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3.1 Introduction

Climate variability, defined as changes in integral
properties of the atmosphere, is only one small
realization of the workings of the much larger earth
system. Parts of the other components (ice, ocean,
continents) have much slower response times
(decadal to millennia). True understanding of cli-
mate dynamics and prediction of future changes
will come only with an understanding of the work-
ings of the earth system as a whole, and over both
the past and present time scales. Such understand-
ing requires, as a first step, identification of the
patterns of climate change on those time scales, and
their relationships to known forcing. As a second
step, models must be developed to simulate the
evolution of the climate system on these same time
scales. Within the last few decades, a significant
number of long time series have become available
that describe paleoclimate variability with resolu-
tion better than about 1000 years. Global general
circulation models lag however, in that they have
yet to be successfully integrated for more than a few
hundred years. Because of these data and model
limitations, the study of past climate change in the
geologically recent past (the late Quaternary) has,
for the most part, been limited to two basic strate-
gies: (1) detailed description of the mean climate
during specific climatic extremes (the “time slice”
strategy), and (2) process modeling studies that seek
to explain available time series in relation to spe-
cific external forcing and internal system dynamics.
An excellent example of this latter strategy is the
evaluation of the role of the insolation forcing as a

driver of glacial/interglacial cycles by the
SPECMAP group (Imbrie et al. 1992, Imbrie et al.
1993). Until recently there has been relatively little
knowledge of past climatic variability on decadal to
millennial time scales, a major problem considering
that these are time scales on which climate is
greatly affected by energy and material exchanges
between the atmosphere, ocean, cryosphere, and
biosphere.

The field has evolved rapidly in recent years.
Some of the main areas of progress include:
• A much improved knowledge of the decadal
variability of the surface ocean, ice and continental
system over the last millennium.
• The development of an interhemispheric ice-
core stratigraphy covering more than a full glacial
cycle with a temporal resolution of about 100 to
1000 years, based on both ice parameters (δD, δ18O,
dust) and concentrations and isotopic compositions
of trapped atmospheric gases (see Chapter 2).
• The acquisition of oceanic time series with
sufficient temporal resolution to allow the study of
century-scale variability in surface and deep water
properties over the last few glacial cycles. Of spe-
cial importance in this regard have been the discov-
ery and study of oceanic records that capture the
millennial scale oscillations known from ice-core
records as Dansgaard-Oeschger cycles (Dansgaard
et al. 1984, Broecker et al. 1992, Dansgaard et al.
1993), and the ice-collapse episodes known as
Heinrich events (after Heinrich 1988, Bond et al.
1992, Bond et al. 1993). Progress is being made on
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a common stratigraphy for these events, but it is not
yet global.
• The improved calibration of calendar time
scales using 14C and U/Th radiochronological meth-
ods, and comparison with incremental dating ap-
proaches such as annual layer counting. This en-
ables the establishment of precise relationships
between external forcing and climatic response, and
direct comparisons between ice, ocean and conti-
nental paleoclimate records (Stuiver and Braziunas
1993, Sarnthein et al. 1994, Wang et al. 2001).
• The identification of linked chronostrati-
graphic markers in marine, terrestrial and ice re-
cords. The classic approach was based on the de-
tection of specific volcanic ash layers. The newly
developed high resolution reconstruction of the
earth dipolar magnetic moment, NAPIS 75  (Laj et
al. 2000) and the associated evolution of cos-
mogenic nucleides recorded in the ice (Baumgartner
et al. 1998) offer the first possibility of truly global
correlation at millennial scale resolution.
• The development of models of intermediate
complexity. These can be integrated for thousands
of years and facilitate numerical experiments and
data-model comparisons that can help to identify
key processes involved in past climatic changes
(Berger et al. 1994, Rahmstorf 1995, Stocker 2000,
Ganopolski and Rahmstorf 2001).

The first section of this chapter discusses climate
dynamics on orbital time scales: sea level and gla-
cial/interglacial cycles, monsoon variability, inter-
hemispheric connections, low versus high latitude
insolation forcing and the Last Glacial Maximum.
The second covers millennial scale variability and
associated climatic processes. The final section
focuses on interannual to decadal variability. We
make no attempt here to review the progress made
on proxy development and quantification of local
climatic and environmental responses to climate
changes. Much of that work may be found in the
special issue of Quaternary Science Reviews based
on the first PAGES Open Science conference
(Alverson and Oldfield 2000).

3.2 Climate change under orbital
forcing

The seasonal and latitudinal distribution of energy
received from the Sun is modulated by oscillations
of the earth’s orbital parameters. The major changes
derive from precession of the equinoxes (at 19 and
23 ka/cycle) and changes in the eccentricity of the
earth’s orbit (main periodicities around 400 and 101
ka/cycle). High latitude summer insolation and
mean annual insolation are also particularly sensi-
tive to the changes in the Sun's elevation above the

horizon (obliquity) which varies with a periodicity
of 41 ka/cycle (Berger 1977, Laskar 1990). The
record of past climate change thus provides key
information about the sensitivity of the earth system
to energy balance changes.

3.2.1 Developing a chronology of past cli-
matic change

The study of the sensitivity of the earth’s climate to
insolation forcing requires a reliable chronology.
The first timescale for Pleistocene glacial cycles
was established by joint application of magneto-
stratigraphy and changes in the δ18O in fossil Fora-
minifera in ocean sediments, a proxy for ice volume
(Broecker and Donk 1970, Shackleton and Opdyke
1973). This early chronology linked reversals of the
earth’s magnetic field recorded by ocean sediments
to those recorded in dated volcanic rocks, and
showed that the main periods of orbital oscillation
are apparent in δ18O records. Direct links between
high northern-latitude summer insolation and δ18O
based records of high sea stands of the last intergla-
cial were dated by Broeker et al. (1968) using
234,238U/230Th analysis of Barbados corals. That study,
among others, led Imbrie et al. (1984) to propose a
revised chronology of the last 800 ka, obtained by
tuning paleorecords to orbital frequencies (the so-
called SPECMAP method of Imbrie et al. (1989)
and Martinson et al. (1987)). The success of this
method has been demonstrated by the reevaluation
of the K/Ar dating of the last several reversals of
the earth’s dipolar magnetic field (Shackleton et al.
1990) and further refinements of the chronostrati-
graphy of the Pleistocene (Bassinot et al. 1994).
Such orbital tuning of isotopic stratigraphy has a
significant drawback for climatic studies. It presup-
poses that the interactions between the main com-
ponents of the climatic system that react with re-
sponse times similar to the orbital periods (thousand
of years or longer) operate with constant phase lags
or leads with respect to insolation (Imbrie et al.
1992). It is probable that this supposition will have
to be relaxed in order to obtain a better understand-
ing of the interactions that may occur between
processes operating on different time scales, such as
the influence of ice sheet extent on greenhouse
gases and thermohaline circulation.

Uncertainties in interpretation, lack of precision in
the reference series, and the presence of higher
frequency variability generate intrinsic errors in
orbitally tuned chronologies of about 1/4 of the
precession period, or ±5 ka. Despite this relatively
low resolution, the method has generated consider-
able progress in our understanding of long term
climatic processes. Spectral and cross spectral












































































