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The last few million years have been punctuated by many abrupt climate transitions
many of them occurring on time-scales of centuries or even decades. In order to better
understand our current climate system we need to understand how these past climate
transitions occurred. In this study we examine and review the paleoclimate proxies and
modeling results for each of the key climate transitions in the Quaternary period. These
are identified as: 1) Onset of Northern Hemisphere Glaciation (ONHG), 2) glacial-
interglacial cycles, 3) Mid-Pleistocene Revolution (MPR), 4) Heinrich events and glacial
Dansgaard-Oeschger (D-O) cycles. 5) last glacial-interglacial transition (LGIT) and the
Younger Dryas, 6) interglacial climate transition such as the Intra-Eemian cold event and
Holocene D-O cycles. For each, climate transition the current theories of causation are
critically examined and our own synthesis based on current knowledge is put forward.
Most of these transitions appear to be threshold changes where by external forcing com-
bined with internal feedbacks leads to a change in the state of global climate. We argue
that bifurcation within the climate system means that it is easier for the global climate to
go through these thresholds than it is to return to its previous state. Although this does
not necessarily make climate change irreversible, it may provide a mechanism, which fa-
cilitates the locking of the climate system into a new equilibrium state. We suggest that
the evidence indicates that long-term climate change occurs in sudden jumps rather than
incremental changes; which does not bode well for the future.

INTRODUCTION

Rapidity of Global Climate Change

Until a few decades ago it was generally thought that
The Oceans and Rapid Climate Change: Past, Present, and Future significant large-scale global and regional climate changes
Geophysical Monograph 126 : occurred gradually over a time scale of many centuries or
Copyright 2001 by the American Geophysical Union millennia. Hence the climate shifts were assumed to be
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scarcely perceptible during a human lifetime. The tendency
of climate to change abruptly has been one of the most
surprising outcomes of the study of earth history, espe-
cially from the polar ice core records for the last 150,000
years [e.g., Taylor et al. 1993; Dansgaard et al, 1993;
Alley, 2000). Some and possibly most pronounced climate
changes (invelving, for example, a regional change in
mean annual temperature of several degrees Celsius) oc-
curred on a time scale of a few cenfuries, but frequently
within a few decades, or even just a few years.

The decadal-time-scale transitions would presumably
have been quite noticeable to humans living at such times
[e.g., deMenocal, 2001}, For instance Hodell et al. [1995]
and Cursis er al. [1996] consider the possible importance
of climate change on the collapse of the Classic period of
Mayan civilization. It has also been suggested that alternat-
ing wet and dry periods influenced the rise and fall of
coastal and highland cultures of Ecuador and Peru
[Thompson and Mosley-Thompson, 1987, Thompson,
1989; Thompson et al., 1995]. The emergence of crop ag-
riculture in the Middle East corresponds very closely with

a sudden warming event marking the beginning of the
Holocene [Wright, 1993], while the global collapse of the :

urban civilizations coimcided with the deterioration of cli-
mate around 4,300 BP [Peiser, 1998; Cullen et al., 2000].
On longer time scales, the evolution and migration of
modern humans has also been linked to climatic changes in
Africa [e.g., de Menocal, 1995; Frba et al., 1996; Wilson
et al., 2000]. These sudden stepwise climate transitions are
also a disturbing scenario to be borne in mind when con-
sidering the effects that humans might have on the present
climate system through the rapid generation of greenhouse
gases, Judging by what we can learn from records of the
past, conditions might gradually building (o a 'break point’
or threshold following which a dramatic change in the
global climate system might occur over just a decade or

two. The actual trigger for this transition, because of the.

threshold, may be quite innocuous. In this overview we
summarize the current ideas on the causes of rapid climate
changes during the last 2.5 million years, their impacts on
the modern climate system and implications for our an-
thropogenic ‘forcing’ of the global climate system. In
many cases we are still at the stage of speculating what
may have been the underlying cause of these transitions
and thus there is still a huge amount of work to be done in
paleoclimatology.

Modes of Cljmate Change

Global climate changes are responses to external or in-
ternal forcing mechanisms. A good example of an external

forcing mechanism is the changing orbital parameters
which alter the net radiation budget of the Earth, while an
example of an internal forcing mechanism is the carbon
dioxide content of the atmosphere which modulates the
greenhouse effect. We can abstract the way the global cli-
mate system responds to an internal or external forcing
agent by examining four different scenarios:

Linear and synchronous response (Figure la). In this
case the forcing produces a direct response in the climate
system whose magnitude is in proportion to the forcing.

Muted or limited response (Figure 15). In this case the
forcing may be extremely strong, but the climate system in
someway buffered and therefore has very little response.

Delayed or non-iinear response (Figure 1c}. In this case
the climate system may have a slow response to the forcing
or is in some way buffered at first. After an initial period
then the climate system responds to the forcing but in a
non-linear way.

Threshold response (Figure 1d). In this case initially
there is no or very little response in the climate system to
the forcing, however all the response takes place in a very
short period of time in one large step or threshold. In many
cases the response may be much larger than one would
vxpect ffom the size of the forcing and this can be referred
to as a response over-shoot. :

Though these are purely theoretical models of how the
climate system can respond they are important to keep in
mind when reviewing global climate transitions. Moreover
these scenarios can be applied to the whole range of spatial
and temporal scales. This review hopefully illustrates how
a study of paleoclimatology helps to distinguish between
these possible scenarios and establishing how regional and
global climate responded to different forcing mechanisms
in the past. Examples of abrupt major climate transitions
and cycles are reviewed, ranging from the initiation of
Northern Hemisphere Glaciation and the start of the Qua-
ternary, -to the higher (on geological time scale) frequency
climate changes that characterize the Holocene. Figure 2
shows on a the most important major climatic phenomena
that occurred during the Quaternary period log time-scale.
These phenomena are the main focus of the review.

An added complication when assessing the causes of
climate changes is the possibility that climate thresholds
contain bifurcations. This means the forcing required to go
one way through the threshold is different from the re-
verse. This implies that once a climate threshold has oc-
curred it is a lot more difficult to reverse it. This bifurca-
tion of the climate system has been inferred from ocean
models which mimic the impact of freshwater on deep-
water formation in the North Atlantic [e.g., Rahmstorf,
1996]. However such an irregular relationship can be ap-
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Figare 1. Schematic of the four aliernative responses of the
global climate system to internal or external forcing: a) Linear
and synchronous response. In this case the forcing produces a
direct response in the climate system whose magnitude is in pro-
portion to the forcing. b) Muted or limited response. In this case
the forcing may be extremely strong, but the climate system in
someway buffered and therefore has very little response. ¢) De-
layed or non-linear response. In this case the climate system may
have a slow response to the forcing or is in some way buffered at
first. After an initial period then the climate system responds to
the forcing but in a non-linear way. d) Threshold response. In this
case initially there is no or very littleresponse in the climate sys-
tem to the forcing, however all the response takes place in a very
short period of time in one large step or threshold. In many cases
the response may be much larger than-one would expect from the
size of the forcing and this can be referred to as a response over-
shoot.

plied to any forcing mechanism and the corresponding
response of the global climate system. Figure 3 demon-
strates-this bifurcation of the climate’ system and shows
that there can be -different relationships between climate
and the forcing mechanism, depending on the direction of
the threshold. This is very common in natural systems for
example in-cases where inertia or the shift between differ-
ent states of matter need to be overcome. Figure 3 shows
that in case A and B the system is reversible, but in case C
it is mot. In case C the control -variable must increase to
more than it was in the previous equilibrium state to get
over the threshold and return the system to it pre-threshold
state. Let us consider this in terms of the salinity of the
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North Atlantic versus the production of North Atlantic

" Deep Water (NADW), as we know that adding more

freshwater to the North Atlantic hampers the production of
salty cold and hence heavy deep water. In Case A, chang-
ing the salinity of the North Atlantic has no effect on the
amount of NADW produced. In Casc B reducing the salin-
ity reduces the production of NADW, however if the salt is

_replaced then the production of NADW returns to it previ-

ous, pre-threshold level. In case C, reducing the North At-
lantic salinity reduces the production of NADW. However
simply returning the salt does not return the NADW pro-
duction to the normal level. Because of the bifurcation, a
lot more salt has to be injected to bring back the NADW
production to its previous level. It may be that the extra
amount of salt réquired is not possible within the system
and hence this makes the system theoretically irreversible.
The major problems we face when looking at both past and
tuture climate change whether a bifurcation may occur and
whether evolution. of the system is reversible (Figure 3).

When discussing the behavior of climatic forcing the re-
sponse time of the difforent parts of the Earth climate sys-
tem must also be considered. Figure 4 shows the response
times of the different internal systems that vary from hun-
dreds of millions of years to days. The complication is that
all of these processes are constantly changing but at differ-
ent rates. They will also have different responses to exter-
nal or internal forcing as suggested in Figure 1. In this pa-
per we review how the history of Quaternary climatic
change has been influenced by a wide range of possible
forcing mechanisms from the long term tectonic forcing to
the much short human timc scalc changes in the atmos-
pheric and ocean circulation patterns, the impacts of which
could be detected within a human lifetime (Figure 4). The
paper is arranged along a time-line starting with the onset
of the Quaternary period and its characteristic great ‘ice
ages’ [Wilson et al., 2000].

1. ONSET OF NORTHERN HEMISPHERE
GLACTATION.

LA. TIMING.

The earliest recorded onset of significant global glacia-
tion during the last 100 Ma was the widespread continental
glaciation of Antarctica at about 34 Ma [e.g., Hambrey et
al, 1991; Breza and Wise, 1992; Miller et al., 1991;
Zachos ‘et al., 1992; 1996; 1999; 2001]. In contrast the
earliest recorded glaciation in the Northern Hemisphere is
between .10 and 6 Ma [e.g., Jansen et al., 1990; Wolf and
Thiede; 1991; Jansen and Sjoholm, 1991; ODP Leg 151,
1994; Wolf-Welling et al., 1995]. Marked. expansion of
continental ice sheets in the Northern Hemisphere was the
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Figure 2. Log time-scale cartoon, illustrating the most important climate events identified by this study in the Quater-
nary Period [adapted from Adams et al., 1999]. 1. Onset of Northern Hemisphere Glaciation (3.2 to 2.5 Ma) ushering
in the strong glacial-interglacial cycles which are characteristic of the Quaternary Period. 2. Mid-Pleistocene Revolu-
tion when glacial-interglacial cycles switched from 41 ka, to every 100 ka. The external forcing of the climate did not
change, thus, the internal climate feedback's must have altered. 3. The two closest analogs to the present climate are the
interglacial periods at 420-390 ka (Oxygen isotope stage 11) and 130-115 ka (Oxygen isotope stage 5S¢, also known as
the Eemian). 4. Heinrich events and Dansgaard-Oeschger cycles (see Text) 5. Deglaciation and the Younger Dryas
events 6. Holocene Dansgaard-Oeschger cycles (see Text} 7. Little Ice Age (1700 AD) the most recent climate event

which seemed have occur throughout the Northern Hemisphere. 8. Anthropogenic Global Warming

culmination of a longer ferm, high latitude cooling, which
began with this late Miocene glaciation of Greenland and
the Arciic and continued (hrough (o the major increases in
global ice volume around 2.5 Ma [Prell, 1984; Keigwin,
1986; Ruddiman et al., 1986a and b; Sarnthein and Tiede-
mann, 1989; Tiedemann et al., 1994].

Evidence from orbitally tuned Ocean Drilling Program
records (Sites, 609, 610, 642, 644, 552, 882, 887] Maslin
et al. [1998a] suggested that this long term cooling led to
three key steps in the glaciation of the Northern Hemi-
sphere (see Figure 5): a) Eurasian Arctic and Northeast
Asia were glaciated at approximately 2.74 Ma, b) glacia-
tion of Alaska at 2.70 Ma and <) the significant glaciation
of the North East American continent at 2.54 Ma. Sea level
changes, inferred from the benthic foraminiferal oxygen
isotope records obtained from ODP Sites 659 [Tiedemann
et al., 1994] and 846 [Shackleton et al., 1995, see Fig. 5]
supports this and suggesis that the two most important
stages in the glaciation of the Northern Hemisphere were
the maturing of the Eurasian-Northeast Asian ice sheets
{oxygen isotope stage 110 or G6) and the proto-Laurentide
ice sheet on the eastern North American continent (oxygen
isotope stage 100). This step-like nature of the ive rafling
records may, however, conceal a more gradual process of

ice build-up, as revealed by the progressive '*O enrichment
of benthic isotope records [Tiedemann et al., 1994; Shack-
leton et al., 1995]. This is because the ice-rafting records
indicate only when the continental ice sheets were mature
enough to impinge on the adjacent oceans. Dramatic
changes, however, are observed in each ocean basin when
ice-rafting first occurs.

Lb. Possible Causes of the Onset of Northern Hemisphere
Glaciation.

The predominant theories to explain the Onset of North-
ern Hemisphere Glaciation have focused on major tectonic
events and their modification of both atmospheric and
ocean circulation [Hay, 1992; Raymo, 1994a; Maslin et al,
1998a]. For example the uplift and erosion of the Tibetan-
Himalayan platean: [Ruddiman and Raymo, 1988; Raymo,
1991, 1994b], the deepening of the Bering Straits [Einars-
son el al., 1967] and/or the Greenland-Scotland . ridge
[Wright and Miller, 1996], and emergence of the Panama
Isthmus [Keigwin, 1978, 1982; Keller et al., 1989; Mann
and Corrigan, 1990; Haug and Tiedemann, 1998].

" Ruddiman and Raymo [1988], Ruddiman et al. {1989],
and Ruddiman and Kuizbach [1991] suggested thal the
initiation of Northern Hemisphere glaciation was caused
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Figure 3. Bifurcation of the global climate system. For example
the control variable could be North Atlantic salinity and the cli-
mate variable could be production of NADW. a) An insensitive
system and the control variable does not vary greatly with large
changes in the contro! variable. b) The control variable drops
beneath the critical threshold point CO (point 2) and thus there is
a major change in the climate variable, however by return the
control variable to its original state, the system is reversible and
the climate variable returns to its original point L. ¢) The control
variable drops beneath the critical threshold point CO (point 2},
however returning the control variable to its original state does
not reverse the change and the climate variable remains at point
3. An additional change to the control variable is required to over
come the bifurcation and return the climate variable back to point
1. Hence, if this additional change is not possible within the sys-
tem, the threshoid becomes an irreversible one. It should be notes
that returning the system back: to its initial boundry contions by
going beyond point 3 may take the system back to a new state of
cquilibrium that is different from the initial state.
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by progressive uplift of the Tibetan-Himalayan and Sier-
ran-Coloradan regions. This may have altered the circula-
tion of atmospheric -planetary waves such that summer
ablation was decreased, allowing snow and ice to build-up
in the Northern Hemisphere. There is much speculation as
to whether: orography [Charney and Eliasson, 1949;
Bolin, 1950], differential heating of land and sea surfaces
[Sutcliffe, 1951; Smagorinsky, 1953], or a combination of
both [Trenberth, 1983], control the structure and direction
of the planetary waves. However, most of the Himalayan
uplift occurred much earlier between 20 Ma and 17 Ma
[Copeland ef al., 1987; Molnar and England, 1990] and
the Tibetan Platean reached its maximum elevation during
the late Miocene [Harrison et al., 1992, Quade et al.,
1989]. Raymo et al. [1988], Raymo [199]1, 1994b] and
Raymo and Ruddiman [1992] then suggesting that the up-
lift caused a massive increase in tectonically driven chemi-
cal weathering in the late Cenozoic. They argue that car-
bonation of rainwater removes CO, from the atmosphere
and forms a weak carbonic acid solution. Dissociated H'
ions in the acidified rainwater by hydrolysis leads to en-
hanced chemical weathering of rocks. Only weathering of
silicate minerals makes a difference to atmospheric CO,
levels, as weathering of carbonate rocks by carbonic acid
returns CO, to the atmosphere. Bi-products of hydrolysis
reactions affecting silicate minerals are biocarbonates
(HCO,) anions and calcium cations. These, when washed
into the occans, are metabolised by marine plankton and
are converted to calcium carbonate. The calcite skeletal
remains of the marine biota are ultimately deposited as
deep-sea sediments and hence lost from the global biogeo-
chemical carbon cycle for the duration of the life cycle of
the oceanic crust on which they were deposited. Conse-
quently, atmospheric CO2 could have been depleted caus-
ing a cooling of the global climate and thus the OHNG.
This theory, however, suffers from a number of major
draw-backs, 1) there is debate whether the Strontium (Sr)
isotope data can be used as evidence of continental weath-
ering [Kirshnaswami et al., 1992; Berner and Rye, 1992,
Huh and Edmund, 1998], 2) there seems to be no obvious
negative feedback mechanism to prevent a complete deple-
tion of the relatively small reservoir of atmospheric CO,
fe.g., Berner, 1994; Compton and Mallinson, 1996,
Raymo, 1994b] and 3) there is now evidence that suggest
that there was no decrease in atmsopheric carbon dioxide
during the Miocene [Pagawni et al., 1999; Pearson and
Palmer, 2000]. .

A second key tectonic control invoked. as a trigger for
the ONHG is the closure of the Pacific-Caribbean gateway.
Haug and Tiedemann [1998] suggest it began to emerge at
4.6 Ma and finally closed at 1.8 Ma. However, there is still
considerable debate on the exact timing of the closure
[Burton et al., 1997; Vermeij, 1997; Frank et al., 1999].
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Figure 4. The spatial and temporal dimensions of the Earth’s climate system plotted on logarithmic scales. The key
forcing functions and response time of different section of the global climate system are also shown. D-0O cycles =

Dansgaard-Oeschger cycles.

The closure of the Panama gateway however causes a para-
dox [Berger and Wefer, 1996] as there is considerable
debate whether it would have helped or hindered the inten-
sification of North Hemisphere glaciation. The reduced
inflow of Pacific surface water to the Caribbean would
have increased the salinity of the Caribbean. This would
have increased the salinity of water carried northward by
the Gulf Stream and North Atlantic Current, thus enhanc-
ing deepwater formation [Mikolajewicz et al., 1993; Berger
and Wefer, 1996)]. Increased deep-water formation could
have worked against the initiation of Northern Hemisphere
glaciation as it enhances the oceanic heat transport to the
high latitudes and would have opposed ice sheet formation
(see Figure 6). This enhanced Gull Strearn would also have
pumped more moisture northward, stimulating the forma-
tion of ice sheets [Mikolajewicz et al., 1993; ‘Berger and
Wefer, 1996]. Driscoll and Haug [1998] also argue that
this increased moisture supply would have - enhanced

freshwater delivery to the Arctic via Siberian Rivers. This
freshwater input to the Arctic would have facilitated sea
ice formation (fresher water has higher freezing point),
increased albedo and isolated the high heat capacity of the
ocean from the atmosphere. So it would have acted as a
negative feedback on the efficiency of the “deep water
conveyor belt” heat pump [Broecker, 1997a].

Tectonic forcing alone cannot explain the fast changes of
both the intensity of glacial-interglacial cycles and mean
global ice volume. It has, therefore, been suggested that
changes in orbital forcing may have been an important
mechanism contributing to the gradual global cooling and
the subsequent rapid intensification of Northern Hemi-
sphere glaciation [Lourens and Hilgen, 1994; Maslin et al.,
1995a; 1998a; Haug and Tiedemann, 1998]. This theory
extends the ideas of Berger et al. [1993] by recognizing
distinct phases during the Pleistocene and late Pliocene,
characterized by the relative predominant strength of the
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land seems to have had repeated glacial episodes from the mid-Pliocene onwards, but no clear dates are yet available
for when this became sustained [Einarsson and Albertsson, 1988; Geirsdottir and Eiriksson, 1994]. The data for the
onset of ice rafting of the different ice sheets come from the following sources: Southern Greenland - coarse fraction
analysis [e.g., Wolf and Thiede, 1991: ODP Leg 151 and 152, 1994; Wolf-Weliling et ai., 1995], Northern Greenland -
coarse fraction analysis [e.g., Wolf and Thiede, 1991: ODP Leg 151 and 152, 1994; Wolf-Welling et al., 1995], Eura-
sian Arctic - lithic fragment counts [Jansen ef al., 1990; Jansen and Sjoholm, 1991] and Northeast Asia - magnetic
susceptibility and coarse fraction analysis {Haug, 1995; Haug et al., 1995a and b; Maslin et al., 1995a and 1998a],
Alaska and the Northwest coast of Amnerica - maguetic susceptibility [Rea et al., 1993; Maslin et al., 1995a and 1998a]
and Northeast America - calcium carbonate, magnetic susceptibility, stable isotopes, ostracodes and coarse fraction
analysis [e.g., Shackieton et al., 1984; Ruddiman and Raymo, 1988; Raymo et al., 1989, 1992; Cronin et al., 1996].
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Figure 6. Summary of the causes of the Onset of Northern Hemisphere Glaciation (ONHG). Note the detour of the
cooling trend and the expansion of the temperature range of ice growth caused by the closure of the central American
gateway. Note also the kick in obliquity which occurs between 3.2 Ma and 2.5 Ma which drives the continued cooling
of the climate system and the ONHG [adapted from Berger and Wefer, 19961.

different orbital parameters during each interval. Maslin et
al. [1995a, 1998a] and Haug and Tiedemarm [1998] have

and consequently in insolation at 60°N between 2.8 Ma
and 2.55 Ma may have forced the rapid glaciation of the

suggested that the observed increase in the amplitude of
orbital obliquity cycles, from 3.2 Ma onwards, may have
increased the seasonality of the Northern Hemisphere, thus
initiating the long-term global cooling trend (see Figure 6).
The subsequent sharp rise in the amplitnde of precession

Northern Hemisphere. This theory is supported by simula-
tion of the Northern Hemisphere ice-sheet volume varia-
tion made by Li et al. [1998] with the LLN 2-D model
[Gaileé et al., 1991, 1992]. In these experiments, ice vol-
ume fluctuations were forced by insolation variations
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Figure 7. Li et al. [1998) and Maslin et al. [1998a] clearly showed from modelling results that Northern' Hemisphero
ice sheets could build-up around 2.5 Ma by only the variations in the orbital parameters. The model, however, due to
the lack of climatic feedbacks fails to sustain the ice sheets after the initial forcing has been removed. The July 65°N
imsolation variation [Lowutre and Berger, 1993] (solid line, upper panel), the tectonically~induced linear CO9 concentra-
tions [Saltzman et al., 1993] (dashcd line, upper panel), and the simulated Northern Hemisphere ice sheet volume with
the LLN 2-D model (solid line, lower panel), from 3.05 Ma to 2 Ma BP [Li et al., 1998] are shown.

[Loutre and Berger, 1993] with the assumption of a line-
arly decreasing atmospheric CO, concentration [Saltzman
et al., 1993]. Three major periods of glaciation between 2
Ma and 3 Ma were simulated, each one corresponding to
the periods of large amplitude in the insolation signal and

match with the three key steps in the intensification of ]

Northern Hemisphere Glaciation (Figure 7).
Lc. Synthesis.

We still do not know what caused the Northern Hemi-
sphere to glaciate some two and haif miilion years ago. A
plausible theory could be that the Tibetan uplift caused
long terin cooling during the fate Cenozoic. The closure of
the Panama Isthmus then may have delayed the onset of
Northern Hemisphere Glaciation but ultimately provide the
moisture which allowed intensive glaciation to develop at
warmer high latitede temperatures (see Figure 6).. The

global climate system seems to have reached a threshold at
about 3 Ma, when orbital configuration may have pushed
global climate across this threshold, building all the major
Northern Hemisphere ice sheets in a little over 200 kyrs.

II. GLACIAL-INTERGLACIAL CYCLES

ILa. Feedback Mechanisms: the Conventiondl View,

Glacial-Interglacial cycles are forced by changes in the
Earth’s orbital parameters. These cycles are, however, not
caused by Earth’s orbital parameters but rather the Earth’s
climate system.feedback mechanisms. An illustration of
this is that the insolation received at the critical 65°N was
the same 18,000 during the LGM as it is today [Berger and
Loutre, 1991; Laskar, 1990). This section will not discuss
the orbital parameters and. their various influences as that
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has been done many times in great detail [e.g., Milank-
ovi'tch, 1949; Hays et al, 1976; 1984; Ruddiman and
Meclntyre, 1981; Imbrie et al., 1992; 1993; Berger and
Loutre, 1991; Laskar, 1990, see Wilson et al., 2000 for
clear review of the different orbital parameters and Appen-

dix I). However, to illustrate the interaction of the global
climate system feedback mechanisms these are discussed

first in the context of glacial-interglacial and then rapid
climate transitions. We present the discussion of the gen-
eral consensus about the feedback mechanisms, followed
by discussion: of the alternatives. The insolation changes
received by the Northern Hemisphere temperate zone is
thought to be critical for glacial-interglacial cycles, be-
cause the Southern Hemisphere is presumably unable to
drive glacial-interglacial as the expansion of the ice sheets
is limited by the Southern Ocean. The critical factor is total
summer insolation, as ice sheets surplus must survive the
summer melting. So both the glaciation and deglaciation
feedback mechanisms start with changes in summer 65°N
insolation (Figure 8). The conventional view is that as ice
starts to build-up on the northern continents it produces it
own sustainable environment primarily by increasing the
albedo [e.g., Hewitt and Mitchell, 1997]. The next critical
stage is when the ice sheets, particularly the Laurentide
become big enough to deflect the atmospheric planetary
waves [COHMAP, 1988]. This changes the storm path
across the North Atlantic Ocean and prevents the Gulf
Stream penetration as far ‘north as today. This surface
ocean change and the increased melt-water in the Nordic
Seas and Atlantic Ocean ultimately reduces the production
of deep water [e.g., Broecker, 1991]. This in turn reduces
the amount of warm water pulled northwards. All of which
leads of increased cooling in the Northern Hemisphere and
expansion of the ice sheets.

There are then secondary feedback mechanisms which
also help drive the system towards the maximum ’possible
glacial conditions. These include changes in the ‘carbon
cycle which reduces both atmospheric carbon dioxide and
methane [e.g., Chapellaz et al., 1993; 1997, Brook et al.,
1996]. Sigman and Boyle [2000] provide an excellent re-
view of all the main controis on the carbon cycle and the
possible causes of reduced glacial atmospheric carbon di-
oxide. They speculate that glacial-interglacial changes in
atmospheric carbon dioxide may be primarily driven by
changes in oceanography in the Southern Ocean. This
could have altered the nutrient siipply to the surface wa-
ters, hence surface water productivity. Increased glacial
surface water productivity - would have  down-drawn at-
mospheric carbon dioxide into the surface water to produce
organic matter through photosynthes1s However, the con-
trols on the glacial-interglacial carbon cycle are still very
poorly understood. Glacial periods by their-very nature

have ‘drier conditions which reduces atmospheric water
vapor. For example Lea et al. [2000] provides clear evi-
dence that the water vapor production of the equatorial
Pacific zonc was greatly curtailed during the last five gla-
cial periods. All three, CO,, CH, and water vapor are cru-
cial greenhouse gases and any reduction in them leads to
general -glohal cooling (Figure 8), which .in turn furthers
glaciation.

These feedbacks are prevcntcd from becoming a run
away affect by ‘moisture limitation’. As the warm surface
water is forced further and further south, supply of the
moisture that is required to build ice ‘sheets decreases.

- Moreover it is very clear that ice sheets are naturally un-

stable [Dowdeswell et al., 1999] and these feedbacks are
constantly altering direction during the whole glacial pe-
riod, hence it takes 80 ka to achieve the maximum ice ex-
tent during the 1.GM and that period is characterized by
rapid oscillation such as the Heinrich events and the D-O
cycles.

The natural instability of ice sheets means that deglacia-
tion is much quicker than glaciation. In the case of Termi-
nation T it Iasts a maximum of 4 ka including the Younger
Dryas period. The increase in summeér 65°N insolation
[e.g., Imbrie et al., 1993] leads to the initial melting of the
Northern ice sheets. This raises sea level that then under-
cuts the ice sheets adjacent to the oceans, which in turns
raises sea level. This sea level feedback mechanism is ex-

.tremely rapid [Fairbanks, 1989}. Once the ice sheets are in
.retreat then the other feedback mechanisms discussed for

glaciation are thrown into reverse (see Figure 9) including
a massive increase in the greenhouse gases CO,, CH, and
water vapor. These feedbacks are prevented from becom-
ing a run away affect by the limit of how much heat the
North Atlantic can steal from the South Atlantic to main-
tain the interglacial deep water overturning rate.

IIb. Feedback Mecharnisms: Possible New View?

* The latest twist concerning orbital forcing and the feed-
back mechanisms has been shown by Shackleton [2000].
Shackleton [2000] suggests from a detailed tuning of the
Antarctic Vostok ice core and deep ocean records that at
the 100,000 year period, atmospheric carbon dioxide,
Vostok air temperatures and deep water temperatures are
in phase with orbital eccentricity; whereas ice volume lags
these other variables. This suggests that orbitally induced
changes in the carbon cycle and hence atmospheric carbon
didxide is the primary feedback causing the 100 ka glacial-
interglacial cycles and not the conventionat ice sheet domi-
nated view. So in'the proposed glaciation feedbacks carbon
dioxide could be the primary means of transferring the
orbital forcing into the global climate system. It also
suggests that Northern Hemisphere ice sheet size is not the
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Figure 9. Summary of the conventional view of the feedback
mechanism forced by insolation at 65°N which drive glaciation
and deglaciation. H = Heinrich events, LGM = Last Glacial
Maximum, AB = Allerod Beolling Interstadial, YD = Younger
Dryas and D-O = Dansgaard-Oeschger cycles.

initial control on deep water circulation and hence tem-
peratures. However, it must be remember that this new
interpretation is reliant on the robustness of the age models
from both deep sea sediments and ice cores [Shackleton,:
2000]. When dealing with muitiple glacial-interglacial
cycles there are no radiometric dating techniques available
and hence tuning the age models to orbital parameters is
the only method available and this can be highly subjec-
tive. In addition, others have argued that the 100 ka cycle
that is observed in the spectral records Is not eccentricity
but rather deglaciation triggered every 4% or 5% preces-
sional cycle. Hence the correlation between eccentricity
and the paleoclimate proxies found by Shackleton [2000}
may be coincident. Moreover no causal link has been sug-
gested between orbital eccentricity and' changes in the
global carbon cycle. There is evidence, however, that
ocean productivity and hence atmospheric carbon dioxide
is influenced by orbital precession [e.g., Cane, 1998;
Beaufort et al., 1999] which is in turn modulated by orbital
eccentricity,

The possible in-phase relationship between Vostok air
temperatures and deep water temperature is easier to ex-
plain as recent evidence indicates that the Southern Ocean
has a much more important role to play in the control of
the glacial-interglacial cycles than previously thought
[Keeling and Stephen, 2001). Seidov et al. [2001; this vol-
ume} and Keeling and Stephens [2001] provide a possible
mechanism linking Antarctic air temperatures and deep
water formation. They have demonstrated the sensitivity of
the whole global deep water system to the presence or ab-
sence of melt-water in the Southern Ocean. Hence Antarc-
tic air temperatures govern whether the Antarctic ice sheet
is-expanding, static or retreating. This in turn will control
the amount of melt-water in the Southern Ocean and thus
the temperature of the deep waters. Variations in the
amount and temperature of deep water has a direct effect
on giobal climate. From the physical point of view, the
deep ocean is the only candidate for driving and sustaining
internal long-term climate change (of hundreds to thou-
sands years) because of its volume, heat capacity, and incr-
tia. Long-term climate change is, therefore, largely regu-

“lated by the processes of oceanic heat transfer [e.g.,

Broecker 1995, Keigwin et al, 1994, Shaffer and
Bendtsen, 1994; Jones et al., 1996; Rakmstorf et al., 1996;
Seidov and Maslin, 1999]. An additional interesting link is
that Leq et al. [2000] found that equatorial Pacific sea sur-
face temperature and salinity was in-phase with Antarctic
air temperatures and hence leds ice volume changes by
about 3,000 years.

So we can speculate that changes in the global carbon
cycle, Antarctic air temperatures and equatorial climate



could independently respond to orbital forcing. Alterna- -

tively one or several of these variables controls the others,
for example changes of atmospheric carbon dioxide could
control equatorial and Antarctic temperatures. The climate
changes over Antarctic then in turn could .influence the
deep water system which then could influence the pull of
the Gulf Stream northward to the formation sites of the
North Atlantic Deep Water (NADW). 'These changes along
with the local critical changes in the 65°N insolation insti-
gate either build or collapse of the Northern Hemisphere
ice sheets.

1l.c. Synthesis

The thought provoking paper by Shackleton [2000]
forces us to re-assess the conventional view of what causes
glacial-interglacial cycles. It provides a major challenge,
does Northern Hemisphere ice: volume or the global carbon
cycle primarily control glacial-interglacial cycles and what
is the involvement of orbital forcing? However, before we
throw out the conventional view, which has stood the test

" of time, and embrace a new view there are a large number
-of problems that need to be addressed. We suggest the
primary one is whether 2 100 ka cycle represents orbital
eccentricity or rather deglaciations triggered by everyother
4th or 5th precessional cycle. This is, thus, an exciting time
for paleoclimatology when even the basic view of what
causes glacial-interglacial cycles may be wrong.

III. THE MID-PLEISTOCENE REVOLUTION

IIl.a. A Switch to Non-linear Global Climate System?

The Mid-Pleistocene Revolution (MPR) is the term used
to denote a marked prolongation and intensification of the
global glacial-interglacial climate cycles which :occurred
between 900 and 650 Ka [Berger and Jansen, 1994]. Prior
to the MPR, since- at lcast the onset of Northern Hemi-
sphere glaciation (~2.75 Ma), the global climate conditions’

_appear to have responded linearly to the obliquity (41 ka)
orbital periodicity [fmbrie et al., 1992), ie., the glacial-
interglacial cycles occur with a frequency of 41 ka. After
about 800 ka glacial-interglacial cycles become more pro-
nounced and occur with a frequency of approximately 100
ka. Hence MPR marks a switch in the timing of glacial-
interglacial cycles from 41 ka to 100 ka [Berger and
Jansen, 1994]. Imbrie et al. [1993] call this the "100 ka
problem", as only the last 8 glacial-interglacial vycles have
occurred with this frequency and increased intensity. The
cyclicity and amplitude of the orbital parameters which
force long term global climate change, e.g., eccentricity
(~100 ka), obliquity. (~41 ka) and precession (~21/19 ka),
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do not vary during the MPR [Berger and Loutre, 1991].
This suggests the MPR is an internal re-organization of the
feedback mechanisms that translate orbital forcing into
global climate change. Moreover, the 100 ka eccentricity
signal is by far the weakest of the orbital parameters and
has been thought too be phase-lagged to force directly a
100 ka global climate cyclicity. The. MPR, thus could be a_
change from a linearly-forced climate system to the non-
linearly forced climate system which we have at present
[Imbrie er al., 1993]. This is, however, assuming that the
100 ka cyclicity that is obscrved for the last 8 glacial-
interglacial cycles reflects an eccentricity signal. It has
been argued that the spectral peak of 100 ka is not associ-
ated with. eccentricity which has two spectral peaks near
100 ka and one at 413 ka; rather the spectrum is caused by
deglaciations being triggered by every fourth or fifth pre-
cessional cycle [Raymo, 1997; Ridgwell et al., 1999].
Hence, the MPR could be an internal adjustment from a.
obliquity dominated system to a precession dominated
system.

During the MPR not only docs timing of glacial-
interglacial cycles increase but there is also an amplitude
increase of the variations of global ice volume. The main
causes for this ice volume increase are prolonged glacial
periods, evidence of which is provided by high resolution
oxygen isotope data from deep sea cores [Pisias and
Moore, 1981; Prell, 1982; Shackleton et al., 1988; Tiede-
mann et al., 1994; Berger and Jansen, 1994; Raymo et al.,
1997, Mudelsee and Stattegger, 1997]. The MPR, there-
fore, marks a dramatic sharpening of the contrast between
warm and cold periods. Mudelsee and Stattegger [1997)
used advanced methods of time-series analysis to review
the deep sea evidence spanning the MPR ‘and summarized
the salient features (Figure 9). The first transition occurs
between 942 and 892 ka when there is a significant in-
crease in global ice volume, however, the 41 ka climate
forcing continues. This situation persists until about 650-
725 ka when the climate system finds a two modal solution
and ‘the strong 100 ka climate cycles begin [Mudelsee and
Stattegger, 1997]: ‘A number of causes have been sug-
gested for the MPR and the subscquent 100 ka 'non-linear'
world; these are all based on a threshold model (Figure 1d)
and include: _

a) Critical size of the Northern Hemisphere ice sheets,
Imbrie et al. [1993] suggested that the North Hemisphere
ice sheets may have reached a critical size during the MPR
allowing them to respond non-linearly to eccentricity.

b) Global cooling trend. It has been suggested that long
term cooling through the Cenozoic instigated a threshold
which allowed the ice sheets to become large enough to
ignore the 41 ka orbital forcing and to survive between 80
and 100 ka [4be-Ouchi, 1996; Raymo et al., 1997]
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¢) Erosion of regolith beneath the Laurentide ice sheel.

Clark and Pollard [1998] suggested that the constant ero-

. sion of regolith beneath the Laurentide ice sheet would
eventually provide more bedrock for the ice sheet to rest
on and hence it would be more stable allowing it to survive
longer than the 41 ka driving force.

d) Orbital inclination. A fourth possible orbital parame-
ter has been identified, orbital inclination, which is the 100
ka variation in the angle of the Earth’s plane of orbit com-
pared to the average orbit of the solar system [Muller and
MacDonald, 1997; Farley and Paterson, 1995]. It has been
argued that this might have changed the total amount of
radiation received and could cause the Earth to pass
through increased amounts of dust from outer space (Inter-
planctary Dust Particles, IDPs) which- would encourage

glacial-interglacial attermations on-100 ka periodicity. It.

now appears, however, that this process is not likely to
have been of influence on ice ages on Earth:[Kortenkamp
and McDermott, 1998]. Moreover, the possibility that the
100 ka cycle is caused by deglaciation every 4™ or 5™ pre-
cessional cycle removes the need for a 100 ka forcing
mechanism. _

e} Greenland-Scotiand submarine ridge. Denton [2000]
has envisioned a MPR mechdnism based on the uplift of
the Greenland-Scotland submarine ‘ridge ca. 950 ka BP
(caused by burst of tectonic activity along the Iceland man-
tle plume) which led to a southward shift of the area of
deep-water production from the Arctic to the Nordic seas.
This would have had a number of effects on oceanic circu-
lation, especially during times of expanded ice sheets, so
that once ice-sheet-expansion had-commenced, it became
much more difficult for the salinity. conveyor to re-set into
an interglacial modé. In-other words, after 950 ka, it be-
came easier for ocean circulation to lock into glacial than
interglacial mode, and: only occasional highs in the ampli-
tude of the eccentricity-driven precession signal lead to
short warm events.-

- f} Carbon-cycle and Aimosphenc CO>. It has been sug-
gested that the reduction of atmospheric CO, may have
brought the global climate to:a . threshold allowing: it to
respond non-linearly to orbital forcing [Mudeisee and Stat-
tegger, 1997; Raymo et al., 1997; Berger et al., 1999]. It is
also important to consider the latest results of Shackleton
[2000]. He suggests that the 100 ka eccentricity, atmos-
pheric carbon dioxide, Vostok (Antarctica) air tempera-
tures and deep water temperatures are in phase; whereas
ice volume lags these other variables. This is-an important
finding, if confirmed, as it suggests that atmospheric car-
bon dioxide and not Northern Hemisphere ice volume may
be the primary driving force of the 100 ka glacial-
intergiacial cycles. The MPR could, thus, have been caused
by changes in the internal response of the ‘global carbon

cycle to orbital forcing. Sigman and Boyle {2000] suggest
the Southern Ocean as one of the most important regions
modulating atmospheric carbon dioxide. So Shackleton
[2000] opens the possibility that the Seuthern Ocean may
have become more sensitive to orbital forcing and hence
modulated the global carbon cycle. However, what caused
this increased sensitivity and whether. carbon dioxide
changes alone could maintain extended glacial periods is
still unknown. The links between Antarctic air tempera-
tures, the Southern Ocean and deep water temperatures is
discussed in more details in Sections I TVc.

111 b. Synthesis

‘At the moment there is no consensus on how and why
the MPR occurred. The only real agreement is that it in-
volved a significant internal reorganization of the climate
system. The MPR could have been a shift to climate sys-
tem with a non-linear response to orbital eccentricity
[Imbrie et al., 1993] or.it may have been a shift from an
obliquity to a precession -dominated system. Shackleton

" [2000] work provides new -ideas for the causation of the

MPR including changes in the sensitivity of the global
carbon cycle and/or the Southern Ocean to orbital forcing.

- These ideas have yet to be fully investigated.

IV.RAPID CLIMATE CHANGES IN GLACIAL
PERIODS

IV.a. Heinrich Events and Dansgaard-Oeschger Cycles.

Heinrich events are intense and quasi-periodic ice rafting
pulses which are thought to originate primarily from the
Laurentide ice sheet [e.g., Ruddiman, 1977; Heinrich,
1088; Broecker et al., 1992; Bond et al, 1992; Francois
and Bacon, 1993; Grousset ét al., 1993; 2000; Andrews et

al:, 1994; Gwiazda et al., 1996 a and"b, Ramussen et al.,
1997; Andrews, 1998; Clark et al., 1999]. These: events
occurred against the general background of unstable gla-
cial climate, and represent the brief expression of the most
extreme glacial conditions around the North Atlantic. The
Heinrich events are evident in the Greenland ice cores as a
further 3-6°C drop in temperature from the already cold
glacial climate [Bond et al., 1993; Dansgaard et al., 1993].
The Heinrich events have been found to have a global im-
pact [Clark et al., 1999] with evidence for coeval climate
changes described from as far field as: South America
[Lowell et al., 1995], North Pacific [Kotilainer and Shack-

‘leton, 1995), Santa Barbara Basin [Behl and Kenriett,

1996], Arabian Sea [Schulz et al, 1998], China [Porter
and An, 1995] and the South China Sea [Wang et al.,
1999|. Around the North Atlantic much colder conditions
are found [Grimm et al., 1993; Thouveny et al., 1994] see
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Figure 10. Map showing sites where paleo-records have linked the local climate and environmental changes to the
Heinrich events. Number 1 is the location of the original Heinrich [1988) study. Number 2 is the North Atlantic which
has been covered extensively by a number of studies {e.g., Bond ef al., 1992; 1993; Sarnthein et al.. in press] and
Number 3 is an extensive studied Nordic Seas that has demonstrated that the Greenland and Fenno-Scandinavian ice
sheet seems to surge at different times to the Heinrich events [e.g., Sarnthein et al | 1995; McCabe and Clark, 1998;

Dowdeswell et al., 1999].

Figure 10) and in the North Atlantic Ocean huge armadas
of melting icebérgs reduce sea surface temperatures by
another 1-2°C and reduce the surface salinity by up to 4%o
[Maslin et al., 1995b; Cortijo et al., 1997; Chapman and
Maslin, 1999; Vidal et al., 1999).

Detailed studies of the sequence of evenis in ocean
sediments and ice cores showed that Heinrich events oc-
curred on an average of 7200 + 2400 calendar years [Sam-
thein et al., in press) in the time interval between about 70

and 10.5 ka. In between the Heinrich events there are much-

higher frequency, but smaller amplitude events occurring
at about every 1500 years, which are referred to as Dans-
gaard-Oescheger events or cycles [Dansgaard et al., 1993;
Bond et al., 1997]. ' o ' .

Dansgaard-Oeschger (D-Q) cycles were first identified:

in the Greenland ice core records [Dansgaard et al., 1993].
A succession of short'lived ‘warm’ events or Greénland
interstadials (GIS) characterize the ice core records of the
last glacial episode and are numbered down from the
‘Bolling” as GIS 1 to GIS 24 at 105 ka. The D-O stadials

or cold sections of the D-O cycle have been found in the
ice rafting records of the North Atlantic [e.g., Bond and
Lotti, 1995]. These stadials are characterized by increase
meltwater and ice rafted debris originating from - Iceland
and East Greenland [Bond and Lotti, 1995; Sarnthein et
al., in press]. These 1500-year cycles seem to persist into
the Holocene interglacial [Bond et al., 1997; 1999; Camp-
bell et al., 1998; see below] as well as during earlier glacial
and interglacial stages [Oppo et al., 1998; Ilodge, 2000]. A
precise time scale for-the duration and sequence these mil-
lennial-scale climate events is uncertain, though the events
themselves do not appear to have lasted longer than a few
centuries [e.g., Dowdeswell et al., 1995; Zahn et al., 1997;

-Sarnthein et al., in press; van Kreveld et al., 2000; Grous-

set et al., 2000, in press; Scourse et al, 2000]. Further-
more, the transitions marking the beginnings and ends of
each Heinrich and D-O event are particularly rapid, proba-
bly lasting no more than a few decades, indicating that
climate responded in'a step-like series of jumps to what-
ever driving mechanism initiated them.
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IV.b. Possible Causes of the Heinrich Events and
Dansgaard-Oeschger Cycles.

To examine the possible causes of these millennial-scale
events, we first analysis the suggested causes of the
Heinrich cvents for which there are two competing theo-
ries: externally forced global climate change or internal
periodic failure of the Laurentide ice sheet. Second, recent
work suggests that the causes of the Heinrich and D-O
events are closely tied and the connection between them
and how the causal theories above apply will also be inves-
tigated.

It is well established that the long-term climate fluctua-
tions hetween warm and cold periods have been conirolled
externally. Periodic changes in the Earth's orbit and in the
inclination of its axis of rotation affect both the net global
receipt and the regional distribution of solar energy flux.
These solar energy variations force the climate system to
alternate between glacial to interglacial climate states [see
review in Wilson et al., 2000, and Appendix I). Heinrich
[1988], in his original paper on ive rafting suggested that it
may have been minor variations in the orbital parameters
which lowered the solar energy received by the North
American ice sheet. Furthermore it has been shown that
there are harmonics of the orbital variations which could
corresponding to the timing of the Heinrich events
[Broecker, 1994; Hagleberg et al., 1994]. These variations
couid have lowered the heat input or increased the mois-
ture supply to the Lanrentide ice sheet causing it to ex-
pand, pushing more ice out into the ocean (see Figurell).
The global climate model was first pui forward by
Broecker [1994] in response to the work of Lowell et al.
[1995] who showed that the glaciers of the Chilean Andes
in South America expanded at the same time as the
Heinrich events. This evidence was interpreted as indicat-
ing that ice masses in both the northem and southern hemi-
spheres expanded and contracted synchronously, which in
turn would imply the imposition of some over-riding
global forcing mechanism. However, the detailed sequence
of events has been shown to be much more complex than
this. First, Bond [1995] has argued that, for the North At-
lantic at least, each Heinrich event is immediately preceded
by a short episode of climate cooling, so that climate
change actually preceded ice-sheet response. This interpre-
tation was based on planktonic formainifera $'*0 records
so could also indicate a increase in salinity of the surface
waters. Moreover, Grousset ef al. {2000] see no evidence
of the pre-event cooling. Second, there is growing evi-
dence to suggest that ice-mass changes in the two hemi-
spheres during the last glacial cycle were significantly out
of phase [e.g., Blunier et al., 1998), which has led to a
number of theories about the possible driving mechanisms

Global Climate Model

Global Cooling or Increased Moisture

Figure 11. Global Climate Model is one possible cause of the
Heinrich events. Global cooling could lead to expansion of the
ice sheets and thus more icebergs being pushed into the Atlantic
Ocean.

that could explain such a phenomenon. The current pre-
dominant idea is one of anti-phase shifts in oceanic cur-
rents (the ‘bipolar climate seesaw hypothesis®) of Broecker
[1998, 2000], Stocker [1998] and Seidov and Masiin
[2000], see Section IVc below. .

A second theory has been put forward by Macdyeal
[1993a,b] suggesting that the surges were caused by inter-
nal instabilities of the Laurentide ice sheet. This ice sheet
rested on a bed of soft unconsolidated sediment, when it is
frozen it does not deform, and behaves like cement, and so
would have been able to support the weight of the growing
ice sheet. As the ice sheet expanded the geothermal heat
from within the Earth's crust together with heat released
from friction of ice moving over ice, was trapped by the
insulating effect of the overlying ice. This 'duvet' effoct
allowed the temperature of the sediment to increase until a
critical point when it thawed. When this occurred the sedi-
ment became soft, and thus lubricated the base of the ice
sheet causing a massive outflow of ice through the Hudson
Strait into the North Atlantic (see Figure 12), This, in turn,
would lead to sudden loss of ice mass, which would reduce
the insulating effect and lead to re-freezing of the basal ice
and sediment bed, at which point the ice would revert to a
slower build-up and outward movement. According to
MacAyeal [1993a, b] this system of progressive ice build-
up, melting and surge, followed by renewed build up has
an approximate periodicity of 7,000 years, which compares
with the interval between the last six Heinrich events
which have been calculated by Sarnthein et al. [in press] to
be an average of 7200 + 2400 calendar years.

The MucAyeal [1993] ice surge hypothesis as this seems
to explain many of the details of Heinrich events, espe-
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Figure 12. MacAyeal or free oscillating ice sheet collapse model
is one possible cause of the Heinrich events. It is suggested that
geothermal and fractional heat builds up at the base of the ice
sheet and causes it to melt triggering the ice sheet collapse.

cially the rapid onset of these events which is evident in
sediments records {Dowdeswell et al., 1995]. X-ray photo-
graphs of some deep sea cores show that the uppermost tier
of fossil burrows are preserved in the sediment deposited
immediately preceding the Heinrich events [McCave,
1995]. This implies that the ice-rafted debris must have
been deposited almost instantly, i.c., within a few years,
since it is usual for these fossil burrows to be obliterated by
the action of subsequent ocean floor animals. The Heinrich
events, therefore, began with a2 huge and rapid input of
sediment which is consistent with an ice sheet surge. The
idea of self-destabilizing ice has a further advantage over
the ‘Global climate model” since the response time of large
3 km thick ice sheets to external forcing likely to be very
slow (on the order of thousands of years) which does not
fit well with the evidence of the shear rapidity of these
events. _

Heinrich events, however, can not be  considered in
isolation as they are part of the general instability that
characterizes glacial periods. Hence, the third possible
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cause of the Heinrich events which-has been suggested is
the destabilization of the Laurentide ice sheets triggered by
sea level changes induced by the 1,500.year D-O cycles.
Sarnthein et al. [in press] and van Kreveld [2000] present
evidence that suggest that ice surges from Iceland and East
Greenland could have produced significant increases in sea
level, possibly big enough to start under cutting the
Laurentide icesheet and thus precipitating a full Heinrich
event. Support for this theory comes from the- detailed
analysis of the sources of ice rafted material in the
Heinrich layers. From the detailed break down of H1, H2,
H4 and HS5 it has been shown that European ice rafted de-
bris was deposited in the North Atlantic upto 1,500 years
before the Laurentide material [Grousset et al., 2000, in
press; Scourse et al., 2000). Referring back to the climate
change scenarios suggested at the beginning of this paper,
it is possible that a critical sea level threshold is exceeded
once in every three Dansgaard-Oeschger cycles, precipitat-
ing the collapse of the Laurentide ice sheet. This raises a
further issue of what canses the Dansgaard-Oeschger cy-
cles? : :
Again the arguments for. causation fall in to the two
camps; internal vs external focring. There are fwo possible
internal explainations. This first is a simple MacAyeal type
binge-purge -process controlling the East Greenland ice-
sheet with a periodicity if 1,500 years [Sarnthein ct al., in
press; van Kreveld et al., 2000]. Successive failures of the
Greenland ice sheet would have a small effect-on sea level
to the critical point when it influenced the Laurentide ice
sheet [Sarnthein et al., in press; van Kreveld et al., 2000].
The second possible internal mecahnism could be an inter-
nal oscillation of the deep water system driven by aliernat-
ing sea ice extent in the Southern Ocean and ice sheet
surges in the North Atlantic. This idea and the bipolar see-
saw are discussed at length in Section IVd. However,
Scource et al. [2000] argue for an external climate forcing
as suggested by Broecker [1994] and Hagleberg et al.
[1994]. They have excellent deep-sea.core evidence that
the British ice sheet surged both before and at the same
time as Heinrich event 2. The precursor event occurred 700
to 1000 years before the Heinrich event and hence Scource
et al. 12000] argue it is to young to be-the previous D-O
cold event. They believe it shows the different ice mass
balance response time of each ice sheet surrounding the
North Atlantic due to their varying size. Hence the much
smaller British ice sheet responds first and up to a thou-
sand years later the Laurentide ice sheet follows. However,
as Bond et al. 11997, 1999] suggests that D-O cycles have
a frequency of 1,479+532 years, then the precursor event
described by Scource et al. [2000] which could have been

- 1000 years before Heinrich event 2, may indeed be the

prior D-O cold event.
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IV.c. Bipolar Climate Seesaw and Deep Water Circulation

One of the most important finds in the study of millen-
nial-scale climate events is the apparent out of phase cli-
mate response of the two Hemispheres [Blunier et al.,
1998]. Blunier et al. [1998] concluded that Antarctic cli-
mate changes were significantly -out of step with those in
the North Atlantic on the basis of 6'%0 data (a proxy for
temperature) obtained from the Byrd and Vostok ice-cores.
They were able to achieve this by correlating the methane
records in the ice cores in both Hemispehere, this has its
own inherent problems and drawbacks which are-discussed

more fully in Section Va. Support for Blunier et al. [1998] -

has been found in well dated deep-sea sediment records
and has shown that the sea surface conditions in the tropi-
cal and South Atlantic Ocean are out of phase with those in
the Northern North Atlantic [Vidal et al., 1999; Ruhleman
et al., 1999; Huls and Zahn, 2001]. If the climate of the
two Hemispheres is out of phase then it suggest the global
climate system acts as like a seesaw, with each Hemisphere
taking turns to drive the system. This ‘bipolar seesaw’ can
be controlied by the atmosphere [e.g., Webb et al., 1997,
Broecker, 1998], the ocean [Stocker, 1994; 1998], or a
combination’ of these two controls [Broecker, 1998].
Stocker [1998] suggests a-simple mechanical analogue that
-depicts the ocean behavior as a seesaw driven by either
high-latitudinal, or near-equatorial sea-surface perturba-
tions, or both. :

The deep ocean is, however, the only candidate for driv-
ing and sustaining internal long-term climate change (of
hundreds to thousands years) because of its volume, heat
capacity, and inertia [e.g., Labeyrie et al., 1992; Stocker et
al., 1992; Weaver, 1994; Broecker 1995, Keigwin et al.,
1994, Shaffer and Bendtsen, 1994; Jones et al., 1996; Ma-
nabe and Stouffer, 1988; 1995, 1997; Rahmstorf, 1994;

1995; Rahmstorf et al., 1996, Seidov and Haupt, 1999; .

Seidov and Maslin, 1996; 1999]1. In the North Atlantic, the
north-east trending Guif Stream carries warm and rela-
tively salty surface water from the Gulf of Mexico up to
the Nordic seas. Upon reaching this region, the surface
water has sufficiently cooled that it becomes dense enough
to sink into the deep ocean. The 'pull’ exerted by this dense
sinking maintains the strength of the warm Gulf Stream,
ensuring & current of warm tropical water into thc North
Atlantic that sends mild air masses across to-the European
continent [e.g., Schmitz and McCartney, 1993; Schmitz,
1995; Rakmstorf et al., 1996]. Formation in the North At-
lantic Deep Water (NADW) can be weakened by two
processes: 1) the atmospheric polar front preventing the
North Atlantic Drift from traveliing so far north which
reduces the amount of cooling that occurs and hence its
capacity to sink, as happened during the last glacial period,

or 2) the input of freshwater in the form of melt-water,
river discharge, or increased precipitation. If NADW for-
mation is diminished, the weakening of the warm Gulf
Stream would cause colder European winters [e.g.,
Broecker, 1995]. However, the Guif'Stream does not give
markedly warmer summers in Europe. S¢ a reduction in
the Gulf Stream in itself does not in itself explain why
summers also became colder during glacial periods.

In contrast in the Southern Ocean the Antarctic Bottom
Water (AABW) is formed in coast polnyas where out-
blowing Antarctic winds push sea ice away from the conti-
nental edge and super cool the exposed surface waters.
This leads to more sea ice formation and brine rejection,
producing the coldest and saltiest water in the world.
AABW flows around Antarctic and penetrates the North
Atlantic flowing under the lighter NADW and also the
Indian and Pacific Oceans.

For rapid climate chnages to be initiated there must be a
trigger for a sudden 'switching off’ or a strong decrease in
rate of deep water formation in either the North Atlantic or
the Southern Ocean; this must be due to a decrease in den-
sity or dedensification [Broecker, 2000] of surface waters.
Such a decrease in density would result from changes in
salinity (addition of fresh water from rivers, precipitation, -
or melt water), and/or increased temperatures [e.g., Dick-
son et al., 1988; Rahmstorf et al., 1996]. :

Seidov and Maslin [2000] and Seidov et al [2001 and
this volume] have suggested that the asynchrony during
Blunier et al. [1998] Al and A2 events (which correspond
approximately to H4 and HS or D-O cycle 8 and 12, see
Figure 13) can be explained by variations in relative
amount of deepwater formation in the two Hemispheres
and thus by the resulting heat piracy. Figure 14 shows .
from model results of the direction and yuantity of heat
piracy that occurs during different periods. During modem
or interglacial conditions the North Atlantic steals heat
from the Southern Hemisphere, this North Atlantic heat
piracy (Figure 14) maintains a strong Gulif Stream and pre-
vents ice sheet build-up in the Northern Hemisphere. Dur-
ing a Heinrich event when meltwater is injected into the
North Atlantic, heat is transported southward: cross the
equator (Figure 14). This South Atlantic Ocean counter
heat piracy causes the Southern Hemisphere oceans to
warm, while the Northern Hemisphere oceans cool (Figure
13.1). When the iceberg armada ceases, the freshwater cap
on NADW formation is removed and northward cross-
equatorial heat transport kicks in. This North Atlantic
Ocean heat piracy warms the Northern Hemisphere while
cooling down the Southern Hemisphere (Figure 13.2). If
the glacial boundary conditions re-assert themselves, the
North and South Atlantic Oceans-come back to an almost
perfect balance (Figure 13.3).
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Figure 13. The left panel shows Greenland (GRIP) and Antarctic (Byrd) ice core 5180 temperature proxy records on
the age models generated by Blunier et al, [1998]. Three timeslices are shown illustrated on the Blunier et al. [1998]
records with solid bars; 1. Heinrich event, 2. Northern Hemisphere climate recovery post Heinrich event and 3, Normal
glacial conditions. On the right panel is a schematic view of oscillating meridional ocean overturning and assomated
regimes of heat transports in the Atlantic Ocean. This shows which Hemisphere is controlling the deep water circula-

"“tion and thus inter-Hemispheric heat transport [adapted from Seidov and ‘Maslin, in press].
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Glacial-interglacial asymmetry of the northward heat transport in the North Atlantic
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Figure 14. Atlantic Ocean poleward heat transport (positive indi-
cates a northward movement) as given by the ocean circulation
model [Seidov and Masiin 1999; 2000] for the following scenar-
ios: (1) present-day (warm interglacial) climate; (2) last glacial
maximum (LGM) with generic CLIMAP data; (3) “Cold Trop-
ics” LGM scenario; (4) a Heinrich-type event driven by the
meltwater delivered by icebergs from decaying Laurentide Ice
sheet; (5) a Heinrich-type event driven by meltwater delivered by
icebergs from decaying Barrens Shelf Ice sheet or Scandinavian
ice sheet; (6} A general Dansgaard-Oeschger (D-O) meltwater
event confined to the Nordic Seas. Note that the total meridional
heat transport can only be correctly mathematically computed in
the cases of cither cyclic boundary conditions (as in Drake Pas-
sage for the global ocean), or between meridional boundaries, as
in the Atlantic Ocean to the north of the tip of Africa. Therefore

the northward heat transport in the Atlantic ocean is shown to the
north of 30°S only.

The most important results ot these computer simula-
tions is that these scenarios, does NOT require a substantial
change in the heat transported by the upper ocean currents.
The imbalance between NADW and AABW productions,
i.e. between the deep-ocean flows, is the primary control
on cross-equatorial heat fransport, and thus could be the
sole agent responsible for the observed seesaw climate
oscillations. This seems to be counter-intuitive as it is usu-
ally assumed that only changes of the upper-ocean currents
can affect the heat transport to high latitudes. However
Seidov and Maslin [1999] and Seidov et al. |this volume]
suggest that the deep-ocean currents could be the ultimate
internal mechanism capable of reversing cross-equatorial
heat transport within the required time scale of the oscilla-
tions. The simple rule is that when the NADW subsides,
the AABW picks up and affects the heat transport regime
in the opposite way. Though the model experiments de-
scribed above a based purely by the input of meltwater into

the North Atlantic, Seidov et al. [2001; see also this vol-
ume] has also demonstrate that the Southern Ocean is also
extremely sensitive to meltwater inputs. Kanfoush et al.
[2000] have clearty shown that there are large iceberg dis-
charges which seem to occur after the Heinrich events.
Hence we suggest the true picture of the bipolar seesaw is
one driven by both hemispheric sources and that the oscil-
lation of this deep water system ay alone be sufficicnt lo
explain the 1,500 year glacial and interglacial D-O cycles
{see Figure 15).

IV.d Synthesis

The key to understanding millennial scale fluctuations
during glacial periods is not to separate the different
events, nor to ignore the role played by the Southern
Hemisphere. In attempting to explain the complex patterns
of abrupt climate change during the last glacial stage, sev-
eral important points emerge from recent investigations.

1. - D-O cycles are quasi-periodic or irregular in tim-
ing (1,500 = 500years).
2. Heinrich events occur at irregular intervals (7,200

+2,400 years) and appear to ftriggered by a threshold
mechanism.

3. There is a close and occasionally sensitive inter-
relationship between the state of ice sheets (i.e., whether
relative stable with a frozen base or sensitive to small envi-
ronmental changes), ocean surface temperature and salin-
ity, deep water formation and sea level,

4. Each of the Northern Hemisphere ice sheets dur-
ing the last glacial episode have surged or collapsed at dif-
ferent times, thus each has jts own independent thythm of
response to internal processes and external forcing [e.g.,
Dowdeswell et al., 1999).

5. If the bipolar climate seesaw did occur then the
decp water system is the most likely candidate to control it
(Figure 15).

Having reviewed the possible causes of the Heinrich
events and D-O cycles, below we provide our own com-
bined theory (Figure 15). We suggest that the meltwater
associated with the D-O cold event could reduces the
NADW, which in twrns changes the direction of the Hemi-

. spheric heat piracy and thus the Southern Hemisphere

warms up. This increase warmth in the Southérn Hemi-
sphere at some point triggers a melting of sea ice and/or a
surging of the Antarctic ice sheets. This reverse the process
reducing the AABW and hence strengthening the NADW,
This in turn warms the North Atlantic and triggers another
D-O melting event. Eventnally after a certain number of D-
O cycles the sea level rise assocaited with them would be
significant to undercut the Laurentide ice sheet, causing a
Heinrich event. The Heinrich event would then also influ-
ence the Southern Hemisphere and cause a further bipolar



MASLIN ET AL. 29

internal

Ice Sheet

Oscillation

?
Laurentide : Warmer

Reduced S. Hemisphere
S .

alovl | g Pt L g BT )’ Heat Pilaoy | 9P| Soutem
ollapse Ocean

Moltwater

Antarctica
. - Southern melting or
Reduced > S. Hemisphere A
f NADW .1 Heat Piracy > Ocean w surging?
warms up

Meltwater

Warmer
N. Atlantic

&

N. Hemisphere
Heat Piracy

e

Increased

Reduced
MADW AABW

Internal
fce Sheet
Oscillation

Figure 15. Possible “deep-water oscillatory system™ explaining the Glacial and Interglacial Dansgaard-Oeschger cy-
cles [adapted from Maslin and Seidov, submitted]. Meltwater in either the North Atlantic or Southern ocean can start
the system going. The meltwater caps the sites of deep water formation in that particular Hemisphere and reduces the
deep water formation. This increases heat piracy to the other Hemipshere, which warms that Hemisphere and after
hundreds or thousands of years instigates ice sheet melting, thus reversing the whole processes. The system is quasi-
periodic because of the oscillatory nature of the system. the stochastic element which is observed in the records [Alley
¢t al., this volume] comes from the different internal dynamics of each ice sheet. The link between the Dangaard-
Oeschger ~1,500 year cycles and the Heinrich events is their successive affect on sea level. At a certain point the sea
level has risen enough to undercut the Laurentide ice sheet and precipitate a full Heinrich ovent.

- climate swing. Hence once initiated this deep water oscil-
lating system could continue without the need for any ox-
ternal influences.

We can add to this scenario both a stochastic [dlley et
al., this volume] and another quasi-periodic element,
which is the internal dynamics of the ice sheets (see Figure
15). Which combined with the deep-water oscillating sys-
tem would produce 1) stable periods when the majority of
ice sheet are expanding and 2) occasional periods of very
strong instability with episodes of major multiple ice sheet
collapse. This seems to be supported by the evidence as the
magnitude and - timing of each D-O and Heinrich cvent
seem to be different. This combined theory also avoids the

pervasive “chicken-and-egg” problem, which is the attempt
to interpret geological records to establish precisely which
component of the system is the ‘instigator’ of any one
event, and there is of course no need for there to-be only
one trigger for any specific event.

One key point to note is that global climate seems to be
reversible during the D-O cycles, returning to similar con-
ditions to prior to the event (Figure 16). This is not true for
the Heinrich events, though each is followed by a climatic
rebound in the North Atlantic, each Heinrich events seems
to drive global climate towards evermore severe glacial
conditions, so we suggest Ilcinrich cvents could be onc
branch of the climate system’s bifurcation (Figure 16). -
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Climate

Figure 16. Adaptation of the bifurcation Figure 3 to show the

possible relationship between global climate and the forcing fac- -

tors. Showing that the D-O (Dansgaard-Oeschger) cycles are
threshold events but it is relatively easy for the climate system
bounce back. In contrast glaciation and Heinrich events are
thresholds which requirc a dramatic change in the forcing W
bring the climate back to previous conditions.

V. RAPID CLIMATIC CHANGES DURING THE LAST
GLACIAL-INTERGLACIAL TRANSITION

V.a. The Nature of the Last Glacial- Interglacral Transition
(LGIT)

The last glacial-interglacial transition (LGIT, ca. 14-9
"“C ka BP) was characterized by a series of extremely
abrupt climatic changes [e.g., Walker, 1995; Lowe et al.,
1994; 1995; 1999; Alley and Clark, 1999]. The two most
prominent features being rapid warming at 147 k GRIP
(s308¢c chronology, see Lowe et al., in press] ice-core years

- BP (the start of the “Bolling™ episode,.or the GI-1 event in
the Greenland ice-core isotope stratigraphy of Bjdrck et al.,
1998 and Walker et al., 1999] and the well-known period
of severe cooling referred to as the Younger Dryas Stadial
(GS-1), dated to between 12.7 and 11.5 ka GRIP ice-core
yrs BP. These features are easily recognisable in a wide
range of proxy records from sites throughout the northern
hemisphere [e.g., Dansgaard et al, 1989; Lowe and
Walker, 1994; Walker et al., in press a; Alley and Clark,
1999]: There is also a growing body of evidence which
suggests that parts of the Southern Hemisphere may have
experienced a broadly similar sequence of climatic events

le.g., Bard et al., 1997; Bjorck et al., 1996; Alley and
Clark, 1999], including parts of South America [papers in
Sugden, 2000] and New Zealand [Denton and Hendy,
1994]. Some researchers argue that the broadly similar
pattern of climate changes inferred from evidence obtained
from such widely-separated regions, together with the fact
that they approximate the same interval, points to the op-
eration of globaily-synchronous climate forcing mecha-
nisms. Others, however, have provided evidence that may
imply that at least some of the climate shifts during the
LGIT were diachronous across NW Europe |Coope ef al.,
1998; Witte et al., 1998] and between North America and
Europe [Elias et al., in prep.].

According to the GRIP and GISP2 ice-core records [e.g.,
Dansgaard et al., 1993; Alley and Clark, 1999], the se-
quence of evenis during the last glacial-interglacial transi-
tion was more complex, and the climatic transitions far
more abrupt, than had been assumed from prior interpreta-
tions based on continental and marine stratigraphical re-
cords. For example, a detailed study of the Greenland ice-
core records [Taylor ef al., 1997| suggests that the transi-
tion from the end of the Younger Dryas to the Holocene
warm period may have been completed in a series of
warming steps lasting no more than a fow decades, most
probably in less than 50 years [dlley and Clark, 1999;
Severinghaus et al., 1998). About half of the warming was
concentrated into a single short step that lasted no more
than 15 years. By comparison.with the abrupt warming at
the start of the ‘Belling‘ and the Holocene, cooling from

“‘the warm “Belling* to the Younger Dryas appears to have
- been a more gradual process, invelving a series of cooling

steps and minor climatic oscillations, extendmg over a
period'in excess of 1500 years.

By comparison with ice-corc records, the temporal reso-
lution afforded by most continental and/or marine se-
quences is much more limited, while the problems inherent
in the radiocarbon time-scale severely hamper attempts to
effect high-precision correlations between the sequences
[e-g., Lowe and Walker, 2000]. Hence, despite the fact that
the sequence and pattern of environmental changes during

the LGIT can be reconstructed in much greater detail than

is the case for earlier interstadial events [e.g., Lowe and
Walker, 1994; Lundgqvist et al., 1995; Renssen and Isarin,
1998; Coape et al., 1998}, the vast majority of LGIT re-
cords obtained from marine and terrestrial sediment se-
quences remain inadequate, in terms of their temporal and
spatial resolution, for the sorts of scientific questions now
being posed. There are notable exceptions, however, where
varved sequences have accumulated, which allow recon-
structions to be made at decadal to annual-scale resolution
le.g., Hughen et al., 1998, Litt et al., in press] and Von
Grafenstein et al., 1999]. In these instances, the rates of



environmental change are comparable with those sug-
gested by the ice-core records, but the degree to which
these were synchronous with evenis in the ice-core records
is difficult to establish.

The extent to which abrupt climate shifts during the
LGIT were: globally synchronous, or not, is pivotal to our
understanding of global climaie mechanisms, not only for
this particular period, but also for the earlier episodes of
abrupt climatic change, such as D-O and Heinrich events
(see Section IV). A major debate has emerged on the sub-
ject, which revolves around whether short-term changes in
oceanic circulation or in atmospheric gas content consti-
tuted the main driving force behind the short-lived climatic
perturbations that characterized the LGIT. Central to tho
argument are detailed comparisons between the Antarctic
and Greenland ice cores, which are the most detailed pa-
laeoclimatic. archives we have available for this period.
The ice-core records are ‘wiggle-matched’ using, for ex-
ample, methane concentration data, which arc assumed to
reflect contemporaneous atmospheric values, and to be
globally synchronous. Comparisons of independent cli-
matic signals [e.g., stable isotope and snow accumulation
data) have generated conflicting ideas about the degree to
which climatic changes in Greenland wcre synchronous
with those in Antarctica. Thus, for example, Blunier et al.
[1998] concluded that Antarctic climate changes were sig-
nificantly out of step with those in the North Atlantic (Fig-
ure 17) on the basis of 5'°0 data (a proxy for temperature)
obtained from the Byrd and Vostok ice-cores. The data
suggest that cooling (the Antarctic Cold Reversal) oc-
curred in Antarctica during the period of warming in the
North Atlantic region referred to as the ‘Belling-Allerad
Interstadial’ (or GI-1). They also suggest that the severely
cold Younger Dryas (GS-1) Stadial was a period of rapid
warming in Antarctica (Figure 17). By conirast, the Taylor
Dome 8'®0 record appears to indicate a sequence of cli-
mate changes in Antarctica remarkably coherent with the
Greenland Summit ice-core records [Steig et al., 1998;
Figure 17). However the stratigraphy used in the Sreig et
al. [1998] work has subsequently been questioned [Mul-
vaney et al., 2000} putting in doubt their conclusions.

In turn, these comparisons have fuelled speculation
about the global mechanisms that could account for either
synchronous or non-synchronous inter-hemispheric climate
changes. Prominent among the emerging ideas the
Broecker {1998] suggestion of a “bipolar seesaw behaviour
in thermohaline circulation’, discussed above, as a mecha-
nism which explain anti-phase relationships between the
two hemispheres. By contrast, Denton et al. [1999] argue
for synchronous climate shifis between the two hemi-

- spheres, driven by changes in atmospheric greenhouse gas
content [e.g., methane, carbon dioxide, atmospheric mois-
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ture content), which would be more consistent with the
suggestions of Shackleton [2000].

It is difficult to test these alternative hypotheses robustly,
because of the following limitations in the interpretation of
the stratigraphical records: (1) The extent to which the ice-
sheet palaeoclimatic records are representative of broader,
hemispheric climatic changes is difficult to establish, espe-
cially for the southern hemisphere, where few detailed
records of the LGIT have yet been developed. (2) Correla-
tion between polar ice cores based on synchronous changes
in global methane has one major drawback. This is that
cach ice core has a unique relationship between the age of
the ice and the age of the gas it contains. Hence assump-
tions of temperature of ice formation, ice accumulation and
ice thinning function have to be taken into account to
model this difference which can be up to thousands of
years. This means that the: methane record can be moved
substantial up or down compared with the ice 5'%0 ‘tem-
perature’ record. So in fact both Greenland and Antarctic
ice core methane records can be seen as on sliding time
scales, and the best estimate of the gas age has then been
used to fix the §0 temperature proxy to-infer either syn-
chronous or non-synchronons inter-hemispheric climate
changes. (3) ‘Wiggle-matching’ between stratigraphical
records using the assumption -that comparable trends in
selected proxy data reflect synchronous events is a circular
argument. Each record needs to be dated precisely, and
independently. (4) There are differences in detail in the
chronologies established for the various ice-core records,
especially for pre-Holocene -intervals [Lowe ef al, in
press]. (5) Even if it can be established that the polar ice
sheets responded in a synchronous manner to some com-
mon . forcing mechanism during the LGIT, the degree to
which this was also the case on the continents and in the
oceans needs to be tested, and not simply assumed. While
much headway has been made in recent years in develop-
ing a rigorous framework for establishing the degree of
synchroneity between ice-sheet, marine and continental
records in the North Atlantic region [Peteet, 1995; Walker
et al., in press b; Lowe ef al., in press], precise compari-
sons are not yet possible, due mainly to the probiems in-
herent in the radiocarbon dating of pre-Holocene events.

V.b. Possible Causes of Abrupt Climate Oscillations
During the LGIT

What can be said, therefore, about the causes of the very
abrupt climatic changes during the LGIT? It has long been
thought that deglaciation was dominated by orbitally in-
duced ice sheet reduction resulting in shifts in oceanic cit-
culation, which controlled sea surface temperatures in the
North Atlantic through shifting the latitodinal position of
the North Atlantic Polar Front {e.g., Ruddiman et al., 1977,



32 NATURE AND CAUSES OF RAPID QUATERNARY CLIMATE TRANSITIONS

10.0

GRIP Taylor Dome Vostok Byrd
5180, %o 5180, %o 8D, %o 5180, %o
46 -42 38 34 -46 -44 -40-38 -36 -34 480 -460 -440 -420 -42 -40 -38 -36 -34 -32

F P U REPR R |

105
11.0
115]
12.0 1
12.5
13.0
13.5.
14.0
14.5
15.0
15.5
16.0
16.5.
17.0
17.5
18.0

ka calendaralibrated years B.P.

Figure 17. Comparison of the ice core records from the Northern Hemsiphere (GRIP) and the Southern Hemsiphere
(Taylor Dome, Vostok and Byrd) for the last glacial-interglacial transition (LGIT). Shaded regions show where it has
been suggested that the climate of the North and South Hemisphere was out of phase. GS 1 = Younger Dryas or glacial
- stadial 1, GI 1 = Bolling-Allerod Interstadial or glacial interstadial 1, GS 2 = glacia! stadial 1 and ACR = Antarctic
Cold Reversal. It should be noted that the stratigraphy used in the Steig ez al. {1998] work has subsequently been ques-
tioned [Mulvaney et al., 2000] putting in doubt their conclusions that the climatc of Antarctic was in phase with

Greenland.

Ruddiman and Mcintyre, 1981; Hughen et al., 1996]. The
colder episodes, especially the very pronounced Younger
Dryas cooling [Dansgaard et al., 1989], are then periods
imprinted on this trend to warmer interglacial conditions.
For example during the Younger Dryas marine records
from all parts of the North Atlantic show significant in-
creases in freshwater and ice-rafted debris input. This has
led to the suggestion that the Younger Dryas was caused

by a sudden influx cold fresh meltwater from the North

American and European ice sheets [Keni_zett, 1990; Bond et
al., 1992; Teller et al., 1995; Fronval et al., 1995], which
was sufficient to cap deep water formation in the North
Atlantic. Berger and Jansen [1995] suggest it may have
only been meltwater diverted through the Gulf of St. Law-

rence which was enough to stop deep water formation. It
seems almost axiomatic that the driving mechanism for the
Younger Dryas episode, for example, must be some form
of internal mechanism, such as oceanic circulation change,
since this episode of very pronounced cooling occurred at
a time of summer radiation maximum in Milankovitch
calculations.

The crucial question that remains to be answered, how-
ever, is whether these short episodes of cold-water influx
not only displaced the North Atlantic Polar Front south-
wards to bring devastatingly cold conditions to many parts
of the northern hemisphere, but also had synchronous cool-
ing effects in the Southern Hemisphere. Or as suggested by
the bipolar seesaw theory there should have been a general



warming in the Southern Hemisphere. There is, as yet, no
clear consensus on this issue, with arguments for and
against synchronous inter-hemispheric developments dur-
ing the T.GIT. Further issues that need to be resolved are
whether the very short-lived interstadial and stadial epi-
sodes that occurred during the LGIT which were triggered
by oceanic changes, or by other factors contributed in

some way, or even acted as the catalyst for a cascade of

changes that brought about significant climatic effects.
These contributing or possible controlling factors include
the rapid rise in the greenhouse gases, atmospheric carbon
dioxide, methane and water vapor, which are known to

have been globally synchronized [Meeker et al., 1997:
Fuhrer and Legrand, 1997].

VI. RAPID CLIMATE CHANGES WITHIN
INTERGLACIALS

V1.a. Marine Oxygen Isotope Siage 5e (the Last
Interglacial)

The last interglacial (also called the Eemian in Europe)
has often been viewed as a close counterpart of the present
(Holocene) interglacial stage: sea surface temperatures
were similar, and sea level and atmaospheric carbon dioxide
levels were possibly higher than pre-industrial times {e.g.,
Jmbrie and Imbrie, 1992; Linsley, 1996]. Assuming that
there is a general similarity between these two warm peri-
ods, the Eemian has been used to predict the duration of
the present interglacial, and also ta study the possibility of
sudden climate variability occurring within the next few
centuries or millennia. However, it has been shown that
during the Holocene and the Eemian both the orbital forc-
ing [e.g., Berger and Loutre, 1989] and the climate re-
sponse such as deep water circulation [e.g., Duplessy et al.,
1984] were different. Hence many new studies have con-
centrated on Marine Oxygen Isotope 11, as a possibie ana-
logue for the Holocene since it had very similar orbital
characteristics to the Holocene.

VLb. Controversy Over the Timing of the Last Interglacial.

The Eemian or Marine oxygen Isotope Stage (MIS) Se
interglacial (Fig. 18) began sometime between 130-140 ka
[e.g., Martinson et al., 1987; Sarnthein and Tiedemann,
1990; Sowers et al., 1993; Szabo et al., 1994; Stirling et
al., 1995; Kukla, 2000] with a warming phase (of uncertain
duration) taking the earth out of an exireme glacial phase,
into conditions warmer than today [Frenze!l et al., 1992].
Warming into the Eemian may have occurred in two major
steps, similar to the last deglaciation [Sarnthein and
Tiedemann, 1990; Seidenkrantz et ai., 1993; 1996]. -
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Though it was named after a warm-climate phase seen in
the terrestrial pollen record of the Netherlands fe.g., Zag-
wijn, 1963, 1975, the first generally accepted numerical
dates for the start of the Eemian came from astronomic
tuning of benthic foraminiferal oxygen isotope data [e.g.,
Shackleton, 1969; Martinson et al., 1987]. The age and
duration of the warm Stage 3e, however, is still under dis-
cussion [Frenze! and Bludau, 1987; Kukla, 2000]. Work
on deep-sea sediments [Imbrie et al., 1993; Sarnthein and
Tiedemann, 1990; Maslin et al., 1998b] and corals [Szabo
et al., 1994; Stirling et al., 1995; Slowey et al., 1996] sug-
gests that rapid warming could have started as early as 132
ka, while work on the Antarctic Vostok ice core suggests a
possible initiation at 134 ka [Jouze! et al., 1993; 1996].
Studies of an Alaskan site (the Eve Interglaciation Forest
Bed) suggest that the warming probably postdates 140 ka,
because a tephra layer, which is thought to underlie this
bed, has been dated to 140 +/-20 ka BP, though the precise
relationship between the tephra and the organic bed, and of
the age of the organic sediments, remains uncertain [S.
Elias, pers. comm.]. Uranium-"Thorium dated records from
a continental karst sediment in the southwestern USA
[Devil's Hole; Winograd et al., 1988; 1992; 1997], how-
ever, suggest a much earlier start of warming at about 140
ka. .

There has been much discussion about the reliability of
dating of the marine isotope stages when compared with
the Devil's Hole record [e.g., Imbrie et al., 1993], but new
radiometric Protactinium-231 dating has apparently con-
firmed that both records are reliable [Edwards et al,
1997]. We must thus consider the possibility that warm
conditions did not last for the same amount of time
throughout the world. For instance, comparison of various
land records suggests that warming may have occurred at
different times in the Alps and in northern France [de
Beaulieu and Reille, 1989].

Winograd et al. [1997] date the ending of the warm pe-
riod at about the same time as that suggested by the
SPECMAP time scale, which means that the duration of
the Eemian warm period according to the Devil’s Hole
record was significantly longer than that suggested by the
marine record (25 ka vs. 17 ka). We need to consider the
possibility that warm intervals as seen in pollen records
have a longer duration than periods of high sea level and
low ice volume in the marine record: Kukla et al. [1997;
2000] and Tzedakis et al. [1997), for instance, suggest that
the Eemian (as reflected in the pollen tecords) started at
about 130 ka, but ended much later than the end of MIS
5S¢, and that the duration of land interglacials thus is indeed
longer than the period of low ice volume.

If the complexity outlined above is accepted, then it
seems that for thousands of years warm 'interglacial' type
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conditions -in the mid-latitudes on land could have been
accurring at the same time as much colder ocean condi-
tions and expanded-Arctic-ice sheets. If so the Eemian, it
appears, could have been 4 strauge beast quite unlike our
present interglacial phase, which began with a rapid and

largely simultancons warming all around the world. This.

confusion over the nature and duration of the Eemian adds
to the difficulty in making simple, general comparisons
with our present interglacial, and in-interpreting the sig-
nificance of some of the events seen in the marine and ice
core records. )

Vl.c. Evidence of Climate Instability During the Eemian

Initial evidence from the GRIP ice core [Dansgaard et
al., 1993; Taylor et al., 1993] suggested that the Eemian
was punctuated by many short-lived extreme cold events.
The cold events seemed to last a few thousand years, and
the magnitude of cooling was similar to the difference be-

tween glacial and interglaciat. Furthermore, the shifts be-

tween these warm and cold periods seemed to be exiremely
rapid, possibly occurring over a few decades or less.

A second ice core (GISP2) from the Greenland ice cap
[Grootes et al., 1993] provided an almost identical climate
record for the last 110 ka, shortly after the end of the
Eemian, GISP2 also contains marked changes in the iso-
tope values throughout the deeper section that are not con-
sistent with the GIRP record [Grootes et al., 1993]. Sig-
nificantly, in GISP2 steeply inclined ice layers occur in
this lower portion of the core, indicating that the ice has
been disturbed, and that we cannot distinguish simple tilt-
ing from folding or slippage that would juxtapose ice of
very different ages [Boulfon, 1993]. For this reason, the
deeper GISP2 record has been interpreted as containing
interglacial and glacial ice of indeterminate age, due to the
effects of ice tectonics [Grootes et al., 1993; Alley et al.,
1997a]. It has been confirmed that the deeper parts of the
GRIP ice core record (referred to above), including the
crucial Eemian sequence, also tilted [e.g.; Grootes et al.,
1993; Taylor er al., 1993; Boulton, 1993; Chapeéilaz et al.,
1997, Hammer et al., 1997; Steffensen et al., 1997], with
Johnsen et al. [1995, 1997] reporting layers tilted up to 20
within the Marine Isotope Stage Sc¢ (110 ka).

Evidence to support for the occurrence of cold Eemian
events was obtained from .lake records from continental
Europe [de Beaulieu and Reille, 1989, Guiot et al., 1993},
in particular the Massif Central in France [Thouveny et al.,
1994] and Bispingen inGermany [Field et al. 1994]. How-
ever, these records suggest only that the Eemian climate
was more variable than that of the Holocene, not the more
extreme departures to near-glacial conditions seemingly
indicated by the ice cores records. Oceanic records from
the North Atlantic [McManus et ai., 1994; Adkins et al.,

1997; Oppo et al., 1997; Chapman and Shackleton, 1999]
and the Bahamas Outer Ridge [Keigwin et al., 1994] indi-
cate very little or no climatic variability during the Eemian,
but a cuoling appears to be present in oceanic records from
the Sulu Sea [Indonesia; Linsley 1996]. In contrast to this,
records from both the Nordic Seas and west of Ireland
show 2 cooling and freshening of the North Atlantic in the
middle of the Eemian somewhere between 120 and 123 ka
[Cortijo et al., 1994; Fronval and Jansen, 1996). These
Nordic records: show highly variable surface water condi-
tions throughout the Eemian period. Records from slightly
further south on the north-west European shelf sediments,
suggest a similar picture of cold intervals during the
Eemian [Seidenkrantz et al., 1995].

Evidence for a single sudden cool event during the
Eemian is also present in pollen and lake records in central .
Burope [Field et al., 1994; Thouveny et al., 1994], from
loess sedimentology in central China. [Zhisheng and Por-
ter, 1997} and from ocean sediment records from the east-
ern sub-tropical Atlantic [Maslin ef al., 1996; 1998b;
Maslin and Tzedakis, 1996] and the re-interpretation of the
Nordic Sea records [Cortifo et al, 1994; Fronval and
Jansen, 1996] by Maslin and Tzedakis [1996]. Further
support for the existence of an intra-Eemian cooling event
comes indirectly from coral reef records. High precision
U-series coral dates from western Australia indicate that
the main global episode of coral reef building during the
last interglacial period (dated between 130 and 117 ka)
was confined to just a few thousand years between 127 to
122 ka [Stirling et al., 1995], thus ending at the beginning
of the Intra~-Eemian cold event at about 122 ka (Figure 18).
There is also supporting evidence for a cold dry period
between 120-121 from a high precision U-series dated
speleothem from NW England [Hodge, 2000].

Overall, there is a growing consensus that there was for
at Jeast one cold dry event near the middle of the Eemian,
at about 120-122 ka. It is characterized by a change in cir-
culation pafterns in the North Atlantic, decline in Atlantic
surface temperatures by several degrees, and by opening
up of the west European forests to give a mixture of steppe
and trees. This intra-Eemian cold phase was less dramatic
than had been suggested by the variability in the ice core
records, but still a major climatic change. Evidence from a
high resolution marine core record at Site ODP 638
[Maslin and Tzedakis, 1996] suggests that this event may
have been driven by a brief reduction in NADW formation
(Figure 18). Afterwards climate recovéred, but conditions
did not return to the full warmth of the early Eemian 'opti-
mum'. We could view this two stage Interglacial in terms
of bifurcation as the intra-Eemian cold drives the climate
system into a cooler phase which it can not get out because
insolation is already dropping (Figure 19).
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V1.d. Holocene

The ice-core records initially suggested the Holocene to
be largely complacent as far as climate variability is con-
cerned [e.g., Dansgaard et al., 1993]. This view is being
progressively eroded. Long-term trends indicate an early to
mid-Holocene climatic optimum with a cooling trend in
the late Holocene. Superimposed on this are several dis-
tinct oscillations or climate steps which appear to be of
widespread significance (8.2 ka, 5.5-5.3 ka and 2.5 ka) see
Figure 20. These events now seem to be part of the mil-
lenial scale quasi-periodic climate changes, similar to the
D-O cycles, and are characteristic of the Holocene
[O'Brien et al., 1996; Bond et al., 1997; Bianchi and
McCave, 1999; deMenocal et al., 2000; Giraudeau et al.,
2000}.

The periodicity of these Holocene D-O cycles is the sub-
joct of much debate. Initial analysis of the Greenland ice
core and North Atlantic sediment records have found cy-
cles at approximately the same 1,500 (+500) year rhythm
as that found for the last glacial period [O'Brien ef al.,
1996; Mayewski et al., 1997; Bond et al, 1997, Campbeli
et al, 1998; Bianchi and McCave, 1999; Chapman and
Shackleton, 2000]. Subsequent analyses have also found
both a strong 1,000 year and 550 year cycle [ Chapman and
Shackleton, 2000]. These short cycles have also been re-
corded in the residual A14C data derived from dendro-
chronology calibrated bidccadal tree-ring measurements
spanning the last 11,500 years. The general conclusion is
that the Holocene does contain climate variations on the
millennial-scale. In general, the coldest points of each of
the Holocene millennial-scale cycles surface temperatures
of the North Atlantic were about 2-4 °C cooler than at the
warmest part [Bond et al., 1997; deMenocal et al., 2000].

The first Holocene event at 8200 ka is the most striking
sudden cooling event during the Holocene [Bjorch et al.,
1996], giving widespread cool, dry conditions lasting per-
haps 200 ycars beforc a rapid return to climates warmer
and generally moister than the present. This event is
clearly detectable in the Greenland ice cores, where the
cooling seems to have been about half-way as severe as the
Younger Dryas-to-Holocene difference [Alley et al,

1997a; Mayewski et al., 1997). Records from North Africa
across Southern Asia suggest more arid conditions involv-
ing a failure of the summer monsoon rains [e.g., Sirocko et
al, 1993]. Cold and/or aridity also seems to have hit
northern most South America, eastern North America and
parts of NW Europe [dlley et al., 1997a and b].

In the middle Holocene at approximately 5,500 ka there
seems be a sudden and widespread shift to.drier or moister
conditions [e.g., Dorale et al., 1992]. The dust and SST
records off NW Afirica shows that the African Humid Pe-
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Figure 20. Comparison of summer insolation-for 65°N, with Northwest African climate [deMenocal et al.. 2000] and
North Atlantic climate [V29-191, Bond et al., 1997; NEAP 15K, Bianchi and McCave, 1999; GISP2, O’Brien et al.,
1995]. Note the similarity of events labeled 1 to 8 and the Little Ice Age (L1A).

riod, when much of subtropical West Africa was vegetated,
lasted from 14.8 to 5.5 ka [deMenocal et al., 2000, sée
Figure 20]. At 5.5 ka there is a 300 year transition to much

drier conditions in West Africa (Figure 20). This mid-

Holocene shift also corresponds with the decline of the elm
(Ulmus) in Europe at about 5700 ka and hemlock (Isuga)
in North America about 5300 ka. Both vegetation changes
were initially attributed to specific pathogen attacks [Rack-
ham, 1980; Peglar, 1993], but they may be mote con-
nected to climate deterioration [Maslin and Izedakis,
1996]. This step to colder and drier conditions could also
correspond to the similar change that is observed in the
MOIS Se (Eemian) records. There is also evidence for a
strong cold and arid event occurring about 4 ka across the
North Atlantic, northern Africa and southern Asia [Bradley
and Jones, 1992; O'Brien et al., 1996; Bond et al., 1997,
Bianchi and McCave, 1999; deMenocal et al., 2000; Cul-
len et al., 2000, see Figure 20]. This cold arid event coin-
cides with the collapse of a large number of the major ur-
ban civilizations including: the Old Kingdom in Egypt, the
Akkadian Empirer in Mesopotamia, the Early Bronze Age
societies of Anatolia, Greece, Israel, the Indus Valley civi-
lization in India, the Hilmand civilization in Afganistan
and the Hongshan culture of China [Peiser, 1998; Cullen ot
al., 2000]. Hence these relatively small changes in Holo-
cene climate may have had immense influence on human-

ity.

Vle. Little Ice Age (LI4)

The most recent Holocene D-O cold event is the Little
Ice Age. This event is really two cold periods, the first of
these cold periods follows the 1000 year long Medieval
Warm Period and is often referred to as the Medieval Cold
Period (MCP) or LIA b [deMenocal et al., 2000]. The
MCP played a role in extingnishing Norse colonies on
Greénland and caused famine and mass migration in
Europe [e.g., Barlow et al., 1997). It started gradually be-
fore 13® century and ended in the middle of the 17" cen-
try {Bradley and Jones, 1992]. There was then brief res-
pite and a return to milder conditions. Then the second

~ cold period kicked in, this is more classically referred to as

the Little Ice Age [LI4 b, deMerocal et al., 2000] and
lasted from the middle of the 18" century to the end of the
19% century. It is thought that the Little Ice Age may have
been the most rapid and largest change in the climate of
the North Atlantic region during the Holocene according to
ice core and deep sea sediment records [O'Brien et al.,
1996; Mayewski et al., 1997; deMenocal et al., 2000]. The
Little Ice Age events are characterized by a drop of 0.5-
1°C in Greenland temperatures [Dahi-Jensen et al., 1998]
and sea surface temperature drop of 4°C off the coast of
west Africa [deMenocal et al., 2000] and 2°C off the Ber-
muda Rise [Keigwin, 1996). One question that stitl remains
to be answered is whether the Little Ice Age was a global
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Figure 21. Comparison of Greenland temperatures, the Bermuda Rise sea surface temperatures [Keigwin, 1996] and
west African and a sea surface temperature [deMenocal et al., 2000] for the last 2.5 ka. LIA = Little Ice Age, MWP =
Medieval Warm Period. Solid triangles indicate radiocarbon dates.

or only North Atlantic climate change [Thompsor et al., planation at present because the similarity of the events in
1986; Bond et al., 1999]. the Holocene are similar to those in the last glacial period.
The defining evidence that is still missing is an out of
phase relationship between the climate records of the
North Atlantic and the Southern Ocean during the Holo-
Bianchi and McCave {1999] have shown that during the cene.
Holocene there have been regular reductions in the inten- On a more radical note Wunsch [2000], provides a very
sity of NADW which they link to the Dansgaard-Oeschger  different explanation for the pervasive 1500 year cycle
cycles identified by O'Brien et al. [1995] and Bond et al. seer: in both deep sea and ice core, glacial and interglacial
{1997]. Dansgaard-Oeschger cycles [Hodge, 2000} and a  records. Wunsch [2000] suggests that the extremely narrow
major cold event have also been found in the previous in- spectral lines (less than two bandwidths) that have been
terglacial [Maslin et al., 1998b]. There are two possible  found at about 1500 years in many paleo-records may be
reasons for the millennial scalc changes obscrved in the due to aliasing. As the 1500 year peak appears preciscly at
intensity of the NADW, instability solely in the North At-  the period predicted as a simple alias of the seasonal cycle
lantic region or the bipolar climate seesaw. inadequately (under the Nyquist criterion) sampled at inte-
First there could be an intrinsic millennial instability in ger multiples of the common year. When Wunsch [2000]
the North Atlantic region. Hence, the amount of freshwater ~ removes this peak from the Greenland ice core data
input into the surface waters varics on the millennial time [Mayewski et al., 1997] and deep-sea spectral records [Bi-
scale to produce the observed reductions. There are anum-  anchi and McCave, 1999] climate variability appears as
ber of possible reasons for this including 1) internal insta-  expected to be a continuum process in the millennial band.
bility of the Greenland ice sheet producing periods of en- This work suggests that finding a cyclicity of 1500 years in
hanced amounts of melting icebergs, 2) cyclic increases in ~ a data set may not represent the true occurrence of the mil-

VIf. Possible Causes of Millernial Climate Fluctuations
During Interglacials

precipitation over the Nordic Seas duc to the North Atlan- lennial scalc cvents in the record. It also supports the casc
tic storm tracks penetration further north 3) freshwater  that both Heinrich events and Dansgaard-Oeschger cycles
pulses from the Labrador Sea or 4) changes in surface cur- are quasi-periodic with many different and possibly sto-

rents allowing a great import of fresher water from the  chastic influences on their occurrence.
Pacific, possibly due to reduction in sea ice in Arctic
Ocean.

The second possible cause is that the suggested glacial
intrinsic millennial-scale bipolar seesaw also operates dur-
ing interglacial periods (see Figure 15). Seidov et al. . _
[2001; this volume) demonstrate that the deep water oscil- From present understanding of Quaternary climate
lator described in Figare 15 could be just as valid for inter-  changc, we know there arc certainly large climatic transi-
glacial periods. We suggest this is the most plausible ex-  tions which have occurred on the time-scale of individual

THE FUTURE

Future Dramatic Decadal Time-scale Climate Transitions?



human lifetimes. For exainple the end of the Younger
Dryas and various D-O cold events during the Holocene.
Many other substantial shifts in climate took at most a few
decades or centuries (Heinrich events, various stages dur-
ing the last deglaciation). It is clear that despite a huge
amount of data being produced there are still many prob-
lems with understanding the mechanisms controlling cen-
tury to millennial scale global climate changes [e.g., Rind
and Overpeck, 1993, see Figure 22]. The most important
finding of this synthesis, however, is the findamental im-
portance of the deep-water system in controlling rapid
global climatic change. Ours is a unique system as the
NADW only developed during the Miocene and did not
really become important until the closure of the Panama
gateway. Since then it has been put forward as a major
control on the ONHG, MPR, glacial-interglacial cycles,
Heinrich events, glacial and interglacial D-O cycles.

Despite our growing understanding of the causes of
rapid climate shift it is still difficult to quantify the future
risks of sudden switches in the deep-water system. This is
because of the possibility of NADW bifurcation
[Rahmstorf et al., 1996] and it is not known where on the
threshold figure our current climate system resides (Figure
3). The possibility of deep water variations do appear to be
real and relatively smail-scale changes in North Atlantic
salinity have been-observed and studied in the last few
decades [Dickson et al., 1988]. Fluctuations in surface wa-
ter characteristics and precipitation patterns in that region
vary on decadal time scales with variations in thc strength
of high-pressure areas over the Azores and Iceland [North
Atlantic Oscillation; Hurreif, 1995, 1996], providing an
observed apparent link between salinity and climate fluc-
tuations. The fear is that relatively small anthropogenic
changes in high-latitude temperature as a result of in-
creased concentrations of greenhouse gases might effect
the Nordic Seas in the following ways: increased precipita-
tion, increased freshwater runoff and/or meltwater from the
adjacent continents or reduced sea ice formation
[Rahmstorf et al., 1996). All of which would reduce the
surface water salinity and thus the potential to form deep
water. Some scenarios in which atmospheric carbon diox-
ide levels are allowed to rise to several times higher than at
present result in increased runoff from rivers entering the
Arctic Basin, and a rapid weakening of the Gulf Stream,
resulting in colder conditions (especially in winter) across
much of Europe [Broecker, 1997b].

There is however a second twist, the bipolar seesaw that
has been discovered in the palacoclimate - records
[Broecker, 1998; 2000; Stocker, 1998; Seidov and Maslin,
2000]. If indeed the NADW formation is reduced in the
future cooling the North Atlantic region there could be a
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Figure 22. Spectrum of Climate Variance showing the climatic.
cycles for which we have good understanding and the ‘gap® be-
tween 100s and 1000s of years for which we still do not have
adequate understanding of the causes.

corresponding by delayed warmming in the Southern Ocean.
Recent modeling results, however, also suggest that the
Southern Ocean is as sensitive if not more so to meltwater
inputs than the North Atlantic region [Seidov er al., 2001;
this volume]. Meltwater input to the Southern ocean has
been shown to dramatically reduce AABW- production and
increase deep water temperatures. This in turn would allow
the NADW to .strengthen warming the Northern Hemi-
sphere. So currently we have two completely opposite sce-
narios which will make a significant difference to the inter-
Hemisphere heat balance, which influences the whole
monsoonal system. The only difference is whether global
warming causes thc most significant freshwater input to
occur in the North Atlantic region or the Southern ocean.

To paraphrase W.S. Broecker; 'Climate is an ill-
tempered beast, and we are poking it with sticks'.
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Figure 23. Changes in the shape of the Earth’s orbit around the sun. (2) The shape of the orbit changes from a near
circular fo elliptical. The position along the orbit when the Earth is closest to the Sun is termed the perihelion and the
position when it is furthest from the Sun aphelion. {b) The preseni-day orbit and its relationship to the seasons, sol-

stices and equinoxes [after Wilson et al., 2000].

APPENDIX I: ORBITAL FORCING; THE BASICS'
[ADAPTED FROM WILSON ET AL., 2000 AND LOWE
AND WALKER, 2000]

Eccentricity (Figure 23)

The shape of the Earth’s orbit changes from near circular
to an ellipse over a period of about 100 ka with a long cy-
cle of about 400 ka (in detail there are two distinct spectral
peaks-near 100 ka and onc at 413 ka). Descibed ‘another
way-the long axis of the ellipse varies in length over time.
Today, the Earth is at its closest (146 million km) to the
sun on January 3: this position is known as perihelion. On
July 4% it is at most distance from the sun (156 million km)
at the aphelion. Changes in eccentricity cause only very
minor variations, approximately 0.03% in the total annunal
insolation, but can have significant seasonal effects. If the
orbit of the Earth were perfectly circular there would be no
seasonal variation in solar insolation. Today, the avaerage
amount of radiation received by the Earth at perihelion is ~
351 Wm? reducing to 329 Wm? at aphelion, a difference of
more than 6%. At times of maximum eccentricity over the
last 5 Ma this difference could have been as large as 30%.
Milankovitch [1949] suggested that the northern ice sheets
are more likely to form when the Sun-is more distant in
summer, so that each year some of previous winters spow
can survive. At a certain size the ice sheets start influenc-
ing the local climate and there are positive feedbacks
which are discussed more fully in Section Ila. As the inten-
sity of solar radiation reaching the Earth diminishes as the
square of the planet’s distance, global insolation falls at the

present time by near 7% between January and July. A
situation that is more favouable for snow surviving in the
Northern rather than Southern Hemisphere. The more el-
liptical the shape of the orbit becomes, the.more the season
will be exaggerated in one hemisphere and moderated in
the other. The other effect of eccentricity is to modulate
the precession effects, see below.

Obliquity (Figure 24)

The tilt of the Earth’s axis of rotation with respect to the
plane of its orbit (the plane of the ecliptic) varies between
21.8° and 24.4° over a period of 41 ka. It is the tilt of the
axis of rotation that gives us the seasons. Because in sum-
mer the hemisphere is tilted towards the Sun and is warmer
because it recieves more than 12 hours of sunlight and the
Sun is higher in the sky. At the same time the opposite
hemisphere is tilted away from the Sun and is in winter as
it colder as it recieves less than 12 hours of sunlight and
the Sun is lower in the sky. Hence the greater the obliguity
the greater the difference between summer and winter. As
Milankovitch [1949] suggested the colder the Northern
Hemisphere summers the more like ice sheets are to build-
up. This is why there seems to be a straight forward ex-
plaination for the glacial-interglacial cycle prior to the
Mid-Pleistocene Revolution wheich occur every 41 ka.

Precession (Figure 24)

There are two components of precession: that relating to
the elliptical orbit of the Larth and that related to its axis of
rotation. The Earth’s rotational axis moves around a full
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The precession of the Earth’s orbit. (c) The precession of the equinoxes [after Wilson et al., 2000}.
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circle, or precesses every 27 ka (Fig 24 a). This is similar
to the gyrations of the rotational axis of a toy spinning top.
Precession causes the dates of the equinoxoes to travel
around the sun resulting in a change in the Earth-Sun dis-
tance for any particular date, for example Northern Hemi-
sphere summer (Fig. 24 c). While the precession of the
Earth’s orbit is shown in Figure 24 ¢, which has a periodic-
ity of 105 ka and changes the time of year when the Earth
is closest to the Sun (perihelion).

It is the combination of the different orbital parameters
that results in the classically quoted precessional peri-
odicities of 23 ka and 19 ka. Combining the precession of
the axis of rotation plus the precessional changes in orbit
produces a period of 23 ka. Combining the shape of the
orbit ie., eccentricity, and the precession of the axis of
rotation results in a period of 19 ka. These two peri-
odicities combine so that perihelion coincides with the
summer season in each hemisphere on average every 21.7
ka, resulting in the precession of the equinoxes.

Combining Eccentricity, Obliquity and Precession (Figure
25)

Combining the effects of eccentricity, obliquity and pre-
cession provides the means of calculating the insolation for
any latitude back through time [e.g., Milankovitch, 1941;
Berger, 1976; 1979; 1988; 1989; Berger and Loutre,
1991]. The maximum change in solar radiation in the last

( 600 ka (see Figure 25) is equivalent to reducing the
amount of summer radiation received today at 65°N to that
received now over 550 km to the north at 77°N. Which in
simplistic terms brings the current glacial limit in mid-
Norway down to the latitude of Scotland. However, the
key factor to note is that each of the orbital parameters has
a different effect with changing latitude. For example
obliquity has increasing influence the higher the latitude,
while precession has its largest influence in the tropics.

REFERENCES

Abe-Ouchi, A., Quaternary transition: A. bifurcation in forced ice
sheet oscillations? Eos Trans. AGU, 77 (46), Fall Meet.
Suppl,, F415, 1996.

Adams, J, M.A. Maslin and E. Thomas, Sudden climate transi-
tions during the Quaternary, Progress ir Physical Geography,
23, 1, 1-36, 1999.

Adkins J. F., Boyle E. A., Keigwin, L., and Cortijo E., Variability
of the North Atlantic thermohaline circulation during the last
interglacial period. Nature, 390, 154-156, 1997.

Alley, R. B., The two mile time machine, Princeton University
Press, Princton, USA, pp229, 2000.

Allcy, RB. and P.U. Clark, The deglaciation of the Northern
Hemisphere, Ann. Rev. Earth Planet. Sci., 27, 149-182, 1999.

Alley, R. B., Gow, A. J., Meese, D. A, Fitzpatrick, J. 3., Wad-
dington, E. D., and Bolzan, J. F., Grain-scale processes, fold-
ing, and stratigraphic disturbance in the GISP2 ice core. Jour-
nal of Geophysical Research, 102, 26,819-26.829, 1997a.

Alley, R. B., Mayewski, P. A., Sowers, T., Stuiver, M., Taylor,
K. C., and Clark, P. U., Holocene climatic instability: 2 promi-
nent, widespread event 8200 yr. ago. Geology, 25, 483-486,
1997b.

Alley, R.B., S. Anandakrishnan, P. Jung, and A. Clough, Sto-
chastic resonance in the North Atlantic: Further insights
(2001; this volume). :

Andrews, J. T., Abrupt chnages (Heinrich events) in later Quater-
nary North Atlantic marine environments, JOS, 13, 3-16,
1998.

Andrews, 1. T., Frienkeuser, H., Tedesco, K., Aksu, A. E., and
Jull, A. J. T., Late Quaternary (Stage 2 and 3) meltwater and
Heinrich events, Northwest Labrador Sea, Quaternary Re-
search, 41, 26-34, 1994,

Bard, E. el al., Interhemispheric synchrony of the last deglacia-
tion inferred from alkenone palacothermomtry, Nature, 385,
707-710, 1997.

Barlow, L. K., Sadler, J. P., Ogilvie, A. E. J., Buckland, P. C,,
Amorosi, T., Ingimundarsen, J. H., Skidmore, P., Dugmore,
A. J., and McGovemn, T, H., Interdisciplinary investigations of
the end of the Norse western settlement in Greenland, The
Holocene, 7, 189-199, 1997,

Behl, R. J., and Kennett, J. P., Brief interstadial events in the
Santa Barbara basin, NE Pacific, during the past 60 kyr. Na-
ture, 379, 243-246, 1996.

Berger, A., Obliquity and precession for the last 5,000,000 years.
Astronomy and Astrophysics, 51, 127-135, 1976.

Berger, A., Insolation signatures of Quaternary climatic changes,
IL Nuoco Cimenio. 2C, 63-87, 1979.

Berger, A., Milankovitch theory and climate. Review of Geophys-
ics, 26, 624-657, 1988.

Berger, A., Pleistocene climatic variability at astronomical fre-
quencics. Quaternury International, 2, 1-14, 1989.

Berger, A. and Loutre, MLF., Insolation values for the climate of
the last 10 million years. Quat. Sci. Rev., 10, 297-317, 1991,
Berger, A, Li, X., Loutre, M.F., Modelling northern hemisphere

ice volume over the last 3 Ma. Quat. Sci. Rev., 18, 1-11, 1999,

Berger, W.H. and Jansen, E., Mid-Pleistocene climate shift; the
Nansen connection. In: Johannessen et al (Eds). The Polar
Oceans and their role in shaping the global environment.
Geophys Monogr., 84, 295-311, 1994.

Berger, W. H., and Jansen, E., Younger Dryas episode: ice col-
lapse and super-fijord heat pump. In: The Younger Dryas, S.
R. Troelstra, J. E. van Hinte, and G. M. Ganssen, eds.,
Koninklijke Nederlandse Akademie van Wetenschappen, Af-
deling Natuurkunde, Eerste Reeks, 44, 61-103, 1995,

Berger. W.H. and G. Wefer, Expeditions into the Past: Paleo-
ceanographic studies in the South Atlantic, In Wefer et al.
(editors) The Socuth Atlantic: present and past ciculation,
Spinger-Verlag, Berlin, 363-410, 1996.

Berger, W.H.,, Bickert, T., Schmidt, H. and Wefer, G., Quaternary
oxygen isotope record of pelagic foraminiferas: . Site 806,



Ontong Java Platean. In Berger, W.H., Kroenke, L.W., Mayer,
L.A. et al, Proc. ODP, Sci. Results., 130: College Station, TX
(Ocean Drilling Program), 381-395, 1993. -

Berger, W. H., Bickert, T., Jansen, E., Wefer, G., and Yasuda,
M., The central mystery of the Quaternary ice age, Uceanus,
36,.53-56, 1993. :

Berner, R.A., Geocarb 1L: A revised model of atmospheric COp
over the phanerozoic time. American Journal of Science, 294,
56-91, 1994.

Berner, R. A, and Rye, D. M., Calculation of the Phanerozoic
strontium isotope record of the oceans from a carbon cycle
model. American Journal of Science, 292; 136-148, 1992.

Bianchi, G.G. and L.N. McCave, Holocene periodicity in North
Atlantic climate and deep-ocean flow south of Iceland, Na-
ture, 397,515-513, 1999.

Bjorck, S., Walker, M.J.C., Cwynar, L., Johnsen, S.J., Knudsen,
K.L., Lowe, 1.J., Wohlfarth, B. and INTIMATE Members, An
event stratigraphy for the Last Termination in the North At-
lantic based on the Greenland Ice Core record: a proposal by
the INTIMATE group. Journal of Quaternary Science, 13,
283-292, 1998.

Bjorck, S., Kromer, B., Johnsen, S., Bennike, O., Hammarlund,
D., Lemdahl, G., Possnert, G., Rasmussen, T. L., Wohifarth,
B., Hammer, C. U, and Spurk, M., Synchronized terrestrial-
atmospheric deglacial records around the North Atlantic. Sci-
ence, 274, 1155-1160, 1996. .

Blunier, T., Chappeliaz, J., Schwander, I., Dillenbach, Stauffer,
B., Stocker, T.F., Raynand, D., Jouzei, J., Clansen, HB.,
Hammer, C.U. and Johnsen, S.J., Asynchrony of Antarctic
and Greenland climate change during the last glacial period.
Nature, 384, 739-743, 1998.

Bolin, B., On the influence of the earth’s orography on ibe gen-
eral character of the westerlies. Tellus, 2, 184-195, 1950.

Bond, G., Climate and the conveyor Nature, 377, 383-4, 1995

Bond, G., Heinrich, H., Broecker, W., Labeyrie, L., McManus, J.,
Andrews, J., Huon, S.,-Jantschik, R., Clasen, S., Simet, C.,
Tedesco, K., Klas, M., Bonani, G.; and Ivy, S., Evidence for
massive discharges of icebergs into the North Atlantic Ocean
during the last glacial period. Nature, 360, 245-249, 1992.

Bond, G. C., Broecker, W., Johnsen, S., McManus, J., Labeyrie,
L., Jouzel, J., and Bonani, G., Correlations between climate
records from North Atlantic sediments and Greenland ice. Na-
ture, 365, 143-147, 1993.

Bond, G. C., and Lotti, R., Iceberg discharges into the North
Atlantic on millennial time scales during the last deglaciation.
Science, 267, 1005-1010, 1995

Bond, G., Showers, W., Cheseby, M., Lotti, R., Almasi, P., de-
Mcnocal, P.,Privre, P., Cullen H., Hajdas . & Bonani G., A
pervasive millenial-scale cycle in North Atlantic Holocene
and glacial climates. Science, 278, 1257-1265, 1997.

Bond, G., W. Showers, M. Elliot, M. Evans, R. Lotti, I. Hajdas,
G. Bonani; and S. Johnson, The North Atlantic’s 1-2 kyr cli-
mate rhythm: relation to Heinrich events, Dansgaard/Oeschger
cycles and the Little Ice Age, In Mechanisms of global climate
change at the millennial time scale (Clark, Webb and Keigwin
editors) Geophysical Monograph, 112, 35-58, 1999.

MASLIN ET AL. 43

Boulton, G. S., Two cores are better than one, Nature, 366, 507-
508, 1993,

Bradley, R. S., and Jones, P., The Little Ice Age. The Holocene,
3,367-376, 1992.

Breza, J. and Wise, S.W., Lower Ohgocene ice-rafted debris on
the Kergulen Plateau, Evidence for. East Antarctic continental
glaciation, Proc. Ocean Drill. Program Sci. Results, 120, 161-
178, 1992,

Broecker, W. S., The great ocean conveyor, Oceanography, 1:

79-89, 1991.

Broecker, W. S., Massive 1ceberg discharges as triggers for
global climaic change, Nature, 372, 421-424, 1994.

Broecker W. S., The glacial world according to Wally. Eldigio
press, 1995.

Broecker, W. S., Thermohaline circulation, the Achilles heel of
our climate system: will man-made CO2 upset the current bal-
ance? Science, 278, 1582-1588, 1997a.

Broecker W. S.; Will Our Ride into the Greenhouse Future be a
Smooth One? GS4 Today, 7, 1-7, 1997b.

Broecker, W., 1998: Paleocean circulation during the last degla-
ciation: a bipolar sccsaw? Paleocearography, 13, 119-121.
Broecker, W.S., Was a change in thermohaline circulation re-
sponsible for the Little Ice Age?, Proc. Nat. Acad. Sci., 97(4):

1339-1342, 2000.

Broecker, W. S.; Bond, G., Klas; M., Clark, E., and McManus, J.,
Origin of the North Atlantic's Heinrich events. Climate Dy-
namics, 6, 265-273, 1992.

Brook, E. I., Sowers, T., and Orchardo, J., Rapid variations in
atmospheric methane concentration during the past 110,000
years. Science, 273, 1087-1091, 1996

Burton, K. W., Ling, H.-F., and O'Nions, K. R, Closure of the
Central American Isthimus aad its effect on deep-water forma-
tion in the North Atlantic. Nature, 386, 382-385, 1997.

Cane, M. A., A Role for the t'topical Pacific. Science, 282, 59-
61, 1998.

Campbell, 1. D., Campbell, C., Apps, M. J., Rutter, N. W., and
Bush, A. B. G., Late Holocene ~1500 yr. periodicities and
their implications, Geology, 26, 471-473, 1998.

Chappeilaz §. M., Blunier T., Raynaud D., Bamola J. M,
Schwander J. and Stauffer B., Synchronous changes in atmos-
pheric CH4 and Greenland climate between 40 and 8 kyr BP.

Nature, 366, 443-445, 1993.

Chappellaz, J., Brook, E., Blunier, T., and Malaizé, B., CHy
and & 80 of O records from Antarctic and Greenland ice: a
clue for stratigraphic disturbance in the bottom part of the
~Greenland Ice Core Project and the Greenland Ice Sheet Pro-
ject 2" ice cores. Journal of Geophysical Research 102,
26,547-26,557, 1997.

Chapman, M., and M.A. Maslin, Low latitude forcing of merid-
ional temperature and salinity gradients in the North Atlantic
and. the- growth of glacial ice sheets, Geology, 27, 875-878,
1999.

Chapman, M.R: and N.J. Shackleton, Evidence of 550 year and
1000 years cyclicities in North Atlantic pattern during the
Holocene, Holacene, 10, 287-291, 2000.

Charney, J.G. and Ellassen, A., A numerical method for predlct-



44 NATURE AND CAUSES OF RAPID QUATERNARY CLIMATE TRANSITIONS

ing the perturbations of the middle-latitude westerlies. Tellus,
1, 38-54, 1549. .

Clark, P. and Pollard, D., Origin of the middle Pleistocerie ransi-
tion by ice sheet erosion of regolith. Paleoceanography, 13, 1-
9,1998.

Clark, P., R. Webb and L. Keigwin (editors), Mechanisms of
global climate change at the millennial time scale, Geophysi-
cal Monograph 112, AGU Washington, pp394, 1999.

Comiso, J. C., and Gordon, A. L., Recurring polynyas over the
Cosmonaut Sea and the Maud Rise. Journal of Geophysical
Research, 92, 2819-2833, 1987.

Compton, J. S. and Mallinson, D.J., Geochemical consequences
of increased late Cenozoic weathering rates and the global
CO7 balance since 100 Ma, Paleoceanography, 11, 431-446,
1996. :

Cortijo E., Duplessy, J.-C., Labeyrie, L., Leclaire, H., Duprat, 1.,
and van Weering, T. C. E., Eemian cooling in the Norwegian
Sea and North Atlantic Ocean preceding continéntal ice-sheet
growth. Nature, 372, 446-449, 1994,

Cortijo E.,ct al., Changes in sea surface hydrology associated -

with Heinrich event 4 in the North Atalntic Ocean between
40° and 60°N, Earth and Planet. Sci. Lett., 146, 29-45, 1997.

Copeland, P., Harrison, 1.M., Kidd, W.S.F., Ronghua, X. and
Yuquan, Z., Rapid early Miocene acceleration of uplift of the
Gagdese Belt, Xizang (southern Tibet), and its bearing on ac-
comodation mechanisms of - the India-Asia collision. Earth
and Planet. Sci. Lett., 86, 240-252, 1987.

Cronin, T.M., Raymo, M.E. and Kyle, K.P. Pliocene (3.2-2.4
Ma) ostracode faunal cycles and deep ocean circulation, North
Atlantic Ocean. Geology, 24, 695-698, 1996.

Cullen, H-M,, et al., Climate change and the collapse of the Ak-
kadian Empire: Evidénce from the deep sea. Geology, 28,
379-382, 2000.

Curtis, J. H,, Hodell, D. A, and Brunner, M., Climate variability
on the Yucatan Peninsula (Mexico) during the past 3500
years, and implications for Maya cultural evolution. Quater-
nary Research, 46, 47-47, 1996.

Dahl-Jensen, D., et al, Past temperatures directly from the
Greenland ice sheet, Science, 282, 268-271, 1998.

Dansgaard, W., White, J. W. C., and Johnsen, S. J., The abrupt
termination of the Younger Dryas climate event. Nature, 339,
532-534, 1989.

Dansgaard, W., Johnson, S. J., Clausen, H. B., Dahl-Jensen, D.,
Gundenstrup, N. S., Hammer, C. U., Hvidberg, C. S, Steffen-
sen, J. P., Sveinbjomsdottr, Evidence for general instability
of past climate from a 250-kyr ice-core record. Nature, 364,
218-220, 1993

de Beauliey, J.-L., and Reille, M., The transition from temperate
phases to stadials in the long upper Pleistocene sequence from
les Echets (France), Palaeogeography, Palaeoclimatology.
Palaececology, 72, 147-159, 1989.

de Menocal, P., Plio-Pleistocene African Climate. Science, 270,
53-59, 1995.

de Menocal, P., I. Ortiz, T. Guilderson and M. Sarnthcin, Coher-

-.ent High- and Low- latitude climate variability during the

Holocene warm period. Science, 288, 2198-2202, 2000.

de Menocal, P. Cultural Reponses to climate change during the
Late Holocene, Science, 292, 667-672 (2001).

Denton, G.H. and Hendy, C.H., Younger Dryas age advance of
Franz Josef Glacier in the Southern Alps of New Zealand. Sci-
ence, 264, 1434-1437, 1994.

Denton, G.H., Heusser, C.J., Lowell, T.V., Moreno, P.1., Ander-
sen, B.G., Heusser, L.E., Schliichter, C. and Marchant, D.R.,
Interhemispheric linkage of paleoclimate during the last glaci-
ation. Geografiska Annaler, 81A, 107-153, 1999,

Denton, G. H., Does asymmetric thermohaline-ice-sheet oscilla-
tor drive 100,000-yr cycles, Journal Quaternary Science, 15,
301-318, 2000.

Dickson, R. R., Meincke, J., Malmberg, S. A., and Lee, A. J., The
"Great Salinity Anomaly" in the northern North Atlaniic,
1968-1982. Progress in Oceanography, 20, 103-151, 1988.

Dorale, J. A., Gonzalez, L. A., Reagan, M. X, Pickett, D. A,
Murrell, M. T., and Baker, R. G, A high-resolution record of
Holocene climate change in speleothem calcite from Cold Wa-
ter Cave, Northeast [owa. Science, 258, 1626-1630, 1992.

Dowdeswell, J., M.A. Maslin, J. Andrews and LN. McCave, Es-
tirnation of the timing of the Heinrich events nsing realistic
calculations of the maximum outflow of icebergs from the
Laurentide icesheet. Geology , 23, No. 4, 301-304, 1995.

Dowdeswell, J.,A. Elveroi, I.T. Andrews and D. Hebbeln, Asyn-
chronous deposition of ice rafted layers in the Nordic Seas and
North Atlantic Ocean, Nature, 400, 248-351, 1999.

Driscoll, N.-W. and G.H. Haug, A short cut in thermohaline circu-
lation: a cause for Northern hemisphere Glaciation: Science,
282, 1998.

Duplessy, J. C., Shackleton, N. J., Matthews, R. K., Prell, W. L,
Ruddiman, W. F., Caralp, M., and Hendy, C., 813 record of
benthic foraminifera in the last interglacial ocean: implications
for the carbon cycle and the global deep water circulation.
Quaternary Research, 21, 225-243, 1984.

Edwards, R. L., Cheng, H., Murreil, M. T, and Goldstein, S. J.,
Protactinium-231 dating of carbonates by thermal ionization
mass spoctrometry: implications for quatcrnary climatc
change. Science, 276, 782-786, 1997.

Einarsson, T. and Albertsson, K.I., Glaciation of Iceland. Phil.
Trans. R. Soc. Lond., B 318, 227-234, 1988,

Einarsson, T., Hopkins, D.M. and Doell, R.R., The stratigraphy
of Tjornes, northern Iceland, and the history of the Bering
Land Bridge. In Hopkins, D.M. (Ed.), The Bering Land
Bridge, California, (Stanford University Press), 312-325,
1967.

Fairbanks, R.G., A 17,000 year glacio-custatic sea level record:
influence of glacial melting rates on the Younger Dryas event
and deep-ocean circulation, Nature, 342, 637-642, 1989.

Farley, K. and D. B. Patterson, A 100 kyr periodicity in the flux
of extraterrestrial SHe to the sca floor, Nature, 378, 600-603,
1995.

Fichefet, T., S. Hovine and J.-C. Duplessy, A model study of the
Atlantic thermohaline circulation during the Last Glacial
Maximum, Nature, 372: 252-255, 1994,

Ficld M, Huntley B. and Muller H., Ecmian climate fluctuations
observed in a European pollen record. Nature, 371, 779-783.
1994,



Frangois, R., and Bacon, M. P., Heinrich events in the North
Atlantic: radiochemical evidence, Deep-Sea Research I, 41,
315-334, 1993.

Frank, M., Reynoids, B. C., and ONions, R. K., Nd and Pb iso-
topes in Atlantic and Pacific before and after closure of Pa-
nama, Geology, 27, 1147-1150, 1999.

Frenzel, B., Pécsi, M., and Velichko, A. A., Atlas of Paleoclii-
mates and Paleoenvironments of the Northern Hemisphere,
Late Pleistocene - Holocene. Geographical Research Institute.
Hungarian Academy of Sciences, Budapest, Gustav Fischer
Verlag, New York, 153 pp, 1992. '

Frenzel, B., and Bludau, W., On the duration of the interglacial
transition at the end of the Eemian interglacial (deep sea stage
5e): botanical and sedimentological evidence. in 4brupt Cli-
matic Change: Evidence and Implications, W. H. Berger and
L. D. Labeyrie, eds., 151-162, 1987.

Fronval, T., and Jansen, E., Rapid changes in ocean circulation
and heat flux in the Nordic seas during the last interglacial pe-
riod. Nature, 383, 806-810, 1996. C

Fronval, T., Jansen, E., Bloemendal, J. & Johnsen, S., Oceanic
evidence for coherent fluctuations in Fennoscandian and
Laurentide ice sheets on miliennium timescales, Nature, 374,
443-446, 1995.

Fuhrer, K., and Legrand, M., Continental biogenic species in
Greenland Ice core Project core: fracing back the biomass his-
tory of the North American continent. Jourrnal of Geophysical
Research, 102, 26,735-26,745, 1997.

Galleé, H., van Ypersele, J.P., Fichefet, Th., Tricot Ch. and Ber-
ger, A, Simulation of the last glacial cycle by a coupled, sec-
torially averaged climate-ice sheet model, 1. The climate
model. Journal of Geophysical Research, 96, 13,139-13,161,
1991.

Galleé, H., van Ypersele, J.P., Fichefet, Th., Tricot Ch. and Ber-
ger, A., Simulation of the last glacial cycle by a coupled, sec-
torially averaged climate-ice sheet model, 2. Response to inso-
lation and CO9 variations. Journal of Geophysical Research,
97, 15.713-15,740, 1992.

Geirsdottir, A. and Eiriksson, J., Growth of an intermittent ice
sheet in Iceland during the late Pliocene and early Pleistocene.
Quat. Res., 42, 115-130, 1994.

Giraudeau, J., Cremer, M., Mantthe, §., Labeyrie, L., Bond, G.,
Coccolith evidence for instability in surface circulation south
of Iceland during Holocene times. Earth and Planetary Sci-
ence Leiters, 179, 257-268, 2000.

Grimm, E. C., Jacobson, G. L., Watts, W. A, Hansen, B. C. 8,
and Maasch, K., A 50,000 year record of climate osciilations
from Florida and its temporal correlation with the Heinrich
events. Science, 261, 198-200, 1993.

Grootes, P. M., Stuiver, M., White, J. W. C., Johnsen, S., and
Jouzel, J., Comparison of oxygen isotope records from the
GISP2 arid GRIP Greenland ice cores, Nature, 366, 552- 554,
1993. :

Grousset, F. E., Labaeyrie, L., Sinko, J. A., Cremer, M., Bond, G.
, Duprat, J., Cortijo, E., and Huon, S., Patterns of ice-rafted
detritus in the glacial North Atlantic (400-55°N), Paleocean-
ography; 8, 175-192, 1993.

MASLINET AL. 45

Grousset F.E.. Pujol C., Labeyrie L., Auffret G., Boelaert A.,
Were the North Atlantic Heinrich Events riggered by the be-
havior of the European ice sheets? Geology, 28(2):123-126,
2000. .

Groussct I.L., ct al. Zooming in on Heinrich layers. Paleocean-
ography, in press.

Guiot , J. L., de Beautien, I. L., Chedaddi, R., David, F., Ponel,
P., and Reille, M., The climate in Western Europe during the
last glacial/interglacial cycle derived from pollen and insect
remains, Palacogeography, Palacoclimatology, Palaeoecol-
ogy, 103, 73-93, 1993. '

Gwiazda, R. H.,, Hemming, S. R, and Broecker, W. S_, Tracking
the sources of icebergs with lead isotopes: the provenance of
ice-rafted debris in Heinrich layer 2. Paleoceanography, 11,
77-93, 1996a.

Gwiazda, R. H., Hemming, S. R., and Broecker, W. 3., Prove-
nance of icebergs during Heinrich event 3 and the conirast to
their sources during other Heinrich events. Paleoceanogra-
phy, 11, 371-378, 1996b.

Hagelberg, T., Bond, G., and deMenocal, P., Milankovitch band
forcing of sub-Milankovitch climate variability during the
Pleistocene. Paleoceanography, 9: 545-558, 1994.

Hambrey, M.J., khrmann, W.U. and Larsen, B., Cenozoic glacial
record of the Prydz Bay Continental Shelf, East Antarctica,
Proc. Ocean Drill. Program Sci. Results, 119, 77-132, 1991.

Hammer, C., Mayewski. P. A.. Peel, D., and Stuiver, M., Preface.
Journal of Geophysical Research, 102, 26,315-26,316, 1997.

Harrison, T.M., Copeland, P., Kidd, W.S.F. and Yin, A, Raising
Tibet, Science, 255, 663-670, 1992.

Haug, G.H. and R. Ticdemann, Effcct of the formation of the
Isthmus of Panama on Atlantic Ocean thermohaline circula-
tion, Nature, 393, 673-675, 1998. '

Hay, W. The cause of the late Cenozoic Northern Hemisphere
Glaciations: a climate change enigma. Terra Nova, 4, 305-
311, 1992,

Hays, 1.D., J. Imbrie, N.I. Shackleton. Variations in the Earth's
orbit: Pacemaker of the Ive Ages. Science, 194, 1121-1132,
1976.

Hays, J. D., Martinson, D. G., Mclntyre, A., Mix, A. C., Morley,
I. I, Pisias, N. G., Prell, W. L., Shackleton, N. I., The orbital
theory of Pleistocene climate: support from a revised chronol-
ogy of the marine 180 record. in: A. Berger, J. Imbrie, J.
Hays, G. Kukla, B. Saltzman, eds., Milankovich and Climate,
Reidel, Dordrecht, 269-306, 1984,

Heinrich, H., Origin and consequences of cyclic ice rafting in the
northeast Atlantic Ocean during the past 130,000 years. Qua-
ternary Research, 29, 142-152, 1988.

Hewitt,T., W. Mitchell, Radiative forcing and response of a GCM
to ice age boundary conditions, cloud feedback and climate
sensitivity, Climate Dynamics, 13, 821-834, 1997.

Hodell, D. A, Curtis, J. H., and Brenner, M., Possible role of
climate in the collapse of Classic Maya civilization. Nature,
375,391-394, 1995.

Hodge, E.. Climate variability in the last interglacial: New evi-
dence using high-resolution speieothem stable isotope records



46 NATURE AND CAUSES OF RAPID QUATERNARY CLIMATE TRANSITIONS

from Lancaster hole caves, North Yorkshire, England, MSc
thesis, University of London, p50, 2000.

Hughen, K. A., Overpeck, I. T., Paterson, L. C., and Trumbore,
S., Rapid climate changes in the tropical Atlantic Ocean dur-
ing the last deglaciation. Nature, 230, 51-54, 1996. .

Hughen, K.A., Overpeck, J.T., Lehman, S.J., Kashgarian, M.,
Southon, J., Peterson, L.C., Alley, R. and Sigman, D.M., De-
glacial changes in ocean circulation from an extended radio-
carbon calibration. Nature, 391, 65-68, 1998,

Huh, Y., and Edmond, J. M., On the interpretation of the oceanic
variations in 87S1/86Sr as recorded in marine limestones.
Proc. Indian Aecad. Sei. (Earth Planet. Sei ), 107 (4): 293-305,
1998.

Huls, M. and R. Zahn, Millennial-scale sea surface temperature
variability in the western tropical North Atalntic from plank-
lonic formainiferal census counts, Paleoceanography, 15,
659-678, 2000.

Hurrell, J. W., Decadal trends in the North Atlantic Oscillation:
Regional temperatures and precipitation. Science 269, 676-
679, 1995. )

Huurell, J. W., Influence of variations in extratropical wintertime
teleconnections on Northern Hemisphere temperature, Geo-
physical Research Letters, 23, 665-668, 1996:

Imbrie, J., Berger, A., Boyle, E. A., Clemens, S. C., Duffy, A,
Howard, W. A., Kukla, G., Kuizbach, J., Martinson, D. G.,

Mclntyre, A., Mix, A. C., Molfino, B., Morley, J. I, Peterson, -

L. C, Pisias, N. G,, Prell, W. G., Raymo, M. E., Shackleton,
N. J., and Toggweiler, J. R., On the Structure and Origin of
Major Glaciation Cycles. 2. The 100,000 year cycle. Paleo-
ceanography. 8, 699-735, 1993.

Imbrie, J., Boyle, E., Clemens, S., Duffy, A., Howard, W., Kukla,
G., Kutzbach, J., Martinson, D., Mclntyre, A., Mix, A.,
Molfino, B., Morley, I, Peterson, L., Pisias, N., Prell, W.,
Raymo, M., Shackleton, N., and Toggweiler, J., Onc the
Structure and Origin of major Glaciation Cycles. 1. Linear re-
sponses to Milankovitch forcing. Paleoceanography, 7,701-
738, 1992.

Imbrie, J., Mix, A. C., and Martinson, D. G., Milankovitch theory
viewed from Devil's Hole. Nature, 363, 531-533, 1993

Jansen, E., Sjohoim, I., Bleil, U. and Erichsen, J.A_, Neogene and
Pleistocene glaciations in the Northern hemisphere and late
Miocene - Pliocene global ice volume fluctuations: evidence
from the Norwegian Sea. In Bleil, U., and Thicde, J. (Eds.),
Geological history of the polar oceans: Arctic versus Antare-
tic, Netherlands, Kluwer Academic Publishers, 677-705,
1950.

Jansen, E. and Sjoholm, J., Reconstruction of glaciation over the
past 6 Myr from ice-borne deposits in the Norwegian Sea, Na-
ture, 349, 600-603; 1991.

Johnsen, S. ¥, Clausen, H. B., Dansgaard, W, Gnndenstrup,
S., Hammer, C. U,, and Tauber, H., The Eem stable isotope
record along the GRIP ice core and its interpretation. Quater-
nary Research, 43, 117-124, 1995.

Johnsen, S. J, Clausen, H. B., Dansgaard, W., Gundenstrup, N
S., Hammer, C. U., Andersen, U., Andersen, K. K., Hvidberg,
C. 8. Dahl-Jensen, D., Steffensen, J. P., Shoji, H,

Sveinbjérnsdéttir, A. E., White, J.. Jouzel, J., and Fisher, D.,
The 5180 record along the Greenland Ice Core Project deep
ice core and the problem of possible Eemian climate instabil-

ity. Journal of Geophysical Research, 102, 26,397-26,409,
1997.

" Jones, P. D., Bradiey, R. S. and Jouzel, I., eds., Climatic varia-

tions and forcing mechanisms over the last 2,000 years.
Springer Verlag, Berlin, 1996.

Jouzel, J., Barkov, N. L, Bamola, J. M., Bender, M., Chapellaz,
J.. Genthon, C., Kotlyakov, V. M., Lipenkov, V., Lorius, C.,
Petit, J. R., Raynaud, D., Raisbeck, G., Ritz, C., Sowers, T.,
Stievenard, M., Yiou, F., and Yiou, P., Extending the Vostok
ice-core record of palacoclimate to the penultimate glacial pe-
riod, Nature, 364, 407-411, 1993.

Jouzel, J., Waelbroeck, C., Malaize, B., Bender, M., Pefit, J. R.,
Stievenard, M., Barkov, N. 1., Barnola, J. M., King, T., Kot-
lyakov, V. M., Lipenkov, V., Lorius, C., Raynaud, D., Ritz,
C., and Sowers, T., Climatic interpretation of the recently ex-
tended Vostok ice records. Climate Dynamics. 12, 513-521,
1996.

Kanfoush, S.L. et al., Millennial-scale instability of the Antarctic
ice sheet during the last glaciation. Science, 288, 1815-1819,
2000.

Keeling, R.F. and B.B. Stephens, Antarctic sea ice and the con-
trol of Pleistocene climate instability, Paleoceanography, 16,
112-131, 2001. _

Keigwin, L.D., Pliocene closing of the Isthmus of Panama, based
on biostratigraphic evidence from nearby Pacific. Ocean and
Caribbean cores, Geology, 6, 630-634, 1978.

Keigwin, 1.7, Pliocene paleoceanography of the Caribbean and
east Pacific: Role of panama uplift in late Neogene times, Sci-
ence, 217, 350-353, 1982.

Keigwin, L.D., Pliocene stable isotope record of DSDP Site 606:
sequential events of 180 enrichment beginning at 3.1 Ma. In
Kidd, R.B., Ruddiman, W.F. and Thomas, E., et al., Init
Repts. DSDP, 94, Washingion, (U.S. Govt. Printing Office),
911-920, 1986.

Keigwin, L., The Little Ice Age and Medieval Warm Period in
the Sargasso Sea, Science, 274, 1504-1508, 1996.

Keigwin, L., Curry, W. B., Lehman, S. J., and Johnsen, S., The
role of the decp occan in North Atlantic climate change be-

. tween 70 and 130 kyr ago, Narure, 371, 323-329, 1994.

Keller, G., Zenker, C.E. and Stone, SM.. Late Neogene history
of the Pacific-Caribbean gateway, J. of South Am.Earth Sci.,
2, 73-108, 1989.

Kennett, J. P. (ed.):, Special Section: The Younger Dryas Event,
Paleoceanogrqphy, 5, 891-1041, 1990.

Kartenkamp, S. J., and Dermott, S. F., A 100,000 year Perlochc-
ity in the accretion rate of mterpla.netary dust. Science, 280,
874-876, 1998. .

Kotilainen, A.T., and Shackleton, N.J., Rapid climate variability
in the North Pacific Ocean during the past 95,000 years. Na-
ture, 377: 323-326, 1995.

Krishnaswami, S., Trivedi, J. R., Sarin, M. M Ramesh, R,, and
Sharma, K. K., Strontium isotoipes and Rubidium in the
Ganga—Biahmapun'a river system: weathering in the Hima-'



layq, fluxes to the Bay of Bengal and contributions to the evo-
lution of oceanic 86S1/87Sr. Earth Planet Sci Lett ‘109: 243-
253, 1992.

Kukla, G., McManus, J., Rousseau, D.-D., and Chume, 1., How
long and how stable was the last interglacial? Quaternary Sci-
ence Reviews, 16, 605-612, 1997. '

Labeyrie, L. D., Duplessy, J.-C., Duprat, 1., Juillet-Leclerc, A.,
Moyes, J., Michel, E., Kallel, N., and Shackleton, N. I,
Changes in the vertical structure of the North Atlantic Ocean
between glacial and modern times. Quaternary Science Re-
views, 11, 401-413, 1992. '

Laskar, J., The chaotic motion of the solar system: A numerical
estimate of the chaotic zones, learus, 88, 266-291, 1990.

Lea, D.W., Pak, D., and Spero, H., Climate impact of late Qua-
ternary Equatorlal sea surface temperaiure variations, Science,
289, 1719-1724, 2000.

Linsley, B. K., Oxygen-isotope record of sea level and climate
variations in the Sulu Sea over the past 150,000 years. Nature,
380, 234-237, 199¢6.

Li, X=S., A. Berger, M-F. Loutre, M.A Maslin, G.H. Haug and R.
Tiedemann, Simulating late Pliocene Northerit Hemisphere
- climate ‘with the LLN 2-D model, Geophyszcal Research Let-
fers, 25, 915-918, 1998.

Litt, T., Brauer, A., Goslar, T., Merkt, J., Balaga, K., Miiller, H.,
Ralska-Jasiewiczowa, M., Stebich, M. & Nedendank, J.F.W.
Correlation and synchronisation of T.ateglacial continental se-
quences in northern central Europe based on annually-
laminated lacustrine sediments. Quaternary Science Reviews,
19, (in press).

Lourens, L.J. and Hilgen, F.J., Chapter 9: Long-period orbital
variations and their relation to Third-order Eustatic cy¢les and
the onset of major glaciations - 3.0 million years ago. In As-
tronomical forcing of Mediterranean -climate during the last
5.3 million years. (Ph.D. thesis) Univ. of Utrecht, Utrecht,
Holland, 199-206, 1994.

Loutre, M.F. and Berger, A., Sensibilite- des parametres astro-
climatiques au cours des 8 derniers millions d'annees. Scien-

~ tific Report 1993/4. Institut d'dstronomie et de Geophysique
G. Lemuitre, Universite Catholique de Louvain, Louvain-la-
Neuve, 1993.
Lowe, J.J. and Walker, M. J. C., Reconstructing Quaternary En-
vironments. Longman, NY., 1984,

Lowe, J.J. and Walker, M.J. C Radiocarbon datmg the last gla-
cial interglacial fransition (ca. 14-9 ¢ ka BP) in ‘terrestrial
and marine records: the need for new quality assurance proto-
cols. Radiocarbon, 42, 53-68, 2000.

Lowe, 1.J., Birks, HH., Brooks, S.J., Coope, G.R., Harkness,
DD., Mayle, FE., Sheldrick, C., Tumey, C. and Walker,
M.1.C., The chronology of palaeoenvironmental changes dur-
ing the Last Glacial-Holocene transition: towards an event
stratigraphy for the British Isles. Journal of the Geological
Society of London, 156, 397-410, 1999.

Lowe, 1.J, Ammann, B., Birks, H.H., Bjorck, S.. Coope. G.R.,
Cwynar, L., De Beaulien, J-L., Mott, R.J., Peteet, DM. &
Walker, MLJ.C., Climatic changes in areas adjacent to the

"North Atlantic during the last glacial-interglacial transition

MASLINET AL. 47

(14-9 ka BP): a coniribution to IGCP-253. Journal of Quater-
nary Science, 9; 185-198, 1994

Lowe, J.J., Coope, GR., Harkness, D.D., Sheldnck, C. &
Walker, M.J.C., Direct comparisonof UK temperatures and
- Greenland snow accumulation rates, 15-12,000 calendar years
ago. Journdl of Quaternary Science, 10, 175-180, 1995.

Lowe, J.J., Hoek, W. & INTIMATE Group, Inter-regional com-
parisops'of climatic reconstructions for the Last Termination:
recommended protocol for assessments of radiccarbon chro-
nologies. Quaternary Science Reviews (in press)

Lowell, T. V., Heusser, C. J., Andersen, B. G., Moreno, P. I,
Hauser, A., Heusser, L. k., Schiuchter, C., Marchant, D. R.,
and Denton, G. H., Intethemispheric correlation of late Pleis-
tocene glacial events, Science, 269, 1541-1549, 1995,

Lundgvist, J., Saarnisto, M. & Rutter, N. (eds.), IGCP-253 - Ter-
mination of the Pleistocene. Quaternary Internatzonal 28,
201 pp, 1995.

MacAyeal, D. R., A Low-Order Model of the Heinrich Event
Cycle. Puleoceanography, 8, 767-773, 1993a.

MacAyeal, D. R., Binge/Purge oscillations of the Laurentide Ice
Sheet as a cause of the North Atlantic's Heinrich Events, Pa-
leoceanography, 8, 775-784, 1993b.

Manabe, S. and R.J. Stouffer, Two stable equilibria of a coupled
ocean-atmosphere model, Jowrnal of Climate, 1: 841-866,
1988.

Manabe, S."and R.J. Stonffer, Simulation of ahmpt change in-
duced by freshwater input to the North Atlantic Ocean, Na-
ture, 378: 165-167, 1995.

Manabe, S. and R. Stouffer, Coupled ocean-atmosphere model
'response to freshwater input: Comparison t0 Younger Dryas
event. Paleoceanography, 12, 321-336, 1997.

Mann, P. and Corrigan, J., Model for late Neogene deformation
in Panama. Geology, 18, 558-562, 1990. ‘

Martinson, D. G., Pisias, N. G., Hays, J. D., Imbrie, J., Moore, T.
C. Ir., and Shackleton, N. J., Age dating and the orbital theory
of ice ages: development of a high-resolution 0 to 300,000
years Chronostratigraphy, Qua!ernary Research, 27, 1-29,
1987.

Maslin, M., and Tzedakis, C., Sultry last interglacial gets sudden
chill. EGS, 77, 353- 354, 1996.

Maslin, M.A., G. Haug, M. Sarnthein, R. Tiedemann, H. Erlen-
keuser and R. Stax, Northwest Pacific Site 882: The initiation
of major Northern Hemisphere Glaciation, ODP Leg 145 Sci-
entific Results Volume, 315-329, 1995a.

Mastin, M. A., Shackleton, N. JI., and Pflaumann, U., Surface
water temperature, salinity and density changes in the north-
cast Atlantic during the last 45,000 years: Heinrich events,
docp-water formation, and climatic rebounds. Paleocesnogra-
phy, 10, 527-543, 1995b.

Maslin, M. A., Sarnthein, M., and Knaack, 1.-Y., Subtropical east-
ern Atlantic climate during the Eemian Naturwissenschaften,
83, 122-126, 1996. '

Maslin M.A., X-S. Li, M-F. Loutre and A. Berger. The contribu-
tion of orbital forcing to the progressive intensification of
Northern Hemisphere Glaciation, Quaternary Science Review,
17, No. 4-5, 411-426, 1998a. '



48 NATURE AND CAUSES OF Rar1 QUATERNARY CLIMATE TRANSITIONS

Maslin, M. A., Samnthein, M., Knaack, J.-J., Grootes, P., and
Tzedakis, C., Intra-interglacial cold events: an Eemian-
Holocene comparison. In: Cramp, A., MacLeod, C.J., Lee, S.
and Jones, E.J.W. (eds) Geological Evolution of Ocean Ba-
sins: Resuits from the Ocean Drilling Program. Geological
Society of London Special Publication, 131, 91-99, 1998b.

Mayewski, P. A., Meeker, L. D., Twickléx, M. S., Whitlow, S.,
Yang. Q., Lyons. W. B., and Prentice, M., Major features and
forcing of high-latitude northern hemisphere atmospheric cir-
culation using a 110,000-year-long glaciochemical series.
Journal of Geophysical Research, 102, 26,345-26,365, 1997.

McCabe, A. M., and Clark, P. U., Jcc-shect variability around the
North Atlantic Ocean during the last deglaciation, Narure,
392, 373-377, 1998.

McCave LN,, Sedimenatry processes and the creation of the strai-
graphic record in the late Quaternary North. Atlantic Ocean.
Royal Society Philosophical transactions, Series B, 348, 229-
241, 1995.

McManus, I. F_, Bond, G. C., Broecker, W_ S, Johnsen, S., La~
beyrie, L., and Higgins, S., High resolution climate records
from the North Atlantic during the last intorglacial, Nature,
371, 326-329, 1994. _

Meeker, L. D., Mayewski, P. A, Twickler, M. S., Whitlow, S. L,
and Meese, D., A 110,000 year history of change in continen-
tal biogenic emissions and related atmospheric circulation in-
ferred from the Greenland Ice Sheet Project Ice Core, Journal
of Geophysical Research, 102, 26,489-26,503, 1997.

Mikolajewicz, U., Maier-Reimer, E., Crowley, T.J. and Kim,
K.Y., Effect of Drake and Panamanian gateways on the circu-
lation of an occan modcl. Paleoceanography, 8, 409-427,
1993.

Milankovitch, M.M., Kanon der Erdbestrahlung und seine An-
wendung auf das Eiszeitenproblem. Royal Serbian Sciences,
Spec. pub. 132, Section of Mathematical and Natural Sci-
ences, 33, Belgrade, pp.633, 1949 (Canon of Insolation and
the Ice Age Problem, English translation by Israel Program for
Scientific Translation and published for the 11.S. Department
of Commerce and the National Science Foundation, Washing-
ton.D.C., 1969).

Miller, X.G., Wright, J.D. and Fairbanks, R.G., Unlocking the ice
‘house: Oliogeene-Mivcene oxygen isotope, eustacy, and mar-
gin erosion, J. Geophys. Res., 96, 6829-6848, 1991.

Motnar, P. and England, P., Late Cenozoic uplift of mountain
ranges and global climate change: chicken or egg? Nature,
346, 29-34, 1990.

Mudelsee, M., and Schulz, M., The Mid-Pleistocene climate tran-
- sition: onset of 100 ka cycle lags ice volume build up by 280
ka. Earth and Planctary Science Letters, 151, 117-123, 1997,

Mudelsee, M. and Stattegger, K., Exploring the structure of the
mid-Pleistocene revolution with advance methods of time-
series analysis. Geol. Rundsch., 86, 499-311, 1997.

Muller, R. A., and MacDonald, G. J., Glacial cycles and ats-
ronomical forcing. Seience, 277, 215-218, 1997.

Mulvaney R, Rothlisberger R, Wolff EW, Sommer S, Schwander
J. Hutteli MA. Jouzel J.. The transition from the last glacial
period in inland and near-coastal Antarctica, Geophysical Re-
search Letters, 27 (17): 2673-2676, 2000.

O'Bricn, S. R., Maycwski, A., Mccker, L. D., Meese, D. A.,
Twickler, M. S., and Whitlow, S. 1., Complexity of Holocene
climate as reconstructed from a Greenland ice core. Science,
270, 1962-1964, 1996.

ODP Leg 151 Scientific Party, Exploring Artic History Through
Scientific Drilling. Eos, 75 (25), 281-286, 1994.

Oppo, D. W., Horowitz, M., and Lehman, S. J., Marine evidence
for reduced deep water production during Termination II fol-
lowed by a relatively stable substage 5S¢ (Eemian), Paleocean-
ography, 12, 51-63, 1997.

Oppo, D. W., J. F. McManus, J. L. Cullen, Abrupt Climate
Events 500,000 to 340,600 Years Ago: Evidence from Subpo-
lar North Atlantic Sediments. Science, 279 1335-1338, 1998.

Peglar, S. M., The mid-Holocene Ulmus decline at Diss Mere,
Norfolk, UK: a year-by-year pollen stratigraphy from annual
laminations. The Holocene, 3, 1-13, 1993

Peiser, B.J., Comparative analysis of late Holocene environ-
mental and social upheaval: evidence for a disaster around
4000 BP. In Natural Catastrophes during Bronze Agc Civilisa-
tions (Eds: Peiser, B.J., Palmer, T, and Bailey, M), BAR Inter-
national series, 728, 117-139, 1998. :

Peteet, D. M., Global Younger Dryas, Quaternary International,
28, 93-104, 1995.

Pisiags N.G., and Mooore, T.C., The evolution of Pleistocene
climate: a time series approach. Earth Planet, 52, 450-458,
1981.

Porter, S. and Z. An, Correlations between climate events in the
North Atlantic and China during the last glaciation, Nature,
375, 305-308, 1995 )

Prell, W., Oxygen isotope stratigraphy. for the Quternary of Hole
502B. Initial Reports DSDP, Vol. 68, US Govt. Printing Of-
fice, Washington DC, 455-464, 1992.

Prell, W. L., Covariance patterns of foraminifera 8130: An
evaluation of Pliocene ice-volume changes near 3.2 million
years ago, Science, 226, 692-694, 1984.

Quade, J., Cerling, T. E. and Bowman, J. R., Development of
Asian monsoon revealed by marked ecological shift during the
latest Miocene in northern Pakistan. Nature, 342, 163-165,
1989.

Rackham O., Ancient Woodland: its history, vcgctation and uses
in England. Amold, London, 1980.

Rahmstorf, S., Rapid climate transitions in a coupled ocean-
atmosphere model. Nature, 372, 82-85, 1994.

Rahmstorf, S., Bifurcations of the Atlantic thermohaline circula-
tion in response to changes in the hydrological cycle, Nature,
378: 145-149, 1995.

Rabmstorf, S., Marotzke, ., and Willebrand, J., Stability uf the
Thermohaline Circulation, In: The Warmwatersphere of the
North Adantic Ocean, W. Kraus, ed., Gebritder Bomntréger,
Berlin, 129-157, 1996. '

Ram, M., and Koenig, G., Continuous dust concentration profile
from the pre-Holocene ice from the Greenland Ice Sheet Pro-
ject 2 ice core: dust stadials, interstadials, and the Eemian.
Journal of Geaphysical Research, 102, 26,641-26,648, 1997.

Rasmussen T. L., van Weering T. C. E. and Labeyrie L., Climatic
instability, ice sheets and ocean dynamics at high northern



latitudes during the last glacial period (58-10 KA BP). Qua-
ternary Science Reviews, 16, 73-80, 1997.

Raymo, MLE., Geochemical evidence supporting T.C. Chamber-
lin's theory of glaciation, Geology, 19, 344-347, 1991.

Raymo, M.E., The Himalayas, organic carbon burial and climate
change in the Miocene, Paleoceanogmphy 9, 399-404,
1994a.

Raymo, M.E., The initiation of Northern Ilemisphere glaciation,
Annu. Rev. Earth Planet. Sci., 22, 353-383, 1994b.

Raymo, MLE., The timing of major climate terminations, Paleo-
ceanography, 12, 577-585, 1997.

Raymo, M.E. and Ruddiman, W.F., Tectonic forcing of late Ce-
nozoic climate. Nature, 359, 117-122, 1992.

Raymo, ML.E., Ruddiman, W.F. and Froelich, P.N., Influence of
late Cenozoic mountain building on acean geochemical cy-
cles, Geology, 16, 649-653, 1988.

Raymo, M.E., Ruddiman, W.F., Backman, J., Clement, B.M. and
Martinson, D.G., Late Pliocene variations in Northern Hemi-
sphere ice sheet and North Atlantic deep water circulation.
Paleoceanography, 4, 413-446, 1989.

Raymo, M., Oppo, D., and Curry, W., The mid-Pleistocene cli-
mate fransition: A deep sea carbon isotope perspective. Paleo-
ceanography, 12, 546-559, 1997,

Rea, D.X., Basov, LA., Janecek, T.R., Palmer-lulson, A etal,
Proc. ODP, Init. Repts., 145, College Station,  TX (Ocea.n
Drilling Project), 1993, - :

Renssen, H. & Isarin, R.F.B., Surface temperature in NW Europe
during the Younger Dryas: a GCM simulation compared with
temperature - reconstructions. Climate Dynamics, 14, 33-44,
1998.

Ridgwell, A. A. Watson and M. Raymo, Is the spectral signiture
of the 100 kyr glacial cycle consistént with a Milankovitch
origin, Paleoceanography, 14, 437-440, 1999

Ruddiman, W. F., Late Quaternary deposition of ice-rafted sand
in the subpolar North Atlantic (lat. 40? to 659N). Geological
-Sociely of America Bulletin, 88, 1813-1827, 1977.

Ruddiipan, W.F. & McIntyre, A., The North Atlantic ocean dur-
ing the last deglaciation. Palaeogeography, Palaeoclimatol-
ogy, Palaeoecology, 35, 145 — 214, 1981

Ruddiman, W.F., Sancefta,  C.D. & Mclntyre, A., Gla-

" cialfinterglacial response rate of subpolar North Atlantic wa-
ters to climatic change: the record Ieft in deep-sea sediments.
Philes. Trans. R. Soc. Lond. B, 280, 119 - 142, 1977.

Ruddiman, W.F. and Mclntyre, A:, Oceanic mechanisms for
‘amplification of the 23,000-year ice volume cycle, Science,
212, 617-627, 1981.

Ruddiman, W.F. and Raymo, M.E., Northern Hemisphere climate
regimes during the past-3 Ma: possible tectonic connections.
Phil. Trans. R. Soc. Lond., B 318, 411-430, 1988.

Ruddiman, W.F., et al., Late Miocene to Pleistocene evolution of
climate in Africa and the low-latitude Atlantic - overview of
Leg 108 résults. In Ruddiman, W.F., Sarnthein, M., Baidauf,
I, et al., Proc. ODP, Sci. Results., 108, College Station, TX
(Ocean Drilling Program), 463-487, 1989.

Ruddiman, W.I'. and Kutzbach, J.L., Platcau uplift and climatic
change. Sci. Am., 264, 66-75, 1991.,

MASLIN ET AL. 49

Ruddiman, W.¥., Mcintyre; A. and Raymo, M., Palecenviron-
mental results from North Atlantic sites 607 and 609. In Kidd,
R.B., Ruddiman, W.F.,, and Thomas, E., et al., Init. Repis.
DSDP 94, Washmgton (U.S. Govt. Printing Ofﬁcc) 855-
878, 1986a.

Ruddiman, W.F., Raymo, M. and Mclntyre, A.,, Matuyama
41,000-year cycles: Norih Atlantic Ocean and Northern Hemi-
sphere Ice Sheeis. Earth Planet. Sci. Lett, 80, 117-129,
1986b.

Ruddiman, W.F., Samthein, M., Baldauf, J., et al.,Proc. ODP,
Sci. Results., 108, College Station. TX (Ocean Drilling Pro-
gram), 1989.

Ruhlemann, C., S. Mulitza, P.J. Muller, G. Wefer and R. Zahn,
Tropical ‘Atlantic warming during conveyor shut down, Na-
ture, 102, 511-514, 1999,

Rind, D., and Overpeck, J., Hypothesized causes of decade-to-
century-scale climate variability: climate model results. Qua-
ternary Science Reviews, 12, 357-374, 1993.

Saltzman B., Maasch, K.A. and Verbitsky, M.Y., Possible effects
of anﬂlropogemcally-mcreased CO2 on the dynam1cs of cli-
mate: implications for ice age cycles. Geophysical Research
Letters. 20, 1051-1054, 1993.

Sarnthein, M. and Tiedemann, R.; Toward a high resolution sta-
ble isotope stratigraphy of the last 3.4 million years: Sites 658
and 659 off northwest Africa. In Ruddiman, W.F., Samnthein,
M., Baldauf, J., et al., Proc. ODP,.Sci. Results, 108, College
Station, TX (Ocean Drilling Program), 167-187,-1989. -

Sarnthein, M. and Tiedemann, R., Younger Dryas-style cooling

* events at glacial terminations 1-VI at ODP Site 685: associated
benthic 313C anomalies constrain meltwater hypothesis. Pa-
leoceanography, 5, 1041-10535, 1990,

Sarnthein et al, Fundermental modes and abrupt changes in
North Atlantic circulation and climate over the last 60 kyr, In
The northern North Atlantic: A changing environment,
Schafer et al. (cdditors), Spinger-Valag, New York, in press.

Schmitz, W.1., Jr., On the interbasin-scale thermohaline circula-
tion, Reviews of Geophysics, 33: 151-173, 1995,

Schmitz, W.J., Jr. and M.S. McCartney, On the North Atlantic
circulation, Reviews of Geophysics, 31:29-49,-1993.

Schulz H., von Rad, U. and Erlenkeuser H., Correlation between
Arabian Sea and Greenland Climate oscillations of the past
110,000 years. Nature, 393, 54-57, 1998.

Scourse, J.D. , LR. Hall, IN. McCave, J.R. Young, and C. Sug-
don, The origin of Hcinrich layers: evidence from H2 for
European precurser events, EPSL, 5596, 1-9, 2000.

Seidenkrantz, M.-S., Benthic foraminiferal and stable isotope
evidence for a "Younger Dryas-style" cold spell at the
Saalian-Eemian transition, Denmark. Palaeogeography, Pa-
laeoclimatology, Palaeoecology, 102, 103-120, 1993.

Seidenkrantz, M.-S., Kristensen, P., and Knudsen, K. .., Marine
evidence for climatic instability during the last interglacial in
shelf records from northwest Europe. Journal of Quaternary
Science, 10, 77-82, 1995.

Seidenkrantz, M.-S., Bornmalm, L., Johnsen, S. J., Knudsen, K.
L., Kuijpers, A., Lauritzen, 5.-E., Leroy, S. A. ., Mergeai, [,
Schweger, C., and van Viet-Lanoe, B., Two-step deglaciation



50 NATURE AND.CAUSES OF RAPID QUATERNARY CLIMATE TRANSITIONS

at the oxygen isotope stage 6/5¢ tramsition: the Zeifen-
Kattegat climate oscillation. Quaternary Science Revxews, 15,
63-75, 1996.

Seidov. D. and B.J. Haupt. Last glacial and meltwater interbasin
water exchanges and sedimentation in the world ocean. Paleo-
ceanography, 14, 760-769, 1999.

Seidov, D. and Maslin, M. A., Seasonally 1ce-free glacial Nordic
seas without deep water ventilation. Zerra Nova, 8, 245-254,
1996.

Seidov, D. and M. Maslin, North Atlantic Deep Water circulation
collapse during the Heinrich events. Geology. 27: 23-26.
1999.

Seidov, D. and M. Maslin, Atlantic Ocean heat piracy and-the bi-
polar climate see-saw during Heinrich and Dansgaard-
Oeschger events, JOS, 2001, in press.

Seidov, D., E.J. Barron and B.J Haupt: Meltwater and the global
ocean conveyor: Northern versus - southern connectjons,
Global and Planetary Change, 2001, in press. -

Seidov, D., E. Barron, B. J. Haupt, and M.A. Maslin, 2001,
Ocean bi-polar Seesaw and climate: Southern versus northern
meltwater impacts, Geophysical Monograph. (This Volume),
D. Seidov, B.J. Haupt and M. Maslin (Editors), American
Geophysical Union, Washington, D.C.

Severinghaus. J. P., Sowers, T., Brook, E. I., Alley, R B., and
Bender, M. L., Timing of abrupt climate change at the end of
the Younger D1yas interval from therinally fractionated gases
in polar ice. Nature, 391, 141-146, 1998.

Shackleton, N. J., The last interglacial in the marine and terres-
trial records, Proceedmg.s' of the Royal Society, London, B,
174, 135-154, 1969.

Shackleton, N.I., The 100,000 year Ice Agc cycle identified and
found to Iag temperature carbon dioxide and orbital eccentric-
ity, Seience, 289, 1989-1902, 2000.

Shackleton, N.J,, Imbrie, J., and Pisias, N.G., the cvolutnon of
oceanic oxygen-isotope variability in the North Atlantic over
the past 3 million years. Phil. Trans. R. Soc. Lond. B, 318,
679-686, 1988.

Shackleton, N.J., et al., Oxygen isotope calibration of the onset of
ice-rafting and history of glaciation in the North Atlantic Re-
gion, Nature, 307, 620-623, 1984,

Shackleton, N.J., Hall, M.A. and Pate, D. P]locene stable isotope
stratigraphy of ODP Site 846. In Maycr, L., Pisias, N. and
Janecek, T., et al., Proc. ODP, Sci. Results, 138, College Sta-
tion, TX (Ocean Drilling Program), 337-355, 1995.

Shaffer, G., and Bendtsen, J., Role of the Bering Strait in control-
ling North Atlantic ocean circulation and climate. Nature,
367, 354-357, 1994.

Sigman, D., and E. Boyle, Glacial/interglacial variations in at-
mospheric carbon dioxide, Nature, 407, 859 — 869, 2000.

Sirocko, F., Sarnthein, M., Erlenkeuser, H., Lange, H., Amold,
M., and Duplessy, J.-C., Century-scale events in monsoonal
climate over the past 24,000 years. Nature, 364, 322-324,
1993.

Stowey; N. C., Henderson, G. M., and Curry, W. B., Direct U-Th
dating of marine sediments from the two most recent intergla-
cial periods. Nature, 383, 242-244, 1996.

Smagorinsky, J., The dynamical influence of large-scale heat
source and sinks on the quasi-stationary mean rotations of the
atmosphere. Q. JIr. Met. Soc., 79, 342-366, 1953.

Sowers, T., Render, M., Labeyrie, L, Martingon, D., Jouzel, J.,

- Raynaud, D., Pichon, J. J., and Korotevich, Y. S., A 135,000
year Vostok-SPECMAP common temporal framework. Pa-
leaceanography, 8, 737-764, 1993, :

Stefiensen, J. P., Clausen, H. B., Hammer, C. U., LeGrand, M.,
and De Angelis, M., The chemical coniposition of cold events
within the Eemian section of the Greenland Ice Core Project
ice core from Summit, Greenland. .Journal of Geaphysical Re-
search, 102, 26,747-26,753, 1997.

Steig, E.J., Brook, E.J., White, J.W.C., Sucher, C.M., Bender,
ML, Lehman, S.J., Morse, DL, Waddington, E.D. and
Clow, G.D., Synchronous climatc changes in Antarctica and
the North Atlantic. Science, 282, 92-95, 1998.

Stirling, C. H., Esat, T. M., McCulloch, M. T., and Lambeck, K.,
High-precision U-series dating of corals from Western Austra-
lia and implications for the timing and duration of the last in-
terglacial. Earth and Planetary Science Letters, 135, 115-130,
1995.

Stocker, T.F., The variable ocean, Nature, 367: 221-222, 1994,

Stocker, T.F., The scesaw effect, Science, 282: 61-62, 1998.

Stocker, T.F., D.G. Wright and W.S. Broccker, The influence of
high-latitode surface forcing on the:global thermohaline circu-
lation, Paleoceanography, 7, 529-541, 1992, )

Sugden, D. {ed.), Quaternary Climate Change and. South Amer-
ica, Special Issue of Journal of Quaternary Science, 15, 2000.

Sutcliffe, R.C., Mean upper-air contour patterns of the Northern
Hemisphere - the thermal-synoptic viewpoint. Q. Jir. Met.
Soc., 77, 435-440, 1951.

Szabe, B. J., Ludwig, K. R., Mahs, D. R., and Simmons, K. R,,
Thorium-230 ages of ‘corale and duration of last interglacial
sea-level highstand on Oahu, Hawaii, Science, 266, 93-96,
1994.

Taylor, X. C., Alley, R. B, Doyle, G. A., Grootes, P. M,
Mayewski, P. A., Lamorey, G. W., White, J. W. C,, and Bar-
low, L. K., The "flickering switch' of late Pleistocene climate
change. Nature, 361, 432-436,.1993.

Taylor, K. C., P. A. Mayewski, R. B. Alley, E. J. Brook, A. J.
Gow, P. M. Grootes, D. A. Meese, E. S. Saltzman, J. P. Sever-
inghans, M. S. Twickler, 3. W. C. White, S. Whitlow, G. A.
Ziclinski, The Holocene-Younger Dryas Transition Recorded
at Summit, Greenland. Science, 278 825-827, 1997.

Teller, J.T., History and drainage of large ice-dammed lakes
along the Laurentide ice sheet. Quaternary International, 28,
83-92, 1995.

Thompson, L. G., Ice-core records with emphasis on the global
record of the last 2000 years. In: Global Changes of the Past,
R. Bradley, ed., UCAR/Office of Interdisciplinary Earth Stud-
ies, Boulder. CO (USA), 2, 201-223, 1989.

Thompson, L. G., and E. Mosley-Thompson, Evidence of abrupt
climatic damage during the last 1,500 years recorded in ice
cores from the tropical Quelccaya ice cap, Peru. in Abrupt
Climatic Change: Evidence and Implications, W. H. Berger
and L. D. Labeyrie, eds., 99-110, 1987.



Thompson, L. G., Mosley-Thompsen, E., Davis, M. E., Lin, P.-
N., Henderson, K. A., Cole-Dai, J., Bolzan, J. F., and Liu, K.-
B., Late glacial stage and Holocene tropical ice core records
from Huascara, Pern. Science, 269, 46-50, 1995.

Thompson, L. G., E. Mosley-Thompson, W. Dansgaard, and P.
M. Grootes, The "Little Ice Age" as recorded in the stratigra-
phy of the tropical Quelccaya ice cap. Science, 234, 361-364,
1986. .

Thouveny, N., de Beaulieu, J. L., Bonifay, E:, Creer, K. M,,
Guiot, J., Icole, M., Johnsen, S., Jouzel, J., Reille, M., Wil-
liams, T., and Williamson, D., Climate variations in Europe
over the past 140 kyr deduced from rock magnetism, Nature,
371, 503-506, 1994.

Tiedemann, R., Sarnthein, M. and Shackleton, N.J., Astronomic
timescale for the Pliocene Atlantic 5180 and dust-flux rccords
of ODP Site 659. Paleoceanography, 9, 619638, 1994,

Trenberth, K.E., Interactions between orographically and ther-
mally forced planetary waves, .J. Atm. Sci., 40, 1126-1153,
1983.

Tzedakis, P. C., Andrieu, V., de Beaulieu, J.-L., Crowhurst, S.,
Folieri, M., Hooghiemstra, H., Magri, D., Reille, M., Sadori,
L., Shackleton, N. J., and Wijmstra, T. A.. Comparison of ter-
restrial and marine records of changing climate of the last
500,000 years. Earth and Planetary Science Letters, 150, 171-
176, 1997.

van Kreveld, S. ¢t al., Potential links between surging ice sheeis,
circulation changes and the Dansgaard-Oeschger cycles in the
Irminger Sea 60-18 kyr. Paleoceanography, 15, 425-442,
2000.

Vermeij, G. J., Strait answers from a twisted Isthmus. Paleobiol-
ogy, 23 (2): 263-269, 1997.

Vidal, L., R. Schoeider, O. Marchal, T. Bickert, T. Stocker, G.
Wefer, Link hetween the North and South Atlantic duirng the
Heinrich events of the last glacial period, Climate Dynamics,
159, 909-919, 1999,

Von Grafenstein, U., Erlenkauser, H., Brauer, A., Jouzel, J. &
Jolmsen, S. J., A mid-European decadal isotope-climate record
from 15,500 to 5,000 years BP. Science, 284, 1654-1657,
1999.

Vrba E., Denton G. H., Partridge T. C. and Burckle L. H. (edi-
tors) Palaeoclimate and Evolution, with emphasis on human
origins. Yale University Press, New Haven, pp367, 1996.

Walker, M.J.C., Climatic changes in Europe during the Last Gla-
cial/Interglacial Transition. Quaternary International, 28, 63-
76, 1995.

Walker, M.J.C., Bjorck, S., Lowe, 1.J., Cwynar, L.C., Johnsen,
S., Knudsen, K.-L., Wohifarth, B. and INTIMATE group, Iso-
topic ‘events' in the GRIP ice core: a stratotype for the late
Pleistocene. Quaternary Science Reviews, 18, 1143-1150,
1999.

Walker, M.J.C., Bjorck, S. & Lowe. J.1. (eds) Records of the Last
Termination Around the North Atlantic. Special Xvth INQUA
Congress Issue (Durban, 1999), Quaternary Science Reviews,
in press a.

Walker, M.J.C., Bryant, C., Coope, G.R., Harkness, D.D., Lowe,
1.J. & Scott, EM., Towards a radiocarbon chronology for the
Late-glacial in Britain. Radiocarbon, in press b

MASLIN ET AL. 51

Wang, L. et al., East Asian' momsoon climate during the late
Pleistocene: High resolution sediment records from the South
China Sea, Marine Géology, 156, 245-284, 1999.

Weaver, AJ. and T.M.C. Hughes, Rapid intcrglacial climate
fluctuations driven by North Atlantic ocean circulation. Na-
ture, 367, 447-450, 1994,

Webb, R.S., D. Rind, S. Lehmann, R. Healy, and D. Sigman,
Influence of ocean heat transport on the climate of the last gla-
cial maximum, Nature, 385, 695-699, 1997. .

Wilson, R.C.L., S.A. Drury, J.A. Chapman, The Great Ice Age;
Climate change and life. Routledge, London, pp. 288, 2000.

Winograd, L J., Szabo, B. J,, Coplen, T. B., and Riggs, A. C., A
250,000-year climatic record from Great Basin vein calcite:

_ implications for Milankovich theory. Science, 242, 1275-
1280, 1988.

Winograd, L 1., Coplen, T. B., Landwehr, J. M., Riggs, A. C,,
Ludwig, K. R., Szabo, B. J., Kolesar, P. T., and Revesz, K.
M., Continuous 500,000-year climate record from vein calcite
in Devil's Hole, Nevada, Science, 258, 255-260, 1992,

Winograd I. J., Landwehr J. M., Ludwig K. R., Coplan T. B. and
Riggs A. C., Duration and structure of the past four interglaci-
ations. Quaternary Research, 48, 141-154, 1997.

Witte, H.IL., Coope, GR., Lemdahi, G. & Lowe, J.I,, Regres-
sion coefficients of thermal gradients in northwestern Europe
during the last glacial-Holocene transition using beetle MCR
data, Journal of Quaternaury Science, 13, 435-446, 1998,

Wolf, T.C.W. and Thiede, J., History of terrigenous sedimenta-
tion during the past 10 my in the North Atlantic (ODP-Leg's
104, 105, and DSDP-Leg 81), Marine Geology, 101, 83-102,
1991.

Wolf-Welling, T.C.W., Thiede, J., Myhre, AM. and Leg 151
Shipboard scientific party, Bulk sediment parameter and
cnarse fraction analysis: Paleoceanographic implications of
Fram Strait Sites 908 and 909, ODP Leg 151 (NAAG), Eos
Transactions, 76 (17), suppl., p166, 1995,

Wright H. E. Jr., Environmental determinism in Near Eastern
Prehisiory. Current Anthropology, 34, 458-469, 1993,

Wright, J. D. and Miller, K.G., Control of North Atlantic Deep
Water circulation by the Greenland-Scotland Ridge, Paleo-
cearography, 11, 157-170, 1996.

Wunsch, C., On sharp spectral lines in the climate record and the
millennial prak, Paleaceanography, 15, 417-424, 2000,

Yiou, P., Fuhrer, K., Meeker, L. ., Jouzel, J., Johnsen, S., and
Mayewski, P. A., Palcoclimatic variability inferred from the
spectral analysis of Greenland and Antarctic ice core data.
Journal of Geophysical Research, 102, 26,441-26.453, 1997.

Zachos, J1.C., Breza, J. and Wise, S.W., Early Oligocene ice-sheet
expansion on Antarctica, Sedimentological and isotopic evi-
dence from Kerguelen Platean, Geology, 20, 569-573, 1992.

Zachos, J.C., Quinn, T.M. and Salamy, K.A., High-resoltion (104
years) deep-sea foraminiferal stable isotope records of the Eo-
cene-Oligocene climate transition, Paleoceanography, 11,
251-266, 1996.

Zachos, J. C., Opdyke, B. N., Quing, T. M., Jones, C. E., and
Halliday, A. N., Early Cenozoic Glaciation, Antarctic weath-
ering and seawater 8751/868Sr; is there a link? Chemical Geol-
ogy, 161: 165-180, 1999,



52 NATURE AND CAUSES OF RAPID QUATERNARY CLIMATE TRANSITIONS

Zachos, J.C., M. Pagani, L. Sloan, E. Thomas, and K. Billups,
Trends, rhythms and aberrations in.global climate 65 Ma to
present, Science, 292, 673-678 (2001).

Zagwijn, W. H., Pleistocene stratigraphy in the Netherlands,
based on changes in vegetation and climate, Nederlands Ge-
ologisch en Mijnbouwkundig Genootschap, Verhandelingen,

. Geologische Serie, 21-2, 173-196, 1963.

Zagwijn, W. H., Variations in climate as shown by pollen analy-
sis, especially in-the lower Pleistocene of. Europe. In: Ice

Ages: Ancient and Modern, A. E. Wrighf and F. Moseley,’

eds., Seel House Press, Liverpool, UK, 137-152, 1975.

Zahn, R. et al., Thermohaline instability in the North Atlantic
during ‘meltwater events stable isotope and detritus records
from core S0O75-26KL, Portuguese margin. Paleoceanogra-
phy, 12, 696-710, 1997. :

Zhisheng A. & Porter S. C., Millenial-scale climatic oscillations
during the last interglaciation in central China. Geology, 25,
603-606, 1997.

J. Lowe, Centre for Quaternary Research, Department of Ge-
ography, Royal Holloway, University of London, Egham, Surrey
TW20 0EX, UK. (j.lowe@rhbnc.ac.uk)

M. Maslin, Environmental Change Research Centre, Depart-
ment of Geography, University College London, 26 Bedford
Way, London. WC1H 0AP, UK. (mmaslin@ucl.ac.uk)

D. Seidov, EMS Environment Institutc, Pennsylvania State
University, University Park, PA 16802. (dseidov@essc.psu.edu)



