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Preface

Gazing up at the up at the roof of the reconstruction of the cave at
Lascaux in southwestern France, it is a stunning realisation that the
magnificent paintings were drawn some 17 000 years ago. Sometimes
referred to as the ‘Sistine Chapel of Prehistory’, this artistic marvel
was painted at a time when the northern hemisphere was about to
emerge from the steely grip of the ice age. This sense of wonderment is
compounded by the knowledge that the more recent discovery of
similar paintings in the Chauvet cave, in the Ardeche region of France,
has been dated as much as 15000 years earlier. So, more than
10000 years before the first recognised civilisations of Mesopotamia
and Egypt emerged, over many thousands of years, the ice-age hunters
of Europe were producing these extraordinary examples of creativity.
Confronted by so much talent so long ago a stream of questions
arises. Where did these people come from? Where did they go? What
were conditions like at the time? What happened to the skills they had
developed? Did the changes in the climate that followed explain why
they faded from view? What happened to the skills they had developed?
What were the consequences of this apparently frustrated development?
Answers to these questions, and many more, are starting to emerge
from two areas of science that have transformed our understanding of
the development of humankind in prehistory. First, we can draw on
advances in climate change studies of recent decades. Measurements
of samples from tropical corals to Greenland’s icy wastes, from
sediments at the bottom of the world’s oceans and lakes, from stalactites
and stalagmites deep in the bowels of the Earth, and from living and
long-dead trees have transformed our understanding of how the climate
has changed in the past. These advances provide a detailed picture of

the chaotic climate of the ice-age world, which threatened the very
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existence of our species. How our ancestors survived these challenges is a
vital part of our history.

The other scientific development is, in some ways, even more
extraordinary. By unravelling the information that is locked up in our
DNA, we can address the deeply personal question of how are we
linked to the people who survived the ice age. This contains a record of
the entire evolution of humankind. Although there are limitations to
what we can find out, two things are central to unlocking the secrets
in our genes. The first is a statement of the obvious. This is that not
a single one of our own direct ancestors died without issue. So there is
an unbroken genetic line from all of us to people living during the ice
age. In addition, while there is no way of knowing precisely where our
own ancestors were living then, the whole new world of genetic
mapping can tell us an amazing amount about our origins. This
includes a variety of insights into how modern humans peopled the
world and how this process was influenced by climate change.

My aim in this book is to describe how scientific advances have
opened up new perspectives of the evolution of humankind in a world
where climatic chaos was the norm. It will take us into many aspects
of the lives of our ancestors and those of the creatures living around
them, and explore how overcoming the challenges of the ice age made

us what we are today.
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1 Introduction

Chaos umpire sits,

And by decision more embroils the fray
By which he reigns: next him high arbiter
Chance governs all.

John Milton (1608-1674), Paradise Lost

There is a cosy notion that progress is a natural consequence of the
development of human social structures. Reinforced by the rise of
Europe from the Middle Ages and the subsequent exploitation of the
New World, it is all too easy to forget past setbacks. ‘Dark Ages’ have
punctuated the recorded history of our species. The period following the
decline and fall of the Roman Empire is probably the best-known
example, but sudden and catastrophic declines of earlier ancient
civilisations are important reminders that progress is not an automatic
part of the human condition. In popular culture this simple onward and
upward view of human development extends back into the Palaeolithic:
as the Earth gradually emerged from the ice age the human race stumbled
from its caves and started its ascent to civilisation as we know it. While
this is a parody of our current understanding about what really happened,
it still lurks deep within our cultural subconscious. What it loses sight of
is the extent of intellectual development that had been established in
prehistory (Rudgley, 1998). In some instances discoveries were made
independently at different places and at different times. These punctu-
ated developments may have been a consequence of climatic events, and
this tortuous process is part of the story explored.

Surviving the rigours of the ice age also profoundly influenced
the evolution of modern humans. The fluctuations within this glacial
period dictated how we spread out across the globe. They are hard-
wired into us in respect of our genes, stature and health, and integrated

into our attitudes to gender, warfare, animals and much more.
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In exploring so many aspects of human life there is further
complication. A surprising number of the areas of scientific research
discussed here involve bitter academic feuds. At every turn through-
out this extended interdisciplinary discussion we will find highly
respected professionals slugging it out in august journals. The objec-
tive of the book is to present a balanced account of how the various
debates fit into the wider picture, always recognising that this is a

matter of tiptoeing through a series of intellectual minefields.

1.1 CAVE PAINTINGS

In the context of understanding prehistory, and how climate change,
in particular, played a part in stimulating progress or bringing it to a
grinding halt, several developments in the 1990s acted as the inspir-
ation for this book. The first was the discovery of the images found in
the Chauvet cave in 1994. When carbon dating (see Appendix) of the
charcoal used in these breath-takingly beautiful drawings of animals
showed that they were over 30 000 years old, the archaeological world
was taken aback (Clottes et al., 1995).

This dating was some 15000 years (15 kyr) earlier than had been
expected, as the images bore a striking resemblance to the much better
known drawings in the caves in Lascaux and Altimira that date back
to around 17 000 years ago (17 kya). So rather than being the product of
the developments that were seen as part of Europe emerging from the
last ice age, these images were drawn by our forebears whose descend-
ants had yet to survive the extreme stages of the last ice age, which
plunged all of Europe north of the Alps and the Pyrenees into cold
storage for over 10 kyr. The only significant difference in the images
was that those from the earlier era depicted a world inhabited by more
dangerous animals. In particular, the many images of lions (Fig. 1.1)
are something that rarely appears in later artwork.

Inevitably, the question of the validity of the dating was raised.
These doubts took time to address. In addition, the sensational nature
of the Chauvet discovery diverted attention from the growing evi-

dence of a much longer artistic tradition in Europe. In defending the



1.1 CAVE PAINTINGS 3

FIGURE 1.1 A painting of lions from the Chauvet cave, which has been dated
as being over 30 000 years old. (With the kind permission of Jean Clottes.)

Chauvet dates, improved measurements were obtained from a number
of other French caves (Valladas et al., 2001), including recent exciting
discoveries at Cosquer and Cussac. This analysis confirmed what was
becoming increasingly evident from a wide range of sites that palaeo-
lithic cave art was part of an artistic continuum dating back to before
30kya.

The draughting skills of the people who had created these
images transfix the viewer. Any frustrated artist, who has struggled
to master the essentials on line and weight in drawing, can only
genuflect to someone who had got it in one. This reaction was encap-
sulated in the earlier observation of an artist who had these skills in
abundance — Pablo Picasso — who, on seeing the paintings in the
Lascaux cave, observed, ‘We have invented nothing!’

What are the implications of these skills surviving for so long?
The oldest dates found so far are in the Chauvet cave (between 32 and
30kya), while the most recent are found in the cave at Le Portel
(11.6 kya; Clottes, 2002). Stop and think just how long this period is.
It is some 800 generations, or more than ten times the period since the
fall of the Roman Empire. This immense period of time suggests that
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in order for such a tradition to persist, there must have been an
effective form of passing on this knowledge. Without it, the funda-
mental unity of this art could not have survived for so long. Possibly of
even greater importance is that the assumption that was made before
Chauvet was discovered - that the evolution of art had been gradual,
from coarse beginnings rising to an apogee at Lascaux — cannot be
sustained. The recent discoveries have shown that as early 30kya
sophisticated artistic skills had already been invented. So, even if the
exercise of these skills lapsed from time to time, there was a social
consciousness that enabled them to be sustained.

This sense of continuity raises fascinating questions about what
was happening to the world during this immense period of time. Here
we have the benefit of a second more consequential scientific develop-
ment. Since the 1960s scientists have been drilling ice cores and mak-
ing measurements of their properties. Snow deposited on the ice sheets
of Antarctica and Greenland, and in glaciers in mountain ranges around
the world, contains a remarkable range of information about the cli-
mate at the time it fell. Where there is no appreciable melting in
summer, the accumulation of snow, which is compressed to form ice,
contains a continuous record of various aspects of climate variability
and climate change. This includes evidence of changes in temperature,
the amount of snow that fell each year, the amount of dust transported
from lower latitudes, fall-out from major volcanoes, the composition of
air bubbles trapped in the ice and variations in solar activity. The best
results are, however, restricted to Antarctica and Greenland, with more
limited results from glaciers and ice caps elsewhere around the world.

The dramatic advance with ice cores came with the publication
in the early 1990s of the first results of two major international pro-
jects: the Greenland Ice Sheet Project Two (GISP2) (Grootes et al.,
1993) which successfully completed drilling a 3053-m-long ice core
down to the bedrock in the Summit region of central Greenland in July
1993; and its European companion project, the Greenland Ice Core
Project (GRIP) (Greenland Ice Core Project Members, 1993), which one
year earlier penetrated the ice sheet to a depth of 3029 m, 30 km to the
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east of GISP2. These cores provided a completely new picture of the
chaotic climate throughout the last ice age, the turbulent changes that
occurred at the end of this glacial period and the stability of the
climate during the last 10 kyr (a period known as the Holocene).

These chaotic changes were evident in many of the ice-core
parameters, including rapid fluctuations in the snowfall from year to
year and sudden changes in the amount of dust swept up from lower
latitudes. The most spectacular results were obtained, however, by
measuring the ratio of oxygen isotopes (oxygen-16 and -18), which
provided an accurate record of regional temperature over the entire
length of the ice core. The amount of the heavy kind of oxygen atoms,
oxygen-18 ('*0), compared with the lighter far more common isotope
oxygen-16 (*°0), is a measure of the temperature involved in the
precipitation processes. But this is not a simple process. The snow is
formed from water vapour that evaporates from oceans at lower lati-
tudes and travels to higher latitudes. The water molecules containing
160 are lighter, and evaporate slightly more readily and are a little less
likely to be precipitated in snowflakes than those containing '*O. Both
effects are related to the temperature, so the warmer the oceans and
the warmer the air over the ice caps the higher the proportion of 1°O in
the snow that fell. So during warm episodes in the global climate the
proportion of the %0 in the ice core is lower.

These cores presented an entirely different picture of the climate
during and following the last ice age. Added to the glacial slowness of
changes that led to the building and decline of the huge ice sheets was
a whole new array of dramatic changes (Fig. 1.2). While these long-
term consequences remained, two exciting features emerged from the
detailed record of the ice cores. First, they provided much improved
evidence of the frequent fluctuations in the climate on the timescales
of millennia that ranged from periods of intense cold to times of
relative warmth. Second, and even more interesting, these longer-
term variations were overlain with evidence of dramatic short-term
fluctuations: over Greenland, annual average temperatures rose and

fell by up to 10 °C in just a few years, while annual snowfall trebled or
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FIGURE 1.2 The changes in '#0/!®0 isotope ratio observed in the GRIP ice
core for 200-year intervals over the last 100000 years (0 to 100kya),
together with an approximate estimate of the changes in temperature
that have taken place over this period. (Data archived at the World Data
Center for Paleoclimatology, Boulder, Colorado, USA.)

declined by a third. As the research team memorably described the
patterns (Taylor et al., 1993), the climate across the North Atlantic
behaved like a ‘flickering switch’.

As for looking farther back in time, just how much could be
extracted from ice cores became clear from work in Antarctica.
Results obtained from high on the ice sheet, by the European Project
for Ice Coring in Antarctica (EPICA) (Fig. 1.3), extended records
back through more than 730kyr, covering eight ice ages (EPICA
Community Members, 2004). When combined with earlier ice-core
data and other records obtained from around world from ocean sedi-
ments, lakebeds and peat deposits, and stalactites and stalagmites,
these now give us a remarkably detailed picture of the climate of the
last few hundred thousand years. This is offering archaeologists the
opportunity to look with far greater precision at the conditions that
controlled the development of humankind during the last ice age and
the warming that followed it.
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FIGURE 1.3 The measurement of the deuterium/hydrogen isotope ratio (D/
H)in an ice core drilled by the European Project for Ice Coring in Antarctica
(EPICA) at Dome C in Antarctica, showing how the ice-core record extends
back 736000 years (736 kyr) covering the last eight glacial cycles. The black
line is the average values for every 3000 years and the white line is the
seven-point running mean of these data. (Data from EPICA community
members (2004), supplementary information, www.nature.com/nature.)

The impact of climate change on social and economic develop-
ment has been a part of historical analysis for many years. There is a
tendency to think that human capacity to create the intellectual
accomplishments that are so much a part of recorded history did not
really blossom until the establishment of identifiable civilisations. In
fact, the kernel of these processes formed while grappling with the
hardships of the ice age. The evidence of cave paintings and other
forms of artistic activity suggests that these intellectual capacities
were well developed long before agriculture and the establishment of
sizeable human settlements (Rudgley, 1998). It shows clearly that the
desire to record accurately observations about the world around us,
and to pass that information on to both contemporaries and subse-
quent generations, dates back to these times. That these images also
exhibit sublime aesthetic and spiritual components resonates even

more with our own experience.
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These images contain something of ourselves and the ideas we
seek to represent in art. This does not mean that our distant ancestors
produced these pictures for the same reasons that we might today or
that we are capable of explaining what their purpose was. Indeed, the
danger of inflicting our current perceptions on their imagery takes us
into complicated social and psychological analysis (Lewis-Williams,
2002, pp. 41-68). In particular, we run the risk of seeking to impose on
palaeolithic ancestors our contemporary concerns about sex, social
equality and gender roles. As one writer memorably observed, ‘palaeo-
lithic art has often been a “Rorschach [inkblot] Test” in that modern-
day observers have tried to read into the mind and spirit of primitive
humans, but they have perhaps learned more about their own psyches
than about the primitives’ (Wenke, 1999, p.209). For the moment, all
that needs to be said is that they already had highly developed under-
standings of the flora and fauna around them, and were superb
draughtsmen or draughtswomen.

The fundamental question is how these creative features of the
minds of humans so long ago, with which we can so readily identify,
helped them overcome the challenges of the worst of the ice age.
These intellectual capabilities were an integral component of their
survival. They influenced how they evolved through the long dark
night of the ice age and the chaotic dawn of the Holocene.
Furthermore, the fact that there is a thread that links us to these
people provides particular insight into how modern humans were
able to seize the opportunities presented by the climatic amelioration

when the ice age ended.

1.2 DNA SEQUENCING

Another development of recent decades has transformed our thinking
about human prehistory. This is the whole new science of genetic
mapping that brings an entirely different perspective to our past. The
discovery of the structure of DNA 50 years ago has altered how we
view human evolution. It established the amazing concept that each

of us, within our DNA, has a record of the entire evolution of
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humankind. The development of rapid and inexpensive methods of
probing DNA sequences has led, since around 1980, to its application
to evolutionary studies and to the creation of the subject of molecular
anthropology. The most complete way of sequencing the human gen-
ome is to determine the exact order of the 3 billion chemical building
blocks (called bases and abbreviated A, T, C and G) that make up the
DNA of the 24 different human chromosomes. The sequencing of the
entire genome, which contains some 30000 genes, is the central
challenge in the Human Genome Project.

The essential feature of DNA is that it carries the replication
instructions for cell division. This process is carried out with extreme
reliability, but in about one in a billion divisions mutations occur.
This has the consequence that between successive generations these
mutations slowly accumulate in the DNA of any species. It is the
accumulation of mutations in the DNA that provides both the grist in
the mill of natural selection and the metronome underlying the molecu-
lar clock. By comparing DNA sequences and measuring the incidence
of genetic markers in human and animal populations around the
world, it is possible to draw conclusions about the timing of separation
of different species and different groups of humans.'

If this process required the sequencing of the entire genome and
examining changes in all 30 000 genes it would be impossibly difficult.
The breakthrough in the mapping process has come with the discov-
ery that by sequencing two specific parts of human genome it is
possible to explore the slow ticking of the human molecular clock.
The first of these is mitochondrial DNA (mtDNA,; for this and other
technical terms, see the Glossary), which is a section that is some
16000 base pairs long. This is only passed through the female line of
the species and also has the benefit that mutations occur more rapidly
there than elsewhere in the genome. Nevertheless, the process is very

slow. If two people had a common maternal ancestor 10 000 years ago,

! An introduction to the subject of genetic mapping can be found in such books as Cavalli-
Sforza (2000), Sykes (2002) and Oppenheimer (2003) (see Bibliography).
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then there would be one difference in their genetic sequences. The
parallel development has been to study the differences in the
Y-chromosome, the only purpose of which is to create males.
Studying the genetic variation of mtDNA and the Y-chromosome
across human populations can produce objective data that
provide new insights into human history over many thousands of
years, such as the colonisation of previously uninhabited areas and
subsequent migrations. Prior to this the only equivalent analysis
relied on the study of languages to infer a pattern of human develop-
ment. This work, sometimes termed glottochronology, cannot delve
as far back into the past as genetic studies, and will not be considered
in any detail in this book. Here we will concentrate on genetic map-
ping, which provides an independent picture of how modern humans
peopled the world during and after the last ice age. This analysis must,
however, be combined with other sources of knowledge, such as

archaeological or historical records, to form a balanced view.

1.3 ARCHAEOLOGICAL FOUNDATIONS

The next stage in this introduction is to confront the challenge of
archaeology. It is often easier to write with confidence on fast-developing
and relatively new areas of research, such as climate change and
genetic mapping, than to review the implications of such new devel-
opments for a mature discipline like archaeology. Because the latter
consists of an immensely complicated edifice that has been built up
over a long time by the painstaking accumulation of fragmentary
evidence from a vast array of sources, it is hard to define those aspects
of the subject that are most affected by results obtained in a
completely different discipline. Furthermore, when it comes to
many aspects of prehistory, the field is full of controversy, into
which the new data are not easily introduced. As a consequence,
there is an inevitable tendency to gloss over these pitfalls and rely
on secondary and even tertiary literature to provide an accessible
backdrop against which new developments can be more easily

projected.
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In adopting this cautious approach there is a risk of not fully
conveying the flavour of current archaeological thinking in these
emerging interdisciplinary areas. Here the aim will be to make the
backdrop as authoritative as possible so that the new results are set in
the right context. Wherever there is obvious dispute over the implica-
tions of new results the links between the various disciplines will be
recognised with an attempt to explain whether the varying interpreta-
tions of the data can be reconciled. So the analysis will emphasise how
the new disciplines are altering our perceptions about prehistory,
rather than fully exploring the ferment surrounding the wider archae-

ological debate.

1.4 WHERE DO WE START?

The question of the role of climate change in human evolution has
been widely explored. This climatic influence extends back several
million years into the Miocene era and involves many aspects of our
links with other great apes and the progression of our species. Here the
discussion is restricted to more recent times, and in particular the
period covered since the emergence of anatomically modern humans
(Homo sapiens, from now on referred to as ‘modern humans’). As best
we can tell the first modern humans appeared in Africa between 100
and 200 kya. Between 100 and 10 kya they spread into Eurasia, across
to Australia and eventually into the Americas (Fig. 1.4). This period
coincides largely with the time covered by the last ice age.

This restriction to more recent events will be more marked for
most of our discussion. The arrival of modern humans in Europe
around 40kya coincides with the first widespread evidence of an
important shift in human behaviour. Often termed the ‘Upper
Palaeolithic Revolution’, the shift was reflected in more versatile
stone blades and tools, wider use of other materials (antler, bone and
ivory) for tools, and the emergence of figurative art and personal orna-
ments (Mellars, 1994, 2004; Bar-Yosef, 2002). While this step forward
in human intellectual development may have occurred much earlier,

as recent analysis of decorated objects from southern Africa suggests
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FIGURE I.4 A schematic map showing the approximate timing of the
migration of modern humans out of Africa and across the world in units
of thousands of years ago (kya). (NB There is considerable disagreement
about the timing of certain of these movements, notably in respect of the
peopling of the Americas, which will be the subject of detailed analysis
later in the book.)

(Henshilwood et al., 2002), the sudden widespread emergence of this
behaviour in the archaeological record provides a convenient starting
point for much of what this book is about.

1.5 WHATDO WE COVER?

The analysis here will inevitably place particular emphasis on the
events in Eurasia and the North Atlantic. This is a consequence of
two facts. First, in terms of human artefacts that reflect the emergence
of modern humans and their intellectual development, the majority of
evidence has, so far, been found in Eurasia. Second, the central role the
Greenland ice cores will play in the analysis inevitably points the
discussion in the direction of the North Atlantic and its surrounding
landmasses. This geographical bias is, however, not a deliberate part of
some Eurocentric model of human development, and wherever possible
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evidence of development in other parts of the world will be fully
recognised to achieve as global a perspective as possible (Coukell, 2001).

In the context of climatic change, the emphasis on the North
Atlantic does have a more reputable physical foundation. As will
become clear, not only does the circulation of the North Atlantic
carry so much more energy into the Arctic than does the Pacific, but
also this circulation is capable of the dramatic and chaotic shifts that
are central to this book. The fluctuations in this energy transport exert
a fundamental control on the climate of the northern hemisphere. The
extent to which events in the southern hemisphere are independent of
this northern influence will be examined. In particular, how this
affected the climate of much of Africa is an essential part of our story.

The importance of a global perspective is central to understand-
ing the nature of the climate during the last ice age. It was not simply
that it was so much colder then: parts of the globe experienced what
we would regard as thoroughly acceptable climates even at the nadir of
the last ice age, usually termed the last glacial maximum (LGM). No,
it was that chaos reigned over the climate. So not only was much of
northern Eurasia and North America buried under ice several kilo-
metres thick, but the climate across the northern continents swung
from the depths of glacial frigidity to relative mildness in the space of a
few years. This erratic behaviour was a feature of virtually the whole
of the last 100 kyr of the Earth’s history. Then, after the final parox-
ysms of the ice age came to an end around 12 kya, the world warmed
up dramatically over the next two millennia and settled down into a
quiescent mode: in effect the reign of chaos ended.

The fact that the climate has been so relatively stable for the past
10 kyr (the Holocene) is widely recognised as the central reason for the
explosive development of our social and economic structures. Once
the climate had settled down into a form that is in many ways recog-
nisable today, all the trappings of our subsequent development (agri-
culture, cities, trade etc.) were able to flourish. This change is often
presented as the trigger for the onset of orderly progress and opportun-

ities for ‘great leaps forward’. When viewed in the longer perspective of
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our having evolved during the chaotic period prior to Holocene, this
analysis may well be oversimplified, if not downright misleading.

The second and closely related aspect of our history is the grow-
ing evidence of the greater antiquity of many of the aspects of human
intellectual development. These early developments will have been
profoundly influenced by the climatic rigours of the time. So there are
many ramifications for how social systems developed in the depths of
the last ice age and the consequent implications for what we have now
become.

The breadth of these issues mean that there has to be a self-
denying ordinance on trying to cover all the fascinating issues in pre-
history that could possibly relate to climate change. In this respect,
restricting the story principally to events after the arrival of modern
humans in western Europe makes good sense. To extend back into the
subject of how this movement is related to the earlier development of
archaic humans, notably Neanderthals, takes us into a different world.
It is not just that this issue has been covered in considerable depth in a
variety of previous books (Stringer & Gamble, 1993; Trinkhaus &
Shipman, 1993). More importantly, recent genetic research strongly
suggests that modern humans replaced archaic humans without inter-
breeding (Krings et al., 1997; Krings et al., 2000). So, since around
30kya, as hominids, we have been on our own (Klein, 2003; Mellars,
2004). This means that since then, in terms of considering the impact of
climate change on human prehistory, we are all that matters.

As far as the boundary of prehistory and ‘recorded’ history is
concerned, the choice is bound to be arbitrary. The extent of records of
both human activity and, crucially, climate-related events, varies
from place to place. Furthermore, by definition ‘Dark Ages’, whether
or not they were, in part, the product of climatic events, are less well
recorded than the better times that preceded and followed them. There
is, however, a sense of events being less well defined prior to the rise of
the Greek and Roman Empires. In practice, there are virtually no
documentary records of events that would illuminate the human
consequences of climatic variability before them.
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This does not mean that we are short of ways of measuring the
climate of the time, as the earlier observations about the insights
gained from ice cores demonstrate. What it does mean is that we are
almost wholly dependent on ‘proxy’ records of the climate. Alongside
ice cores these include tree rings, ocean sediments, coral growth rings
and pollen records from lake sediments. Proxy data contain an amaz-
ing amount of climatic information, but they rarely if ever provide a
direct measure of a single meteorological parameter. For instance, the
width of tree-rings is a function of temperature and rainfall over the
growing season, and also of groundwater levels reflecting rainfall in
earlier seasons. Only where the trees are growing near their climatic
limit can most of the growth be attributed to a single parameter (e.g.
summer temperature). With other records (e.g. analysis of the pollen
content, or the creatures deposited in ocean sediments), drawing cli-
matic conclusions depends on knowing the sensitivity of plants and
creatures to the climate and how their distribution is a measure of the
climate at the time. Although a large proportion of the information of
climate change in more recent times has been obtained from these
forms of data, the change in the nature of documentary data around
2.5kya allows us to make the arbitrary decision that in this book
‘prehistory’ effectively ends around this time.

In terms of population numbers, the period covered by the book
involves perhaps the most interesting period of population growth of
the human race. In the Upper Palaeolithic, around 35 to 30 kya, we
numbered a mere few hundred thousand mortals. This number may
have fluctuated dramatically through the LGM and then started to rise
during the emergence from the ice age. By 10kya the numbers had
risen to around five million. The coming of agriculture and growth of
civilisations led to a rise to around 100 to 150 million people by 2.5 kya
(Kremer, 1993).”

2 There is also useful information at the US Bureau of the Census, http://www.census.gov/ipc/
www/worldpop.html.
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1.6 CLIMATE RULES OUR LIVES

The hypothesis that climate change exerted a profound impact on the
prehistoric development of human societies must be explored in
terms of our current experience of how fluctuations from year to
year have affected our own societies in more recent history. It is easy
to forget how much our lives are defined by the climate of where we
live and how vulnerable we are to extremes that fall well outside
normal experience. Even in the seventeenth and eighteenth centuries
there were major subsistence crises in Europe as a result of bad
weather and poor harvests (Burroughs, 1997; pp. 34-39). The string of
cold wet years in the 1690s brought disaster to farming communities
across the continent. In Finland it is estimated that in 1697 the famine
killed a third of the population.

Extreme weather has remained a dominant factor in the fortunes
of agriculture right through the twentieth century. During the 1930s
the drought across the Great Plains of North America (the ‘Dust
Bowl’ years) caused immense social disruption. In our modern ind-
ustrial world, we have done much to reduce this vulnerability.
Nevertheless, we still have to design many features of our lives to
handle whatever the climate throws at us over the years. So in under-
standing many aspects of societies around the world we need to know
about the climate and our capacity to handle extremes. It affects
everything from agriculture and the design of buildings through our
industrial and transport systems to our diet and leisure activities. In
the same way, any attempt to appreciate life in prehistory requires us
to know as much as possible about the climate and its variability.

Consider the implications of evolving in a radically different
type of climate. If, as seems to be the case, for more than 90 per cent
of the time that our species has existed on this planet it has had to
grapple with an immeasurably more capricious climate, the conse-
quences for how we evolved are profound. Indeed, around 70 kya, we
may have come perilously close to being wiped out by the hostile
environmental conditions of the time. Our very ability to survive
these challenges was a consequence of whatever skills we had then.
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Furthermore, the combination of surviving these challenges and the
process of natural selection must have ensured that the climate is
deeply etched into our genetic make-up. It may also lurk deep within
our psyche. As Ernest Shackleton observed, when contemplating
being marooned on the ice of Antarctica in 1915, ‘We had reached

the naked soul of man.’

1.7 THEINTERACTION BETWEEN HISTORY AND CLIMATE
CHANGE

Any discussion of how our growing knowledge of past climate change
can influence our thinking about human prehistory must first con-
sider what we mean by history. To most of us history is a matter of
establishing what happened in the past. In practice, a great deal of
historical analysis is more about how societies use knowledge of the
past to inform thinking about current events. This transposition is
potentially crucial to any discussion of prehistory and climate change.
Much of our thinking about prehistoric human development is bound
up with assumptions about progress and how we have evolved into
much more advanced creatures than our palaeolithic forebears.
Prehistoric art, and many other features of life long ago, require us to
think more closely about how surviving the ice age can inform us
about our behaviour now.

Our interpretation of the impact of climate change on prehistory
is also bound up with current concerns about global warming
(Intergovernmental Panel on Climate Change (IPCC), 2001a).
Whatever messages can be extracted from the evidence of the past
impact of climatic events on human development provides guidance
on how to face up to the challenge of future climate change. So this
particular form of historical analysis is every bit as much about using
knowledge of the past to think about the present as it is about telling
us what actually happened in the distant past.



2. The climate of the past
100000 years

Here about the beach I wander’d, nourishing a youth sublime
With the fairy tales of science, and the long result of Time.

Alfred Lord Tennyson (1809-1892), Locksley Hall

The scale of prehistoric climate change is almost incomprehensible.
The broad features of the last ice age are well known. For much of the
past 100000 years (100 kyr), tens of millions of cubic kilometres of
ice were piled up on the northern continents. Where Chicago, Glasgow
and Stockholm now stand there was ice over a kilometre thick. Sea
levels were as much as 130 metres lower since huge amounts of water
were locked up in the ice sheets, and vast areas of what is now con-
tinental shelf were exposed for tens of thousands of years. Then sud-
denly some 15000 years ago (15 kya) things warmed up, briefly reaching
levels comparable with more recent times, and the ice sheets began to
disappear. Even then the climate took one last icy descent into the
freezer. For several hundred years, conditions in the northern hemi-
sphere suddenly plunged back to something close to the greatest glacial
severity of the ice age. Finally, the climate truly changed for the better so
that for about the past 10 kyr the Earth has experienced relatively benign
conditions. Perhaps more than anything else, this change has enabled
humankind to develop the social structures we see around us today.
The assumption of an ice-age climate, followed by much warmer
conditions, is implicit in much of the thinking about the emergence of
agriculture, the formation of settled communities and the subsequent
development of ancient civilisations. While the broad outline is correct,
it blurs out a vast amount of detail. Just how much detail has become
fully apparent only in recent years, as a wide variety of research pro-
grammes have yielded much more information about the past.
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What is now clear is that during the last ice age, and the period
that followed it, the climate was much more chaotic than it has been
in recent millennia. Generally, the climate was much more variable.
Sudden changes occurred from time to time. Collapse of parts of the
ice sheets, or release of meltwater lakes that built up behind the ice,
led to cataclysmic changes. Armadas of icebergs or floods of icy fresh-
water swept out into the North Atlantic altering the circulation of
the ocean at a stroke and with it the climate of the neighbouring
continents. With a flick of the climatic switch, Europe and much of
North America could be plunged back into icy conditions, having only
just emerged from the abyss of the preceding millennia. Conversely,
the stability of the glacial conditions could be interrupted by a
re-establishment of the flow of warm water to higher latitudes in the
North Atlantic, bringing surprising temporary warmth to the northern
continents.

Just how rapid, and how large, some of these changes were is one
of the great surprises of recent climate change research. Moreover, the
implications for life around the world, and in Eurasia and North
America in particular, are profound. Any analysis of prehistory that
fails to take full account of these turbulent events may well miss
essential aspects of human development. Yet the recent emergence
of much of the evidence for these changes means that it will take time
for this to register with other disciplines, such as archaeology and
anthropology. In the meantime, interpretation of many of the argu-
ments concerning human prehistory will be illuminated by knowing
more about discoveries of climate change, how the measurements
have been made, and how much confidence we can have in how the

climate really changed in different parts of the world.

2.1 DEFINING CLIMATE CHANGE AND CLIMATIC

VARIABILITY
Before we start on the exploration of climate change over the last
100 kyr it helps to have a set of definitions about what constitutes
climate change and variability. Although this may appear to be dusty
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statistical hair-splitting, it is essential in unscrambling the extraor-
dinary range of fluctuations that have occurred during the last ice age
and the subsequent warm period. At the most basic level, we are not
concerned about the weather, which is what is happening to the atmo-
sphere at any given time, but about the climate - that is, what would
be expected to occur at any given time of the year based on statistics
built up over many years. Changes in the climate constitute shifts in
meteorological conditions lasting a few years or longer. These changes
may involve a single parameter, such as temperature or rainfall, but
usually accompany more general shifts in weather patterns that might
result in a shift to, say, colder, wetter, cloudier and windier conditions.

The next issue to address is defining the difference between
climate variability and climate change. This may seem like an artifi-
cial distinction, but as we will see, it is important to spell out clearly
how the two categories differ. Figure 2.1(a) presents a typical set of
meteorological observations; this example is a series of annual average
temperatures, but it could equally well be rainfall or some other
meteorological variable for which regular measurements have been
made over the years. This series shows that over the period of the
measurements the average value remains effectively constant (the
series is said to be stationary) but fluctuates considerably from observ-
ation to observation. This fluctuation about the average, or mean, is a
measure of climate variability. In Fig. 2.1(b), (c) and (d) the same
example of climatic variability is combined with examples of climate
change. The combination of variability and a uniform cooling trend is
shown in Figure 2.1(b), while in curve (c¢) the variability is combined
with a sudden drop in temperature, which represents, during the
period of observation, a once and for all change in the climate, and in
curve (d) the variability is combined with a periodic change in the
underlying climate.

The implication of the forms of change shown in Fig. 2.1 is that
the level of variability remains constant while the climate changes.
This need not be the case. Figure 2.2 presents the implications of
variability changing as well. Curve (a) presents the combination of
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FIGURE 2.1 The definition of climate variability and climate change is
most easily presented by considering a typical set of temperature
observations which show (a) climate variability without any underlying
change in the climate; (b) the combination of the same climate variability
with a linear decline in temperature of 10°C over the period of the
observations; (c) the combination of climate variability with a sudden
drop in temperature of 10°C during the record, with the average
temperature otherwise remaining constant before and after the shift; and
(d) the combination of climate variability with a periodic variation in
temperature of 6°C. Successive records are displaced by an appropriate
amount to enable a comparison to be made more easily.

the amplitude of variability doubling over the period of observation,
while the climate remains constant. Although this is not a likely
scenario, the possibility of the variability increasing as, say, the cli-
mate cools (Fig. 2.2(b)) is much more likely. Similarly, the marked
increase in variability following a sudden drop in temperature (Fig.
2.2(c)) is a possible consequence of climate change. During and since
the last ice age, in one way or another, all the forms of climate
variability and climate change presented on Figs. 2.1 and 2.2 have
occurred. They all represent examples of the challenges that the cli-

mate presented to human societies in prehistory.
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FIGURE 2.2. The combination of increasing climate variability and climate
change can be presented by considering a set of temperature observations
similar to those in Fig. 2.1 which show (a) climate variability doubling
over the period of the record without any underlying change in the
climate; (b) the combination of the same increasing climate variability
with a linear decline in temperature of 10°C over the period of the
observations; and (c) one level of climate variability before a sudden drop
in temperature of 10°C, which then doubles after the drop while the
average temperature remains constant before and after the shift. Each
record is displaced by an appropriate amount to enable a comparison to
be made more easily, and the example of periodic climate change in
Fig. 2.1 (curve d) is not reproduced here as the nature of changing
variability in such circumstances is likely to be more complicated.

2.2 THE EMERGING PICTURE OF CLIMATE CHANGE

How the current picture of the ice ages and their impact on the world

around us was built up is a fascinating example of the tortuous progress

of scientific thinking. The original proposals about the ice ages are

associated with the Swiss naturalist Louis Agassiz. The possibility of

ice sheets covering part of northern Europe had first been proposed by

James Hutton, the founder of scientific geology, in 1795, and reiterated

by a Swiss civil engineer, Ignaz Venetz, in 1821. In 1824 Jens Esmark, a

Norwegian geologist, offered the theory that Norway’s mountains had
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FIGURE 2.3 Glacially polished rocks and morainic debris at the edge of the
Zermatt glacier. From Louis Agassiz’s Etudes sur les glaciers (Neuchatel,
1840; Cambridge Encyclopaedia of Earth Sciences, Fig. 1.12.).

been covered by ice, and in 1832 a German professor of forestry,
Bernhardi, published a paper suggesting, on the basis of the large number
of erratics on the North German Plain, that a colossal ice sheet had
extended from the North Pole to the Alps. But these ideas received scant
attention.

In the summer of 1836, while on a field trip in the Jura
Mountains with Jean de Charpentier, a friend of Ignaz Venetz,
Agassiz became convinced that blocks of granite had been transported
atleast 100 km from the Alps (Fig. 2.3). In 1837 he first coined the term
Ice Age (die Eiszeit) and in 1840 his proposals were published in a
ground-breaking book. At first the geological community ridiculed the
theory, but his passionate advocacy of the ice age was to prevail.

Agassiz travelled to Scotland where he saw more evidence of
glaciation and then in 1846 arrived in Nova Scotia where again the
evidence of ice was plain to see. In 1848 he joined the Harvard faculty
and was active in many fields, notably marine science, but continued
glacial research in New England and around the Great Lakes. Over the
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FIGURE 2.4 Penck and Brucker model of past ice ages, which was based on
studies of the geological evidence of fluctuations in the snow level in the
European Alps and was published at the beginning of the twentieth
century. The four main ice ages (Wurm, Riss, Mindel and Giinz) were
named after places in the Alps that showed clear evidence of each
particular glacial period. In other parts of the world these ice ages are
known by place names that were identified as good examples of this
succession of events.

next few decades a variety of geological evidence made it clear that
many features of the northern hemisphere could only be explained
by ice ages and Agassiz was vindicated, although in some quarters the
subject remained controversial until the end of the nineteenth century.

Following the work of Agassiz an orderly view built up during
the remainder of the nineteenth century about ice ages. This was that
over the last six hundred thousand to a million years there had been
four glacial periods lasting around 50 kyr separated by warm intergla-
cials ranging from 50 to 275 kyr in length (Fig. 2.4). The present inter-
glacial started about 25 kya and was destined to last at least as long as
previous interglacials. The principal evidence of the orderly progres-
sion was seen in glaciated landscapes of the northern hemisphere. The
scoured U-shaped valleys, eroded mountains, drumlins (mounds of
stiff clay moulded under, and by, the creeping ice), eskers (ridges of
gravel and sand formed by the meltwater flowing out of edges of the ice

sheets), large glacial boulders (erratics), glacial tills and terminal
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moraines (material bulldozed by the front edge of glaciers) are obvious
landscape features. While some other geologists were more cautious
about the chronology of the events, the broad picture of four major
glaciations was the accepted interpretation of the geological evidence
in both Europe and North America.

This simplified view of the past underpins a set of popular
images of last ice age. In these icy periods, which gripped the world
for tens of thousands of years, mammoths were seen trudging through
a never-ending snowscape, across which blizzards raged, while in the
background the ominous edge of a permanent ice sheet lurked. As for
our predecessors, any of them who were tough enough to survive in
these frigid wastes lived in caves, hunted the huge beasts that roamed
these regions, and wore an assortment of animal skins in a vain
attempt to keep out the cold. There had been occasional warmer
periods. The possibility of rapid and frequent changes from intense
glacial cold to relative warmth seems not, however, to have entered
this orderly version of events. Furthermore, even during the coldest
periods, the long bitter winters were punctuated by short relatively
warm summers, when abundant grass, hardy shrubs and dwarf trees
grew on the steppe landscape: mammoths and woolly rhinoceros
needed a lot of fodder to keep them going. In the same way as northern
North America and Siberia supported extensive megafauna through-
out the Holocene, and Africa does now, during much of the last ice age
vast areas of mid-latitude Eurasia sustained abundant wildlife.

This stereotypical and blinkered view of the past reflected the
limitations of the data. On land, many features of the past are swept
away by subsequent events. This is especially true of anything to do
with ice sheets. As they waxed and waned they scoured the landscape
clean of soil and the attendant vegetation. Around their margins,
evidence of changing weather and shifting vegetation types was either
removed for some periods, or during the coldest intervals there was
no identifiable build-up of deposits. So, much of the evidence was
obliterated and forming an accurate local picture of the sequence

of past events is difficult or impossible. Nevertheless, inklings of
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shorter-term climatic changes were evident in early studies. The
evidence of the dramatic changes at the end of the ice age was clear
in pollen records extracted from lake sediments in Denmark: the rapid
cooling noted in the introduction to this chapter is known as the
Younger Dryas, after a small arctic plant that was a clear indicator of
arctic tundra conditions. Similarly, milder periods during the ice age,
known as interstadials, were identified across Eurasia and North
America and given local names, such as Briansk, Denekamp,
Hengelo and mid-Wisconsin. But it was not possible to provide a
coherent global picture of how these events related to one another
and whether they represented the sum total of the most significant
variations in the climate during the last ice age.

2.3 PROXYDATA
Our view of climate history started to change radically in the 1950s.
This was built on a variety of sources, such as tree rings, pollen
records, ocean sediments and ice cores. Known as proxy data, mea-
surements of the properties of these sources provided new insights
into climate change. Although tree rings and pollen records had
already provided insights into past climate change, it was the advent
of new technologies, such as the ability to drill cores from the sedi-
ments at the bottom of the deepest ocean basins, that transformed our
knowledge of the world around us. One of the first climatic products of
this type of work was a set of papers by Cesari Emiliani, at the
University of Chicago, on the properties of fossil shells of the tiny
creatures found in the sediments of the tropical Atlantic and
Caribbean (Emiliani, 1955). Using the reversal of the Earth’s magnetic
field around 750 kya as a marker he was able to show that, instead of
just four ice ages punctuated by lengthy interglacials, there had been
seven glacial periods since then, occurring every 100 kyr or so.

A period of intense debate followed about the validity of the
ocean sediment data. Gradually, however, a growing body of evidence
from ocean sediments around the world, together with pollen records

from part of Europe that had not been covered by ice, and ice cores
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FIGURE 2.5 A comparison of ocean-sediment and ice-core records over the
past 736 kyr (an increase in isotope ratios means an increase in
temperature). The white line shows the proportion of oxygen-18 (§'20)
per thousand (%o) in the foraminifera sampled in 13 ocean sediment
records (from Karner et al., 2002) and the black line shows the change in
the deuterium/hydrogen isotope ratio measured in the EPICA ice core
drilled at Dome C in Antarctica (data from EPICA Community
Members (2004), supplementary information, www.nature.com/nature).

from Greenland and Antarctica confirmed Emiliani’s conclusions.
The dramatic message from the deep-sea cores was that beyond any
shadow of reasonable doubt the climate of the last million years has
been dominated by periodic variations in the Earth’s orbital para-
meters that have resulted in ice ages occurring roughly every 100 kyr.
Subsequent work has led to the stacking of many sediment records from
the open ocean to produce a standard curve for changes in oxygen
isotopes for well over the past 740 kyr (Fig. 2.5; Karner et al., 2002).
There are two principal sources of climatic information in the
cores. The first is the ratio of oxygen isotopes in the calcium carbonate
in the skeletons of the foraminifera living in the deep water. Changes
in this ratio are a longer-term consequence of how the isotope content
of precipitation locked into the ice caps of Greenland and Antarctica
(see Section 1.2) varies with temperature. As the ice sheets in the
northern hemisphere grew, the amount of 'O locked in the ice was
proportionately greater than the amount of '®0. So the ratio of these

oxygen isotopes in the oceans changed as the amount of ice rose and fell,
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and these variations were reflected in the shells of the foraminifera,
which formed using oxygen in the oceans. This means that changes in
the '°0/'®0 ratio are a measure of the size of the ice sheets at high
latitudes, and hence indirectly of fluctuations in global temperatures.

The second important source of climatic information is the
types of species living near the surface at any given time, and their
relative abundance is a guide to surface temperatures — the presence or
absence of species that only survive in warm or cold water is a direct
measure of the conditions when they were alive. So by mapping the
populations of different creatures at different times using cores taken
from around the world, it is possible to construct a picture of how the
temperature of the oceans’ surface waters varied over time. In addition,
other climatic information can be extracted from these sediments.
Notably, the presence of larger bits of rock provides information about
how far glacial debris has been transported out into the oceans by
icebergs, while changes in the size of grains of sand can provide insights
into the strength of currents.

A key element in the presentation is a set of agreed stages in the
chronology of the oxygen isotope record in the ocean sediments. These
19 stages are used to define the principal glacial and interglacial
periods since the Matuyama-Brunhes magnetic reversal around
750Kya. The last interglacial and the subsequent ice age, together
with the warming since the LGM, are covered by five defined stages
designated Oxygen Isotope Stages One to Five (OIS1 to 5). This is a
useful standard nomenclature to adopt when considering the condi-
tions on the northern continents during the last 130 kyr.

Ice-core measurements described briefly in Chapter 1, which
have come from ice sheets around the world, are another invaluable
source of information. Just how much these ice-core records have
altered our perceptions is evident from the latest core drilled by a
European team (EPICA), high on the ice sheet of Antarctica. This
core provides a continuous record for over 730 kyr and covers the last
eight ice ages (EPICA Community Members, 2004). It shows that cold

conditions prevailed for much of the time, especially during the last
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400 kyr, and were interspersed by much shorter warm interglacials
(Fig. 2.5, black curve). This pattern was clearly a global phenomenon
as the same features are evident in the results from ocean-sediment
cores in the tropics (Fig. 2.5, white curve).

Since around 400 kya the pattern has been broadly consistent.
Each ice age ended rapidly, then after an interglacial that lasted only
around 10 kyr, the climate slipped back into glacial conditions, giving
the temperature record a characteristic sawtooth appearance. In this
record we see examples of three forms of climate change identified
in Fig. 2.1: sudden changes in the form of rapid rises in temperature,
long slow periods of cooling and an overall periodic fluctuation in
the climate of the interglacial periods occurring every 100kyr.
Superimposed on this broad pattern are shorter-term periodicities
that occur about every 20 kyr.

The records in the northern hemisphere obtained from both
ocean sediment and ice-core data for the period covering the last
glacial provide a more detailed picture. The striking suddenness of
many of the changes came as a surprise to many climatologists. The
way in which the conditions shifted almost instantaneously between
radically different conditions was dubbed (Taylor et al., 1993) a ‘flick-
ering switch’. Equally impressive were the dramatic fluctuations in
temperature on millennial timescales. All these can be seen in the
Greenland ice core (Fig. 2.6).

There is, however, one further underlying issue to address. This is
the question of the reliability of the clocks used to measure the timing
of events in the past. We have already talked about ocean sediments and
ice cores, both of which rely on making informed guesses of the rate at
which these records built up. When we extend our climatic studies to
include other proxy records, such as tree rings, corals, lake sediments,
and stalactites and stalagmites, in the best possible conditions we can
make precise estimates of the rate of growth, as in the case of the annual
growth rings in trees. This does require some clever detective work to
build up series including long-dead trees to extend the series back over

thousands of years, but it is possible in some parts of the world.
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Similarly, ice cores contain distinctive annual layers, provided
there is no appreciable melting in the summer. But as we go deeper and
deeper into the ice sheet the layers get thinner and thinner as they are
extruded out sideways by the weight of the ice above them. So at some
point it becomes increasingly hard to count individual layers with any
reliability and we have to turn to models of how the ice will spread out
over time (see Appendix). When we are measuring the layers of sedi-
ment deposited on the bottoms of the oceans or lakes then we have to
make assumptions about whether the rate of deposition is constant
and whether burrowing creatures have disturbed the layers.

The challenges are not insurmountable as there are other means
of dating that come to the palaeoclimatologist’s rescue. These include
radiocarbon dating and the use of other naturally occurring radioactive
isotopes to provide an absolute check on the dating processes (see
Appendix), plus arcane techniques such as thermoluminescence and
electron spin resonance (ESR). The physical details of these tech-
niques are not of direct concern here. What matters is that, while
this plethora of measurement techniques has built up a formidable
armoury of methods of dating, they often produce different answers for
the same events. As a consequence, at the minimum there is some
uncertainty about the precise dates of events whilst in some cases
there may be considerable doubt about whether we are even talking
about the same event. From now on the reader is advised to pay close
attention to hints of uncertainty about the correspondence of events

as it may reflect a more fundamental weakness in the analysis.

2.4 DOICE-CORE AND OCEAN-SEDIMENT DATA RELATE TO
HUMAN EXPERIENCE?

One fundamental aspect of analysing climate change must be add-

ressed from the outset. This is whether the evidence from far-flung

places like Antarctica, Greenland or the depths of the great oceans

provides a real measure of what was happening across the plains of

Eurasia, or in Africa or Australia. Clearly the major changes associated

with the waxing and waning of the ice ages were global in nature.
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FIGURE 2.7. Deep-ocean sediment core from the central North Atlantic
showing the link between Heinrich events (labelled H1 to H6), which can
be seen in the increase of ice-rafted debris (lithics) (white curve) and the
surface water temperature as revealed in the incidence of cold-water
foraminifera Neoglobigerina pachyderma (black curve). (Data archived
at the World Data Center for Paleoclimatology, Boulder, Colorado, USA.)

The real question is, however, how the more rapid changes affected
different parts of the world. Only if we can be sure that the most
important features of climate change including its short-term variabil-
ity were truly part of life across the continents of the world can we be
confident of using these invaluable sources to underpin our analysis.
The first stage in this comparison is to look at the differences
between the Greenland ice-core data and the results obtained from
ocean sediments in the North Atlantic. A typical set of results for this
region is shown in Fig. 2.7 for a site roughly midway between
Newfoundland and southern Ireland.' The first thing to note is that
there is much less detail than in the ice cores, as the ocean sediments

have at best a resolution of several hundred years. This is because not

! The core used for this figure is designated DSDP-609 and the data are archived at the World
Data Center for Paleoclimatology, Boulder, Colorado, USA.
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only is the rate of deposition of these sediments much slower than the
build up of ice cores (decadal accumulation rates typically being of the
order of a millimetre rather than a metre), but also burrowing crea-
tures searching for food stir up the top layers of the ooze. Only where
conditions near the seabed are anoxic is the deposition undisturbed
(see below). Nevertheless, many of the major features are the same,
and the differences are, in part, a reflection of the difference in what
the data are recording. In the case of the cold-water foraminifera
(Neoglobigerina pachyderma) the variation from 0 to 100% covers
the range from warm surface waters, typical of the Holocene, to the
ice-filled waters of the severest stages of the ice age. So this curve picks
out the coldest periods most clearly. The truly notable feature is the
additional emphasis given to the prolonged cold period from 70 to
63 kya, to the cold spell at around 36kya and to the frequency of
extreme cold from 30 to 15 kya. The top curve shows the amount of
ice-rafted debris found in the sediment, which highlights the times
when armadas of icebergs floated out into the North Atlantic (see
Section 2.5).

The next point to consider is that where the ocean cores are
taken close enough to land they provide direct insight into regional
weather patterns that may extend well inland. This applies in the case
of the North Atlantic, where the prevailing westerly circulation
means that inferences about climate change from ocean cores can be
extended across Europe and into central Asia. Equally well, cores in
the northwestern Indian Ocean show laminated organic-rich bands,
reflecting strong monsoon-induced biological productivity (Leuschner
& Sirocko, 2000). In contrast, periods of lowered southwest monsoonal
activity produce bands poor in organic carbon. This provides valuable
insights into the nature of the monsoon circulation over much of
southern Asia. Furthermore, there is clear evidence of a close correla-
tion between events in Greenland and the North Atlantic from the
variations in the laminations in the cores in the northwestern Indian
Ocean. This supports the conclusion that the fluctuations observed

at high latitudes were also a significant component of low-latitude
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climate change during the last ice age. Moreover, these millennial and
centennial fluctuations have been reflected in the strength of the
monsoonal circulation over the Indian subcontinent.

Another prolific source of information is from the Cariaco Basin,
off the coast of Venezuela (Petersen et al., 2000). Here rapidly deposited
(~3mm per decade) organic-rich sediments contain visible annual
laminations. What is more they are devoid of preserved seabed (benthic)
faunas. This means the sediments were laid down in anoxic conditions,
so there were no burrowing creatures scrambling the evidence. These
deposits are composed of light (plankton-rich) and dark (mineral-rich)
layers. This provides insights into what was going on in the surface
waters as a result of strong seasonal fluctuations in trade-wind-induced
upwelling and regional precipitation. The mineral sediments come
from the surrounding watersheds and provide an accurate picture of
regional hydrologic conditions. Cores from the Cariaco Basin have been
used to provide detailed analysis of interannual climate change over the
last 15 kyr, and of decadal fluctuations over the last 500 kyr.

Turning to land-based measurements, there is a huge range of
independent observations that can be used to draw parallels with ice-
core and ocean-sediment data. One of the most relevant sources of
detailed climatic analysis has been obtained from lakes where layers
of silt have been deposited for over 100 kyr. In these instances, and in
many other cases of measurements on land, some of the most impor-
tant indicators of changing environmental conditions are the amount
and types of pollen found in sediments. If these sediments have been
laid down in a regular manner, the abundance of pollen from different
species of trees and shrubs provides details of climate change. Because
different species have distinct climatic ranges, it is possible to inter-
pret their relative abundance in terms of shifts in the local climate.
So pollen records from many parts of the world have the potential to
fill the geographical gaps that ice cores and ocean-sediment records
cannot cover.

Pollen records are also of great historical importance in studying

climatic change because of the early work charting the emergence of
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northerly latitudes from the last glaciation. Most pollens (from flower-
ing trees and plants) and spores (principally ferns and mosses) are tiny.
Few exceed 100 pm (0.1 mm) in diameter and the majority are around
30 um. They have a waxy coat that protects them from decay. The size
and shape of this outer wall, along with the number and distribution of
apertures in it, are specific to different species and can be readily
identified under a microscope.

Early work on pollen records focused on alterations in regional
vegetation since the end of the last ice age. This work has established
that these shifts were controlled by broad global patterns of climate
change. For changes extending back into the last ice age there was
until recently greater uncertainty as to whether other factors involv-
ing the migration and competition of species might have been more
significant. There are two principal explanations for this uncertainty.
First, almost all the longer pollen records related to northern Europe,
so there were doubts about whether the results were representative of
global changes. Second, many of the cores contained high-frequency
variations during the last glaciation. These raised doubts about the
dating of the strata in the cores, some of which had substantial gaps.
It was not until more recent ice-core and ocean-sediment data became
available that it was possible to check the timescales of these different
records.

Recent pollen records obtained from cores drilled as far apart as
the Massif Central in France (Thouveny et al., 1994), southern Italy
(Allen et al., 1999) and Carp Lake in the Cascade Range in northwest
USA (Whitlock & Bartlein, 1997) have enabled comparisons to be
made across the northern hemisphere. These have confirmed that
pollen records can be accurately dated back to the last interglacial,
some 125kya, and provide an extraordinary amount of additional
information about how the climate has changed. The correlation
between these results is remarkable. So, variations observed in pollen
records can be combined with data from ice cores and ocean sediments
to form a more detailed picture of global patterns of climate change
during the last ice age and since then. In addition, measurements of
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the magnetic susceptibility of the cores in France and Italy also pro-
vide confirmation of the climate changes observed in the pollen records.
This is because under cold climate conditions the freeze-thaw alterna-
tions caused the erosion of local rocks and the deposition of clastic
sediments. Under temperate climatic conditions vegetation and soil
development enhanced the organic content of the sediment, thereby
diluting the magnetic fraction of the sediments. So magnetic suscept-
ibility is strongly sensitive to local climate and provides an indepen-
dent check on the conditions.

Another increasingly fruitful source of climatic data is beetle
assemblages (Coope et al., 1998). Beetles form roughly three-quarters
of all animals found in terrestrial and freshwater-brackish environ-
ments. Their habitat is dependent on climatic factors, rather than
being plant-specific, and when the climate changes they swiftly
migrate to more congenial localities. Furthermore, their remains are
well preserved in sediments. So drawing on present-day data of the
distribution of beetle species it is possible to reconstruct the probable
temperature regime represented by a fossil sample. Using information
on several species can often refine this analysis. The temperature
information usually combines the mean summer maximum and the
range between summer and winter to draw detailed inferences about
past climates on the basis of the distribution of different beetle species
in the fossil record.

Rather different climatic information is recorded in the forma-
tion of stalactites and stalagmites. The deposition of calcium carbon-
ate by running water in caves forms encrustations (speleothems) that
can accumulate at approximately constant rate. Similar to the way in
which the properties of foraminifera are affected by the isotope ratio of
the water they grow in, speleothems are affected by the changes in the
isotopic ratios in precipitation. Where such encrustations build up
over a long time, they have the potential to provide useful climatic
information. They also have the advantage that, because rainwater
dissolves uranium and its daughter products, speleothems can

be dated absolutely by measuring their uranium/thorium ratio (see
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Appendix). Their disadvantage is that where the amount of rainfall
falls below a critical level, or in the case of the depth of the ice age
turns to snow and becomes locked in ice and permafrost, the encrusta-
tion ceases. So breaks in the record require careful calibration, which
is possible by measuring the uranium/thorium ratio throughout the
speleothem. This provides an absolute dating of when different layers
were deposited. In recent years an increasing number of measure-
ments of speleothems from across the continents of the world have
been published. These provide valuable confirmation of the coherent
picture of the detailed fluctuations in the climate throughout the last
ice age.

The breadth of these measurements provides the adequate
opportunity to crosscheck whether the various aspects of climate
change observed in the Greenland ice cores and the northern
Atlantic sediment records do indeed extend to the rest of the northern
hemisphere. Furthermore, the recent pollen and speleothem records
have sufficient resolution to identify rapid changes in the climate that
can be correlated with the sudden shifts in Greenland and the North
Atlantic. This combination allows us to build up a comprehensive
picture of the fluctuations that were so much a part of the ice age.

2.5 CHANGES DURING THE LAST ICE AGE

Armed with confidence in the utility of the Greenland ice-core data
we can get into more detail about climate across the northern hemi-
sphere during the last ice age. In particular the isotopic temperature
records (see Fig. 2.6) show some 20 interstadials, which have now
become known as ‘Dansgaard/Oeschger (DO) events’ after the scien-
tists who first identified them (Dansgaard & Oeschger, 1989): the
precise number is subject to slight variations from analysis to analysis
depending on whether or not different climatological groups award the
accolade of being an ‘event’ to the most transient warmings between
15 and 100 kya. Typically the events start with an abrupt warming of
Greenland of some 5 to 10 °C over a few decades or less. This warming

is followed by a gradual cooling over several hundred years, and
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occasionally much longer. This cooling phase often ends with an
abrupt final reduction of temperature back to cold (‘stadial’) condi-
tions. The overriding feature of these observations is that they con-
stitute a much more complicated picture of the nature and frequency
of interstadials than was realised from the earlier archaeological
records.

Opposite in sign to the interstadials are extreme, relatively short-
lived particularly cold events, known as ‘Heinrich events’, which were
first recognized as periods with substantial ice-rafting in the North
Atlantic (see the lithics curve in Fig 2.7; Heinrich, 1988; Bond et al.,
1992; Bond & Lotti, 1995). These events occur during stadials, and
represent the brief expression of the most extreme glacial conditions.
They show up in the Greenland ice cores as a further 3 to 6 °C drop in
temperature from the already cold glacial climate, and these events
coincide with particularly cold and arid intervals in European and
North American pollen records. There is also evidence further afield
of these events exerting a global influence on the climate, although
the greatest impact was felt around the North Atlantic and in mid-
latitudes oceanic surface productivity dropped precipitously.

These specific fluctuations are, however, only part of the story.
As the ice sheets grew, and then fluctuated with changing climatic
signals, their extent would have varied appreciably from place to place
and time to time around the northern hemisphere. This means the
scale and timing of climate changes varied from place to place. So,
while the Greenland ice-core fluctuations are an indicator of how the
climate in mid-latitudes of the northern hemisphere varied, in later
chapters, when it comes to illuminating living conditions in any
particular part of the world, any additional regional or local informa-
tion will be grist to the mill, set in the context of the ice-core
background.

Broadly speaking the principal features of the various records
match pretty well during the early stages of the ice age (OIS 5¢ to 5a in
Fig. 2.7). Thereafter, the increasingly erratic nature of climate change,

as seen in the Greenland ice cores, has until recently been less easy to
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discern in the land-based data. In Europe, north of the Alps (e.g. eastern
France), the pollen data for nearly all of OIS4 (74 to 59 kya) is usually
presented as being one of sustained periglacial conditions. For much of
the period, the record from the North Atlantic suggests that the region
did suffer sustained cold after Heinrich event 6 (see Fig. 2.7). What is
missing from this general picture is the dramatic swings in the ice-
core records associated with the two striking DO warm events (num-
bers 19 and 20 in Fig. 2.6). There is some evidence of these extreme
climatic fluctuations in recent pollen records from Lago Grande di
Monticchio in southern Italy (Allen et al., 1999) and a speleothem
record in Hulu Cave in China (Wang et al., 2001). A recent speleothem
study in southwest France, however, shows relatively little evidence
of these short-term events and a sustained cold period from around 67
to 61 kya (Genty et al., 2003), which coincides closely with the figures
obtained from the GISP2 record The implications of shorter-term
differences in the various records will be explored when discussing
regional climates in Chapters 3 and 4.

The various warmer periods during the OIS3 period (59 to 28 kya)
are broadly reflected in the land-based data. The five interstadials that are
usually attributed to this period can, with a little pushing and shoving of
the timescales, be lined up with the main periods of warming in the
Greenland climate.” But the fact that this period includes 15 DO events,
which are not easily shoehorned into five interstadials, is a measure of
the challenges thrown up by the ice-core data. In spite of the fact that
reconciling the details of the various records will take a lot more
research, the land-based data are central to our understanding of condi-
tions across Eurasia during the ice age. For instance, during the Hengelo
interstadial, between 38 and 36kya, the climate across the northern
Europe improved to the extent that deciduous forests spread into south-
ern France and the Hungarian plain, while open coniferous forest grew as
far north as the 50th parallel from Brittany to southern Russia.

2 In Europe these interstadials are usually defined as Oerel (58-54 kya), Glinde (51-48 kya),
Moershoofd (46-44 kya), Hengelo (39-36 kya) and Denekamp (30-28 kya).
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In North America the available data provide a less detailed picture
of conditions across the continent during the Stage 3 period. In part, this
may reflect the dominant part played by the Laurentide ice sheet which
affects the interpretation of data from the mid-west United States. In
particular, there is little evidence of the impact of the various DO
oscillations, and the principal warming appears to have occurred
around 43 to 39 kya, an interstadial that in North America is usually
known as the ‘mid-Wisconsin’. It is, however, a measure of the rela-
tive lack of detail in the North American chronology that this term is
often used to cover the entire period of Stage 3.

The striking summer warmth during some of the interstadials
brings out an important feature of these warmer intervals. This is that,
across most of the mid-latitudes of the northern continents, much of
the drop in annual temperature occurred in the winter half of the year.
These differences, in part, reflect the fact that for much of the ice age
the northern ice sheets were not as extensive as during its final stages.
They were, however, compounded by the second more basic fact: the
Sun still stood high in the sky every summer and so the northern
continents received abundant heat in summer. Far from the chilly
influence of the icy northern oceans this warmth would have had a
dominant impact on summer weather. So, although the summers may
have been shorter, where the winter snow melted they would be
relatively warm, just as is the case in Siberia nowadays.

The uncertainties about the nature of the climate in different
parts of the world during OIS3 do not extend to the final stage of the ice
age (OIS2). All the available records confirm that the glacial conditions
reached their nadir between 25 and 18 kya: the Last Glacial Maximum
(LGM). Although this was the coldest period of the ice age both the
Greenland ice-core and North Atlantic sediment records suggest that
the millennial-timescale fluctuations largely died away. Instead, it
was a period of unrelenting cold, although short-term fluctuations
on the decadal timescale remained substantial. The ice sheets reached
their greatest extent around 21 kya. At this time, ice sheets up to 3 km

thick covered most of North America, as far south as the Great Lakes,
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all of Scandinavia and extending to the northern half of the British
Isles and the Urals. In the southern hemisphere much of Argentina,
Chile and New Zealand were under ice, as were the Snowy Mountains
of Australia and the Drakensbergs in South Africa. The total amount
of ice locked up in these ice sheets has been estimated to be between
84 and 98 million cubic kilometres as compared to the current figure
of about 30 million cubic kilometres. This was sufficient to reduce the
average global sea level by about 130 metres (see Section 2.10).

The global average temperature at the height of the last ice age
was at least 5°C lower than current values. Over the ice sheets of the
northern hemisphere the cooling was around 12 to 14 °C. The position
in the tropics is less clear. A major international study (CLIMAP) in
the 1970s concluded that temperatures were much closer to current
figures and over some of the tropical oceans there might even have
been warmer conditions (CLIMAP Project Members, 1976; CLIMAP,
1981). The fact that the magnitude and even direction of temperature
change was different between different latitudes came as a surprise.
The largest inferred changes were in the mid-to-high latitudes, espe-
cially in the North Atlantic region bordered by large ice sheets. Sea ice
covered much of the Greenland and Norwegian seas and persisted
through the summer. Seasonal meltback of sea ice was also reduced
in the Southern Ocean. Upwelling systems associated with eastern
boundary currents, such as off northwest Africa, led to significant
cooling.

The real surprise was in the limited cooling near the Equator in
all oceans. Most of all, the western Pacific temperatures appear to have
stayed essentially the same as modern conditions and in some cases
were even warmer. Overall, the inference was that the Earth cooled
surprisingly little during the ice age, except at high latitudes. This
concept of ‘polar amplification’ of climate change implies a feedback
mechanism driven by increased albedo associated with expanded
snow and ice cover.

On land, forests shrank and deserts expanded, and the ice sheets

reached their maximum extent. The question of just how thick the
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northern ice sheets were has been the subject of much discussion with
opinions tending to be divided into two camps (the ‘maximalists’ and
the ‘minimalists’). It is sufficient to say here that given how much the
sea level fell in the LGM (see Section 2.10), either way the ice sheets
exerted a massive influence on the climate at high latitudes.

During the last two decades the view of the conditions in the
LGM has developed.” The growing body of knowledge emphasises the
complexity of the changes taking place during the LGM, which is now
defined to have occurred between 23 and 18 kya. There are two princi-
pal reasons for its being hard to reach firm conclusions about the
nature and timing of the changes during the LGM. First, there is a
basic measurement challenge of reconciling the results of different
measurement techniques applied to a wide variety of proxy records.
Second, there is no doubt that the lowest temperatures occurred at
different times around the northern hemisphere. The rapid advance in
the development of computer models of the climate has, however,
made it much easier to explore the nature of the climatic conditions at
time. Using the range of proxy measurements that are available it is
probable that these models will enable us to find out much more about
the conditions during the LGM.

The important shifts in our picture of the LGM also relate to the
tropics. Although the general cooling of the oceans appears to have
been no more than a degree or two, the tropical lowlands cooled by
between 2.5 and 3 °C. More important, at higher altitudes the cooling
may have been about 6 °C. This shift would have resulted in a weaker
tropical hydrological cycle, which is consistent with the evidence of
desiccation in many parts of the tropics. For the rest, both the seasonal
and the regional variations around the world are best considered in the

context of life in the ice age in the next chapter.

3 Mix, Bard and Schneider (2001) present a review of the work of EPILOG (Environmental
processes of the ice age: land, oceans and glaciers), which was set up in 1999 to update the
analysis of CLIMAP.
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2.6 THE END OF THE LASTICE AGE

Any discussion of the worldwide changes associated with the end of the
ice age has to come to grips with the rather quaint nomenclature used to
describe these events. This nomenclature reflects the fact that botanists
did the first work in this area. The widespread use of peat as fuel in
Scandinavia in the nineteenth century exposed tree stumps and layering
in the peat bogs. Clearly these deposits were the product of major cli-
matic changes in the past. During the early part of the twentieth century,
botanists in northern Europe and North America built up an extensive
array of information from the vegetation, insects and pollen records from
both peat beds and the sediments of lakebeds. This monumental effort
produced detailed but somewhat separate chronologies for events. Here
we will concentrate on the Greenland ice-core data to discuss the basic
features of the transition between the LGM and the Holocene.

The arcane language evolved around the localities where the most
important climatic horizons were identified. So the lexicon resonates
with a strange mixture of the archaeological geography of the northern
hemisphere and botanical terminology. The Norwegian biologist, Alex
Blytt, made the first studies in the 1870s. The most frequently used
terminology is, however, the product of the work of the Swedish bota-
nist, Lennart van Post, who studied the peat deposits in glacial lakes, and
in 1916 established a set of pollen ‘zones’ representing the botanical
history of northwestern Europe since the end of the last ice age. He
named the different climatic periods in terms of distinctive species of
plants in the climate record. So, for example, the term Dryas denotes
colder periods when this characteristic plant of tundra-like environ-
ments of the Arctic moved southwards after times of relative warmth.

The first act in this unfolding drama at the end of the LGM was a
collapse in part of the Laurentide ice sheet. This led to a surge of
icebergs out into the North Atlantic and the last Heinrich event
around 16.5kya (see Figs. 2.6 and 2.7). Pollen records for northern
Europe show that this last cold interval was followed by a sudden
and profound warming (known as the Bolling) around 14.5kya,

which tallies with the rise in temperature seen in Fig. 2.6.
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The suddenness of the Belling warming coincides with evidence
of a rapid rise in sea level that started around 14.6kya (see Section
2.10). This rise must have been the result of a significant collapse of
one of the major ice sheets. A warming resulting from an influx of
freshwater is not consistent with an event in the North Atlantic, as
this would have resulted in a cooling similar to the Heinrich event 1.
Current thinking is that this water came from the break up of part of
the Antarctic ice sheet (Clark et al., 1996; Weaver et al., 2003). This
surge of melting ice led to a dramatic cooling of the Southern Ocean
and had the counterintuitive effect of switching on the thermohaline
circulation in the North Atlantic (see Section 2.11), and a rapid warm-
ing of the northern hemisphere.

Together with Heinrich event 1, the Bglling was part of the
paroxysmal changes that occurred between the LGM and the
Holocene, which were associated with the collapsing of the great ice
sheets in both hemispheres. This interstadial was, however, relatively
short-lived. Within a few hundred years it suffered a sharp interrup-
tion (known as the Older Dryas) before returning to a somewhat
warmer level (this interstadial, the Allerod, is named after the place
in Denmark where the first evidence of its existence was identified).
Then around 12.9 kya the climate dropped back into near glacial con-
ditions for over a thousand years, known as the Younger Dryas. It has
been argued that the scale of this event justifies its being defined as an
additional Heinrich event. There is, however, little evidence of its
having been associated with a surge of icebergs (see Fig. 2.7) and it is
more likely that the release of a large amount of glacial meltwater
from North America (see Section 2.10) was the cause of this substan-
tial cold event.

The Younger Dryas can be regarded as the last great shudder of the
ice age and affected the entire northern hemisphere. Measurements
from sediments off the coast of Venezuela (Haug et al., 2001) to lakes
in Ontario (Yu & Eicher, 1998) and southern Germany (von Grafenstein
et al., 1999; Fig. 2.8) all present the same story: a sudden dramatic drop

in temperature that remained in place for nearly a thousand years,
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followed by an equally sudden warming. In Europe during this frigid
spell summer temperatures were 5 to 8 °C below current values, and in
midwinter they were 10 to 12 °C lower. They then returned rapidly to
temperatures comparable to those of the Allerad at the beginning of the
Holocene. There was, however, a temporary interruption. Known as the
Preboreal Oscillation, this short-lived cooling, lasting some 200 years,
occurred around 11.25kya. Originally discovered in northwestern
Europe, this brief cold episode is clearly seen in the Greenland ice
cores and in some North Atlantic marine records, and somewhat less
extensively in eastern North America.

When viewed on a global basis there are a number of odd features
about the end of the last ice age. Around Antarctica there is little
evidence of the dramatic ups and downs that marked the emergence
of the northern hemisphere from the icy grip of the glacial. More
striking is that the warming started two to three thousand years earlier
in the southern hemisphere (Blunier & Brook, 2001). This delay may
be related to the presence of the huge thermal inertia of the ice sheets
on the northern continents, which slowed things down at higher
latitudes for several millennia. This is hardly surprising if you think
about how long it would take for the ice to melt. Even allowing for the
dramatic changes in atmospheric circulation that may have occurred
in the northern hemisphere, together with the increased summer
insolation at high latitudes, a simple calculation of the time needed
to supply the amount of energy needed to melt the ice sheets leads to a
figure of several thousand years.

Until around 10kya, then, the global climate was continually
adjusting to a series of huge shifts. Thereafter, the climate settled into
what looks like an extraordinarily quiet phase, when viewed against
the upheavals that went before. There was still the matter of the final
disappearance of the northern ice sheets. Over northern Europe, the
Fennoscandian ice sheet largely disappeared by around 8.5 kya after
creating a series of meltwater lakes in the region of what is now the
Baltic Sea (see Section 2.10). The more massive Laurentide ice sheet

did not completely disappear until around 6 kya. Furthermore, its
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death throes appear to have produced one last, short-lived, sharp cool-
ing of about 5 to 6 °C over Greenland and more like 1.5 to 3 °C around
the North Atlantic region between about 8.2 and 8 kya. This tempor-
ary setback has been linked to the sudden release of the floodwaters of
two meltwater lakes that had collected over central Canada behind
the melting Laurentide ice sheet. This surge of freshwater out through
the Hudson Strait and into the Labrador Sea appears to have disrupted
the circulation of the North Atlantic and precipitated one last hemi-

spheric cold event (Barber et al., 1999; see Section 2.10).

2.7 THEHOLOCENE

The transition from the Younger Dryas to the Holocene marks the
break from the turbulent climate that characterised the ice age to
something far more benign. The timing of this change is a matter of
definition. The temperature rose to something comparable to modern
values by around 10kya. The subsequent 200-year cooling between
around 8.2 and 8 kya described in the previous section is seen as a relic
of the last ice age. Apart from this hiccup, the ice-core temperature
record suggests the Holocene was a period of remarkable climatic
stability. When compared with the previous 90 kyr this is a reasonable
assessment, but we must not throw out the baby with the bathwater.
Within the impression of relative calm and stability there lurk some
important fluctuations. These serve to put the awfulness of the cli-
mate of the ice age into context because, in spite of their limited scale,
they had a profound impact on human history.

Starting with the broad features of the Holocene, the global
climate reached an optimum around 6 kya. Just how benign the cli-
mate became can be judged by the expansion of forests to high lati-
tudes of the northern hemisphere. They reached their limits across
Eurasia around 7 kya, some 200 to 300 km farther north than their
current extent. In northern Canada this expansion was delayed a
further two to three thousand years by the slower collapse of the
Laurentide ice sheet, which did not completely disappear until around

6kya, when the post-glacial warming reached its peak. On the



48 THE CLIMATE OF THE PAST 100000 YEARS

evidence of tree cover the average summer temperature in mid-
latitudes of the northern hemisphere was 2 to 3 °C warmer than it is
today. Not only had trees spread farther north than now but they also
extended higher into upland areas: in Britain trees grew at levels 200 to
300m above the current timberline. This phase of the climate is
known as the ‘Atlantic’ period, because it is assumed to have featured
a strong westerly circulation which brought warm wet conditions to
high latitudes of the northern hemisphere.

At lower latitudes the warmer conditions showed up most
noticeably in a stronger summer monsoon circulation. This brought
heavier rainfall to many parts of the subtropics. It affected not only the
Indian subcontinent but also the Middle East and much of the Sahara.
Ice cores from glaciers high in the Peruvian Andes confirm that the
period from 8 to 5kya marked the climatic optimum in the tropics
(Thompson et al., 1998). All this appears to provide a consistent global
picture of stability in tune with the evidence from the Greenland
ice-core temperature records, and many of the proxy records in mid-
latitudes. In the tropics, however, there is one particular fly in the
ointment: the desiccation of the Sahara. Here, the moister conditions
that had lasted since around 14.5 kya suddenly came to an end around
5.5 kya(deMenocal et al., 2000) . This dramatic shift has to do with the
location of the region of rising warm moist air and cloudiness that
encircles the globe in equatorial regions. Known as the Intertropical
Convergence Zone (ITCZ), it governs many features of the global
climate and appears capable of responding suddenly to longer-term
weather cycles (see Section 2.11).

Measures of dust and sea salt in the Greenland ice cores during
the Holocene show rather more variation and suggest that the strength
of the mid-latitude westerlies varied considerably on millennial time-
scales. So it may be that these aspects of global weather patterns
explain why in some parts of the world there were more dramatic
shifts than seen in the Greenland temperature records. This takes us
into the more subtle areas of latitudinal shifts in global weather
patterns and the non-linear response of the climate to long-term
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changes in the mid-Holocene. At the same time as the Sahara began to
dry out, southern Africa became warmer and moister and the Antarctic
pack ice shifted to lower latitudes (Hodell et al., 2001). A sediment core
from the South Atlantic, which is now close to the limit of pack ice cover,
showed that between 10 and 5.5 kya there was virtually no ice-rafted
detritus in the core. Thereafter, pack ice returned to these latitudes.

Another interesting change was that the quasi-periodic fluctua-
tions in the tropical Pacific associated with the weather pattern
known as EI Nifio appear to have been largely absent during the early
Holocene (Rodbell et al., 1999; Sandweiss, Maasch & Anderson, 2001).
These warm events in the equatorial Pacific are part of the meteorol-
ogical phenomenon El Nifio/Southern Oscillation (ENSO) — a quasi-
cyclic oscillation resulting from ocean-atmosphere coupling across
the Pacific. It switches between periods of above-normal sea surface
temperatures (SSTs) in the eastern equatorial Pacific and below-
normal SSTs in the west (El Nifio conditions), and the reverse (La
Nifa conditions).

A record of SSTs obtained from magnesium/calcium ratios in
foraminifera from seafloor sediments near the Galapagos Island since
the LGM provides insights into how ENSO fluctuations may have
influenced the global climate (Kavoutas et al., 2002). The observed
LGM cooling of just 1.2 °C implies a relaxation of tropical temperature
gradients, a southward shift of the ITCZ, and a persistent El Nifio
pattern in the tropical Pacific. Temperatures then fluctuated over a
range of about 1 °C from the end of the LGM to the early Holocene in
line with larger changes in the northern hemisphere. During the mid-
Holocene there was a cooling of nearly 1 °C, which suggests a La Nina
pattern with enhanced SST gradients and strengthened trade winds.

An ice core from high in the Bolivian Andes (Thompson et al.,
1998), which also provides data extending back into the last ice age,
shows that El Nifo events returned around 5.5 kya. There was a clear
shift to more variable conditions that can be attributed to the return of
the El Nifio around this time. This change is supported by archaeol-

ogical evidence of shells of molluscs along the coast of Peru, and by
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detailed cores taken from the bottom of Laguna Pallcococha in
Southern Ecuador (Rodbell, et al., 1999). The latter appear to show a
link with the 1500-year periodicity in the ocean sediment records
from the North Atlantic that may be linked to DO events (see
Section 2.5).

What is particularly interesting is that the sudden changes in the
Sahara appear to reflect a response to the lengthy cycles associated with
the variations in the Earth’s orbit that have driven the 100-kyr cycle in
the ice ages over the last million years or so (Section 2.11). What appears
to have happened is that the ITCZ moved southwards. Any shifts in its
position or intensity can have a crucial impact on how wet or dry
different areas are. So, if the monsoon rains that brought relatively
heavy rainfall to much of the Sahara region during the early Holocene
ceased to extend so far north, then the Sahara would rapidly become
desert. This is what appears to have happened in the central and eastern
Sahara, and in Arabia, where extreme aridity took over within a century
of so. The fact that this sudden shift coincided with changes in the
tropical Pacific emphasises the global nature of connections in the
tropical climate. Changes over Africa and Arabia, as well as in El Nifio
conditions, are part and parcel of movement in the position of the ITCZ.

Beyond the tropics the mid-latitude storms belts appear to have
moved a few degrees of latitude towards the Equator. In these regions
the changes were less profound, although, as noted earlier, the treeline
across the northern continents receded southwards 200 to 300 km over
subsequent millennia. Observations of changes in the amount of
sodium ions (a measure of sea salt) and potassium ions (a measure of
continental dust) in the Greenland ice cores (Mayewski et al., 1997)
suggest that both the Icelandic low and Siberian high intensified
between 5.8 and 5.3 kya. This indicates that the circulation in mid-
latitudes of the northern hemisphere strengthened at this time.

These dramatic changes in the mid-Holocene show how closely
we have to look at regional records if we are to get an accurate picture
of shorter-term changes in the climate. Evidence of these changes has

recently been collated as part of a concerted international assessment,
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involving universities from the United States, United Kingdom,
Sweden and South Africa. Known as the CASTINE project (for
Climatic Assessment of Transient Instabilities in the Natural
Environment),” it has identified at least four global periods of rapid
climate change during the Holocene. These include the two periods
we have already touched on, around 9 to 8 kya, and 6 to 5kya, plus
periods between 3.5 and 2.5 kya and since 0.6 kya. These more turbu-
lent periods show up in the form of stronger mid-latitude circulation
in the northern hemisphere, expansion of mountain glaciers around
the world and greater sea-ice formation in the northern North
Atlantic, as seen in the amount of ice-rafted debris found in ocean
sediments. In addition, there were two more regional periods of
change around 4.2 to 3.8 kya and 1.2 to 1.0 kya.

This book concentrates on the periods before 2.5 kya. Although
the event 1.2 to 1.0kya is thought to have included the drought in
Central America that precipitated the collapse of the Mayan civiliza-
tion (Haug et al., 2003), for current purposes it is too recent to be
presented as part of prehistory. This criterion most certainly applies
to the period since the Middle Ages, which is usually referred to as
the Little Ice Age, and cannot be squeezed into prehistory. As for the
more detailed features of the changes that occurred in different parts
of the world during the earlier climatically turbulent periods, these
will be discussed in terms of their potential implications for inter-
preting prehistoric events as and when they are dealt with in later

chapters.

2.8 CHANGESIN CLIMATE VARIABILITY

So far we have concentrated on the major changes in the climate
during the last 100 kyr. This is only part of the story. As noted in
Section 2.1, changes in the shorter-term variability of the climate are
just as important. The GISP2 ice-core record since 60 kya has been

sampled for 20-year intervals over its entire length (Fig. 2.9(a)). What

4 Correspondence on the CASTINE project should be addressed to paul. mayewski@maine.edu.
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FIGURE 2.9. An estimation of the change in the variance of the climate over the last
60 thousand years. In (a) the GISP2 ice-core data for every 20 years (black curve) is
overlain by the 21-term binomial running mean (white curve). In (b) the square of
the difference between the two curves in (a) is presented, together with its long-term
variation (white curve). This presentation provides a measure of the variance of the
climate in the vicinity of Greenland and the North Atlantic. (Data archived at the
World Data Center for Paleoclimatology, Boulder, Colorado, USA.)
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we see, superimposed on the ups and downs during the last ice age
and the subsequent warming, is the fuzz of shorter-term climatic
variability. This fuzziness is a measure of the changes from decade to
decade (i.e. well within a human lifetime). How this variability
has changed over the last 60 kyr can be extracted from the ice-core
records. This is done by computing the squares of the difference
between the individual measurements (the black line in Fig. 2.9(a))
in the record and the smoothed version of the data that removes
periodicities shorter than about 200years (the white line in
Fig. 2.9(a)). Known as the variance, this measure provides an indica-
tion of the disruptive potential of climatic fluctuations at any
given time.

The use of the square of the deviation from normal to provide a
measure of the impact of extreme weather events may seem like a
statistical sleight of hand. In fact, it can be supported by a rather
simple example. In considering the economic impact of tropical
storms, it has been shown that the damage they cause when they
strike land is roughly proportional to the square of the wind speed.
So in keeping a tally of trends in damaging storms a measure of the
square of their strength is used to give a more accurate indication of
their potential to cause economic damage. More generally, there is
widespread evidence that bigger deviations in the weather have a
disproportionately greater impact on many human activities.

Using the square of the deviation of the short-term fluctuations
from the longer-term trend in the GISP2 record shows how much
greater the variability of the climate was before about 10kya, and the
relative stability since then (Fig. 2.9(b)). The striking feature of this
calculation is the huge decline in the variance at the end of the last
ice age. Whereas the entire period from 60 kya until around 12 kya is
marked by extreme variability, thereafter the climate settled down
into a much more quiescent pattern. Broadly speaking the variance
dropped by a factor of five to ten. This change can be described as the
statistical equivalent of the world’s emerging from the climatic ‘long
grass’ into more hospitable conditions. This approximately order of
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magnitude drop in variability is a vital factor in the analysis of the
ability of humans to develop more settled societies, a theme we will
return to throughout this book.

Other measures of rapid fluctuations come up with the same
broad conclusions. The rate of accumulation of the ice cores, which
can be measured for individual years since around 15 kya, shows the
annual rate of snowfall as varying by a factor of three in a few years
until around 10 kya (Alley et al., 1993), whereas thereafter it was much
less variable. In addition, the observations of wind-blown dust and sea
salt, which provide measures of both the strength of circulation in
mid-latitudes and, in the case of dust, the aridity of the continents in
these latitudes, present if anything an even more tempestuous picture
of extreme variability until the start of the Holocene and the quies-
cence of the last 10kyr.

In terms of the conditions that humans had to survive, how-
ever, the transition from chaos to relative stability was a matter of
the rapidity and size of local fluctuations. As with longer-term
changes, we need to check whether extrapolation from one part of
the world to another is acceptable. In Section 2.4 it was argued that,
on the basis of proxy records from around the world, it was reasonable
to use data from Greenland to draw conclusions about changes in the
climate worldwide. The case for extending the analysis to shorter-
term variability is also based on the fact that, in terms of mid-latitude
circulation patterns, the observations obtained from the Greenland ice
cores are closely linked to weather conditions around the northern
hemisphere.

When it comes to the tropics the position is less clear. There is,
however, one limited tropical source of information about shorter-
term climatic variability at low latitudes during the last ice age. This
comes from studies of the isotope ratios of ancient corals found on
the Huon Peninsula, in Papua New Guinea (Tudhope et al., 2001),
that provide insights into both the sea surface temperature and the
strength of ENSO, which is a dominant influence on the distribution

of rainfall throughout the tropics. Measurements on corals laid down
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around 40 and around 85 kya show that SST at those times was 2 to
3°C cooler and that ENSO interannual variance was less than in
modern corals. This pair of snapshots imply that the climatic var-
iance in the tropics during much of the last ice age was less than in
modern times. The somewhat contradictory conclusion is that,
while the climate was much more variable in the higher latitudes
of the northern hemisphere, it may have been less volatile in the
tropics.

This conclusion is supported in part by a basic feature of the
current global climate. Computer models support the general hypoth-
esis that if the temperature difference between the tropics and polar
regions increases, the circulation will become stronger and stormier.
Although the tropics cooled by a few degrees during the ice age, the
drop in temperature was much greater at high latitudes. This would
have wound the circulation up in mid-latitudes, making it more vari-
able. So it is probably reasonable to assume that the dramatic shift in
climatic variability at the beginning of the Holocene was a hemi-
spheric phenomenon outside the tropics. This means that until
around 10kya, for all but the tropics, the climate was much more
variable than it has been since then.

The importance of the distinction between climatic variability
and longer-term changes cannot be underestimated. It is true that the
transition from the end of the Younger Dryas into the Holocene
brought warmer and wetter conditions to much of the northern
hemisphere. The scale of these changes was not, however, that
great at lower latitudes. Furthermore, the regional changes were, as
we will see in later chapters, complicated. So, while the relatively
rapid changes between the LGM and the beginning of the Holocene
had a dramatic impact on humans, especially in Eurasia and the
Middle East, it was the fundamental drop in variability that was to
tip the balance in favour of agriculture. In short, using the factor of
five to ten increase in variance as a yardstick, agriculture, as we know
it, would be impossible in a world where conditions varied so much
(Richerson, Boyd & Bettinger, 2001).
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2.9 JUSTHOW CHAOTICIS THE CLIMATE?

In drawing a statistical distinction between conditions during the
last ice age and in the Holocene, a measure of variance is used to
assert that the climate was more chaotic during the former period.
This approach appears to be reasonable in terms of considering the
implications of shifting climatic variability on humankind. There is,
however, a more fundamental issue of whether it is correct to talk in
terms of the climate being ‘more chaotic’ during the ice age and less
so since. This is not simply a matter of changes in decadal variance,
but whether the general behaviour of the climate is in any way
predictable. This extends the analysis to the sudden changes in the
ice-age climate that were described in Section 2.5. Such dramatic
shifts suggest much more unpredictable behaviour, with implica-
tions for both our analysis of the past, and our predictions of future
climate change.

Examining whether the climate is a chaotic system is a matter of
looking at a wider range of timescales. The atmosphere is a turbulent
fluid and weather systems behave in a chaotic manner. Experience tells
us that, in spite of the massive power of modern computers, numerical
weather forecasts lose much of their skill beyond about a week. But,
although the atmosphere is chaotic on a day-to-day basis, the same need
not apply to longer-term averaged conditions. Within the broad bounds
of the annual cycle the climate in any particular part of the world
generally sticks within prescribed limits: the temperature hardly ever
rises above —20 °C at the South Pole, or falls below 20 °C in Singapore.
The oceans interact with the atmosphere in a way that enables us to use
knowledge of their slowly varying characteristics to make useful pre-
dictions of seasonal weather. In addition, the variations associated with
the ice ages on timescales of tens of thousands of years, which were
described in Section 2.3, can be largely explained in terms of changes in
the Earth’s orbital parameters (see Section 2.11). These results imply
that some features of the climate are largely predictable.

It is when we turn to the variations between decades and mil-

lennia that the real differences can be seen between the glacial and
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interglacial climates of the Earth. It is not just the substantial differ-
ence in the interannual and interdecadal climatic variability, but also
the sudden shifts that, within a few years, switched the global climate
into substantially colder or warmer conditions that then lasted for
periods from 1500 to 5000 years. Clearly, the behaviour of the glacial
climate was far less predictable than the climate of the Holocene. So, it
is not an exaggeration to say that the climate during the ice age was far
more chaotic than now. Moreover, the suddenness of the change
around 10kya had profound implications for humankind. What is
more, any return to more chaotic conditions could have equally sig-

nificant implications for our future.

2.10 CHANGESIN SEA LEVEL
In 1931 a trawler working in the southern North Sea dredged up a lump
of peat containing an exquisitely crafted spearhead made from a deer’s
antler (Mithen, 2003, pp. 150-1). Dated as being nearly 14 kyr old, this
artefact was dramatic evidence of how early humans exploited the
broad expanses of land that had been exposed during the last ice age,
and were only reclaimed by the sea some 7 kya. When this spearhead
was buried, dense oak forests had yet to spread into the region, known to
archaeologists as ‘Doggerland’, where now the sea is over 30 m deep.
This famous find emphasises that the rise in sea level between about
15 and 5 kya covered up large areas of habitable land that had been
exploited by humans and made movement around the continental
margins easier.

There is an additional reason for considering the rise in sea level.
Even today changes in sea level raise powerful emotional reactions.
On the southeast coast of England the chalk cliffs are seen as part of
this country’s heritage. In 2000 a large chunk of the most spectacular
part of these cliffs, at Beachy Head, fell into the sea. This event was
seen as clear evidence of rising sea level and was greeted with a great
sense of powerlessness and foreboding about the consequences of
global warming. Although there is reason to worry about rising sea

level, the fact that the changes occurring around the coasts of Britain
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FIGURE 2.10. Changes in sea level during the last 100 kyr, based on Mix, Bard and
Schneider (2001), Lambeck et al. (2003), and Lambeck and Chappell (2001).

are principally part of the adjustment that has been going on since
the end of the last ice age must influence our thinking. Some
eight thousand years ago it was still possible to walk to France on
dry land.

Because the scale of the changes in sea level during the last ice
age constitute such a massive change in the landscape we need to
include the scale and timing of these changes in our thinking on
human development. At the end of the last interglacial around
117 kya the sea level was as high as or higher than in current times.
Then the level fell sharply by some 50m by around 112kya (see
Fig. 2.10; Lambeck, Esat & Potter, 2003). Thereafter it fluctuated
between about 30 and 70 m below current levels during subsequent
interstadials and stadials until the end of OIS3 around 30kya.
Although these fluctuations may not appear that substantial when
compared with low levels reached during the final stages of the ice
age, they may have had a significant influence on how humans
migrated across the globe. In particular, the drop after 85 kya, and
the low level between about 67 and 61 kya, are important in this

context.
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The scale of the sea-level fluctuations tended to decline during
OIS3, as the ice sheets built up. The level then plunged at the
beginning of OIS2, and during the LGM was around 120m below
current levels. These are massive changes, and completely altered
the geography of the continental margins of many parts of the world.
From northwest Europe to the eastern Mediterranean, Indo-China,
between Siberia and Alaska (a region usually known as ‘Beringia’)
and the eastern seaboard of North America, huge lowland areas were
exposed for tens of thousands of years. Here modern humans would
have been able to exploit the rich resources of the coastal plains.

One of the great unknowns of any analysis of human social
development during the warm conditions after the Younger Dryas is
just how much evidence has been swept away by the rise in sea levels.
If, as seems likely, some of the most stable and best-fed communities
would have quickly developed close to seashores, any evidence of their
existence will have long gone. The simple fact of the matter is that this
rise in sea levels drowned or washed away evidence of nearly all earlier
coastal adaptation everywhere around the world.

When it comes to making a detailed analysis of sea-level rise in
any given locality, our efforts are often complicated by other factors.
In particular, isostatic uplift and tectonic movements may make life
difficult. Isostatic uplift occurs where the melting of ice sheets since
the end of the last ice age has removed a load from the Earth’s crust,
which then rises up out of the underlying mantle. In places like
Scotland, Scandinavia, Alaska and Newfoundland this has had, and
is still having, a significant impact on the coastline. For instance, the
crust in the region around Stockholm has risen by 80 m in the last 5 kyr
and is still rising at a rate of nearly a metre a century. But, although
inexorable and substantial, these changes make little difference to how
we interpret human prehistory. The movement of tectonic plates that
make up the Earth’s crust (often known as continental drift) also leads
to changes in the apparent level of the sea. These movements have
greatest impact in active earthquake zones such as the Mediterranean,

Japan and the west coast of North America.
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The waxing and waning of the ice sheets in the northern hemi-
sphere had a variety of additional consequences for the landscape and
also for the global climate (see next section). Two landscape effects are
of particular interest. First, the melting ice, especially after the LGM,
produced large bodies of water that were sometimes cut off from the
oceans for hundreds of years. Second, as the ice melted, the crustal
uplift altered the regional geography and sometimes contributed to the
formation of long-lasting bodies of water.

The combination of these effects is most difficult to interpret
over northern Europe. The fossil evidence shows that as the
Fennoscandian ice sheet started to melt around 14.5 kya, a freshwater
lake, known as the ‘Baltic ice lake’, initially flooded the region to the
south of the ice. The value expanded until around 12.9 kya when the
ice receded sufficiently for some 7000 km? of freshwater to flood out
across the depressed central southern Sweden and then to flow out
into the North Sea. A glacial readvance during the Younger Dryas
blocked this drainage route and it was not until the climate warmed
around 11.5 kya that the final drainage of the Baltic ice lake occurred.
Then the rising sea level meant that water flowed in the reverse
direction and a saltwater body formed (named the Yoldia Sea after a
characteristic saltwater fossil). The new sea lasted for about 500 years,
before the recoil of the crust in southern Sweden and northern
Germany cut off the supply of saltwater and the lake to the south of
the ice sheet returned to being freshwater. Named Ancylus Lake, after
a fossil freshwater shell, this body of water lasted until around 8.5 kya,
by which time the ice sheet had long gone. Then the rising sea level
and crustal movements allowed a link to form between the North Sea
and the lake, and saltwater flowed into it. This brackish body of water,
named the Littorina Sea, after yet another fossil shell, eventually
transformed into what is now the Baltic Sea. The shape of this sea
has undergone major changes over the last 7 kyr or so, as the crust has
continued to rise.

Across North America the story of ice-dammed lakes and cata-

strophic outbursts occurred on an even larger scale. Lake Agassiz was
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the largest of the proglacial lakes that formed in central North
America during the retreat of the Laurentide ice sheet. It is reckoned
that Lake Agassiz assumed a variety of forms during its 4.5-kyr history
(around 13.7 to 8.2 kya). It underwent major changes in volume during
several catastrophic outbursts by the opening of new (lower) lake out-
lets as the southern margin of the Laurentide ice sheet retreated. The
changes in area and volume were considerable (Leverington, Mann &
Teller, 2002). Its early stages had areas and volumes of up to about
170000 km? and 13 000 km?, respectively (about the volume of mod-
ern Lake Superior). The largest of the middle stages of the lake had
areas and volumes of about 250000 km? and 23 000 km? (about the
total volume of the modern Great Lakes). The latest stages of Lake
Agassiz were much larger than all preceding stages, as a result of the
lake’s merger with glacial Lake Ojibway. Just before the final cata-
strophic release of its waters into the Hudson Bay, the area and volume
of the combined Lake Agassiz—Ojibway had grown to 841 000 km? and
163000 km?®. At this time, the lake’s volume was about seven times
the total volume of the modern Great Lakes.

Among the largest catastrophic meltwater pulses from Lake
Agassiz into the North Atlantic were those at 12.9kya (9500 km?),
11.3 kya (9300 km?), and 8.2 kya (163 000 km?). These outbursts coin-
cide with the start of the Younger Dryas, the Preboreal Oscillation,
and the 8.2 kya event, suggesting that outbursts from Lake Agassiz
may have repeatedly influenced hemispheric climate by affecting
the circulation of the North Atlantic. This, in turn, altered the
temperature of the surface of much of the northern North Atlantic,
and with it the climate of much of the northern hemisphere (Barber
etal., 1999).

In the northwest United States where the Cordilleran ice sheet
extended into northern Idaho and Montana, it dammed the Columbia
River valley. Behind this ice a glacial lake, known as Lake Missoula,
existed between around 15.3 and 12.7 kya. When the glacial dam
collapsed, as it did many times during its lifetime, it released some

2000 km? of water. This rampaged westward at 100 kph in a torrent



62 THE CLIMATE OF THE PAST 100000 YEARS

that completely devasted the landscape of the narrow river valleys
along which it flowed.

Farther south, what is now the Great Salt Lake was much larger
and formed a lake called Lake Bonneville that, at its peak, had a surface
area of 51 000 km?. The lake built up between 30 and 15 kya, reaching a
maximum around the end of the LGM. The waters for Lake Bonneville
were not glacial melt, but a consequence of regional weather patterns
that brought frequent depressions and abundant rainfall to the Great
Basin. Around 14.5kya the lake level abruptly dropped by 100m,
producing the Bonneville Flood, as a result of catastrophic failure of
the natural dam that had retained the maximum lake level. This
released about 5000 km? of water, in a matter of days, into Colorado
River, some three orders of magnitude greater than the most extreme
modern floods. During the Holocene more arid climatic conditions
have systematically lowered the lake levels, leading to today’s resi-
dual in the Great Salt Lake.

For anyone living in the vicinity of flood events of this magni-
tude the consequences would have been catastrophic. Farther afield,
the biggest of these outbursts may have played an important role in
human settlement and migration along shallow continental shelves
and marine basins such as the Persian Gulf, perhaps pushing already
stressed coastal systems over a threshold. For example, the 163 000 km?
meltwater pulse from Lake Agassiz at 8.2kya would have caused an
sudden incursion of the sea by 1 km inland across the floor of a gentle
continental shelf with a slope of 1 in 2000, or a substantial advance of
more than 10km in only about a year across almost level land. While
the rise in postglacial sea level may not have been sufficient to gen-
erate a folk memory of the ‘Flood Myth’, the largest outburst from
Lake Agassiz at 8.2 kya may have made a more indelible impression
(see Section 5.15).

A similar situation developed in Siberia during the LGM. Here
single giant freshwater lake formed. It stretched some 1500 km from
north to south, and a similar distance east to west at its widest points.
At its maximum extent it would have had a surface area at least twice
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that of the Caspian Sea. It was formed by the ice sheets to the north
damming off the Yenisei and Ob rivers. This huge lake appears to have
reached its greatest extent by around 24 kya, and to have existed in
some form until around 14 to 16 kya. There is, however, little evidence
of its draining away in the same catastrophic manner as the glacially
dammed lakes in North America.

Much less is known about the fluctuations in sea level arising
from the reduction in size of the Antarctic ice sheet. As noted in
Section 2.6, the first major sudden rise in sea level after the LGM
was the one that occurred around 14.6 kya. This rise of some 20 m,
in no more than a few centuries, is now attributed to events in

Antarctica (see Section 2.11).

2.11 CAUSES OF CLIMATE CHANGE

There is not space here to go into all the proposed explanations of
the changes that have occurred in the last 100 kyr: there are more than
enough textbooks on the subject (see Bibliography). All that is needed
here is a brief summary of how virtually all the observed forms of
change set out in Section 2.1 can be explained in terms of known
physical processes. Starting with the broad cycle of the ice ages,
which occur every 100 kyr or so, and have lesser cycles of around 20
and 40 kyr, received wisdom is that they are explained remarkably
well in terms of the Earth’s orbital parameters (Imbrie et al., 1992,
1993). These modify the amount of sunlight falling at different lati-
tudes at different times of the year. It is found that the key to explain-
ing how variations in the orbital parameters can trigger ice ages is the
amount of solar radiation received at high latitudes during the sum-
mer. This is critical to the growth and decay of ice sheets. At 65°N
this quantity has varied by more than 9% during the last 800 kyr.
Computer modelling studies show that, when fluctuations of this
order are combined with realistic assumptions about the time taken
for ice sheets to build up, it is possible to reproduce the long-term
behaviour of the ice ages with surprising accuracy. These calculations

can reproduce the broad form of the climate changes measured in
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ocean sediments and the EPICA ice core (see Fig. 2.5), with its saw-
tooth pattern of short interglacials every 100 kyr or so, followed by a
slow descent into full glacial conditions and then a sudden warming
into the next interglacial. Superimposed on this pattern are cycles of
around 20 kyr in duration.

The fact that the orbital theory of ice ages is measured in tens of
millennia means that these changes form the background to what
follows. For the most part this is all we need to say, but for one
particular feature. This is the nature of the Holocene variability in
the Sahara. In the current interglacial the peak in summer insolation
at 65° N occurred around 10 kya. In particular, rainfall over the Sahara
during the past 20 kyr has exhibited a remarkable non-linear sensitiv-
ity to these gradual changes in insolation (see Section 2.7). What is
particularly interesting is that the sudden changes in the Sahara
appear to reflect a response to the lengthy cycles associated with the
variations in the Earth’s orbit.

Understanding changes in the Sahara requires us to look at
tropical circulation around the end of the ice age. During the LGM
much of northern Africa was, as now, arid desert. If anything this
desert was even more extensive as the tropical rain forests were
greatly reduced in extent. The reason for this shift has to do with
the strength of the Intertropical Convergence Zone (see Section 2.7).
This rising air produces heavy rainfall and the now dry air then
spreads north and south before descending at around 20°N and
20°S. The very dry descending air then flows back towards the
Equator. The entire circulation pattern is known as the Hadley cell.
During the LGM the tropical oceans were cooler and the Hadley cell
was less vigorous.

The more arid conditions during the LGM show up as a high
level of wind-blown mineral dust in the sediment cores from the
northern tropical Atlantic. Around 14.5 kya the level of dust dropped
suddenly, suggesting the onset of much moister conditions (Fig. 2.11;
deMenocal et al., 2000). The amount of dust blown westwards into the

Atlantic remained low apart from an increase during the Younger
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Dryas and then a return to moister conditions. These moister condi-
tions lasted until around 5.5 kya when the sediment records show a
sudden increase in the amount of dust being transported in the winds
from the Sahara. Abruptly the climate shifted to a drier form and the
desert began to take over.

What appears to have happened is that the cycles in solar insola-
tion influenced the position of the ITCZ. Any shifts in its position or
intensity can have a crucial impact on how wet or dry different areas of
the tropics are. Around 14.5 kya the level of summer insolation rose to
a critical level at 65° N: sufficient to trigger a sudden shift northwards
of the ITCZ into the Sahara during the summer. This brought rela-
tively heavy rainfall to much of the Sahara. The level of summer
insolation remained sufficient to maintain this pattern well into the
Holocene, except during the Younger Dryas when the disruption of
North Atlantic circulation was sufficient to override it. Then around
5.5kya the summer insolation at 65°N fell back below the critical
level, the ITCZ moved south, and the Sahara rapidly became desert.
This change was most rapid in the central and eastern Sahara, plus
Arabia, where extreme aridity took over within a century on so. The
fact that this sudden shift coincided with changes in the tropical
Pacific may well have reinforced the scale of climatic change over
Africa and Arabia as El Nifno conditions tend to be associated with
southward movement of the ITCZ.

Almost all the other features of the climate can be explained in
terms of the natural variability of the global weather system. On
timescales of millennia and shorter, various components of the cli-
mate system can interact to produce major fluctuations. In particular,
the sudden changes identified as DO and Heinrich events in Section
2.5 appear to be linked to switches in the large-scale movement of
water in the North Atlantic. These shifts are an example of the process
driving the deep waters of the oceans, known as thermohaline circula-
tion (Broecker, 1995). This results from changes in seawater density
arising from variations in temperature and salinity. Where the water

becomes denser than the deeper layers it can sink to great depths. The
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temperature depends on where the surface waters come from and how
much heat the oceans either pick up or release to the atmosphere in
both sensible heat and evaporative loss. The salinity of a given body of
water depends on the balance between losses through evaporation and
gains from either rainfall, or freshwater run-off from rivers and melt-
ing of the ice sheets of Antarctica and Greenland plus the pack ice
of the polar oceans. In practice there are few regions where sinking
waters have a major impact. Deep waters, defined as water that sinks
to middle levels of the major oceans, are formed only around the
northern fringes of the Atlantic (North Atlantic Deep Water).
Bottom waters, which constitute a colder denser layer below the
deep waters, are formed only in limited regions near the coast of
Antarctica in the Weddell and Ross seas.

The changes that matter here are those associated with the
North Atlantic. During and around the end of the last ice age the
circulation here underwent sudden and substantial shifts. These led
to the global climate being able to exist in distinctly different regimes
even though the overall energy balance of the system had not changed
appreciably. Heinrich events are most easily linked to changes of this
type. During the last ice age the partial collapse of the ice sheet over
North America, which caused a surge of icebergs to flood out into the
North Atlantic, would have had a radical impact on ocean circulation.
The combination of the huge influx of freshwater and the ice cover
in winter would have effectively capped the northern part of the
Atlantic and switched off any thermohaline circulation north of
about 40° N.

The link between Heinrich events and changes in the northern
hemisphere ice sheets appears to be well established. The climatic
explanation of the first warming after the LGM, the Belling (see
Section 2.6) seems to have involved events in the southern hemi-
sphere (Clark et al., 1996; Weaver et al., 2003). The influx of a large
amount of meltwater into the Southern Ocean altered the formation
of deep water around Antarctica and meant more tropical water moved
northwards into the North Atlantic. This effect extended to high
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latitudes and led to a profound warming of not only the North Atlantic
region but the northern hemisphere as a whole.

Although the most extreme events can be explained in terms of
major adjustments in global ocean circulation, DO events rely on
more complicated mechanisms. The most intriguing one is based on
a stability analysis of the Atlantic Ocean during the ice age (Rahmstorf &
Alley, 2002). In this approach there appear to be two circulation
modes: one stable, and the other a weakly unstable one that lasted
several centuries before spontaneously ending. In addition, there was a
second unstable mode in which the formation of North Atlantic deep
water is shut down completely, corresponding to a Heinrich event.
This model suggests that the glacial Atlantic was an excitable system,
in which a suitable perturbation could trigger a temporary transition
of the state to an unstable circulation mode. In contrast a warm
climate, like the present, is bistable and appears to be much less
susceptible to disturbance. It is postulated that this process exhibits
a threshold in respect of the background noisiness of the climate. Even
today, this stochastic response to changes in the freshwater flux into
the North Atlantic could have major climatic implications (see
Section 8.5).

The importance of this proposal is that the available evidence
suggests that the sensitivity of the climate to noise could have chan-
ged appreciably during and since the ice age. So it is possible that in the
early warmer stages of the ice age, when the warm mode of the North
Atlantic circulation was more stable, there were fewer and longer-
lasting DO events. Conversely, at its nadir during the extreme cold
around 20 kya, when the cold mode of circulation was more stable,
there were also fewer DO events. In between, when the climate
existed in a metastable state, random flickers between the two states
might easily occur. If these flickers were in response to a weak 1500-
year cycle, then they could take the form of a stochastic reso-

nance between the two modes of North Atlantic circulation.’

° This phenomenon is described in Burroughs (2003), pp. 234-7.
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There is some evidence of the existence of the 1500-year
oscillation in ocean-sediment records for the Holocene (Bond et al.,
1997). These are, however, only very faint echoes of the DO events
during the last ice age. Nevertheless, measurements of ice-rafted deb-
ris in ocean-sediment cores taken from various locations in the North
Atlantic, notably between Greenland and Iceland, and to the west of
Ireland, show evidence of changes in the circulation of the ocean
during the Holocene. This debris originates from the east coast of
Greenland and the Arctic archipelago Svalbard, and provides a measure
of the strength of the Irminger current and the North Atlantic Drift
(the extension of the Gulf Stream across the North Atlantic and into
the Nordic Seas). The sediment records show periods of marked cool-
ing at 2.8, 4.1, 5.9 and 8.2 kya. These changes in circulation correlate
closely with measurements of solar variability, and suggest they could
be the result of solar influences (Bond et al., 2001). This has led to the
proposal that the observed changes in the circulation of the North
Atlantic are the result of stochastic resonance driven by solar vari-
ability (Rahmstorf, 2003).

Although these changes do not show up strongly in the
Greenland ice-core records, apart from the 8.2 kya event, their impli-
cations for the climate in Europe and the Middle East must have been
considerable. Significant shifts in sea ice extent would have had an
impact on the North Atlantic Oscillation (NAO). In turn, this would
have altered rainfall patterns across Europe (see Section 5.1). The
cooler episodes would have reduced the amount of rainfall, and it is
interesting that these periods do coincide with periods of drought and
social breakdown in Middle East (see Chapter 6).

These observations raise one further important question about
the stability of the Holocene: in what circumstances does the climate
of the North Atlantic become metastable again? There is lively debate
in the climatological community as to whether current global warm-
ing resulting from human activities could push the climate into a
more erratic mode. Some computer models of the global climate
suggest that this is a distinct possibility. It is a frightening thought.
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The evidence of the last ice age shows that a less stable climate would
pose daunting challenges for the human race. So both understanding
the nature of current climate change and appreciating fully how
modern society emerged from the chaos of the last ice age assume
even greater importance.

2.12 THE LUNATIC FRINGE

There is one last important point to consider in this brief review of the
climatic background to human prehistory. This is the mass of what
might best be called ‘crackpot theories’ about the nature of climate
change at the end of the last ice age and the parallel emergence of
modern humans. Involving everything from the intervention of aliens,
through cosmic cataclysms, to explanations of the true nature of
Atlantis, it could be argued that such theories do not warrant considera-
tion in a book that is seeking to review current peer-reviewed scientific
work on prehistory, climate change and anthropology. After all, as we
will see, the conventional debate on these topics is not short of vigour.
But to ignore completely the swirling cloud of alternatives that encir-
cles this subject might give the impression that we are not prepared to
face up to the challenge of these hypotheses. Better to touch briefly on
them with the object of indicating why they are not needed: there is
more than enough good stuff in the conventional science to keep
us occupied. Furthermore, the scientific establishment has some
enthralling explanations of many of the tantalising questions involved
in the issue of climate change and prehistory.

The first thing to get straight is that the wide variety of sources
of climatic data constitutes a remarkably consistent picture of past
events. There is no need to invoke additional catastrophes to explain
either the climate record or the possible utter destruction of early
civilisations. There is no evidence whatsoever that there have been
cataclysmic cometary impacts, or sudden shifts in the crust across the
face of the Earth in the last 100 kya. So the possibility that major early
unidentified civilisations were swept from the planet by an extrater-

restrial impact about 10kya has no support in the standard climate



2.13 CONCLUSION: A CLIMATIC TEMPLATE 71

records. The Greenland and Antarctic ice sheets did not collapse in ‘a
matter of weeks’ during some awful cosmic catastrophe. All the datais
consistent with a steady, albeit climatically eventful, transition as the
massive ice sheets took several thousand years to respond to the
warming resulting from the changes in the Earth’s orbit. In some
places rising sea levels may have posed dramatic challenges for coastal
communities, but as a general observation they are not the stuff of
cataclysmic destruction of vast prehistoric and now vanished empires.

Even more absurd is the idea that Antarctica was located at
lower latitudes and hence was ice-free at some relatively recent date
(such as 15 kya), before suddenly moving to its current polar location.
Although this might seem like a convenient source for the Atlantis
legend, the evidence is unequivocal. Antarctica has been covered by
ice for about 25 million years. There is no evidence of the type of
massive upheaval that would have been necessary to enable such a
major repositioning of the Earth’s tectonic plates to have occurred.
More important, the EPICA ice core (Fig. 2.5) provides an unbroken
record for more than 730kyr. This shows a remarkable parallelism
with ocean-sediment observations around the world, and confirms
that, for at least this period, conditions in Antarctica have been unre-
mittingly icy. Those looking for a convenient place to postulate where
a precursor civilisation to Egyptians could have developed will have to
look elsewhere. For the rest of us, it is time to get down to the sobering
process of considering the challenges for humans of living through the
ice age and its subsequent collapse. This involves first summarising

the climatic factors that have been reviewed in this chapter.

2.13 CONCLUSION: A CLIMATIC TEMPLATE

The essential features of the climate as far as modern humans are
concerned are contained within the last 100 kyr. The observations
reviewed in this chapter are encapsulated in Table 2.1 and can be
defined as a ‘climatic template’. In terms of climate change, during
the last ice age, this involves some 20 DO warming events between 75

and 15 kya. The most important of these warming events were in all
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TABLE 2.1 Climatic template for the North Atlantic and Eurasia

DO Heinrich
Age events  events
(kya) (kya) (kya) Interstadials and other events (kya)
0-10 Holocene climatic optimum (5-6 kya)

8.2 kya cold event
1020 1(14.5) HO(12.9) Younger Dryas (12.9-11.6 kya)
H1 (16.5)  Belling warm stage (14.5 kya)
20-30 2(23.4) H2(23.5) Denekamp interstadial (30-25 kya)
3(27.4)
4(29.0)
30-40 5(32.3) H3(32.0) Hengelo interstadial (38-36 kya)
6(33.6) H4(39.5)
7(35.3)
8 (38.0)
40-50 9(40.1) H5 (47) Moershoofd interstadial (46-44 kya)
10 (41.1)
11 (42.5)
12 (45.5)
13 (47.5)
50-60 14 (52.0) Glinde (51-48 kya)
15 (54.0) Oerel (58-54 kya)
16 (57.0)
17 (58.0)
60-70 18 (62.0) H6(67.0)  Prolonged stadial from around 67 to
61 kya across Eurasia
70-80 19(70.5)
20 (74.0)
80-90 21 (84.0) H7?(87.0) Odderade interstadial (84-75 kya)
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probability numbers 17, 14, 12 and 8 (see Fig. 2.6), which appear to
coincide with the Oerel, Glinde, Hengelo and Denekamp interstadials.
Of possibly greater importance are the six Heinrich events between
around 70 and 16kya that marked the periods of most intense cold
during the ice age, culminating in the LGM between 25 and 18 kya.
Following the most recent Heinrich event there was a sequence of more
rapid climate changes involving the Belling, Older Dryas, Allerad and
Younger Dryas, before the climate really warmed up to usher in the
Holocene around 10 kya. Since then climate changes have been min-
uscule compared with what went before. Nevertheless, this quiescent
period has seen some interludes of limited but rapid climate change,
including the sudden cooling around 8.2 kya, and the major shifts in the
tropics between 6 and 5 kya, plus periods between 3.5 and 2.5 kya and
since 0.6kya. In addition, there were two more regional periods of
change around 4.2 to 3.8 kya and 1.2 to 1.0 kya.

Overarching these major changes, there has been a more funda-
mental shift in short-term climatic variability. Prior to the end of the
Younger Dryas around 12kya the climate was substantially more
variable than it has been since. In terms of human activities this
feature of the climatic template represents a far more important chal-
lenge, especially in respect to agriculture. So our exploration of human
prehistory must focus on the timing of the major changes in the cli-
mate, both during the ice age and to a lesser extent during the halcyon
millennia of the Holocene, as these may hold the key to some of the
more puzzling changes in the development of social and economic
structures around the world. At the same time we need to keep in the
forefront of our minds the radical shift in climatic variability which is a
feature of the onset of the Holocene, as it is central to so much of what
has happened during the last 10 kyr, and never lose sight of the oppor-
tunities that arose as we emerged from the climatic ‘long grass’.



3 Life in the ice age

In the bleak mid-winter

Frosty wind made moan,

Earth stood hard as iron,

Water like a stone;

Snow had fallen, snow on snow,
Snow on snow,

In the bleak mid-winter,

Long ago.

Christina Rossetti (1830-1894), Mid-winter

Point Barrow in northern Alaska is a desolate place. In the driving
sleet of an August afternoon it is hard to imagine that this remote
Inuit settlement has been occupied for thousands of years. It seems
amazing that the community has been able to survive here for so long.
The reason is, however, simple. Every year bowhead whales migrate
past the point and the Inuit have been able to catch sufficient for their
needs and store the flesh and blubber in the permafrost to provide food
throughout the year. The reliability of this migratory pattern is the key
to continued occupation of the site. The bowhead whale returned to
the Arctic Ocean after the end of the last ice age, when the land bridge
of Beringia was flooded by rising sea levels around 10 kya. Thereafter,
they commonly ranged from the Beaufort Sea to Baffin Bay. Bowheads
feed year-round in the Beaufort, Chukchi and Bering seas. They use a
variety of strategies, including feeding under ice and swimming in
groups in V-shaped formation, to increase feeding efficiency. Their
movement into the Beaufort Sea following the receding ice may have
been one of the reasons why the Inuit moved into the North American
Arctic in the early Holocene. This is but one example of how throughout
human prehistory the predictable migration of large animals has been
one of the most reliable means of survival. If the climate changed too
much and the whale moved away the settlement would have
collapsed.
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The clear message from all the evidence available on climate
change and variability over the last 100 kyr is that the survival of the
human race was a precarious business. The ability to interpret the
seasonal changes that drove migratory patterns and to plan how to
intercept prey was an essential part of survival, especially if combined
with a migratory lifestyle of one’s own. Until the start of the Holocene
around 10kya, conditions were immeasurably more challenging for
humankind. The implications of the challenges of first surviving the
more chaotic conditions of the ice age and then exploiting the oppor-
tunities that arose with the arrival of the Holocene take us into every

aspect of human life.

3.1 THE CLIMATOLOGY OF THE LASTICE AGE
The previous chapter provided the broad picture of how the climate
changed during the last 100 kyr. Our ancestors were, however, con-
cerned only with what the conditions were like where they lived. So it
is important to get a better feel of the climatology in different parts of
the world, notably where there is archaeological evidence of sustained
habitation, and how this changed throughout the ice age. This is a
matter of filling in the basic details of the changing regional climate
with as much local colour as possible by making the fullest use of the
land-based proxy records. In particular, pollen records and beetle
assemblages provide insights into the landscape of the time. These
sources are patchy, although they are being added to all the time.
Inevitably much of the description is linked to specific localities.
Nevertheless, it is possible to extend the analysis more widely by
taking account of the controlling climatic features at any given time,
which were often very different from current conditions.’

In relating the evidence of local conditions to the climatic tem-
plate set out at the end of Chapter 2, there is one basic thing to

! General descriptions of the climatic conditions prevailing at different times and place are
drawn from a wide variety of climatology texts, the most notable of which are listed in the
Bibliography. Where a specific description of conditions at a given place or time relies on a
single source it will be identified by a separate footnote.
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remember. This is that in the case of the mid-latitudes of Eurasia,
much of the evidence of flora and fauna during the ice age will not
record the full extent of the dramatic ups and downs that are such a
feature of the ice-core records, especially since around 70 kya. Instead,
the majority will reflect the most clement conditions and hence gloss
over the sudden cold spells that were so much a feature of the glacial
epoch. This means that broadly speaking the presentation of regional
climates during OIS3 will reflect the interstadial conditions.
Conversely, the lengthy period of the LGM provides sufficient evi-
dence to build up an adequate picture of what things were like during
the coldest periods. So, inevitably, much of our analysis of the chal-
lenges confronting modern humans from the time they entered
Eurasia will concentrate on these two extremes.

This approach is in line with the simulations that have been
produced as part of the Stage Three Project,” which will form the basis
of much of what is presented here. This work has produced a compre-
hensive set of maps of climatic conditions and the biome cover over
Europe and western Asia for both interstadial conditions during OIS3
and the LGM. These can be used to explore the conditions during the
warmest and coldest conditions during the ice age since around
60kya. The warm conditions reflect the interstadials identified in
the pollen records, and are likely to have coincided with the peaks of
the DO oscillations between 60 and 30kya.” As for the conditions
during the LGM, although these were probably harsher than during
the coldest spells in the preceding 30 kyr, they probably provide a good
indication of what things were like during the Heinrich events 2, 3,
4 and 5.

S}

The climatic objectives of the Stage Three Project include identifying the climates and
landscapes of Europe during the period 59 to 29 kya and the extent to which climate changes
during this period influenced European flora and fauna. Details of the project and its progress
can be found on http://www.esc.cam.ac.uk/oistage3/Details/Homepage.html.

Stage Three simulations include attempts to reconstruct conditions for two different types of
cold interval, but there was disagreement between the participating scientists as to whether
these were accurate representations of conditions at the times in question, as they produce
remarkably similar climatic conditions to those computed for the stadials.
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Exploiting the work of Stage Three is also consistent with mak-
ing effective use of the archaeological evidence of modern humans,
because there is a distinct bias towards Eurasia, including the Middle
East. This emphasis is reinforced by the fact that much of the clima-
tological evidence comes from mid- and high latitudes of the northern
hemisphere. This bias does not, however, alter the underlying fact that
modern humans were living elsewhere around the world. It is import-
ant to inject as much balance as possible by covering conditions in
those parts of the world where most modern humans lived for much of
the ice age, namely Africa and, to a lesser extent, southern Asia and
Australia.

Before embarking upon a geographical and chronological descrip-
tion of the conditions during the ice age, there is one other fundamental
feature of the period that must be addressed. This is the influence of
the massive ice sheets over North America and Scandinavia. At their
greatest extent their influence was huge: not only did they make high
latitudes much colder than now, especially in winter, but also their
great height meant that weather systems flowed round their fringes
rather than penetrating into the Arctic basin. This had the effect of
shifting all the weather systems farther south. The full influence of
the ice sheets was, however, limited to the LGM. Furthermore, recent
studies provide increasing evidence of the ice sheets waxing and wan-
ing more than had previously been assumed.

In the case of the Fennoscandian ice sheet, the latest evidence
suggests that it did not grow to climatically significant proportions
until around 75kya and remained substantial until about 60 kya.
What is now becoming clear is that thereafter it swiftly reduced to
small remnants that only briefly expanded and contracted during
cooling events (Arnold, van Andel & Valer, 2002). This process con-
tinued until around 38 kya, when the ice sheets covered little more
than the high mountains of southern Norway and probably parts of the
region above 67°-68° N. Subsequently, the climatic signal changed.
Although the temperature still fluctuated rapidly, cold events were
colder and more long-lasting and allowed sustained ice-sheet growth,
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FIGURE 3.1. Map of Europe showing the extent of the Fennoscandian ice
sheet during the LGM, and the extent of the continental shelf exposed by
the lower sea level at the time.

punctuated by short-lived retreats, until, under a fairly severe climate,
the ice sheet reached the Baltic Sea coast about 30 kya. Thereafter,
continued cooling enabled the ice sheet to reach its maximum extent
during the LGM (see Fig. 3.1).

A similar situation applies for North America. The extent of the
ice sheet during much of the last ice age is still a matter of dispute. The
sea-level analysis indicates that there must have been a substantial ice
sheet over some of the most northern parts of North America. It is less
clear how far south it extended and also how big a gap existed between
the Cordilleran and Laurentide ice sheets, and until when. What is
certain is that during the LGM conditions across the entire continent
were dominated by the presence of these two ice sheets (see Fig. 3.2).
Indeed the massive scale of these ice sheets is the principal reason we
have so little evidence of the extent of earlier ice: all evidence of its
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FIGURE 3.2. Map of North America showing the extent of the Laurentide
and Cordilleran ice sheets during the LGM, and the extent of the

continental shelf exposed by the lower sea level at the time.

past has been scoured from the landscape by the vastness of the final

The combined effect of the looming presence of the mighty ice

sheets was to push weather patterns and climatic zones farther to the
south. In the case of North America this shift led to a squeezing of the
circulation patterns. Because the waters of the Gulf of Mexico cooled

less than the regions covered by the fringes of the ice sheet, the
north-south temperature gradient across what is now the USA was
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steeper. This differential would have given extra impetus to
the storms that generate in the Gulf of Mexico, or sweep in from the
North Pacific and across what is now the southern United States.

Across the Atlantic, confronted by the mighty Fennoscandian
ice sheet, which would have generated a permanent wintertime anti-
cyclone, the storms were more likely to run into the Mediterranean.
The evidence is that during the LGM the track was to the south of
the Alps and most of the snowfall was on the southern slopes of the
mountains (Florineth & Schluchter, 1999). Between the Alps and the
ice sheet there was a barren arctic desert. When the Fennoscandian ice
sheet was less extensive, the storms moved to the north of the Alps
and this transformed the weather in central Europe and the south of
Russia and Siberia. So, prior to the LGM, for much of the time modern
humans were in Europe this region was habitable and offered an
abundant flora and fauna that could be exploited by resourceful people.

The other feature that would have exerted a dramatic impact on
the climatology of the northern hemisphere was the extent and sea-
sonal duration of pack ice in subpolar regions. Here again the most
important region was the North Atlantic and the controlling factor
was the nature of the thermohaline circulation in this region. As
explained in Chapter 2, changes in this circulation are closely linked
to DO and Heinrich events (Heinrich, 1988; Dansgaard & Oeschger,
1989). The latest analysis of the extent of sea ice is that during the
LGM it was more restricted than in the ‘classic’ CLIMAP reconstruc-
tion (Sarnthein, Pflaumann & Weinelt, 2003). During glacial summer,
sea ice only covered the Arctic Ocean and western Fram Strait. The
northern North Atlantic and Nordic seas were largely ice-free. In
winter the ice spread far south across the Iceland Faeroe Ridge, and
an extensive patch of sea ice appears to have formed in the central east
Atlantic, near the Azores. A broad ice-free channel extended from 50°
to 60° N, which sustained the formation of North Atlantic Deep Water
(See Section 2.11).

The extreme seasonality in glacial sea-ice formation and melt in

the Nordic Seas would have had a major impact on weather patterns.
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In summer the high-latitude moisture source would have produced
frequent depressions that led to the continued build-up of continental
ice sheets. In winter the extensive ice cover would have been an
additional factor in driving the storm track farther south and would
have reinforced the bitterly cold conditions across northern Europe.

Across Africa the analysis must take on a global tone. While
North Africa and Arabia were influenced by patterns that controlled
events in the Mediterranean and the Middle East, farther south two
other factors came into play. The first was that for much of the ice age
the strength of the Intertropical Convergence Zone (ITCZ) was
reduced because temperatures in the tropics were lower (CLIMAP,
1981). This meant that rainfall in equatorial regions was reduced and
the band of heavy rainfall associated with the ITCZ was restricted to a
narrower band close to the Equator. The extent of tropical rain forests
was much reduced and savannah was more extensive in equatorial
regions. Second, southern Africa was influenced by weather patterns
over the southern oceans, rather than events in the northern hemi-
sphere. So to the extent that the southern hemisphere conditions
followed a different course from those in the north, climate change
in southern Africa was different.

African pollen and lake data indicate that the climate during the
LGM was some 4 °C colder and drier than present, with the maximum
reduction in precipitation occurring in semi-arid regions. The other
thing to note about Africa is that the evidence of changing variability
in the climate is missing. Whatever the part played by such shifts in
climatic variability in human prehistory in Africa, this is effectively a
closed book at present. We know, however, from the studies of the
isotope ratios of ancient corals found in Papua New Guinea (see
Section 2.7) that the sea surface temperature (SST) in the tropics was
lower and the strength of the El Nifio / Southern Oscillation (ENSO)
was reduced (Tudhope et al., 2001). Because ENSO exerts a dominant
influence on many aspects of the variability of the climate in the
tropics, it is possible that variability in tropical Africa during much

of the last ice age was less than in recent times.
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3.2 THE EARLY STAGES OF THE ICE AGE

The fact that the last ice age was not a period of uniform lower
temperatures had many implications for humans. The combination
of its being much colder than now for much of the time, with the
lengthy periods of sustained cooling and warming plus the much
greater short-term variability, made life fearfully demanding. If we
were to rank the challenges of the ice age, while all substantial
changes must have been unwelcome, the sudden coolings probably
represented the greatest threat to humans. In particular, those identi-
fied as Heinrich events must be put at the top of the list. In all
probability, they made large areas of the northern landmasses
uninhabitable.

In terms of the challenges to human existence it could be said
that the ice age got off to a slow start. The initial stages of the ice age
(see Fig. 2.6 and Table 2.1) were relatively limited, but they should not
be underestimated. During the last interglacial, which ran from about
130 to 117 kya, global temperatures were for much of the time some
2 °C warmer than current values. Around 124 kya hippopotamus and
other tropical fauna roamed the landscape of the British Isles. The
latest Greenland ice core (North Greenland Ice Core Project members,
2004) shows the decline in temperature starting around 121 kya and
reaching a minimum at 116 kya. Thereafter, the subsequent decline
was punctuated by a series of DO events starting around 115 kya and
then at 108 and 104 kya.

In terms of the history of modern humans we can pick up
the detailed story with the sustained cooling following the intersta-
dial around 104 kya. This cooling continued, interrupted only by
a DO event around 91 kya and reached a minimum around 87 kya.
In Eastern France during this period the vegetation corresponded
to what is now Siberian taiga (Guiot, 1997). This equates to winters
being akin to those of modern-day Siberia, somewhere near Irkutz,
where the average temperature in January is around -20°C,
some 20 °C colder than current conditions in the Vosges of eastern

France.
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In the Middle East the most important consequence of the cold
conditions around 87 kya was extreme desiccation. The expansion of the
deserts here may well have driven out any humans living there at the
time. What little evidence there is of climatic conditions in Africa at this
time also points to drier conditions. The record of desert-dune formation
across southwestern Africa shows that at least part of this period was
extremely arid. Desert conditions seem to have existed over a large area
west of about 25 °E, and south of about 18 °S. Whether other parts of
Africa became arid at about the same time is not known, but given the
general pattern in the tropics, this must be considered a strong
possibility.

The climate then warmed up around 80 kya with the Odderade
interstadial. Then, in terms of sudden climate change, the real action
appears to have started around 74 kya. This timing is of particular
interest as it coincides with some suggested dates for the movement
of modern humans out of Africa. The intensity of the two cooling
events at around 74 and 70kya is greatest in Greenland (Fig. 2.6).
Elsewhere the intensity and duration of these events varies. They
can, however, be clearly seen in North Atlantic sediment records,
speleothems from southwest France to China, and sediment cores
from the northwest Indian Ocean (Genty et al., 2003; Wang et al.,
2001; Schulz, von Rad & Erlenkeuser, 1998). The importance of these
events is that they mark the onset of what appears to have been a more
chaotic climatic regime, especially in the North Atlantic. The combi-
nation of these two cold events within a few thousand years, both of
which were followed by particularly striking DO warming events,
stands out as an extreme example of a climate change that could
have had a substantial impact on the distribution of modern humans
at the time. The scale of both the coolings and subsequent warmings
could have posed particular challenges to all forms of life at the time.
It is hardly surprising, then, that these events have been singled out for
attention.

There is an additional reason for looking closely at the events
around 70 to 74 kya. This is the eruption of the supervolcano Toba,
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FIGURE 3.3. THE caldera of the ‘supervolcano’ Toba, which erupted around
74 kya, and which may have led to a dramatic cooling in the global climate
at the time.

which is usually dated at about 74 kya (Rampino & Self, 1992). Here is
a case where reconciling the various records requires careful detective
work. Volcanic ash in sediment cores from the Arabian Sea provides
the answer (Schulz, von Rad & Erlenkeuser, 1998). They show clearly
that this eruption coincided with the start of the sharp cooling that is
seen in the GISP2 ice core at the end of interstadial 20 (i.e. at, say,
71 kya, just before the onset of the second cold event). The discrepancy
in the timing of the events is not surprising as the eruption is dated
absolutely using radiometric means, whereas the ice core is dated on
the basis of modelling the flow characteristics of the ice sheet (see
Appendix). What matters is the detailed correlation between the data
in the ice core and the ocean-sediment core.

Toba was gigantic. The caldera that resulted from this eruption
is 100 km long and 60 km wide (Fig. 3.3). It ejected about 3000 km? of
material. In the central Indian Ocean, some 2500 km downwind of
Toba, a 35-cm-thick layer of ash was deposited. It was the biggest
volcanic eruption in the last million years. Furthermore, the eruption
was rich in sulphur, which results in the formation of long-lasting
sulphuric acid aerosol clouds in the stratosphere. This would have



3.2 THE EARLY STAGES OF THE ICE AGE 85

increased its climatic impact; the dust from the eruption would
have dropped out of the atmosphere in a matter of months whereas
these sulphuric acid aerosols would have remained aloft for several
years.

The impact of Toba is estimated to have been about a 5°C
temperature drop, and possibly 15°C summer cooling in the tem-
perate to high latitudes within a year or so and lasting for several
more years (Rampino & Self, 1992). The effects on the growth of
plants, and on life in the oceans, of such a dramatic temperature
drop would be catastrophic. In many places the dust veil from the
volcano would have effectively blotted out the Sun. The cooling would
have led to unseasonable frosts in many parts of the world and the
disruption of growing seasons. The longer-term impact of Toba is
more difficult to establish. It is in the nature of volcanic eruptions
that they disrupt the climate temporarily. Furthermore, efforts to
demonstrate that Toba was linked directly to subsequent changes in
either monsoon rainfall in the Arabian Sea, or temperature trends in
Greenland have been less convincing (Schulz et al., 2002).

The dramatic short-term cooling due to Toba may or may not
have contributed to the longer-term cooling that occurred subse-
quently. Either way, such a sudden cooling could easily have had a
significant impact on the size of the human population at the time
(Ambrose, 1998). Sudden reductions in population are often referred to
as ‘bottlenecks’ (see Section 4.1). Their relevance here is the theor-
etical possibility that human numbers could have fallen sharply as a
result of adverse environmental conditions. As we will see later, this
has been postulated as being an explanation of some of the features in
the genetic maps of the distribution of different human groups around
the world. In this context it is not that important whether Toba had
only a temporary climatic impact or precipitated the longer cooling
seen in the Greenland ice cores. What mattered was that Toba almost
certainly had a dramatic impact on life at the time. Equally certain is
that after this cold interval there was a warm period (interstadial 19
in Fig. 2.6).
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A more lasting and probably much more damaging cold event
started around 67 kya. This is usually linked with Heinrich event 6.
It brought periglacial conditions to northern Eurasia. Recent abso-
lutely dated speleothem results from southwestern France show an
intensely cold period extending from 67.4 to 61.2kya (Genty et al.,
2003). Here it is estimated that the average temperature dropped by
13.6°C between 75kya and 67 kya. The speleothem then stopped
growing until 61 kya, presumably because permafrost formed above
the cave. These data are supported by the ocean sediment core results
(see Fig. 2.7). While ice cores suggest that there was a brief interstadial
around 63 kya, for the most part this 6kyr period was among the
coldest during the entire ice age.

3.3 OXYGENISOTOPE STAGE THREE (OIS3)

The sustained cold continued until around 59 kya, at which point the
conditions started to fluctuate more, and, in particular, there were
more periods of relatively warm conditions. This change is identified
in the ocean sediment records as being the onset of Oxygen Isotope
Stage Three (OIS3, see Fig. 2.6). Although there were strikingly cold
periods during OIS3, notably the major cooling associated with
Heinrich Event 5 (see Table 2.1), for much of the time much of north-
ern Eurasia was habitable. As a measure of the scale of the fluctuations
that occurred during OIS3 the results of the computer model simula-
tions from the Stage Three Project are summarised in Table 3.1. This
provides climatic figures typical of the interstadials during OIS3 and
the LGM. As noted in Section 3.1, these can be used to provide an
indication of the warmest and coldest conditions in both OIS3 and
the LGM.

Another aspect of climatic conditions that has been simulated is
the duration of snow cover. During the LGM it is estimated that snow
lay for the six months of the winter half of the year north of a line from
Brittany to the Alps, and east of the Alps to the North of the Danube
and then the 50th parallel. In the warmest interstadials this line
moved farther north to run from central England across what is now
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the North Sea and approximately along the 55th parallel. The cor-
responding line for three months of winter snow in the LGM ran
from southern Brittany to the South of France across central Italy
and the southern Balkans to the Black Sea. During the interstadials
this line ran from southern Ireland to the Alps, then along the Danube
Valley to the northern shores of the Black Sea.

What the Stage Three simulations cannot yet handle is the
shorter-term fluctuations in the record. Attempts to simulate condi-
tions during the frequent stadials in OIS3 produced results that the
various groups working in the field could not accept and further work
is in progress. These difficulties may arise from the fact that the
computer models cannot reproduce the dramatic short-term variabil-
ity of the ice-age climate (see Fig. 2.9). This variability may also
explain the fact that the pollen records do not appear to reflect all
the shorter warm episodes seen in the ice-core data. These warmer
conditions show up as the spread of trees northwards, and this would
have taken some time to react to the sudden shifts associated with DO
oscillations. In addition, the extreme interdecadal climatic variability
probably acted as a severe brake on recolonisation.

It is not surprising that the computer models have difficulty
in handling the ups and downs during OIS3, nor that the various
proxy records are hard to reconcile. Nevertheless, these records are
producing an increasingly detailed and consistent picture. Ice-core
and ocean-sediment records plus results from speleothems and lake-
sediment cores enable us to date climatic events across the continents
of the northern hemisphere (see Appendix). These measurements also
provide greater insight into changes in weather patterns at the time
and can add weight to conclusions drawn from analyses of pollen
records and beetle assemblages. For instance, oxygen isotope records
in five stalagmites from Hulu Cave near Nanjing, in China, covering
the period 75 to 11 kya, which provide a measure of the monsoon
rains in the region, bear a remarkable resemblance to oxygen isotope
records from ice cores (Wang et al., 2001). This supports the idea that

millennial-scale fluctuations identified in Greenland are hemispheric
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or even wider in extent. It suggests that the circulation of the northern
hemisphere was more meridional during Greenland interstadials and
more zonal during stadials. So, changes in the East Asian monsoon are
an integral part of these circulation patterns.

In terms of human prehistory, what makes OIS3 of particular
interest is that after Heinrich event 5 there was a relatively mild
period that appears to have coincided with the Upper Palaeolithic
Revolution (see Section 4.3). Using the figures in Table 3.1, it is
reasonable to assume that around 40 kya, during the marked interstadial,
the conditions across the North European Plain the mid-summer
temperatures varied from about 15°C in western France to over
20°C in southern Russia: not much cooler than at present. The vege-
tation was largely herbaceous, with a rich variety of species that
adapted to local conditions. The absence of birch or pine/spruce
does, however, support the idea that short-term variability hindered
the growth of longer-lived species. Furthermore, during the markedly
colder winters there was snow cover for across most of the North
European Plain for three to six months. This, combined with stronger
winds, rapid spring thaws and flooding, and highly unstable soils made
the conditions more like those currently experienced on the river
floodplains of Siberia. The open habitat may also have been the result
of high grazing intensity by large herbivorous animals such as woolly
mammoths, woolly rhinoceroses, reindeer and bison.

Before and after this temperate interlude there were phases of
colder, more continental climate during which summers were too
cold for trees to grow and winters were of even greater intensity. Just
how cold the worst periods were is difficult to judge, as the intense
cold so reduced growth that no fossil evidence can be found in north-
ern Europe. The only evidence that can be found for these coldest
periods is in the fossil records from the warmer parts of southern
Europe and the information in ocean sediments and the Greenland
ice cores.

Across the Mediterranean and into the Middle East there

is plenty of evidence that events in the North Atlantic exerted
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a considerable influence on climatic conditions. Possibly the most
important aspect of these changes in terms of human activities was
the changes in precipitation regimes, as temperature ranges were
hospitable compared with farther north. In Israel a detailed lake-
level history of the closed Lake Lisan (part of the ancient Dead Sea)
indicates that for much of the period from 55 kya to the end of the ice
age the level was higher than at present (Bartov et al., 2003). There
were, however, catastrophic droughts associated with the Heinrich
events. The impression is that cold-water input to the Mediterranean
originating in the collapse of North Atlantic Deep Water formation
caused a reduction of evaporation and less precipitation in the Levant.
So it is reasonable to conclude that following Heinrich events 6, 5, 4
and 3 (see Table 2.1) much of the Middle East was desert. During these
intervals, of which the long cold period from around 67 to 59 kya was
the most significant, the region was largely uninhabitable for modern
humans.

The evidence of the striking parallel between events in
Greenland and the North Atlantic extends into the northwestern
Indian Ocean (Schulz, von Rad & Erlenkeuser, 1998). Sediment cores
from this region show a close correlation with DO and Heinrich
events, suggesting that these North Atlantic events were a significant
component of low-latitude climate change during the last ice age.
These millennial and centennial fluctuations would have been
reflected in the strength of the southwest monsoonal circulation
over south Asia.

Across Siberia the pattern of changes was similar to that in
northern Europe. The warmer conditions that occurred during OIS3
were much like what would be expected today during the summer half
of the year. Evidence of interstadials appears in the pollen records in
southern part of Siberia during the periods 43-34.5 kya, possibly asso-
ciated with the warmest parts of some of the DO events 5 to 12.
Reasonably large areas of taiga vegetation appear to have existed in
the Central Asian Altai Mountains during at least parts of this period.

The warmth was such that it enabled humans to occupy parts of
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Siberia as far north as the Arctic Circle on the banks of the Usa River,
close to the Ural Mountains, nearly 40kya, and this occupation
appears to have extended to the Yana River valley within 2000 km of
the Bering Straits by 30kya (Pavlov, Svendson & Indrelid, 2001;
Pitulko et al., 2004).

There is a more general feature of the conditions across Siberia
during OIS3. This is the high productivity of the region in terms of
fauna. The vast herds of herbivores appear difficult to reconcile with
current tundra conditions in northern Siberia. This has led to the
concept of the ‘mammoth steppe’ as being a region where the combi-
nation of low precipitation, and hence light snow cover, plus abundant
sunshine in summer led to a biome that is more reminiscent of the
prairies of the northern US and southern Canada (Guthrie, 1990). This
hypothesis is supported by recent studies of ice-age steppe vegetation
in the Yukon Territory, Canada (Zazula et al., 2003). The core of the
mammoth steppe region was central Asia but in the warmer periods of
the warmer parts of OIS3 it extended into western Europe and right
across Beringia. As we will see, this more productive image of this
steppe has important implications for the spread of modern humans
across Eurasia and into the Americas.

Another reason why Siberia and Beringia may have been more
habitable for humans was that, according to the evidence, the
extremes of climate change in the North Atlantic became more
muted farther east across Eurasia. This can be seen most clearly in
Beringia. As with much of Siberia, there was a maximum in forest
development across Beringia between around 33 and 39 kya. In gen-
eral, in the east of the region vegetation showed less propensity
to swing between stadial and interstadial conditions, whereas near-
interglacial forests alternated with more glacial-like tundra in western
Beringia. The ‘flickering’ of the interstadial forests suggests great cli-
matic variability in the west, in contrast to the more stable climatic
regime farther east.

There is less information about conditions in North America

during OIS3, especially across the Great Plains. Studies of stalagmites
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from a cave in southeastern Missouri show remarkably little variation
after a marked cooling around 55 kya (Dorale et al., 1998). Prior to this,
conditions appear to have oscillated more frequently. The warmest
temperatures occurred around 57 kya and there were short-lived cool-
ing events around 64, 71 and 74 kya. Beetle assemblages suggest that,
following the cooling around 55 kya, the mean July temperature was
7.5-8°C lower than present and mean January value was 15-18°C
lower than present. During what is termed the ‘mid-Wisconsin’ inter-
stadial, dating from 43.5 to 39 kya, there was a rapid and intense
warming (Elias, 1999). At the peak of this event, about 42 kya, July
temperatures were only 1-2 °C lower than modern. Farther south and
east pollen analysis of lacustrine deposits in Lake Tulane, in northern
Florida, provides a more detailed picture. Here, the movement of
vegetation zones back to 50 kya tallies well with events in the North
Atlantic (Grimm et al., 1993).

The big gap in the North American data is the lack of knowledge
of fluctuations in the extent of the Laurentide and Cordilleran ice
sheets during OIS3. In part, this is an inevitable consequence of the
fact that the subsequent expansion of these ice sheets erased all evi-
dence of the previous build-up. There is a general assumption that
they were considerably less extensive between 60 and 30 kya. What is
less certain is whether they receded as much as the Fennoscandian ice
sheet during the warmest times during this period. On the basis of sea
level measurements we have to assume that there were considerable
ice sheets somewhere in the northern hemisphere at the time. So, if
they were not over northern Europe, they had to be over eastern Canada
and possibly the western Cordillera. The intriguing unanswered
question is how accessible North America was from Beringia, as this
is part of the puzzle about the peopling of Americas (see Section 5.12).

Elsewhere, a similar pattern of changes occurred. Around the
time of the onset of OIS3 the Australian climate entered a wetter
phase. These moister conditions prevailed until around 40 kya, with
only occasional drier periods lasting up to a millennium, although
there is evidence of an increasing incidence of dry periods towards
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the end of this period (Bowler et al., 2003). Then the climate became
much more arid. The transition to increasing aridity appears to have
coincided with the arrival of humans in Australia, which is now

estimated to have been around 60 kya (see Section 3.8).

3.4 THELAST GLACIAL MAXIMUM (LGM)

The harsh conditions during the LGM (see Table 3.1) epitomise the ice
age at its worst. The end of the Heinrich event 3 at around 29 kya
marked the termination of OIS3. In the ocean-sediment records the
next stage (OIS2) extends to around 15 kya (see Fig. 2.6). Although this
demarcation coincides with the rapid fall in sea level and the expan-
sion of the Fennoscandian and Laurentide ice sheets, in practice there
were some relatively warm spells between 30 and 25 kya, notably in
southern Siberia. Here a warmer episode is marked by a predominance
of tree pollen dated to around 30-25kya, apparently associated in
some way with the DO events 2 and 3.

The true LGM falls in between the Heinrich events 2 and 1 at
around 23 kya and 16.5kya. Its impact was particularly severe on
northwestern Europe. The massive extent of the Fennoscandian ice
sheet (Fig. 3.1) reduced much of the region north of the Alps and the
Pyrenees to a polar desert. Permafrost extended down to southern
France, just north of Bordeaux, and into the uplands of northern
Provence. The areas just to the south of the main ice sheets had
little or no vegetation. Dune activity during the LGM seems to have
been quite widespread in England, northern France and the Low
Countries, and eastwards across Germany and Poland. In effect,
for humans these areas were uninhabitable. Only in the Dordogne
region of southwest France and the foothills of the Pyrenees, where
modern humans had lived for many millennia before the LGM, is
there widespread evidence of their having stuck it out during the LGM.

Even in the Mediterranean region, there appears to have been
little thick woody vegetation. Here the predominant picture was of an
arid semi-desert. The occasional small pockets of open woodland

where local soil moisture levels permitted would have broken this
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desolate landscape. The refugia for deciduous and needle-leaved spe-
cies were mainly on the western side of the mountains of Greece.
Paradoxically, lake levels were high, possibly as a consequence of
relatively high winter rainfall, in the form of intense storms with
high run-off. This had the effect of filling the lakes without making
much moisture available to the plants. Lower year-round tempera-
tures would have suppressed evaporation from these lakes.

In central and eastern Europe it might be assumed that the
conditions were even less hospitable for humans, but not so. The
landscape was desolate with a few cold-tolerant trees (pine, birch and
spruce, for example) in isolated pockets. Further east, in the Russian
steppes, woodland seems to have survived along river valleys.
Elsewhere, it was predominantly open steppe or steppe-tundra. In
many places, where there was inadequate vegetation, windblown
dust formed dunes. Precipitation, now around 600 mm, may have
been only about 60-120 mm per year. In spite of all this, humans do
seem to have been present in some places for much of the LGM.
A number of well-dated encampment sites have been found along
the valleys of both the Danube and the Don. Furthermore, some refuge
areas of woodland may have existed immediately to the southwest of
the Carpathians.

Along the eastern shores of the Black Sea and the high ranges of
the Caucuses, pollen evidence indicates that there were scattered pine
and birch forests but broad-leaved trees were probably localised in
distribution. Only small areas of dense temperate forest appear to
have survived in the lowlands of the southern Caucasus. These are
thought to have been a glacial refuge for many temperate trees,
although there is little direct evidence of these trees surviving there
during the LGM. The Black Sea was shallower and smaller than today,
while the Caspian Sea was somewhat deeper and more extensive.
There may have been a thin band of deciduous forest along the south-
ern shores of both these seas.

Across Asia Minor the evidence suggests much less woodland
and more steppe and semi-desert steppe than now in the upland areas
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of Turkey, northern Syria and western Iran. Open woodland or
wooded-steppe may have survived over much of western, southern
and eastern Turkey. Woodland is thought likely to have been present
along the western Levant. As noted in Section 3.3, evidence from the
Dead Sea (Bartov et al., 2003) suggests that, at the beginning and end of
the LGM, catastrophic droughts in the Eastern Mediterranean coin-
cided with Heinrich events 1 and 2. In this context, it is notable that
the settlement at Ohalo II (see Section 3.13) appears to have been
abandoned at about the time of the start of event 2.

Farther east, the general situation across Siberia was that the
climatic zones were pushed to the south. The absence of a polar ice
sheet east of the Urals meant that in some respects the consequences
of the LGM were less exaggerated here. The evidence suggests that
winter temperatures across southern Siberia were about 12 °C lower
than now being comparable with those in northeastern Siberia at
present. Summer temperatures are reckoned as being about 6°C
lower throughout Siberia and the central Asian desert region.

The other feature was that to the south, it seems, there was not a
large ice sheet over the Himalayan Plateau, but rather a scattering of
glaciers and small ice caps. Permafrost desert conditions appear to
have existed in the unglaciated parts of the mountains. A consequence
of this lack of ice cover and the general aridity is that it may have made
parts of southern Siberia to the east of Lake Baikal more congenial
than might have been expected. For instance, to the west of Lake
Baikal at Mal’ta around 23 kya the vegetation was steppe merging
into tundra with lakes, small streams and rivers that were crisscrossed
by reindeer migratory routes and rich with waterfowl. The relatively
less extreme climate is probably the reason why this part of the world
seems to have remained habitable throughout the LGM.

Even more interesting is the question of whether Beringia effect-
ively represented a refuge (see Section 3.12) during the LGM. Analysis
of beetle assemblages provides interesting insights into the climate
during the ice age (Orlova et al., 2001). At times temperatures in the
region were relatively high. The Stage Three evidence (see Section 3.3)
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suggested that at times northeast Siberia and Alaska were surprisingly
mild. During the interstadials of Stage Three the region had tempera-
tures that appear to have been comparable with modern times. Even as
late as 30 to 25 kya parts of northeastern Siberia experienced summer-
time temperatures close to modern values. This relative warmth
appears to have continued into the LGM. At the time, unlike the
North Atlantic, the northern Pacific and the Gulf of Alaska were
largely free of sea ice. This would have led to maritime cloud cover
spreading over the extensive plains between what is now Chukotka
and Alaska. The climate would have been colder than now in summer,
but relatively mild in winter. Combined with the extensive mega-
fauna of the region, this may have made parts of the region habitable
during the LGM.

Moving to southern Asia, the problem with putting the climatic
conditions during the LGM into a human context is that, in this part of
the world, there is relatively little evidence about human activities at
this time. The overall picture is one of aridity. This suggests a failure
of the summer monsoon rains to penetrate as far north as at present.
Information is, to say the least, spotty. The best information comes
from China, and paints a general picture of a major reduction in forest
vegetation and southwards retreat of climatic zones relative to the
present.

Considerable stretches of low-lying land were uncovered around
the shores of China, and the Malaysian Peninsula became linked to
the islands of Borneo, Java and Sumatra, and to the Philippines. The
islands of Japan were linked together into a peninsula owing to the
lower sea level, but probably remained separated from the Asian main-
land by the Korean channel. The Sea of Japan was almost entirely
enclosed as a lake, its only outlet being the Korean channel. So there
was the scope for people to move around these regions, but more
important, where they lived close to the sea, all evidence of their
activities has been lost.

Northern China was much colder and more arid conditions

prevailed than at present. The summer monsoon limit was shifted
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some 700 km to the southeast. The widespread distribution of loess
indicates more extensive central Asian desert conditions with low
biological activity and a sparse herbaceous vegetation cover. Fossil
evidence suggests that the mammoth disappeared during the LGM,
whereas they were abundant before and after this period. The upper
limits of trees in mountainous areas in both northern and southern
China were some 1700 m lower than at present.

Farther south in east China and Taiwan, which was connected
to the Chinese mainland during the LGM, dry steppe vegetation, with
some pine trees in a wooded steppe, covered much of the lowlands. On
what are now the highest rainfall areas in the uplands of Taiwan,
pollen evidence indicates some forest vegetation persisted. Scattered
areas of wooded vegetation covered about a third of the region. In
southernmost China the climate was much closer to current condi-
tions, and hence well suited to human habitation. Nevertheless, the
subtropical rainforest was replaced by mixed conifer and evergreen
broad-leaved forest. Grasslands predominated in lowland areas, with
cool temperate forest and open woodlands in upland areas. In the
mountainous areas of Northern Yunnan Province of southwest
China, there are indications of snowline lowering, indicating a
4-5°C depression in temperature and slightly moister conditions
than now. In the present subtropical rainforest zone in the uplands
of Yunnan Province the climate was nearly warm as at present, but
with much higher precipitation in winter.

In Japan, where lower sea level provided land links between
the four major islands and the Asian mainland, there is evidence of
modern human occupation from around 30 kya. Here, there was a
southwards shift of the vegetation zones. Permanent ice seems to
have covered the uplands of what is now Hokkaido, with a belt of
tundra and open boreal woodland in the lowlands. Farther south the
lowland grassland with scattered stands of alder, ash and willow.
Forests of a rather open character with oak and pine seem to have
been widespread in the mid-altitude uplands. Open woodland, con-

sisting mainly of pine and birch, covered much of Japan’s uplands,
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from about the middle of the main island to the south of the linked
chain of islands. Here, trees that prefer warmer temperate conditions,
such as the cryptomeria, persisted only locally in the lowlands of
southern Japan. Mean annual temperature here seems to have been
about 7-9 °C lower and precipitation was probably less than a third of
present values.

There is little information from Indo-China and Malaysia. There
are indications of pine forest occurring in the present rainforest areas of
Thailand and Malaysia. In Sumatra and west Java the climate appears
to have been drier. There also seems to have been a lowering of the
mean annual temperature by about 4-7°C. In the highlands of these
islands and New Guinea, where modern humans have lived since
40kya, it was 2-3°C cooler, but not drier. In what is at present an
extremely wet rainforest climate (3200-5000 mm annual rainfall) in
lowland western Borneo (Kalimantan), there is evidence of savannah
development. In the present rainforest region of Sarawak and Sabah
(northern Borneo), the rainforest persisted through the LGM. Other
evidence suggests that there would have been an arid climate and
sparser vegetation over most of the exposed the exposed continental
shelf between the islands of Indonesia that is often termed ‘Sundaland’.

India seems to have been much drier and more sparsely vege