplan et al., 2008; Kilian et al.,
2007; McCulloch et al., 2005; Moreno et al., 2009; Strelin and Malagnino, 2000;
Sugden, 2005; Sugden et al., 2005). 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 (Broecker, 2003; Cane and Clement, 1999; Clement and
Cane, 1999; Clement et al., 2001; Clement and Peterson, 2008). Such a scenario
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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 planetary albedo and greenhouse trapping (Cane and
Clement, 1999; Thompson et al., 2008), and 3) the largest climate signals in the
tropics (Mantua and Hare, 2002; Ropelewski and Halpert, 1987) 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.

3.7 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 22.3 + 3.6 ka and 7.4 £ 3.7 ka 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,, implicating 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.
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4) The Bglling/Allergd—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.

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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4.1 Abstract

The role of greenhouse gases in Quaternary climate change remains unclear
(Huybers, 2009; Dorale et al., 2010). While CO, is often considered the globalizer of
glacial cycles and thus a major forcing, the lag of CO, behind Antarctic temperature in
the ice-core record (Monnin et al., 2001) may imply CO; is a feedback of more modest
importance (e.g., Toggweiler and Lea, 2010). As the relationship between local
temperature and a global forcing such as CO, may not be straightforward due to heat
redistributions within the climate system, however, we analyze a global network of
proxy records to determine how global mean temperature varied during the last
deglaciation. We find that global temperature was strongly correlated and varied near-
synchronously with CO,, suggesting a primary role for greenhouse gases in driving
warming and the global deglaciation. Differences in the temperature evolution of the
Northern and Southern Hemispheres are largely attributable to the seesawing of heat
between them in response to variations in the strength of the Atlantic Meridional
Overturning Circulation (AMOC).  Deglacial warming began synchronously
throughout the Southern Hemisphere and tropics at ~19 ka and was coeval with
northern extratropical cooling. These temperature patterns may reflect the response to
a collapse of the AMOC due to boreal insolation-driven melting of northern ice sheets,

which points to a classic Milankovitch trigger for the last deglaciation.

4.2 Introduction

Quaternary ice ages were ultimately tied to periodic variations in earth’s orbital
parameters (Hays et al., 1976). Nonetheless, a "fly in the ointment” for Milankovitch
theory has long been the synchroneity of ice age terminations between the
hemispheres despite opposing insolation forcing (Mercer, 1984). Greenhouse gases
have often been invoked to explain this synchronization, implying a leading role for
them in driving global climate (Broecker, 1982; Genthon et al., 1987; Shackleton,
2000; Schaefer et al., 2006). On the other hand, the lag of CO, behind Antarctic

temperature in the ice core record (Monnin et al., 2001; Caillon et al., 2003) has been
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taken to imply a lesser role for greenhouse gases as a feedback on global warming
rather than its primary driver. This CO, lag has also been widely discussed in popular
literature and media as refuting the link between greenhouse gases and climate change.
Lastly, the conventional wisdom that terminations were globally synchronous has
recently been challenged by the hypothesis that they were instead characterized by
massive redistributions of heat between the hemispheres, which would even further
downplay the role of CO, in driving global warming (Toggweiler and Lea, 2010).
Critically, none of these conflicting viewpoints on the role of CO; in global climate
change have been demonstrated empirically. Here, we use a global dataset of 77 high-
resolution proxy temperature records to show that CO, was the major driver of global
warming and synchronized the hemispheres during the last deglaciation. Our results
also bear on the processes triggering deglaciation.

4.3 Methods

The records used in this study are based on various calibrated temperature
proxies including alkenones, Mg/Ca, TEXgs, pollen, bioassemblages and provide
reasonable coverage of the globe (Figure 4.1). All 77 records span 19-11 ka and 70
extend to 6.5 ka. They are combined as unweighted averages to yield mean
temperature time series for the globe and various regions of interest. All **C dates
were recalibrated with CALIB 6.0.1 using the INTCALO9 and MARINEO9
calibrations (Reimer et al., 2009). *C reservoir corrections were taken from the
original publications. Proxy values were converted into temperature units with the
calibrations used by the original authors, except alkenone records, which were
exclusively calibrated with the global core-top calibration of Mdller et al. (1998). We
used a Monte Carlo approach to fully account for chronological and temperature
uncertainty in the records. Specifically, calibrated **C dates were allowed to vary
within their error bars and age model “jitter” between “C dates was modeled
following Huybers and Wunsch (2004) using a jitter value of 100. Ice core and

records tuned to ice cores were assumed to have 2% chronological uncertainty (1o).
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Temperature uncertainties (16) were taken to be 1.7°C for TEXgs (Kim et al., 2008),
1.5°C for pollen and bioassemblages, 10% for ice cores (Jouzel et al., 2003), and are
based on quoted calibration errors for Mg/Ca (Anand et al., 2003) and alkenones
(Mdller et al., 1998). We assumed temperature errors are random through time and
among records, which is a maximally conservative approach as errors are likely

autocorrelated.

4.4 Global Temperature and CO,

Information on the phasing of temperature and CO, at a given locale, such as
from Antarctic ice cores, is important for understanding the mechanisms governing
internal climate dynamics. Nonetheless, the temperature of the earth as a whole must
be considered when addressing the importance of a global radiative forcing such as
CO; since heat redistributions within the climate system may confound the greenhouse
forced signal in any particular location (Lindzen, 1993; Hoffert and Covey, 1993).
Accordingly, we calculate the mean of the 77 globally distributed proxy records over
the last deglaciation. This global mean temperature time series shows a two-step rise,
with warming concentrated during the Oldest and Younger Dryas intervals and
relatively flat temperatures during the Last Glacial Maximum (LGM),
Bolling/Allergd, and early Holocene (Figure 4.2d). Atmospheric CO; exhibits a
similar two-step structure during the last deglaciation and is strongly correlated with
global temperature (r*=0.95) (Figure 4.2c). We use lag correlations to address the
phasing of CO, and global temperature and find CO, exhibited a small but
insignificant lead of 45 £+ 130 years from 19-11 ka, increasing to 835 + 240 years
when considering the entire time interval of ice sheet melting from 19-6.5 ka (Figure
4.3). We note that a modest, but perhaps significant, 0.25°C warming precedes the
initial rise in CO, at ~17.5 ka, suggesting that CO, was not the initial trigger of
deglaciation. Nonetheless, these two points — the close correlation and phasing of
global temperature and CO, — implicate CO; as a major driver of global deglaciation

and highlight its importance in controlling global temperature.
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Figure 4.2: Global mean temperature and climate forcings over the last deglaciation.
(a) Laurentide Ice Sheet area (Dyke, 2004). (b) Relative sea level (Clark and Mix,
2002). (c) Atmospheric CO, from the Dome C ice core (Monnin et al., 2001) on the
Lemieux-Dudon et al. (2010) age model, which is the most recent and likely most
accurate chronology. (d) Global mean temperature anomalies with 1o errors due to
chronological and proxy calibration uncertainties estimated from 1000 Monte Carlo
simulations. (e) Insolation forcing for 65°N (purple) and 65°S (red) on the local
summer solstice and global mean annual insolation (dashed black) (Laskar et al.,
2004). The Holocene, Younger Dryas (YD), Bglling/Allergd (B/A), Oldest Dryas
(OD), and Last Glacial Maximum (LGM) intervals are denoted.
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The close link between global temperature and CO, may seem surprising given
that ice sheets exerted an equal, if not larger, radiative forcing than greenhouse gases
during the deglaciation (Jansen et al., 2007; Kohler et al., 2010). It is clear, however,
that ice sheet melting exhibited markedly different temporal variability than the global
temperature time series and thus apparently did not greatly influence it. Global ice
volume was relatively stable during intervals of maximum warming such as the Oldest
and Younger Dryas, while the greatest melting occurred during temperature plateaus
around 19 ka, the Bglling/Allergd, and the early Holocene (Figure 4.2b). While ice
sheet area, rather than volume, is the relevant term for forcing temperature change
through its effect on planetary albedo, the similarity of the Laurentide Ice Sheet areal
extent and relative sea level records indicates that sea level provides a reasonable
proxy for ice sheet area (Figure 4.2a). Climate models provide the physical basis for
understanding the dominance of the greenhouse-gas signal identified here. While the
forcing from well-mixed greenhouse gases was globally uniform at the LGM, ice-
sheet albedo forcing was confined to the ice-covered areas in the Northern
Hemisphere (Broccoli, 2000). The thermal response to these forcings reflected these
disparate spatial patterns. In contrast to the global-scale cooling from greenhouse
gases, the thermal response to ice-sheet forcing remained confined to the Northern
Hemisphere, with strong cooling over the ice sheets and only modest to no cooling in
the northern tropics and subtropics (Manabe and Broccoli, 1985; Broccoli and
Manabe, 1987; Broccoli, 2000). The proxy network utilized in this study thus remains
removed from the largest effects of the ice sheets. Further confirmation of the modest
ice-sheet imprint on the global mean time series is its ~4°C warming over the
deglaciation, which is considerably less than the 5.8 £ 1.4°C estimated for LGM
cooling from data-constrained modeling (Schneider von Deimling et al., 2006). As
proxy records cannot sample regions previously covered by ice, unlike climate
models, the smaller proxy-based warming estimate may reflect the attenuated ice-sheet
signal it records. Despite this limitation in fully constraining global temperature

changes, we suggest that including ice-covered areas in our global mean temperature
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time series (were it possible) would cause it to lag CO, by an even greater amount
given the relatively late timing of ice sheet melting.

Orbital forcing likewise cannot explain much of the rise in global mean
temperature over the deglaciation. Insolation varies as a smooth sinusoid and does not
exhibit the prominent steps and plateaus seen in global temperature. It is also
antiphased between the hemispheres and essentially invariant in the global annual
mean (~0.005% variation since the LGM) (Figure 4.2e). Climate models confirm the
regional importance but small global effect of insolation variations (Weaver et al.,
1998; Broccoli, 2000).

4.5 Hemispheric Temperatures and AMOC

The in-phase relationship between global temperature and CO, differs from the
previously identified lag of CO, relative to Antarctic temperature (Monnin et al.,
2001), which suggests spatial variability in the pattern of deglacial warming. We
therefore calculate Northern and Southern Hemisphere mean temperature time series
to explore this variability. Both hemispheres show a two-step warming pattern like
the global mean and atmospheric CO; (Figure 4.4a,b), though lag correlations suggest
the south led CO, whereas the north lagged it (Figure 4.3). The major difference
between the hemispheric time series is that the north exhibits modest coolings
coincident with the onset of southern warmings, and the warming steps are concave-up
in the north but concave-down in the south. The mirrored nature of these structures
suggests that they might result from heat redistributions between the hemispheres
rather than climate changes isolated to one hemisphere. Differencing the Northern and
Southern Hemisphere mean temperature time provides a means of investigating such
heat redistributions. The resulting delta-T time series reveals two large millennial-
scale oscillations that are one-quarter to one-half of the glacial-interglacial range in
global temperature (Figure 4.4c).

Variations in the strength of the Atlantic Meridional Overturning Circulation

(AMOC) provide a potential mechanism to explain variability in delta-T as the AMOC
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CO; as in Figure 4.2. (b) Northern (blue) and Southern (red) Hemisphere mean
temperature anomalies with 1o errors. (¢) Difference between Northern and Southern
Hemispheric mean temperatures with 1o errors (light purple). Difference between
North and South Atlantic mean temperatures with 16 errors (blue-purple). (d) North
Atlantic sediment core OCE326-GGC5 **'Pa/*°Th, a proxy for the strength of the
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in Figure 4.2.
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is a major agent of cross-equatorial heat transport and currently warms the Northern
Hemisphere at the expense of the Southern Hemisphere (Crowley, 1992; Broecker,
1998; Toggweiler and Lea, 2010). Comparison of delta-T with a North Atlantic Pa/Th
record, which is interpreted as a kinematic proxy for the strength of the AMOC
(McManus et al., 2004), reveals a notable correlation (Figure 4.4d). Delta-T decreases
during the Oldest and Younger Dryas intervals when the AMOC is weak and heat
exchange between the hemispheres is reduced, and delta-T increases during the LGM,
Bolling/Allerod, and Holocene when the AMOC is strong and exporting southern heat
to the north. Recalculating delta-T for Atlantic-only records yields the same
structures, but they are larger and more rapid as would be expected given the
importance of the AMOC in this ocean basin (Figure 4.4c). These hemispheric time
series thus provide strong support for an anti-phased seesaw response to AMOC
variations during the last deglaciation superimposed upon globally in-phase warming
due to CO; (Shakun and Carlson, 2010). The similar magnitude of deglacial warming
in both time series (~4°C) also reinforces the spatially restricted influence of northern
ice sheets on temperature, as models suggest that the Northern Hemisphere warmed
significantly more than the Southern Hemisphere due to the added ice-sheet forcing in
the north (Broccoli, 2000; Schnedier von Deimling et al., 2006).

4.6 Temperatures by Latitude and the Deglacial Trigger

The hemispheric time series above, as well as earlier work (Imbrie et al., 1992;
Charles et al., 1996; Bard et al., 1997; Petit et al., 1999; Stott et al., 2007), indicate
that the Southern Hemisphere began warming before the Northern Hemisphere during
the last deglaciation. Nonetheless, it has long been known that glacial cycles varied in
phase with boreal summer insolation (Hays et al., 1976; Roe, 2006), which would
seem to imply a northern lead during deglaciation. At least three hypotheses exist to
explain this apparent paradox. First, boreal summer insolation could trigger southern
warming and rising CO, via an oceanic or atmospheric teleconnection (Imbrie et al.,
1992; Clark et al., 2004, 2009; Barker et al., 2009; Anderson et al., 2009). Second,
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austral summer length covaries with boreal summer intensity, and it has been
suggested that these local insolation forcings could drive approximately synchronous
deglaciations in each hemisphere (Huybers and Denton, 2008). Third, austral spring
insolation could have induced Southern Ocean sea ice retreat, warming, and CO,
outgassing, leading to global deglaciation (Stott et al., 2007).

These three mechanisms would be expected to produce different
spatiotemporal patterns of temperature variability at the onset of deglaciation,
suggesting a means of evaluating them. We therefore calculate mean temperature time
series for 30° latitude bins. The two northernmost bins (60-90°N and 30-60°N) are
dominated by the millennial-scale oscillations of the Oldest Dryas-Bglling/Allerad-
Younger Dryas sequence, followed by strong warming into the early Holocene as the
northern ice sheets retreated (Figure 4.5c,d). These patterns likely reflect the
importance of AMOC and ice sheet variations in the northern extratropics (Figure
4.5a,b). The northern tropical and Southern Hemisphere bins, on the other hand, show
a more gradual warming pattern with an increasingly two-step structure moving
southward (Figure 4.5e-h). These four bins also reach interglacial warmth by the
onset of the Holocene. Temperature variability in these regions thus closely resembles
atmospheric CO, (Figure 4.5i), consistent with a greater relative role for greenhouse
forcing in these areas.

A striking feature of Figure 4.5 is the near-synchroneity of warming from
30°N to 90°S and cooling from 30°N to 90°N commencing at ~19 ka. The close
temporal association of these events suggests that they are related. Northern
Hemisphere ice sheet melting began at ~19 ka in response to boreal summer
insolation, producing the 19-kyr melt water pulse (mwp) (Figure 4.5a) (Clark et al.,
2004, 2009). The resulting freshwater flux to the North Atlantic may have caused a
collapse of the AMOC at this time, which is recorded in the Pa/Th proxy (Figure 4.5b)
(McManus et al., 2004) and would have induced the observed northern cooling and
tropical-southern warming. Earlier and more rapid warming is evident in the tropics

and southern mid-latitudes than over Antarctica, which may be related to the large
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temperature scales. (i) Atmospheric CO; as in Figure 4.2. Time interval designations

are shown at the bottom as in Figure 4.2.
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thermal inertia of the Southern Ocean surrounding it. Southern Ocean warming and
the resulting decrease in sea-ice cover and stratification are then thought to have
caused CO, outgassing (Monnin et al., 2001; Anderson et al., 2009; Skinner et al.,
2010).

These latitudinal temperature variations thus support the first deglacial trigger
hypothesis outlined above, with northern summer insolation causing southern
warming via an oceanic seesaw and the resulting rise in CO; yielding global warming
in turn. The latter two hypotheses focus on southern high latitude insolation to trigger
southern warming at ~19 ka, but these localized forcings cannot readily account for
the simultaneous tropical warming and northern cooling or the associated 19-kyr mwp
and AMOC collapse.

4.7 Conclusions

Southern Hemisphere warming during the last deglaciation is partially
attributable to a bipolar-seesaw response to AMOC variations, which can explain the
lead of Antarctic temperature over CO, recorded in ice cores. This southern seesaw
warming is part of an interhemispheric heat redistribution, however, that is
counterbalanced by northern cooling and largely cancels out in the global mean
(Weaver et al., 1998). As a result, global average temperature generally varied in
phase with atmospheric CO,. Our results underscore the importance of insolation, ice
sheets, and ocean circulation in affecting temperature on a regional scale and
triggering deglaciation, and point to the critical role played by CO, in driving global

warming during this time.
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Chapter 5

Conclusions

This dissertation has used statistical analyses of large climate datasets to
identify spatiotemporal patterns of climate variability in the Pacific Ocean during the
20™ century and globally during the last deglaciation. Comparison of these patterns to
potential climate forcings, in part with the aid of statistical models, is used to identify
the most likely driving mechanisms of the observed variability. The results inform our
understanding of natural climate variability on decadal to multi-millennial time scales.

Chapter 2 uses statistical approaches to explore the nature and origin of Pacific
decadal variability over the 20" century. EOF analysis is used to identify the leading
mode of SST variability in the South Pacific Ocean over the 20™ century. This mode
explains 23% of South Pacific SST variability, just as its North Pacific counterpart
(i.e., the PDO index) does in its domain. These North and South Pacific leading
modes are found to contain considerable redundant information suggesting that the
two may be physically linked. Both modes also exhibit pronounced seasonality in
autocorrelation with maximum autocorrelation during local winter and minimum
autocorrelation during local summer. Thus, winter SST anomalies appear to often
persist from year to year in both subbasins despite their disappearance during the
intervening summer, which may be attributable to reemergence. These two findings —
interhemispheric symmetry of Pacific SST variability and wintertime persistence of
SST anomalies — suggest that Pacific decadal variability may be a basin-wide
phenomenon driven by reddening of interannual variability initiated in the tropical
Pacific. This hypothesis is tested with an AR-1 model forced solely by observed
ENSO anomalies and parameterized using observed coefficients for reddening. This
very simple model explains 40% of the observed temporal variability in North Pacific
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SST and 50% in South Pacific SST, consistent with a tropical origin for Pacific
decadal variability.

Chapter 3 synthesizes and analyzes 104 paleoclimate records spanning parts or
all of the interval from the LGM to the Holocene. The timing of peak glacial and
interglacial conditions exhibited considerable variability with each spread over >10
ky. Nonetheless, both extreme climate states wee statistically synchronous between
the polar hemispheres, suggesting the hemispheres were synchronized by greenhouse
gases, ocean circulation, and/or local insolation. EOF analysis of 71 records spanning
19-11 ka indicates that >70% of deglacial climate variability can be explained by two
modes. The first mode explains 61% of the variance, exhibits a globally near-uniform
spatial pattern, and is well-correlated with atmospheric CO, concentrations over this
time interval. The second mode explains 11% of the variance, exhibits a general
hemispheric seesaw pattern, and parallels variations in AMOC strength. The EOF
analysis thus suggests that greenhouse forcing was a major forcing or feedback during
the last deglaciation, while ocean circulation was a smaller, though still important,
driver of deglacial climate variability. The magnitude of the Younger Dryas climate
anomaly shows a general hemispheric antiphasing, and the largest negative anomalies
are centered around the North Atlantic. These patterns are consistent with the bipolar
seesaw model for the Younger Dryas in which a reduction in deepwater formation in
the North Atlantic led to greatest cooling there with attendant warming in the Southern
Hemisphere due to reduced oceanic cross-equatorial heat transport. Global cooling
during the LGM was likely >4.9°C, whereas it was only ~0.6°C during the Younger
Dryas ‘cold interval’. These contrasting global mean temperature anomalies reflect
the differing forcings of each climate event. The LGM was characterized by major
perturbations to the global energy balance, primarily from lower greenhouse gas
concentrations and expanded ice sheets. The Younger Dryas, on the other hand, was
caused by variations in ocean circulation, which primarly redistributed heat around the
planet rather than altered the global energy budget.
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Chapter 4 focuses on the patterns and drivers of temperature variability during
the last deglaciation based on 77 globally-distributed, calibrated, proxy temperature
records.  Global mean temperature is strongly correlated and varies near-
synchronously with atmospheric CO, during the deglaciation, suggesting greenhouse
gases exerted a major control on global temperature variability and were important for
synchronizing the hemispheres. While ice sheets are undoubtedly important in driving
temperature variability, their influence appears to be largely confined to regions
proximal to the ice. Prominent millennial-scale differences in Northern and Southern
Hemisphere temperature variability likely reflect the seesawing of heat between the
hemispheres driven by changes in the strength of the AMOC. The onset of
deglaciation involves near-synchronous warming of the Southern Hemisphere and
tropics and cooling of the northern extratropics at ~19 ka, which may represent the
response to an AMOC collapse driven by boreal insolation-forced melting of northern
ice sheets. Classic Milankovitch forcing may thus have provided the trigger for the

last deglaciation.



APPENDICES

86



87

Appendix A. Sensitivity of Southern Hemisphere PDO index to dataset

It could be argued that the reduced space optimal interpolation technique
(RSOI) used to create the HadISST1 dataset may have caused the SST reconstruction
in the relatively data-sparse South Pacific to have been unduly influenced by Northern
Hemisphere modes of climate variability where more data exists. Such a scenario
would suggest our finding of similar Northern and Southern Hemisphere PDV is
spurious. Two points suggest this is not likely the case, however. First, the HadISST1
RSOI was performed separately for the area south of 20°S from the rest of the globe
(Rayner et al., 2003) helping to minimize the input of Northern Hemisphere climate
information to the reconstructed Southern Hemisphere SSTs upon which our analysis
is based. Second, we evaluated the robustness of South Pacific PC1 using the
HadSST2 reconstruction, which is neither interpolated nor variance adjusted (Rayner
et al., 2006). This dataset is too sparse to permit meaningful EOF analysis of the
South Pacific. Nonetheless, PCs can often be approximated by differences of SST
averages near EOF maxima and minima. We first verified the validity of this
approach using HadISST1 and found the areal average analogue yielded a correlation
of r=0.88 with South Pacific PC1. We then applied this technique to HadSST2 and
obtained monthly correlations of r=~0.6 and annual correlations of r=~0.7 between
South Pacific PC1 and two areal average analogues. Thus, the leading mode of South
Pacific SST variability identified here appears to be robust.
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Appendix B. Last Glacial Maximum to Holocene database used in Chapter 3

Table AB.1
# Reference Location Core Proxy Signal Lat Long ?ﬁ;’
1 Svensson et al., 2008 NGRIP, Greenland - ice core 5'°0 t 75.1 -42.3 2917
Severinghaus et al., 1998;
2 | Severinghaus and Brook, 1999 GISP2, Greenland - ice core 8°N, 3°Ar t 72.6 -38.5 3207
ice core 8'%0 and
3 Alley, 2000 GISP2, Greenland - borehole temp t 72.6 -38.5 3207
Brook et al., 1996;
4 | Severinghaus and Brook, 1999 GISP2, Greenland - ice core CH, ghg 72.6 -38.5 3207
Rasmussen et al., 2006;

5 Dansgaard et al., 1993 GRIP, Greenland - ice core 5180 t 72.5 -37.6 3200

6 Andrews et al., 2009 Iceland margin 15 core composite ice rafted debris (qtz) t 66.6 -19.0 -
HM79-4, -983,

7 Dolven et al., 2002 Nordic Sea MD95-2011 radiolarian assemblages t 63.1 2.6 -1048

8 Fisher et al., 2008 Mt. Logan, Yukon - ice core 8180 S 60.6 -140.4 5959

9 Hu et al., 2006 Arolik Lake, Alaska - biogenic silica t 59.5 -161.1 145

10 Hu et al., 2006 Ongo Lake, Alaska - biogenic silica t 59.3 -159.4 200

MC52,

11 Bond et al., 2001 North Atlantic VM29-191 ice rafted debris (HSG) t 54.3 -16.6 -2370

12 Bond et al., 1999 North Atlantic VM23-81 N. pachy (s) % t 54.3 -16.8 -2393

13 Heiri et al., 2007 Hijkermeer, Netherlands - chironomids t 52.9 6.5 14

14 McDermott et al., 2001 Crag Cave, Ireland - speleothem 5180 t 52.2 -9.5 30

15 Peck et al., 2008 Northeast Atlantic MD01-2461 foram Mg/Ca t 51.8 -12.9 -1153

16 Kienast and McKay, 2001 Northeast Pacific JT96-09 UK'37 t 48.9 -126.9 -920

17 von Grafenstein et al., 1999 Ammersee, Germany - marl 8180 t 47.1 11.0 533

18 Heiri and Millet, 2005 Lac Lautrey, France - chironomids t 46.6 5.9 788

19 deVernal et al., 1996 Gulf of St. Lawrence HU90031-44 dinoflaggelate cysts t 44.7 -55.6 -1381
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20 Barron et al., 2003 Northeast Pacific ODP 1019 UK'37 t 41.7 -124.9 -980
21 Mix et al., 1999 Northeast Pacific ODP 1019 N. pachy (s) % t 41.7 -124.9 -980
22 Cacho et al., 2001 Western Mediterranean M39-008 Uy t 39.4 -7.1 -576
23 Cacho et al., 2001 Western Mediterranean BS79-38 Uy, t 38.4 13.6 -1489
MD95-2042,

24 Bard et al., 2002 Iberian margin SU8118 Uy t 37.8 -10.7 -3140
25 Cacho et al., 1999 Western Mediterranean MD95-2043 (L t 36.1 -2.6 -1841
26 Nakagawa et al., 2003 Lake Suigetsu, Japan - pollen t 35.6 135.9 0
27 Hendy et al., 2002 Santa Barbara Basin ODP 893A foram 5'°0 t 34.3 -120.0 -577
28 Behl and Kennett, 1996 Santa Barbara Basin ODP 893A bioturbation index % 34.3 -120.0 -577
29 Carlson et al., 2008 Bermuda Rise OCE326-GGC5 foram Mg/Ca t 33.7 -57.6 -4550
30 Carlson et al., 2008 Blake outer ridge KNR140-51GGC foram Mg/Ca t 32.6 -76.3 -1790
31 Wang et al., 2001 Hulu Cave, China - speleothem 80 p 32.5 119.2 100
32 Bar-Matthews et al., 2003 Soreq Cave, Israel - speleothem 80 p 31.5 35.0 400
33 Sun et al., 2005 East China Sea A7 foram Mg/Ca t 27.8 127.0 -1264
34 Flower et al., 2004 Gulf of Mexico EN32-PC6 foram Mg/Ca t 27.0 -91.3 -2280
35 Dykoski et al., 2005 Dongge Cave, China - speleothem 80 p 25.3 108.1 680
36 Schulz et al., 1998 Arabian Sea TOC S090-136KL TOC w 23.1 66.5 -568
37 Yancheva et al., 2007 Huguang Maar, China - titanium w 21.2 110.3 23
38 deMenocal et al., 2000 West African margin ODP 658C foram assemblages t 20.8 -18.6 -2263
39 Zhao et al., 1995 West African margin ODP 658C Uy, t 20.8 -18.6 -2263
40 Pelejero et al., 1999 South China Sea 17940 UKy, t 20.1 117.4 -1968
41 Altabet et al., 2002 Arabian Sea RC27-14 8N w 18.3 57.7 -596
42 Gupta et al., 2003 Arabian Sea ODP 723A G. bulloides % w 18.1 57.6 -808
43 Fleitmann et al., 2003 Qunf Cave, Oman - speleothem §'%0 p 17.2 54.3 650
44 Shakun et al., 2007 Socotra Island, Yemen - speleothem §'°0 p 12.5 54.0 400
45 Ruhlemann et al., 1999 Western tropical Atlantic M35003-4 (L t 12.1 -61.3 -1299
46 Schmidt et al., 2004 Western Caribbean Sea VM28-122 foram Mg/Ca t 11.6  -784 -3623
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47 Haug et al., 2001 Cariaco Basin, Venezuala ODP 1002 titanium p 10.7 -65.2 -893
48 Hughen et al., 1996 Cariaco Basin, Venezuala PL0O7-56PC grayscale w 10.7 -65.0 -810
49 Peterson et al., 2000 Cariaco Basin, Venezuala ODP 1002 550 nm reflectance p 10.7 -65.2 -893
50 Leaetal., 2003 Cariaco Basin, Venezuala PLO7-39PC foram Mg/Ca t 10.7 -65.0 -790
51 Ivanochko et al., 2005 Arabian Sea ODP 905 8N w 10.5 51.6 -1567
52 Kienast et al., 2001 South China Sea 18252-3 (L t 9.1 109.2 -1273
53 Rosenthal et al., 2003 Sulu Sea MD97-2141 foram Mg/Ca t 8.8 121.3 -3633
54 Benway et al., 2006 Eastern equatorial Pacific MEQO005A-43JC foram Mg/Ca t 7.9 -83.6 -1368
55 Stott et al., 2007 West Pacific warm pool MD98-2181 foram Mg/Ca t 6.3 125.8 -2114
56 Kienast et al., 2001 South China Sea 18287-3 (L t 5.4 110.4 -598
57 Partin et al., 2007 Borneo - speleothem §*%0 p 4.0 114.8 150

58 Weldeab et al., 2007 Gulf of Guinea MDO03-2707 foram Ba/Ca p 2.5 9.4 -1295
59 Weldeab et al,. 2005 Eastern equatorial Atlantic GeoB 4905 foram Mg/Ca t 2.5 9.4 -1328
60 Weldeab et al., 2007 Gulf of Guinea MDO03-2707 foram Mg/Ca t 2.5 9.4 -1295
61 Lea et al., 2006 Eastern equatorial Pacific TR163-22 foram Mg/Ca t 0.5 -92.4 -2830
62 Kienast et al., 2006 Eastern equatorial Pacific MEOQO005A-24)C Uy, t 0.0 -86.5 -2941
63 Koutavas et al., 2002 West Pacific warm pool V21-30 foram Mg/Ca t -1.2 -89.7 -617
64 Thompson et al., 2002 Kilimanjaro, Tanzania - ice core d**0 t -3.1 37.4 5895
65 Weldeab et al, 2006 Western tropical Atlantic GeoB 3129 foram Mg/Ca t -4.6 -36.6 -830
66 Visser et al., 2003 West Pacific warm pool MD9821-62 foram Mg/Ca t -4.7 117.9 -1855
67 Stott et al., 2007 West Pacific warm pool MD98-2176 foram Mg/Ca t -5.0 133.4 -2382
68 SchefuR et al., 2005 Gulf of Guinea GeoB 6518-1 Uy t -5.6 11.2 -962

69 Weijers et al., 2007 Gulf of Guinea GeoB 6518-1 MBT, CBT t -5.6 11.2 -962

70 Tierney and Russel, 2007 Lake Tanganyika NP04-KH3 biogenic silica w -6.7 29.8 773

71 Tierney et al., 2008 Lake Tanganyika NP04-KH3, KH4 TEXgs t -6.7 29.6 773

72 Thompson et al., 1995 Huascaran, Peru - ice core 30 t -9.0 -77.5 6050

Waelbroek et al., 2006;
73 Levi et al., 2007 West Pacific warm pool MD98-2165 foram Mg/Ca t -9.7 118.4 -2100
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74 Johnson et al., 2002 Lake Malawi M98-2P biogenic silica w -10.0 34.2 500
75 Stott et al., 2007 West Pacific warm pool MD98-2170 foram Mg/Ca t -10.6 125.4 -832
76 Seltzer et al., 2000 Lake Junin, Peru - marl 5180 p -11.0 -76.1 4082
77 Powers et al., 2005 Lake Malawi MD98-1P, 2P TEXgs t -11.0 34.2 500
78 Kim et al., 2002 Southeast Atlantic GeoB 1023-5 Uk, t -17.2 11.0 -1978
79 Thompson et al., 1998 Sajama, Bolivia - ice core 8'°0 t -18.0 -69.0 6540
80 Bard et al., 1997 Indian Ocean MD79257 Uy t -20.4 363 -1260
81 Little et al., 1997 South Atlantic GeoB 1711 N. pachy (s) % t -23.6 12.4 -1967
82 Holmgren et al., 2003 Cold Air Cave, South Africa - speleothem 80 t -24.0 29.2 -
83 Farmer et al., 2005 Southeast Atlantic ODP 1084B foram Mg/Ca t -25.5 13.0 -1992
84 Cruz et al., 2005 Caverna Botuvera, Brazil - speleothem §'20 p -27.2 -49.2 250
85 Wang et al., 2007 Caverna Botuvera, Brazil - speleothem §'%0 p -27.2 -49.2 250
KNR159-5-
86 Carlson et al., 2008 Brazilian margin 36GGC foram Mg/Ca t -27.5 -46.5 -1268
87 Kim et al,. 2002 Southeast Pacific GIK17748-2 Uy t 328  -720 -2545
88 Pahnke and Sachs, 2006 New Zealand MD97-2121 Uy, t -404  178.0 -3014
89 Williams et al., 2005 New Zealand - speleothem 80 t -41.0 172.0 170
Kaiser et al., 2005;
90 Lamy et al., 2007 Chilean margin ODP 1233 Uy, t 410 745 -838
91 Sachs et al., 2001 Southeast Atlantic TN057-21-PC2 Uy, t -41.1 7.5 -4981
Hellstrom et al., 1998;
Drysdale et al., 2005; Genty et

92 al., 2006; Hellstrom, 2006 New Zealand - speleothem §'20 t 412 1727 590
93 Charles et al., 1996 South Atlantic RC11-83 foram §'%0 t -41.6 9.8 -4718
94 Barrows et al., 2007 New Zealand S0136-GC11 Uy t -435 1679  -1556
95 Pahnke and Sachs, 2006 New Zealand MD97-2120 UKy, t -45.5 174.9 -1210
96 Morgan et al., 2002 Law Dome, Antarctica - ice core 8'°0 t -67.0  113.0 1390
97 Monnin et al., 2001 Dome C, Antarctica - ice core CO, ghg -75.1 123.4 3240
98 Stenni et al., 2001 Dome C, Antarctica - ice core 5'°0 t -75.1 1234 3240
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99 EPICA Members, 2006 EDML, Antarctica ice core 5'°0 t -75.2 65.0 2900
100 Kawamura et al., 2007 Dome Fuji, Antarctica ice core 8'°0, D t -77.3 39.7 3810
101 Steig et al., 2000 Taylor Dome, Antarctica ice core 8'°0 t 780  160.0 2365
102 Petit et al., 1999 Vostok, Antarctica ice core 8D t -78.5 108.0 3500
Hammer et al., 1997;
103 Blunier and Brook, 2001 Byrd, Antarctica ice core 8'°0 t -79.9  -119.4 1530
Brook et al., 2005; Steig and
104 White, 2003 Siple Dome, Antarctica ice core 5'°0 t -81.6  -148.8 621
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# Alti LGM 19-11ka 19-11ka 19-11ka 15-11ka 15-11ka 15-11ka YD B/A YD G-IG
comm EOF1 EOF2 comm EOF1 EOF2 Mag Mag AT AT
1 7600 29900 0.67 0.70 0.43 0.63 0.21 0.76 -0.18  0.39 - -
2 - - - - - - - - - - -7.50 -
3 - - - - - - - - - - -6.89  -17.03
4 - - 0.87 0.90 0.25 0.83 0.05 0.91 -0.49  0.50 - -
5 9350 23940 0.56 0.39 0.64 0.68 -0.04 0.82 -0.29  0.35 - -
6 9870 - - - - - - - - - - -
7 8880 - - - - 0.24 0.07 0.49 - - -0.37 -
8 8610 - - - - - - - - - - -
9 - - - - - 0.51 0.52 0.50 - - - -
10 - - - - - 0.75 0.85 0.14 - - - -
11 2090 - - - - - - - - - - -
12 6890 26120 0.89 0.91 0.24 0.57 0.22 0.72 -0.47  0.46 - -
13 - - - - - 0.66 -0.05 0.81 - - -2.40 -
14 6340 - - - - - - - - - - -
15 - 21630 0.41 0.40 -0.50 0.35 0.59 -0.05 0.17 -0.20 1.00 -3.45
16 10110 - - - - 0.13 -0.20 0.29 - - -1.66 -
17 3860 - - - - 0.70 0.04 0.84 - - - -
18 - - - - - 0.16 0.13 0.38 - - -1.93 -
19 - - - - - - - - - - -8.76 -
20 9840 - - - - 0.65 0.03 0.80 - - -2.87 -
21 10710 24190 0.74 0.79 0.33 0.66 -0.01 0.81 -0.44 049 - -
22 10870 - 0.62 0.79 -0.01 0.65 0.57 0.57 -0.29 -0.04 -1.89 -4.08
23 8370 23300 0.52 0.72 -0.03 0.41 0.35 0.54 -0.15 -0.05 -142 -6.54
24 9410 29190 0.65 0.63 0.50 0.90 -0.29 0.90 -0.31 026 -2.28 -4.98
25 9490 17170 0.79 0.82 0.34 0.91 0.56 0.78 -0.26 032 -2.14 -6.73
26 - - - - - 0.22 -0.42 0.23 - - -0.50 -
27 7230 17260 0.87 0.92 0.15 0.60 0.25 0.73 -0.10 0.28 - -
28 14560 - 0.42 0.48 0.43 0.93 -0.82 0.51 -0.91 0.74 - -
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29 10540 - 0.32 0.56 0.08 0.98 0.91 0.38 0.02 0.16 0.14 -3.42
30 - 21910 0.66 -0.60 -0.54 0.59 0.70 -0.32 019 -0.65 0.67 -1.76
31 - 16030 0.81 0.66 0.61 0.61 0.07 0.77 - - - -
32 7530 19140 0.50 0.71 -0.03 0.50 -0.54 0.45 -045 0.22 - -
33 9910 - - - - 0.55 0.55 0.50 - - -0.59 -
34 - - 0.78 0.86 -0.23 0.01 0.07 -0.06 0.02 0.06 0.10 -4.16
35 7570 - - - - 0.46 0.16 0.66 -0.33  0.61 - -
36 - 29710 0.80 -0.36 0.82 0.69 -0.57 0.60 -0.23  0.29 - -
37 13790 - - - - 0.63 -0.24 0.76 - - - -
38 4020 - - - - - - - -0.06 - -0.51 -3.54
39 6590 20420 0.73 -0.86 -0.01 0.25 0.15 -0.48 0.09 -0.19 0.39 -1.53
40 920 22130 0.93 0.95 0.18 0.49 0.32 0.62 -0.06 0.17 -0.25 -2.66
41 - 26060 0.74 0.80 0.33 0.51 0.57 0.43 - - - -
42 9860 - - - - - - - - - - -
43 7650 - - - - - - - - - - -
44 - 23600 0.66 0.72 0.37 0.11 0.05 0.33 -0.11  0.44 - -
45 1290 18860 0.89 0.77 -0.55 0.93 0.83 -0.49 020 -0.04 0.74 -2.28
46 - 21340 0.86 0.91 -0.19 0.39 0.62 0.06 0.12 0.04 0.26 -1.31
47 8700 - - - - - - - - - - -
48 930 - - - - 0.82 -0.29 0.85 - - - -
49 10250 15700 0.72 0.66 0.53 0.57 0.20 0.73 -0.33  0.86 - -
50 8180 22700 0.51 0.45 0.55 0.79 -0.25 0.86 -091 069 -3.28 -2.82
51 8890 29510 0.80 0.75 0.48 0.54 -0.23 0.70 -042 047 - -
52 - - - - - 0.15 -0.39 0.06 - - -0.05 -
53 - 22130 0.79 0.88 -0.08 0.58 0.76 -0.03 0.06 0.21 0.19 -2.37
54 3480 19010 0.74 0.82 -0.26 0.04 0.19 0.04 -0.03 0.10 -0.12 -2.01
55 10300 - 0.85 0.92 -0.06 0.47 0.69 -0.01 0.15 0.39 0.23 -3.47
56 - - - - - 0.55 0.41 0.61 - - -0.19 -
57 4650 16300 0.56 0.73 0.16 0.57 0.70 -0.28 0.18 0.16 - -
58 9960 20420 0.72 0.83 0.19 0.75 0.49 0.71 -0.33 0.34 - -
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59 7000 - 0.69 0.83 0.03 0.08 -0.21 0.19 0.06 024 019 -2.14
60 8820 19140 0.89 0.94 0.01 0.61 0.77 0.12 0.05 0.33 0.16 -2.92
61 11380 22330 0.72 0.78 -0.34 0.54 0.71 0.20 0.03 -0.05 0.08 -1.84
62 - 15920 0.61 0.30 0.72 0.63 0.48 0.63 -0.13 031 -0.43 -1.00
63 3950 27600 0.13 0.09 -0.35 0.15 0.21 -0.32 0.04 -0.15 0.07 -0.37
64 10390 - - - - - - - - - - -
65 12190 - 0.81 0.81 -0.40 0.69 0.61 -0.56 0.29 0.09 1.18 -3.23
66 6050 21840 0.89 0.95 -0.03 0.55 0.68 0.28 -0.04 022 -0.16 -3.27
67 8250 - 0.88 0.94 0.05 0.13 0.35 0.10 0.05 0.37 0.12 -2.90
68 750 - 0.40 0.39 -0.50 0.78 0.88 0.07 029 -025 0.83 -1.88
69 2120 16890 0.80 0.87 0.23 0.64 0.80 -0.05 0.03 024 014 -3.22
70 - - - - - 0.14 -0.03 0.38 - - - -
71 5400 27190 0.50 0.65 -0.29 0.70 0.81 0.20 0.07 0.01 0.40 -4.17
72 9300 - 0.80 0.87 0.20 0.82 0.71 0.56 -0.11  0.23 - -
73 10780 20580 0.90 0.84 -0.44 0.84 0.89 -0.24 025 -0.02 0.80 -2.54
74 3880 23700 0.32 0.41 -0.39 0.60 0.00 -0.78 057 -0.12 - -
75 9900 - 0.91 0.95 -0.05 0.93 0.96 0.02 0.14 0.22 0.80 -3.095
76 12180 - - - - 0.84 -0.56 0.72 - - - -
77 5200 - 0.83 0.91 -0.01 0.32 -0.21 0.52 -0.12 030 -0.73 -3.15
78 6240 - 0.71 0.83 -0.13 0.64 -0.50 0.63 -0.16  0.15 -0.68 -3.38
79 4770 18500 0.58 0.72 0.24 0.39 0.01 0.62 -0.11  0.44 - -
80 6620 19630 0.85 0.90 0.17 0.49 -0.03 0.70 -0.05 025 -0.15 -1.64
81 7630 28330 0.88 0.79 -0.50 0.53 0.73 -0.03 011  -0.09 - -
82 9510 21630 - - - - - - - - - -
83 11630 - 0.25 0.50 -0.05 0.54 -0.36 0.64 -0.20 0.07 -1.36 -2.69
84 8210 15440 - - - - - - - - - -
85 9230 16670 0.95 -0.84 -0.49 0.86 -0.22 -0.90 -0.40  0.67 - -
86 - - 0.33 0.55 0.18 0.56 0.71 -0.24 0.12 0.37 0.35 -1.35
87 6600 - - - - 0.24 -0.12 -0.48 - - 0.47 -
88 - 23650 0.79 0.89 -0.01 0.69 0.83 -0.09 0.05 0.16 0.25 -4.23
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89 3470 23050 0.33 0.56 0.12 0.38 -0.36 0.50 -0.28  0.33 - -
90 10430 22600 0.86 0.81 -0.45 0.93 0.96 -0.12 0.21 0.01 1.33 -5.05
91 - 19150 0.98 0.96 -0.22 0.97 0.97 -0.20 0.16 0.16 0.79 -3.56
92 2580 19920 0.58 0.76 0.01 0.31 -0.21 -0.51 0.12 0.07 - -
93 - - 0.74 0.70 -0.50 0.33 0.52 0.24 0.06 -0.17 - -
94 11630 21420 0.82 0.85 -0.33 0.88 0.89 -0.28 0.13 0.07 0.90 -5.20
95 11270 24050 0.83 0.90 -0.15 0.92 0.93 -0.23 0.26 0.22 1.93 -4.52
96 - - 0.96 0.92 -0.33 0.83 0.87 -0.25 0.10 0.03 - -
97 - - - - - 0.90 0.92 0.21 0.01 0.20 - -
98 11100 26700 0.91 0.94 -0.19 0.51 0.64 0.32 0.03 0.18 0.93 -8.87
99 10830 24560 0.89 0.85 -0.41 0.68 0.82 -0.13 0.19 0.05 - -
100 10950 25410 0.98 0.96 -0.26 0.89 0.94 0.04 -0.01  0.11 - -8.26
101 11020 17760 0.87 0.90 0.23 0.48 0.57 0.40 -0.09 0.74 - -
102 10900 27470 0.97 0.98 -0.04 0.85 0.80 0.46 0.00 0.27 -0.01 -7.78
103 2170 22500 0.88 0.88 -0.32 0.74 0.85 -0.15 0.17 0.07 - -
104 530 22780 0.91 0.94 -0.16 0.82 0.87 -0.25 0.16 0.17 - -

Table A.B.1: List of the time series used in this study. Left column indicates the corresponding number in Figure 3.2. Signal
column indicates if record is a proxy of temperature (t), greenhouse gases (ghg), precipitation (p), wind (w), source (s), or
ventilation (v). The following columns give numerical results from the analyses: Altithermal timing (Alti), LGM timing
(LGM), 19-11 ka communalities (19-11 ka comm), 19-11 ka factor 1 loadings (19-11 ka EOF1), 19-11 ka factor 2 loadings
(19-11 ka EOF2), 15-11 ka communalities (15-11 ka comm), 15-11 ka factor 1 loadings (15-11 ka EOF1), 15-11 ka factor 2
loadings (15-11 ka EOF2), magnitude of the Younger Dryas (YD Mag) and Bglling/Allerad (B/A Mag), Younger Dryas
temperature anomalies (YD AT), glacial-interglacial temperature changes (G-1G AT).
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Appendix C. Deglacial temperature database used in Chapter 4

Table A.C.1
Lat Elev/
Location Core Proxy Reference (®) Lon (°) Depth (m)
ice core d®®0

GISP2, Greenland - and borehole Alley, 2000 72.6 -38.5 3207
Burial Lake, Alaska - chironomids Kurek et al., 2009 68.4 -159.2 460

Eastern Beringia (A) - pollen Viau et al., 2008 67.5 -165 -

Eastern Beringia (B) - pollen Viau et al., 2008 67.5 -137.5 -

Eastern Beringia (C) - pollen Viau et al., 2008 62.5 -165 -

Eastern Beringia (D) - pollen Viau et al., 2008 62.5 -137.5 -
Northeast Atlantic NA 87-22 foram assemblages Waelbroeck et al., 2001 55.5 -14.7 -2161
Northeast Atlantic MDO01-2461 Mg/Ca Peck et al., 2008 51.8 -12.9 -1153
California margin W8709A-8 Uy, Prahl et al., 1995 425  -127.7 -3111
central North Atlantic CH 69-09 foram assemblages Waelbroeck et al., 2001 41.8 -47.4 -4100
Japan margin PC-6 Uy, Minoshima et al., 2007 404 1435 -2215
Western Mediterranean M39-008 Uy, Cacho et al., 2001 39.4 7.1 -576
Western Mediterranean BS79-38 UKy Cacho et al., 2001 38.4 13.6 -1489
Iberian margin MD95-2042 UKy Bard et al., 2002 378  -10.2 -3146
Iberian margin SU81-18 foram assemblages Waelbroeck et al., 2001 37.8 -10.2 -3135
North Atlantic MD95-2037 Uiy, Calvo etal., 2001 37.1 -32.0 -2630
Alboran Sea MD95-2043 UKy Cacho et al., 1999 36.1 -2.6 -1841
North Pacific MD01-2421 Uy Yamamoto et al., 2010 36 141.8 -2224
Bermuda Rise OCE326-GGC5 Mg/Ca Carlson et al., 2008 33.7 -57.6 -4550
Japan margin KT92-17 St. 14 Uiy, Sawada and Handa, 1998 32.6 138.6 -3252
Blake outer ridge KNR140-51GGC Mg/Ca Carlson et al., 2008 32.6 -76.3 -1790

80T



Nile Delta
East China Sea
Gulf of Mexico
Red Sea
Gulf of Mexico
Northwest African margin
Northwest African margin
South China Sea
South China Sea
Arabian Sea
Arabian Sea
Western tropical North Atlantic
Western Caribbean Sea
Arabian Sea
Arabian Sea
Cariaco Basin, Venezuala
Sulu Sea
Eastern equatorial Pacific
Eastern equatorial Pacific
South China Sea
South China Sea
West Pacific warm pool
Gulf of Guinea
Eastern equatorial Atlantic
Eastern equatorial Pacific
Eastern equatorial Pacific

GeoB 7702-3
MD98-2195
MD02-2575
GeoB 5844-2
EN32-PC6
ODP 658C
ODP 658C
17940
ODP 1144
74KL
74KL
M35003-4
VM28-122
NIOP-905
NIOP-905
PLO7-39PC
MD97-2141
MD02-2529

MEOO05A-43JC

MDO01-2390
MDO01-2390
MD98-2181
MDO03-2707
GeoB 4905
TR163-22

MEOO05A-24JC

TEXgs
UKI37
Mg/Ca
UK'37
Mg/Ca
foram assemblages
Uy
Uy
Mg/Ca
Uy
TEXgs
Uy
Mg/Ca
Uy
TEXgs
Mg/Ca
Mg/Ca
Uy
Mg/Ca
Uy
Mg/Ca
Mg/Ca
Mg/Ca
Mg/Ca
Mg/Ca
UKI37

Castafieda et al., 2010
ljiri et al., 2005
Ziegler et al., 2008
Arz et al., 2008
Flower et al., 2004
deMenocal et al., 2000
Zhao et al., 1995
Pelejero et al., 1999
Wei et al, 2007
Huguet et al., 2006
Huguet et al., 2006
Rihlemann et al., 1999
Schmidt et al., 2004
Huguet et al., 2006
Huguet et al., 2006
Lea et al., 2003
Rosenthal et al., 2003
Leduc et al., 2007
Benway et al., 2006
Steinke et al., 2008
Steinke et al., 2008
Stott et al., 2007
Weldeab et al., 2007
Weldeab et al,. 2005
Lea et al., 2006
Kienast et al., 2006

31.7
31.6
29.0
21.7
27.0
20.8
20.8
20.1
20.1
14.3
14.3
121
11.6
10.8
10.8
10.7
8.8
8.2
7.9
6.6
6.6
6.3
2.5
2.5
0.5
0.0

34.1
129
-87.1
34.7
-91.3
-18.6
-18.6
117.4
117.6
57.3
57.3
-61.3
-78.4
51.9
51.9
-65.0
121.3
-84.1
-83.6
113.4
113.4
125.8
9.4
9.4
-92.4
-86.5

-562
-746
-847
-963
-2280
-2263
-2263
-1968
-2037
-3212
-3212
-1299
-3623
-1567
-1567
-790
-3633
-1619
-1368
-1545
-1545
-2114
-1295
-1328

-2830
-2941

60T



Eastern equatorial Pacific
Eastern equatorial Pacific
Eastern equatorial Pacific
Brazilian margin
Western tropical Atlantic
West Pacific warm pool
West Pacific warm pool
Gulf of Guinea
Gulf of Guinea
Lake Tanganyika
West Pacific warm pool
West Pacific warm pool
Timor Sea, Indian Ocean
Southeast Atlantic
Indian Ocean
Subtropical southeast Atlantic
Brazilian margin
Chilean margin
South Australia
New Zealand
Chilean margin
Southeast Atlantic
Southeast Atlantic
New Zealand
New Zealand
Southern Ocean

V21-30
V21-30
V19-28
GeoB 3910
GeoB 3129
MD9821-62
MD98-2176
GeoB 6518-1
GeoB 6518-1
NP04-KH3, NP04-KH4
MD98-2165
MD98-2170
MDO01-2378
GeoB 1023-5
MD79257
ODP 1084B
KNR159-5-36GGC
GeoB 7139-2
MD03-2611
MD97-2121
ODP 1233
TNO057-21-PC2
TNO057-21
S0136-GC11
MD97-2120
MD88-770

MBT, CBT
Uy
TEXgg
Mg/Ca
Mg/Ca
Mg/Ca
Uy

Mg/Ca
Uy
UKI37

foram assemblages

Koutavas and Sachs, 2008
Koutavas et al., 2002
Koutavas and Sachs, 2008
Jaeschke et al., 2007
Weldeab et al, 2006
Visser et al., 2003
Stott et al., 2007
Weijers et al., 2007
SchefuB et al., 2005
Tierney et al., 2008
Levi et al., 2007
Stott et al., 2007
Xu et al., 2008
Kim et al., 2002
Bard et al., 1997
Farmer et al., 2005
Carlson et al., 2008
Kaiser et al., 2008
Calvo et al., 2007
Pahnke and Sachs, 2006
Lamy et al., 2007
Sachs et al., 2001
Barker et al., 2009
Barrows et al., 2007
Pahnke and Sachs, 2006
Labeyrie et al., 1996

12
12
2.4
4.2
-4.6
4.7
-5.0
5.6
5.6
-6.7
-9.7
-10.6
-13.1
-17.2
-20.4
-25.5
-275
-30.2
-36.7
-40.4
-41.0
-41.1
-41.1
-435
-45.5
-46.0

-89.7
-89.7
-84.7
-36.3
-36.6
117.9
133.4
11.2
11.2
29.6
118.4
1254
121.8

11.0
36.3
13.0
-46.5
-72.0
136.7
178.0
-74.5
7.8
7.8

167.9

174.9
96.5

-617
-617
-2720
-2362
-830
-1855
-2382
-962
-962
773
-2100
-832
-1783
-1978
-1260
-1992
-1268
-3270
-2420
-3014
-838
-4981
-4981
-1556

-1210
-3290

oTT



EDML
Dome C, Antarctica
Dome Fuji, Antarctica
Vostok, Antarctica

ice core d*®0

ice core d'®0
ice core d*®0, dD

ice core dD

Stenni et al., 2010
Jouzel et al., 2007
Kawamura et al., 2007
Petit et al., 1999

-75
-75.1
-77.3
-78.5

0
123.4
39.7
108.0

2892
3240
3810
3500
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