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PREFACE

We live in a world that is increasingly vulnerable to climatic shocks. After some
decades in which it seemed that technological advance had conferred on mankind
a considerable degree of immunity to the harvest failures and famines that
afflicted our forefathers, population pressure and some other features of the
modern world have changed the situation. In the years since about 1960,
moreover, the climate has behaved less obligingly than we had become used to
earlier in the century. And there is alarm about how man’s activities might
inadvertently upset the familiar climatic regime and therefore disrupt the food
production which is geared to it. This concern has in recent years largely
replaced the debate which had begun earlier about the possibilities of deliberate
action to change world climate so as to increase the total cultivable area. Serious
anxieties have been aroused by respected scientists, acknowledged as experts in
the field, warning of dire perils: that the next ice age may be now due to begin,
and could come upon us very quickly, or that the side-effects of man’s activities
and their ever-growing scale may soon tip the balance of world climate the other
way and for a few centuries produce a climate warm enough to melt the
Greenland and Antarctic ice-caps, raising the sea level and drowning most of the
world’s great cities.

This book examines what we know about climate, and its impact on human
affairs now and in the historical and prehistoric past, and how we may better
understand the problem of climatic fluctuations and changes. Climatic
forecasting in the strict sense may be far off, though premature claims are made
from many sides. But much has been learnt about the laws which govern the
behaviour of climate. We are already in a much better position than previous
generations to understand the past and assess our present situation, so as to make
more rational provision for the future than our forefathers could.

Many parts of the world have experienced more extremes of weather of various
kinds in the last fifteen to twenty-five years than for a long time past and have
suffered losses, which have affected political decisions and managerial decisions
in industry and land-use. Energy problems are also involved.

In these and other ways climate and our understanding of it are very much part
of the problems of the modern world. The writer hopes that this book may serve
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as a guide to the present state of knowledge and the potential capacity of science

in these matters, and also that it may provide some helpful insights now to those

on whom the burden of weighty decisions falls—affecting practical matters in

agriculture and industry, government and international trade, not to mention
human health and happiness.

H.H.Lamb

September 1981



PREFACE TO THE SECOND EDITION

Since this book was published in 1982 its subject has been continually in the
limelight and research has been active. Also, as is by no means unusual, further
noteworthy weather events have been in the news. Some additional reports,
remarks and comments have therefore become desirable, yet the main body of
past historical work is still not well known. It has therefore been decided to issue
this revised text which incorporates notices of much new, important, material,
thus making our knowledge of the past—particularly the interactions between
climate and history—more accessible and providing a handy introduction to
some of the problems and results of ongoing research.

Some of the climatic problems affecting humanity arise perhaps more
fundamentally from the pressures of the burgeoning human population of the
world than from climate. But climate has been the trigger—repeatedly in recent
years—for natural disasters such as famines in Africa and typhoon floods killing
large numbers in Bangladesh. The wars in Iran and Iraq as well as some of the
outbreaks of violence in Korea, China, Vietnam and Cambodia a few years
earlier may usefully be considered in relation to climate as well as man-made
stresses.

Anxieties about the possibility of drastic warming of world climates resulting
from the continual build-up of carbon dioxide (and other intrusions) in the
atmosphere due to human activities have been forced upon the notice of
politicians and industrial managements. Even more urgently the discovery of
serious damage to the protective ozone layer in the stratosphere, exposing us all
to lethal amounts of the sun’s ultra-violet radiation, demands attention, including
some reversal of widely popular human habits.

In these years there has also been a succession of very great volcanic eruptions
that have loaded the atmosphere with debris and, perhaps more importantly, with
gases and vapours that veil the sun’s radiation and may be interrupting or even
reversing the tendencies towards warming of world climates. One eruption, that
of Mount St Helens in 1980 in the western USA, has forced us to note how
limited must be the usefulness of applying statistically based rules of thumb
connecting measures of the magnitude of any eruption with the climatic effect:
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for the main thrust of ejected material on that occasion was nearly horizontally,
very much less being directed to the stratosphere.

There have been very notable advances in these years in weather forecasting
by mathematical models, enormously improving the forecasting for up to five to
seven days ahead. But much of the gain is jeopardized by modern tendencies to
use sloppy and inappropriate language in forecasts. Thus, it is now fashionable to
speak of ‘best temperatures’ in forecasts rather than ‘highest’ or ‘lowest’
whichever may really be best for the activities in prospect. And forecasters in
southern England seem to like to assume that summer temperatures in England
are much the same as in the Mediterranean, or if they are not, they should be and
it is a bad year.

The idea of climatic change has at last taken on with the public, after
generations which assumed that climate could be taken as constant. But it is easy
to notice the common assumption that Man’s science and modern industry and
technology are now so powerful that any change of climate or the environment
must be due to us. It is good for us to be more alert and responsible in our
treatment of the environment, but not to have a distorted view of our own
importance. Above all, we need more knowledge, education and understanding
in these matters.

Hubert Lamb
Holt, Norfolk
December 1994
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INTRODUCTION

Most generations of mankind in most parts of the world have regarded climate as
an unreliable, shifting, fluctuating thing, sometimes offering briefly unforeseen
opportunities but at other times bringing disaster by famine, flood, drought or
disease—not to mention frost, snow and icy winds. Before the days of records
and reference books with figures for past years, there could hardly be any clear
perception of trends. In old writings, including those by fine observers such as
John Evelyn and Samuel Pepys, we come across too frequent references to such
items as ‘the severest winter that any man alive had known in England’, ‘so deep
a snow that the oldest man living could not remember the like’, and so on. Yet
here and there we do find recognition of long-lasting changes. There was no
mistaking this when the glaciers in the Alps, in Iceland and in Norway, during
the seventeenth century and thereabouts, were advancing over farms and
farmland. Doubtless, the nomadic peoples of the past or present in every
continent have been aware of such changes at times when their pastures were
drying up. It must have been equally clear, at least to some, when in various
countries in the late Middle Ages traditional crops and croplands had to be given
up and taxes ‘permanently’ reduced. When, on the other hand, the climate becomes
warmer or more convenient for human activities, it tends to be taken for granted
and the change may for a long time pass unnoticed. A probably rare awareness
of a change of this sort occurs in a passage in the ancient Roman horticultural
work De Re Rustica (Book I) by Columella, citing a statement by ‘the
trustworthy writer Saserna’ in the early part of the first century BC that ‘regions
[in Italy] which previously on account of the regular severity of the weather
could give no protection to any vine or olive stock planted there, now that the
former cold has abated...produce olive crops and vintages in the greatest
abundance’. In another situation much later in history we may detect a slowly
dawning awareness, possibly in very vague form, of a climatic change when the
vineyards of medieval England, some of them cultivated for hundreds of years,
were given up after many years of dismal failure.

Yet for eighty years or more, down to about 1960, it was generally assumed
that for all practical purposes and decisions climate could be considered
constant. This view seemed at the time to be soundly based in science; the first
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long series of regular meteorological observations made with instruments in the
cities of Europe and North America showed the climate of the late nineteenth
century to be very similar to the period about a hundred years earlier when the
observations had been instituted. Many working practices in applying
climatology to forward planning are, for better or for worse, still based on this
assumed constancy of climate. Everyone will agree that if climate were defined
by the statistics of weather over a sufficiently long time, it would be effectively
constant. But how long would this period have to be? If we were to take the
conditions of the last million years as a basis, the repeated swings from ice age to
warm interglacial conditions and back again would have to be regarded as part of
the normal climate. Yet the changes would be sufficient to wreck the economy
many times. The practical choice, a definition relevant alike to our individual
concerns and to national and international affairs, is surely to consider that the
climate has changed if the conditions over some large part of a human lifetime
differ significantly from those prevailing over an earlier or later period of similar
duration.

We live in a time of renewed perception of climatic and environmental change.
For many people this arises from fears about the possibility that mans activities,
and their increasing scale and variety, may have side-effects that disturb the
climatic regime, just as they are visibly changing other aspects of the
environment about us. Others may be interested in the possibility of using the
increasing power of our technology deliberately to modify the climate: for
instance, to increase the total cultivable area of the world or, sad to say, to
change the pattern of climate as a possible strategy of war. In any case, many
people now know that there have been significant shifts of climate during the
twentieth century: at first, a more or less global warming to about 1950, then
some cooling. More recently, a notable increase in the incidence of extremes of
various kinds in almost all parts of the world has hit agriculture and created
difficulties for planning in many fields.

The former assumption of constancy of climate is thus widely felt to be
unsatisfactory today. And, after many decades in which there was little or no
inquiry about climatic development and change, the leading institutes of
meteorology and climatology are now pressed for advice on future climate. The
position is doubly unfortunate in that the forecast opinions ventured by the
‘experts’ have often increased the confusion, the views of the theoreticians
sometimes contradicting those whose study has been concentrated on
reconstructing the actual past behaviour of the (natural) climate.

The assumptions that were common until recently among knowledgeable
people outside the sciences of meteorology and climatology are well illustrated
by Jacquetta Hawkes and Sir Leonard Woolley writing in volume 1 of the
UNESCO History of Mankind (London, Allen & Unwin, 1963). After recounting
the drastic changes of the ice ages, interglacials and early postglacial times, they
stated



INTRODUCTION 3

by about 5000 BC when the first agricultural communities were already
extending in Asia, the climate, the distribution of vegetation and all the
related factors had settled to approximately their present condition. When
true civilization at last began, not only was Homo Sapiens and the
agricultural basis of his existence firmly established, but the natural
environment which was to form the background of all subsequent history
had already assumed the form which we ourselves have inherited.

Most archaeologists today realize that climate and environment have a more
interesting history than that.

In reality, during our lifetime and that of the structures which we build, the
climate is always changing to a greater or less degree. And the landscape that
goes with it, the ranges of vegetation and of the animal species, birds and insects
that inhabit its provinces, change too—mostly rather slowly but sometimes more
quickly. The changes in these realms are on the whole more gradual than the
swings of weather and climate which instigate them, but they also undergo their
disasters and depopulations, recoveries and advances. This book, besides
introducing the evidence on which past climate can be reconstructed, presents the
story of this continual ebb and flow and of the more lasting shifts of climate. We
shall see in outline how these changes happen continually and how the fortunes
of the flora, fauna and human populations are forever being affected. Just how
some of the impacts work will be examined in more detail in chapter 15.

It is true that, as Jacquetta Hawkes and Leonard Woolley put it, for many
thousands of years the zones we know have been present and identifiable
somewhere on this planet, ‘the jungle has been there for the pygmy, the grassland
for the nomad or the cultivator, and the ice-floes for the Eskimo’, but the
movements of their margins have caused much trouble from generation to
generation and continue to do so. In looking for evidence of climatic impact in
the course of history, it is sensible to look most at the marginal areas near the
poleward and arid limits of human settlement and activity, for it is there that
vulnerability is likely to be greatest. In regions like the lowlands of western and
southern Europe most of the effects of climatic changes are liable to be obscured
by successful competition of the societies living there with the inhabitants of
regions more adversely affected.

Often people think about history (and some historians have written about it) as
if it were basically a tale of the deeds of great men and women. These heroes and
heroines, the causes which they led, and the crises and battles which resulted, are
commonly thought of as having determined the structure of society in the times
that followed. Of course, economic crises arose from time to time and had some
influence on the course of events. But many aspects of the economy, and the
landscape which developed with it, have been largely seen as products of great
decisions and decisive battles. Alternatively, from the Marxist view of history it
is all a question of the development of man’s technology and the tools which at
any given time were at his disposal to conquer and exploit the world about him.



4 CLIMATE, HISTORY AND THE MODERN WORLD

The assumption that the climate, the opportunities which it offers and the
constraints it places upon man and the environment are effectively constant
generally underlies all these views.

Some readers may at this point decide that the interpretation of history in these
pages is but a resurrection of climatic determinism, an over-simplified view
which they rejected long ago. Such labelling only tends to restrict freedom of
thought. Who can deny that there are cases when a desert or a marsh, an ice-cap
or a glacier, or indeed the sea, has advanced over land that had been settled and
used for agriculture; and in these extreme cases there is no doubt that a climatic
change, or the accumulating consequences of some tendency of the climate over
previous years, has dictated human action. Most situations are, of course, far
more complex and allow the human populations some choices. But, even in
many of these, to write history without reference to the record of climate is to
make matters more obscure than they need be and may amount to making
nonsense of the story.

Progress towards understanding inevitably has its difficulties. Some historians
of yesteryear who were interested in the possible impact of climate were not
helped by inaccuracies that were probably unavoidable at the time in the first
reconstructions of the climatic sequence during the centuries before
meteorological instrument records began. But the last thirty years or more have
seen great advances in the quantity and variety of evidence of past climate and in
the methods available to interpret the evidence. Gradually, we are gaining a more
reliable record of the climate, the main features of which have already been
corroborated by independent data and methods.

When we compare this record with the course of human history and the still
longer record revealed by archaeology, we cannot fail to be struck by the many
coincidences of the more catastrophic events in both. This again raises the
question: what exactly was the role of climatic disturbance in the human story in
each case? It will certainly be difficult, and may be dangerous, to generalize.
There is room for many detailed investigations to improve our understanding. But,
in general, it seems helpful at this stage to think of climate as a catalyst or at the
least a trigger of change: in the major breakdowns of societies and civilizations
climatic shifts may often be found to have played the role of a trigger, rather like
the recently recognized trigger action of the variations of the tidal force in setting
off earthquakes and volcanic eruptions.

Historians and others have also been confused and uncertain as to how far
changes of climate and environment, some of which have had an impact on
history, could have been caused by human activities. Many people in every part
of the world today, including those who are generally well informed (and among
them some meteorologists), are plainly predisposed to the opinion that if the
climate is not as constant as we used to think it, this must be due in some way to
the impact of man. The impact of human activities on other aspects of the
environment is only too obvious and began at least as far back as the first
clearance of forests for setded agriculture thousands of years ago. And, with the
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now rapidly growing scale and power of our technology, new possibilities of
effects upon the climate—whether intentional or inadvertent—must in all reason
be watched for.

Both human history and the history of climate are often thought of as cyclic,
as if we are all caught in a wheel of fate whose turning is not only remorseless
but knows no intelligible causes. In these pages an attempt is made to understand
rather more about these variations. We shall see the workings of nature, and
latterly some possible intrusions of man, in the continual development and
fluctuations of climate. And we shall observe how these break in upon the course
of human affairs.

By now, it is clear that the only approach that is likely to be profitable to the
hints of cyclic recurrences in climate is to seek to identify the evolutions in the
atmosphere, oceans and terrestrial or extraterrestrial environment which mark—
and in some cases cause—their successive phases. In this way we may come not
only to understand the physical processes which lead from one phase to the next,
and what controls or varies the timing, but ultimately to discern the origins of the
whole sequence. One example, illustrated in chapter 4, is the sequence which
typically follows a great volcanic eruption and leads to the formation of a
persistent dust veil in the stratosphere. It is equally clear that there are various
cycles in human affairs, whose causes also need to be understood. Some of these
are linked to cyclic phenomena in climate and the environment. Others certainly
are not. The cycle of day and night is linked with variations in the death rate and
in the incidence of criminal and other activities, some of which disturb the peace.
Next in the scale, the seasonal round of the year and each years seed-time and
harvest mark out times when peoples health and energy are commonly at their
best, times when the stresses of dearth, undernourishment and starvation are
most likely, times when travel is easiest and times favourable for military
adventures. Operating over a longer time-scale covering a few years, we observe
cycles of confidence in business activity, the trade cycle, and, similarly, the
swings of the political pendulum which seem not to be wholly masked even in
totalitarian states. Over longer periods, ranging from one generation to several
centuries in length, we observe swings from strong or dictatorial rule to
democracy, too often gradually degenerating into muddle and chaos, followed by
dictatorship again. And in the realm of moral and social life and family discipline
we also see oscillations as each generation, in establishing its independence,
veers off from the ways of its predecessor, often thereby turning once more to
some of the habits of earlier generations. And there are those like Arnold
Toynbee who believe that the mere ageing (or ‘wearing out’) of human
institutions is sufficient in the course of time to bring down civilizations. In all
these cases, however, as with the cycles in climate, some external event may cut
the cycle short and start a new train of events. Thus, climate and human history
present not wholly independent but partly interactive systems. It should be worth
while to trace cause and effect in the linkages and certainly to look for any
regularities.
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One of the least happy lessons of human history may be read between the lines
of the late medieval decline in Europe from the genial climate of the high Middle
Ages which coincided with the twelfth and thirteenth century climax of cultural
development and energetic activity. When former croplands were failing and
being abandoned in the north and on the uplands of Europe (and also, as we now
know, in the Middle West of North America), when farms and villages were
being deserted and fields enclosed for sheep, in the riots and revolts which
followed blame for all the sufferings and troubles was fastened on those who (for
whatever motives) were in fact turning land to new and more productive use. Is
it too much to hope that with better understanding of the behaviour of climate,
accompanied by some wise preparations and sympathetic explanation to the
people affected, we may cope better with such tensions in the future? Is it always
appropriate when things go wrong to ask whose fault it is?

Some advance in sympathy, which we like to think characteristic of our own
century, was registered by a speaker in a BBC religious affairs broadcast
(‘Thought for Today, 21 July 1978) who said: ‘Who is responsible for mass
unemployment....Who is responsible for the world recession? ...the answer
must be us.” Such speaking is suited well enough to awaken our moral
responsibility for one another throughout the world community, but the case in
reality demanded some allowance for extremes of weather in the 1970s, for
extensive crop failures, as in 1972 (and 1975), and their effect on world grain
stocks.

This book provides an introduction to the development of climate, the record
of its vicissitudes and their impact on the affairs of mankind. Human history is
not acted out in a vacuum but against the background of an environment in
which many sorts of change are always going on: besides the changes imposed
by man, a never-ending competition goes on among the species of the plant and
animal worlds, whose fortunes, like those of the soil and of the physical
landscape itself, are continually affected by the vagaries of the climate. Some of
the changes are slow and gradual, others are sharp and register abrupt events. We
shall see examples of all these things.

The next three chapters are necessarily concerned with the physical basis of
climate and climatic changes, with just enough illustrations to provide an
adequate picture of the behaviour of this changing background to human life. In
the rest of the book the history and development of climate in the past and in our
own day are presented interwoven with allusions to aspects of human affairs and
to other changes in the environment where the effects of climatic vicissitudes are
registered.

We shall see that, contrary to the thinking of a generation ago, mankind is by
no means emancipated by science and the technological revolution from the
effects of climatic changes and fluctuations. Vulnerability to the effects, which
included great famines in the past, seems rather to be increasing once more after
some decades when a degree of immunity had indeed been achieved. Exposure to
risks attending climatic shifts is increased greatly by the population explosion
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and the difficulty of producing enough food. The situation is made worse by the
demand for an ever-rising standard of living in all parts of the world. And the
systematic exploitation of resources to the limit, especially in agriculture,
maximizes the risk.

It is reported (e.g. by Professor R.W.Kates of Clark University, Worcester,
Mass., at the World Climate Conference held in Geneva, 1979) that three-
quarters of the estimated world total cost of $40 billion yearly from natural
hazards is accounted for by the major climatic causes of disaster: e.g. floods 40
per cent, tropical cyclones/hurricanes/typhoons 20 per cent, drought 15 per cent.
The national and international organization of our present civilization with its
advanced technology undoubtedly enables us, as never before, to rush help and
supplies to relief of the immediate distress caused by natural disasters. It may be
doubted, however, whether this complex world-wide community, with its
interlocking arrangements and finely adjusted balances, is any more able than its
predecessors to absorb the effects of long-term shifts of climate—particularly if
they come on rapidly —entailing significant geographical displacement of crop
zones and areas suited to various kinds of food production or are accompanied by
mass migration of people.

It is important therefore to seek better knowledge of the pace of climatic
change, especially the more rapid and drastic events of climatic history, and to
identify the early symptoms which may have signalled the changes. On the other
side, study must be given to the flexibility needed in the organization of human
society if we are to be able to adjust to such things.
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THE CLIMATE PROBLEM

CLIMATE DEFINED

By climate we mean the total experience of the weather at any place over some
specific period of time. By international convention the period to which climate
statistics relate is now normally thirty years, e.g. at the time of writing 1941-70,
although we shall see arguments for preferring different periods for different
purposes, particularly somewhat longer periods, such as fifty or a hundred years,
and for preferring (as our grandfathers did) the decades that correspond to our
linguistic usage based on our system of numbers, e.g. 1940-9...1970-9, and so
on.

Climate was sometimes wrongly defined in the past as just ‘average weather’:
the statistics required to specify a climate comprise not only averages but the
extremes and the frequencies of every occurrence that may be of interest. The
Classical Greek word u  originally referred to a zone of the Earth between
two specific latitudes, being associated with the inclination of the sun; and hence
it came to be associated with the warmth and weather conditions prevailing
there. This association was still embodied in the word ‘clime’ when first used in
English in the sixteenth century and for long after. It was commonly used to
refer not only to the prevailing climate as we mean it but to the terrestrial
environment, vegetation, etc., that goes with that.

Climate has been too much taken for granted in recent times. Since some time
in the late nineteenth century it has been usual to suppose that for all practical
decisions climate can be taken as constant, however obvious the year-to-year
fluctuations may be. The latter seemed best treated as random in their occurrence,
although a few shadowy cycles might play a part in them and perhaps be of some
limited use in forecasting, e.g. to indicate which was likely to be the finest
European summer in a decade or to predict the years of high or low level of the
great east African Lake Victoria. Anyway, such forecasts often failed. It was
known that ice ages had occurred in the distant, ‘geological’ past; but the climate
in Roman times seemed to be not too much different from now, and it was assumed
that this must be true of all the centuries in between.
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As we shall see in later chapters, those centuries in fact brought a succession of
changes in Europe and elsewhere which included a long period of evidently
genial warmth in the high Middle Ages followed by the development world-wide
of a colder climate, especially in and around the seventeenth century, with
probably the greatest spread of ice since the last major ice age. Such a sequence
can hardly have been withstood by the primitive human economies of those
times without effects on their history.

EARLY WRITING ABOUT CLIMATE AND HISTORY

By coincidence, many writers at the time of this Little Ice Age and some of the
early scientists then living were much interested in what has become known as
the ‘climate theory’ of the ‘humours’ and character tendencies of the various
peoples of the world. This is a theory which goes back at least to Hippocrates
and ancient Greece. Aristotle had described the ‘natural character’ of men
respectively in the cold, warm and middle zones of the Earth, and so arrived at a
basis for believing in the superior quality of the Greeks of his time (the Hellenes)
which should fit them to rule the world if only they could be united among
themselves. This was a dangerous theory, which each nation soon took up in
whatever form was most flattering to its own ego, thus contributing to the heady
growth of chauvinism in the seventeenth century. It lingered on into some of the
fanatical nationalisms of the twentieth century. Theatre audiences in
Shakespeare’s time loved presentations of foreign parts with overdrawn
stereotypes of the peoples who inhabited them, a taste no doubt engendered by
the Age of Discoveries. Seventeenth-century English Protestant preaching had
much to say about the immoral peoples of the Catholic south of Europe, whereas
the northern nations were considered ‘dull and lumpish’: there was some concern
therefore over the actual latitude of England! One English writer —harmlessly
enough—attributed his country’s vaunted sense of humour to the climate ‘and our
gross diet’, whereas another justified the immorality of the Restoration theatre as
needed to disperse the spleen and gloominess of mind to which ‘the British
climate, more than any other’ made men liable!

Scientists were naturally concerned with the theory, and whatever grain of
truth might be in it, only as a step towards understanding the truth about
mankind. Clearly there were problems: how was one to understand the ‘barbaric’
state of contemporary Greece and the lapsed state of Italy since its days of
classical order and power? And what of the disappearance of the free democratic
ways of the early Germanic peoples in the Denmark, Germany and indeed in the
England of the seventeenth century? It is curious to note the static conception of
the world that these questions implied, though that may have been a necessary
stage in sorting out the new knowledge which was then beginning to grow
rapidly. There seems to have been no thought that climate, and, for that matter,
the racial mixture and biological inheritance of nations, could change in the
course of the centuries. Or is it possible that the leading men of affairs, and



10 THE CLIMATE PROBLEM

perhaps some of the scientists, in London, Paris, Florence and particularly in
Zurich and Copenhagen were after all aware of the growth of the Alpine glaciers
which were then threatening the villages and swallowing up the pastures about
Chamonix and Grindelwald, while the same was happening to farmland in
Norway and the ice was increasing on the seas about Iceland? Certainly, Andrew
Fletcher of Saltoun in Midlothian knew very well the disastrous run of years of
failed harvests, famine and death that had overtaken the upland parishes of
Scotland when he presented his Second Discourse to the Scottish Parliament in
1698 and criticized the well-to-do and comfortable population of the eastern
lowlands for their lack of concern.

In 1492 the pope of the day had written of his concern for the people in
Greenland because of the extensive freezing of the seas. As is well known, the
old Viking population in Greenland, cut off from Europe, ultimately died out or
disappeared. In 1784, in the time of a renewed increase of the sea ice around
Iceland and after a massive volcanic eruption in that country, the Danish
government debated whether Iceland should be evacuated and the population
resettled in Europe—an amazing proposal in relation to the resources available at
that date. In the event, it was not attempted and ultimately proved unnecessary
despite the immediate distress and loss of life.

CLIMATE VIEWED AS CONSTANT

The view, so widely held until recently, of climate as constant was perhaps no
more than a premature conclusion from the first long records of weather
observations made with standard meteorological instruments in the world’s
leading cities. Many of these records had covered a hundred years by about the
end of the nineteenth century, and it so happened that between 1875 and 1895
the temperatures prevailing in Europe and eastern North America had reverted to
values quite similar to those of just a century earlier. In between there had been
some colder decades with important glacier advances —a major climax of the
glaciers in the Alps about 1820-50—followed by a warmer time, which was in
fact the beginning of a general recession of the glaciers all over the world until
around 1960 or even later.

The conclusion that climate is essentially constant, which at first seemed to be
the verdict of scientific observation, though in fact the hundred-year record was
not enough to establish it, was at odds with the acquired wisdom and experience
of previous generations, It had actually been concern about ‘the sudden
variations in the behaviour of the seasons’ to which the climate seemed ‘more
and more subject’, and about possible effects on agricultural production and
human health, that had led to the setting up of some of the first nation-wide
networks of meteorological observations from 1775 onwards.

The assumption of constancy was, however, a convenient one for those
practical operations using climatic statistics for planning. It implied that the
average values and general ranges of temperature, rainfall, sunshine, etc.,
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indicated by the meteorological observations of ‘enough’ years (say twenty or
thirty years) should serve as a sound guide to the future. And no questions
needed to be asked about which years the observations covered. It even meant
that valuable statistical techniques could be developed to derive estimates of the
ultimate extremes of temperature etc. and the average recurrence intervals (known
as the ‘return periods’) of rare events, using the frequency distribution shown by
all the observed values of this or that element of the climate during whatever
sample period was available. Thus, construction engineers could be supplied
with figures for the strongest gust of wind, the greatest flood or frost or the
highest temperatures to be expected once in fifty, or even once in five hundred,
years—all on the basis of a mere thirty years or so of observations. The only
important criterion seemed to be that the instruments, and their exposure, and
maintenance of the observation record, conformed to the prescribed standards of
the scientific age. Climatology became essentially the book-keeping branch of
meteorology—no more and no less.

A step in the direction of standardization was taken at the 1935 conference of
the International Meteorological Organization (forerunner of the present World
Meteorological Organization) when use of the observations of the years 1901-30
for all climatic purposes was recommended as the so-called ‘climatic normal
period’. Choice of the word ‘normal’ turned out to be unfortunate, but it has
persisted in climatological practice. It spreads the impression that nature
recognizes such a norm and that conditions should continually return to the
regime of the chosen period. We now know that 1901-30 was a highly abnormal
period, though it was surpassed by the following thirty years 1931-60, which
were in due course substituted as the ‘new normal period’. Globally, these were
probably the warmest, and in many regions the moistest, periods of such length
for centuries past!

The indications of climatic probabilities for future planning, particularly the
occurrence of extremes and rare events, arrived at on this basis, have sometimes
proved seriously misleading since about 1950. It is certainly unwise to specify
return periods of supposedly rare events much longer than the length of the
observation record which has been examined. This confronts us with the need to
extend knowledge of the past record of climate beyond the era for which
instrument observations are available. The quest entails the use of various kinds
of earlier documentary records and of ‘proxy’ data to which we will return in the
next chapters.

The adoption ‘for practical purposes’ of a constant climate seems to have
continued longer than it might have done for an understandable reason. It
worked. But it has not worked so well in recent years. In fact, from about the
beginning of this century up to 1940 a substantial climatic change was in
progress, but it was in a direction which tended to make life easier and to reduce
stresses for most activities and most people in most parts of the world. Average
temperatures were rising, though without too many hot extremes, and they were
rising most of all in the Arctic where the sea ice was receding. Europe enjoyed
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several decades of near-immunity from severe winters, and the variability of
temperature from year to year was reduced. More rainfall was reaching the dry
places in the interiors of the great continents (except in the Americas where the
lee effect, or ‘rain-shadow’, of the Rocky Mountains and the Andes became
more marked as the prevalence of westerly winds in middle latitudes increased).
And the monsoons became more regular in India and west Africa. Planning on
the climatic statistics of the preceding decades was in fact allowing wider safety
margins for many activities than was apparent up to some time about 1950.

The almost four-and-a-half decades of near-immunity to very cold winters
ended abruptly with Europe’s notably severe war winters in 1940, 1941 and 1942
and another in 1947 which is still remembered for its great snowfalls and very
low temperatures. Other cold winters followed in 1956 and most notably in
1963, which was a very long winter in many parts of the northern hemisphere
and in England the coldest for over 200 years, since 1740. And later in the 1960s
the Arctic sea ice returned to trouble the coasts of Iceland. There was another run
of mild winters in both Europe and North America in the early to mid-1970s, but
more European cold winters followed in 1979, 1982 and 1985, some of which
affected North America also.

THE EFFECT ON RESEARCH AND THE
DEVELOPMENT OF KNOWLEDGE

Not surprisingly, research into the longer-term behaviour of climate languished as
long as things were satisfactory. The lead towards a more lively view of
climatology as the science of the development of climate had, in fact, been given
by the Swedish meteorologist Tor Bergeron in 1930,' but three decades were to
pass before it was taken up.

Since about 1950 the climatic tendencies have changed. A global cooling,
slight at first but very marked in the 1960s in the northern hemisphere, reversed
the earlier upward trend of temperature. Obviously, a run of five or six mild
winters in Europe after 1970, and three or four in eastern North America about
the same time, plus two very warm summers in the same regions in 1975 and
1976, caused judgement to hesitate and produced an impression that the spate of
writing in the 1960s about climatic change had overstressed the subject. That
was before the winters of record severity in parts of North America and Europe
in the later 1970s. But planners concluded that the political uncertainties
surrounding the supply of basic fuels had to be seen as a greater threat to the
economy. There have, however, been very notable extreme seasons, famines and
harvest shortfalls in various countries since 1960-70. And these have been not
unconnected with the political difficulties of the immediately following years.
This applies most obviously to the many years of drought in the Sahel and
elsewhere in latitudes 10-20 °N and the 1973 revolution in Ethiopia which led on
to international conflicts in the Horn of Africa. It has even been suggested that it
was the world grain shortage following the droughts and harvest failures in 1972
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that triggered the first great oil price rise in the following year, as the oil-rich
desert nations sought to secure their ability to buy food. At all events, within a
year the world price of wheat had doubled and that of oil had multiplied by four.

This is just one instance of how we find climate and its variability involved in
the major problems of the present-day world. But it is, of course, the great
growth of the population, plus the demand for an ever-rising standard of living
everywhere, which are straining resources, particularly as regards food
production and water supply—in some years already demanding more than
nature (aided by human technology) can give. These experiences have created a
demand for climate forecasting at a time when scientific knowledge is
inadequate to meet it satisfactorily.

Until the 1960s improvements in agricultural technology, particularly the
spread of harvesting machinery, aided by a run of some decades of benign
climate, were reducing crop losses. At the same time, increasing use of fertilizer
and pesticides and the development of new seed varieties were greatly increasing
yields. Since then, however, demand has in most years outstripped production, so
that by 1975 world grain reserves counted in days supply had fallen to less than a
quarter of what they were in 1961. In at least five years between 1960 and 1979
droughts affecting the harvests in the Soviet Union and sometimes in China as
well, and failures of the monsoon in India, drove those countries to make
massive purchases of grain from the west, essentially from the North American
surplus. In 1972 harvest shortfalls in all these areas together coincided also with
the prolonged drought and starvation in the Sahel zone of Africa.

The burgeoning of the worlds population and the expectations of higher living
standards clearly increase our vulnerability to climate fluctuations. Vulnerability
may also be increasing as a result of the rationalization of agriculture and world
trade, whereby huge areas concentrate on just one or two crops which supposedly
grow best there. This in essence depends on a forecast constancy of climate; and
when even in an individual year the weather conditions go beyond the expected
range, the consequences may be drastic. The one-crop economy was at the root of
many of the greatest famines of the past. In recent years, moreover, climates all
over the world have shown once more an increased range of variability.

Adding to these problems, forward calculations of world population growth
and energy demand have led to widely publicized forecasts of a drastic rise of the
global temperature, leading to displacement of the agricultural belts. This is seen
as an inescapable effect of the extra carbon dioxide introduced into the
atmosphere by our burning of fossil fuels (coal and oil, etc.), as well as strange
substances, including nitrogen oxides from our artificial fertilizers, and the waste
heat from these and other processes (e.g. nuclear energy). Estimates published of
the warming to be expected by the year 2100 range from 2 to 11°C, the more
extreme ones implying that the level of the world’s oceans should begin to rise
rapidly as melting of the land-based icesheets in Greenland and Antarctica got
under way, This is an opinion, seemingly founded on firm scientific knowledge,
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which has to be taken seriously, even though we may notice some grounds for
doubt and scepticism.

It was against this background that Dr Henry Kissinger, who was at the time
United States Secretary of State, in a speech at the United Nations General
Assembly on 15 April 1974, mentioned the threat of climatic changes and
pressed the appropriate international scientific organizations ‘urgently to
investigate this problem’. The World Meteorological Organization has for some
years been organizing a Global Atmospheric Research Program (GARP) with the
climate problem as one of its objectives. The United States took the lead in
adopting by Act of Congress in 1978 a National Climate Research Program and
urging designation of the twenty-year period 1980-2000 as International Climate
Decades, to secure broad international co-operation in the collection and analysis
of all available climatic data and study of the problem. In other countries there
has been so far too much concentration on theoretical modelling, based on the
observations made in just those recent years for which global coverage is
available. It is also necessary to have whatever observational data can be
gathered to cover a much longer period of time, long enough to survey a
statistically useful number of repeats of all those natural processes of climatic
change and fluctuation which may be important to our future planning periods.

Sir Crispin Tickell, a former Fellow of the Harvard Center for International
Affairs and British representative at the United Nations, has put very clearly the
awesome implications of the growth of the human population of the Earth and of
the climatic changes which we may engender. In his Presidential Address to the
Royal Geographical Society in 1991 he stated:?

The surface of the planet...is changing fast...the impact of industrial
society has caused human population to multiply out of control ...it has to
come down sooner or later...the population was 2 billion when I was born
(1930) and is now 5.3 billion and will probably be about 8 billion by 2025.

And he went on:

the rough carrying capacity of the Earth for people enjoying Western
dietary standards is about 2.5 billion....In short, we are on a rollercoaster to
disaster if we do not grasp what is happening....We have to work for a new
broad equilibrium involving changes in our energy policy.

He returned to the theme in his Presidential Address in 1993:3

The prime engine of the dizzy-making rise in the human population and
change generally is the industrial revolution. We have the misfortune to be
perhaps the first generation in which...the global price to be paid is
becoming manifest.
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There are many aspects.... The most significant change is not the spread
of brick, stone, concrete and urban sprawl, but...the destruction of forests
world-wide and declining fertility of soils.... Disposal of chemical wastes
is a world-wide problem.... No part of the world is now exempt from the
wastes produced by industrial activity.

Examples of population declines in the past, some of them catastrophic and
clearly responsible for ending whole chapters of history in the regions affected, are
mentioned in this book. In some cases climatic events clearly played a part,
commonly in connection with diseases and wars triggered by the stresses on human
life and the economies on which the people depended. Probably the best known
cases are the great plague which spread all over the Roman world and beyond in
the emperor Justinian’s reign, in AD 543-7, and that other great pestilence,
known to us as the Black Death, which reached Europe from the Far East in
1348-9. In both these cases, disturbances of the accustomed weather regime
seem to have been involved in the origins of the outbreak. Both occurred in times
of intermittent great storminess and wet interspersed with some years of drought
and great heat. In the late Middle Ages, the disastrously wet summers and failed
harvests in Europe between AD 1310 and 1320, worst in 1315, had been
followed by a similar run of years with great rains and river floods in China in
the 1330s, notably in 1332. These conditions in the great river valleys and broad
plains of China are believed to have destroyed the habitats of the rodents and
therefore their ways of life, and set them roaming and scavenging in new areas.
It may be significant that the earliest origin of the pestilence is set in inner China
in 1333.

Abandoned irrigation works and cultivation systems in Asia Minor and the
Arab lands from earlier times, as well as the mute archaeological evidence of
great buildings and cities ‘swallowed up’ by later forest growth in central
America and southeast Asia, point to other cases of vanished populations and
drastic events and changes of the landscape in which climate presumably played
a part. These surely underline that Tickell s warnings should be taken as realistic.

A population disaster that is now reasonably fully documented, in which
climate played a key part, as the trigger which finally unleashed the calamity that
had been prepared by several factors* working towards the same result, is
provided by the terrible Irish potato famine in the 1840s. The warm damp
weather which fostered the potato blight in 1845 and some of the very next
summers affected much of western and northern Europe and caused potato blight
in many countries. It was, moreover, a new disease for which no one was
prepared by experience. It came fortuitously in a ship-load of potatoes from Latin
America to Belgium and was wafted to Ireland by easterly breezes in July and
August 1845. Other breezes spread it to other countries, as far as Scotland,
Norway and Poland, though in some that summer was too cold for the disease to
flourish. In Belgium and Holland, however, over three-quarters of the potato
crop was destroyed in that year. What made its attack devastating in Ireland was
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the social situation there. The Irish population had been growing fast, from about
6 1/2 million in 1820 to nearly 8 1/2 million by 1845, nearly double what it has
been since, until the late twentieth century. It was a largely rural population,
living on tiny farm plots, mostly under 6 hectares and some as small as 1 hectare,
following generations of dividing the inheritance. On such plots there was only
one crop that could fill their bellies, and that was the potato, particularly the
cheap Lumper variety, which unhappily proved to be especially vulnerable to the
disease. The prevailing poverty was such that many families could not even
afford salt to make the monotonous diet more palatable. Enormous numbers died
and mass emigration on crowded ships began.

Moreover, Ireland’s position on the edge of the Atlantic, where the southerly
and southwesterly winds are warm and especially humid, meant that the disease
recurred, to devastate the crop in several successive years, whereas in 1846 a
much drier summer saved most countries farther east.

Reconstruction of the past record of climate is one of the most broadly
interdisciplinary projects of research. Just as weather and climate touch almost
every aspect of our lives and environment, so evidence of their past record turns
up in a vast variety of places. Most branches of learning, from studies of the
writings and inscriptions of Classical and pre-Classical antiquity to work with
the isotopes of elements identified by nuclear physics, have something to
contribute. Much of this work is cheap by comparison with the operation of the
great meteorological computer laboratories used by the theoreticians to explore
the performance of the atmosphere and oceans as simulated by their models. In
reality, both types of research are needed and there must be continual
collaboration and interplay between them. Commonly, however, the research
funds made available have been of the order of twenty to fifty times as much to
the theoretical work as to construction and analysis of the actual past record of
climate. As in all science, observation of the phenomena to be explained is
needed before theoretical understanding of them can be established.

This is now being increasingly recognized. In one connection, the theoretical
laboratories should obviously have most to contribute: in exploring how the
behaviour of the climate may be altered in future by man’s possible inputs of
pollution and heat which never occurred in nature. Even so, the theoretical
results will only be trustworthy in so far as (a) the assumed quantities are
realistic and (b) the ability of the models to simulate the real world has been
tested by application to various climatic regimes which are known to have
occurred.

We clearly need to know and understand more about climate.

It will not be amiss to point out some traps for the unwary in approaching this
subject. We are all—professional scientists, clients seeking advice, and laymen
alike—steeped in the practical experience and ways of thought of the age we live
in. As a result, people considering the problem of climate and its current
development commonly start from the following presumptions:
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1 The basic observation data—in order to establish the facts beyond doubt—
must be from a well-established network of observers with high-quality
instruments, their calibration satisfactorily maintained and their exposure
conforming to recognized modern standards.

2 The best answers to questions demanding prediction must surely come from
the laboratories with the finest computers and most advanced mathematical
models.

3 One can surely leave out of account the ‘long, slow processes of climatic
change’.

4 Any changes of the prevailing climatic regime observed today, or on time-
scales of significance to forward planning, must surely be attributable to
man’s activities.

The first two of these suppositions are of course well-learnt lessons of the
scientific age, having proved their value in many other connections. But we shall
see that in coming to grips with the climate problem, all four items are
prejudgements which need further examination. Let us consider them one by
one.

1 From the time of invention of the basic meteorological instruments —
barometer, thermometer and rain-gauge—in the seventeenth century,’ and the
gradual establishment of a network of observation points equipped with them, until
around 1950, the climate was mostly changing in one direction, towards greater
warmth. Some climatic processes and evolutions are therefore of long duration.
The opposite change, which had introduced the colder conditions and swollen
glaciers at the time of the beginning of the instrument record, obviously provides
another case. If we wish to understand that change, and other regimes that have
occurred in post-glacial times, we must find ways of reconstructing situations
that existed before meteorological instruments were known. This may appear all
the more necessary as the observed climatic trend over much of the world from
about 1950 to the late 1970s at least has been a cooler tendency.

2 Computer models simulating climatic development may also be deficient for
a variety of reasons, however skilled the mathematics used. In order to obtain the
complete global observation coverage needed, the performance of the
atmosphere and oceans which the models simulate is bound to be that of a rather
short span of years since 1950 and is sometimes that of just a few recent years of
specially arranged international observation effort, for example under the GARP.
Items crucial to the development of climatic changes over periods covering a
number of decades or longer, being not really known from beforehand, may well
have been omitted. The models’ ability to explain climates of earlier times needs
to be tested. Moreover, many of the complex interactions within the atmosphere
and between atmosphere and ocean, which must be simulated, involve so many
unknowns (exchange coefficients and so on) that altering any of them must alter
others and can lead to a range of virtually arbitrary results. This is particularly
true of models which do not incorporate the changes in the ocean induced by
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events in the atmosphere and the reaction of the former upon the latter, or the
changes of cloudiness induced and their reaction upon the atmosphere and
oceans’ heat budget.

In this present state of the science, actuarial estimates of frequency and
probability of various occurrences, relying closely on the past observation record,
are probably more generally acceptable as a basis for planning than the specific
forecasts of the theoretician. But what past observation period shall we use? The
frequency of a long spell of frost in England such as to freeze the rivers was
twice in over forty years from about 1900 to the 1930s; but in the nineteenth
century it had been two to four times a decade and since 1940 it has again been
once or twice a decade. (The run of mild decades at the beginning of the century
allowed the development in Britain of water supply and drainage pipe layouts in,
or rather on, the outside walls of the nation’s houses, which ignored the risk of
frost. The electrification of British railways, begun in the same decades, adopted
the third rail system, which was to become notorious for failures in frost.)
Parallel changes affected the frequency of snowfalls sufficient to block many
roads and halt work on the land. And we shall come across similar changes in
this and other parts of the world concerning droughts and flooding. All these
experiences affected planning and design in the periods concerned. Thus,
seemingly objective statistical work may produce a variety of verdicts which are
actually arbitrary in that they depend on the choice of observation period. So
here we again encounter the need for greater scientific understanding. We must
seek to select a datum period for the statistics we use that is really similar in the
physical development of climate to the present and future period which we are
planning for. In this the observational worker needs the help of the theoretician
to understand the evolutions of atmospheric circulation and climate which he
observes and to be sure that he identifies like sequences correctly. Observation
and theory must advance hand in hand.

3 The processes of climatic change may be long—as we have already seen,
some of them certainly are—but they include some step-like, abrupt changes.
Thus, the level of Lake Victoria, which is fed by the equatorial rains over its
catchment basin in east Africa, rose by more than 1 m within three months in
1961, beyond the entire range of the previous sixty years since the gauges were
installed; and by the late 1970s it still had not reverted to its previous levels
(fig. 1). Other great lakes in eastern equatorial Africa rose at the same time. It is
now known that the lakes were higher in the 1870s and that their decline by the
end of the century had also been rapid. (The low stand of these equatorial lakes
in the earlier part of this century roughly coincided with the period of most
persistent development of the prevailing westerly winds of middle latitudes, and
seems therefore to have been bound up with a global change in the wind
circulation and transport of water vapour.) An important question therefore
concerns the rapidity of some climatic changes.

4 The objection to the notion that any changes of climate which may be
observed nowadays, or in the nearer future, must be attributable to man is that it
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Fig. I Variations of the level of Lake Victoria in eastern equatorial Africa. Level in 1876—
80 reported by the first European surveyors of the area. Gauge readings at Jinja since
1899 (monthly averages to 1961, thereafter yearly).

is unproven and, outside urban and industrial areas, it is probably untrue. We
shall have more to say on the questions involved in a later chapter. Nevertheless,
in view of the increasing variety and scale of human ‘insults’ to the environment,
there is clearly no room for complacency and every need for precautionary
calculations and watchfulness.

Before we can go further in presenting what is now known of the past record of
climate, or understanding its behaviour today, it is necessary to consider in
outline how climate develops and the patterns of day-to-day weather are
produced. Happily, when one investigates the working of the large-scale wind
and ocean circulations, some encouragingly simple aspects are found. And, at
least, it is clear that we can consider the climate system as a single global entity.



Part I

THE DEVELOPMENT OF CLIMATE



3
HOW CLIMATE WORKS

HOW CLIMATE IS GENERATED: BASIC MATTERS

Weather and climate are produced by the effects of heating and cooling of the
surface of the Earth and the circulation of the atmosphere and oceans. This
chapter is largely concerned with these circulations of wind and ocean currents
as the ‘mechanism’ of climate. The items that together determine the climate of
any place may be listed as:

1 The radiation balance—the balance between incoming energy originating in
the sun and outgoing energy from the Earth. The gain and loss depend
primarily on the latitude, but also on the aspect of the place (sloping towards
north or south) and on the transparency of the atmosphere. Sunny south-
facing slopes in northern lands enjoy the radiation climate of a lower
latitude, and north-facing slopes the contrary, but as regards length of day
both are governed by their actual latitude. Cloudiness, mist, haze and water
vapour content as well as pollutants affect the atmosphere’s transparency
and are selective as between the sun’s radiation and the long-wave radiation
going out from the Earth.

2 The heat and moisture brought and carried away by the winds.

3 The heat and moisture stored in, transported by, and supplied from the sea
and other water-bodies. In this, the ocean currents and their variations are
important.

4 Characteristics of the locality and its surroundings, particularly the amount
of water present in the soil and on the surface, the vegetation, the friction
exerted on the winds by forests or buildings, friction and channelling of the
winds by hills, mountains and sea coasts, all of which may also set up local
wind circulations because of the local differences of heating and cooling. Of
great importance, and sometimes most important of all, is the colour and
reflective power of the surface: on this depends how much of the incoming
heat is absorbed, while the dryness of the surface—a notable characteristic
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of paved urban areas and artificially drained soils—determines how much its
temperature will go up for each unit of radiant energy absorbed.

These items are mostly subject both to short-term fluctuation and long-term
changes. Some of the variations are regular, responding to the round of the day
or year. Others are less regular or seemingly not at all. In 1 and 4 at least we
encounter things that are affected by man.

THE HEAT SUPPLY

Taking the broadest overall view, about 2.4 times as much radiant energy from
the sun is available over a year at the equator as at the poles. The ratio varies
during the year: near the summer solstice 1.4 times as much solar radiation falls
on the pole during its twenty-four hour day as is available at the equator, so that
it is only because of the high proportion reflected by the persistent snow and ice,
and the clouds, that even in summer less radiation is absorbed at the pole than at
the equator. At this time the belt of maximum absorbed radiation crosses
California and the central United States, then passes along the Mediterranean
shore of the Sahara desert and over Iran. In the southern summer the
corresponding belt crosses central-northern Chile and Argentina, near the Cape of
Good Hope and over the Australian desert. At the winter solstice, the region of
polar darkness with no direct solar radiation at all extends to about latitude 66 1/
2°. As the energy available at the equator varies less than 10 per cent during the
year, the big changes over the higher latitudes mean that the gradient, or
difference of heating, between low latitudes and places near the polar circle or
beyond is greatest in mid-winter. At that season the effective gradient is
intensified by the spreading snow and ice, which means that by late January or
early February in the northern hemisphere little radiation is absorbed north of
about latitude 45 °N. When the outgoing long-wave radiation from the Earth is
taken into account, there is a net loss of radiation in mid-winter everywhere from
near latitude 20° to the pole: this situation is much the same for the northern and
southern hemispheres.

All the figures in the foregoing paragraph undergo some (minor) variation
over periods of thousands and tens of thousands of years in the course of slow,
cyclical variations in the Earths orbit and the tilt of its polar axis. There is
increasing evidence that, together with resulting changes in the extent in summer
and autumn of the latest melted and earliest formed snow and icecover, which
reflect away and waste much of the incoming radiation at those seasons, these
variations have to do with the incidence of ice ages and warmer interglacial
times such as we live in.

It is the large-scale circulation of the winds that is mainly responsible for
redistributing the heat—and with it the moisture they pick up from the surface—
about the Earth, and particularly to the higher latitudes. The much slower ocean
circulation, and especially the surface ocean currents, account for the rest of the
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Fig. 2 Global cloud survey by satellite on 22 April 1978. Frontal cloud bands over the
North and South Atlantic Oceans mark the feed of moisture and warm air into the
cyclonic activity near south Greenland and Antarctica respectively, while numerous small
flecks show the cumulus clouds in cold air moving towards lower latitudes. The
equatorial cloud belt is rather weakly developed except over the Congo basin. (By
courtesy of MacDonald, Dettwiler and Associates Ltd, Richmond, BC, Canada-
Environmental Satellite Data Systems.)

heat transport. The pattern is largely determined by the cumulative effect of the
prevailing winds which drive the surface water. Thus, if we wish to understand
changes of climate and how the shifts in the patterns of rainfall and storm
frequency, as well as of temperature, occur, we must first understand something
about the wind circulation, its scale and strength and the variety of patterns in
which it operates.

In the longer-term changes ocean currents must become increasingly
important because of the much greater quantity of heat stored in the great mass
of the ocean than in the atmosphere and the high specific heat of water: yet the
pattern of the ocean currents must even in the longer run be a response to the
drag of the winds. Variations of the temperature of land surfaces are of much less
importance in connection with heat storage. The specific heat of rock and the
matter of which the soil is constituted, apart from any moisture trapped in them,
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Fig. 3a Satellite cloud surveys of the complete northern and southern hemispheres on 27—
28 June 1976. Frontal cloud belts, marking the feed of warm, moist air into the cyclonic
activity over the higher latitudes, are seen in most sectors of both hemispheres. The
steering of this activity over the central North Atlantic on this occasion is northwards:
Europe was in the midst of a great drought and heat wave: temperatures over England
reached 32-34 °C (90-94 °F) on both days.

(By courtesy of National Climatic Center, Washington, DC.)

is much less and their conductivity of heat is much slower than for water bodies;
so the temperature of dry ground surfaces changes quickly in response to every
change of weather and sky conditions and little heat is stored.

THE WORLD’S WIND CIRCULATION

That the large-scale wind circulation can be viewed as a single huge convection
system whereby the atmosphere is busily conveying heat and moisture—along
mostly slanting paths—towards the poles can be appreciated from the satellite
imagery pictures which illustrate this chapter. The colder air from high latitudes
is carried equatorwards—with either clearer skies or lowerlevel, and often
broken, cumulus (heap-type) clouds—in the longitudes between the main frontal
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Fig. 3b

cloud-bands which are the most prominent feature of the pictures (figs. 2, 3). We
shall make clear the meaning of these concepts in the description of the general
wind circulation which follows.

It is the unequal heating of different zones of the Earth that sets the air in
motion. How this occurs and brings about the global wind circulation can be
easily understood in outline. Air, like most other substances, expands when it is
heated (that is unless it is in a confined space and extra pressure is exerted on it
to prevent the expansion). Hence, the lower atmosphere over the warm regions
of the Earth expands and the upper atmosphere is lifted. In the language of
mechanics, the suns energy does work upon the atmosphere by lifting its centre of
gravity in the regions where there is most heat intake. Thereby potential energy
is put in. By contrast, over the cold regions the lower atmosphere shrinks and the
upper atmosphere descends somewhat. This means that at any level in the
atmosphere above the more complicated effects near the Earths surface, there is a
pressure gradient with the greater pressure—because of the greater quantity—of
the overlying atmosphere over the warmer parts of the Earth and lower pressure
over the colder regions. This produces the very simple pressure distribution
patterns which we see over the northern and southern hemispheres in fig. 4. The
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Fig. 4a Height of the level where atmospheric pressure is 500 millibars, about half its
value at sea level. Average heights in hundreds of metres. The contours and gradients of
the 500 millibar surface here seen have about the same significance as isobars and
pressure gradients at the 5-6 km (17,000-20,000 ft) level here sampled. Under
equilibrium conditions, the wind blows alone the contours counter-clockwise around the
north polar low-pressure region and clockwise around the south polar low-pressure region.
The maps therefore show a prevailing pattern of upper westerly winds over both
hemispheres, strongest over the middle latitudes, the circumpolar vortex. (Crown
copyright. Reproduced by courtesy of the Controller of Her Majesty’s Stationery Office,
London.)

pressure gradient means that there is a force impelling the air into motion. The
potential energy is converted into kinetic energy, the energy of motion.
However, because of the rotation of the Earth underneath the moving air, the
motion turns out to be not down the pressure gradient but nearly along the lines
of equal pressure. And so pressure maps such as here illustrated can be used as
virtually presenting a picture of the prevailing wind flow at the levels to which
they refer.

The circulation pattern which the maps reveal is a very simple one, a single
great circumpolar flow of winds circuiting from west to east around the Earth
over each hemisphere, mainly over the middle latitudes. It is called the
circumpolar vortex, and at any given time the pattern of flow is in some detail
similar through a great range of heights, from about 2 km (5000-7000 ft) to 15—
20 km (over 50,000 ft, or 10-13 miles) above the Earth. Despite the decreasing
density of the air with increase of height, this layer is so deep that it involves
most of the mass of the atmosphere. And so the circumpolar vortex is in fact the
main flow of the atmosphere, carrying most of the momentum. The flow is never
strictly circular around the pole, but exhibits more or less prominent wave-like
meanders, the so-called ridges and troughs in the pattern.
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Fig. 4b

WEATHER SYSTEMS

It is at points of imbalance in the flow of the winds in the circumpolar vortex, as
the air moves into regions where the pressure gradient is stronger (or weaker)
and is accelerated (or decelerated, as the case may be), or into regions where its
path becomes more (or less) curved, that the wind fails to conform so well to the
pattern of the lines of equal pressure. In these regions therefore movements take
place which change the atmospheric pressure over the lowest layers of the
atmosphere, piling up rather more air over one region and removing some from
somewhere else. In this way, the high and low pressure systems, anticyclones
and cyclones (or depressions) respectively, the familiar features of day-to-day
surface weather maps, are formed and intensified (or weakened and gradually
suppressed). Thus, the places where these systems, which bring us our weather,
are formed and decay are controlled by the pattern of the circumpolar vortex, and
during their lives they are steered along paths controlled by the massive flow of
the upper winds.

Among the places where surface low-pressure systems and the clouds and rain
(or snow) associated with them form, the eastern sides of troughs in the upper
wind flow are most important. The associations between the positions of these
surface weather systems, and the cloudiness and precipitation that accompanies
them, with the prevailing pattern of the circumpolar vortex during one sample
season may be seen in fig. 5. Mostly high surface pressure and anticyclones are
maintained along the warm side of the main upper wind flow. Low pressure at
the surface and cyclonic systems prevail at most points near the cold side of the
main flow in the circumpolar vortex. There are, however, certain areas in the
flow pattern of the upper winds where the dispositions of surface low and high
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Fig. 5a Satellite survey of the average cloud cover over the northern hemisphere and
mean configuration of the circumpolar vortex (in this case shown by the average height, in
tens of metres, of the 700 mb pressure level) sampled at a height about 3 km (10,000 ft)
during the spring months, March-May 1962. With the persistent cold trough in the
circumpolar vortex over northern Europe, this was the coldest spring of the century so far
in the British Isles and neighbouring countries. Notice particularly, however, the
association of major regions of cloudiness with each of the cold troughs on the map and
the tendency for the cloud to spread ‘downstream’ with the upper westerly winds. (This was
historically the first season for which satellite cloud surveys were ever available, and as
yet the satellites were incapable of covering the polar region.)

pressure tendency are reversed. Examples occur where the air is being
accelerated near the entrance to a strong jet stream. There, cyclonic development
occurs near the warm side of the jet, while an anticyclone may form on the
poleward side.

Long-term average barometric pressure maps for sea level, like the ones in
fig. 6, show a high-pressure belt in subtropical latitudes along the warm fringe of
the strongest upper-level pressure gradient and strongest winds of the
circumpolar vortex. Low pressure on the long-term average surface maps is seen
in a belt near the poleward side of the strongest upper wind zone. The winds
blow clockwise around (and at the surface somewhat outward from) the high-
pressure systems in the northern hemisphere, and counter-clockwise around the
low-pressure systems. The sense is reversed in the southern hemisphere. These
average atmospheric pressure maps imply prevailing surface winds in different
latitudes as shown in the simplified sketch scheme in fig. 7.

The size of even the biggest surface weather systems—the greatest cyclonic
depressions up to 2000-3000 km (approximately 1200-2000 miles) in diameter,
anticyclones up to 4000 km along their longest axis— means that surface winds
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Fig. 5b Long-term average distribution of cloudiness in spring (March-May),
corresponding to an average pattern of the circumpolar vortex much like that in fig. 4a.

of very different origin, from regions well to the north and south, are brought
towards each other in some parts of the surface pattern. This may be seen in the
lower left-hand part of the schematic map in fig. 8. The convergence of the warm
and cold air creates a front, at which the warm air is forced to rise and clouds are
formed in the process. The broken lines in the figure show the relationship of the
depression, or cyclone, to the upper winds (or, strictly, to the pressure pattern of
the circumpolar vortex). The distribution of the associated clouds and weather is
indicated in fig. 9, which shows three stages of the cyclones development.
Vigorous cyclonic and anticyclonic systems developing in the lower atmosphere
push warm air towards higher latitudes and cold air towards the tropical zone. This
distorts the temperature distribution for the time being, and inevitably changes
the pattern of flow of the upper winds to conform. The situation pictured in
fig. 8 has already introduced a trough and a ridge into the pattern of the
circumpolar vortex. These are mobile features, moving ahead with the depression
unless and until the disturbance of the upper flow becomes so great that either
the cold or the warm air moves nearly all round the system. When this happens,
it produces a closed, or nearly closed, cyclonic circulation up to great heights.
There is then no longer any steering current to move the system on, and it
becomes stationary; it may weaken and die out gradually, as the masses of air
involved become adapted in temperature to the latitudes they have arrived in, or
it may be maintained by further cyclonic systems developing and being steered
into its area, each bringing a renewal of the warm and cold air supply.

These surface weather systems, the developing depressions and fronts that we
have described above and the anticyclones, can be looked upon as eddies—
transient and often quite mobile eddies—which complicate during their lifetime
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Fig. 6 Average atmospheric pressure at sea level, in millibars, 1951—4. Northern and
southern hemispheres. (Crown copyright. Reproduced by permission of the Controller of
Her Majesty’s Stationery Office.)

the larger-scale simplicity of the circumpolar vortex. Both the large-scale mean
flow and the eddies play a part in the poleward transport of heat that is the
business of the global wind circulation. Because there are always ‘waves’, or
meanders, in the path of the ‘upper westerlies’ around the circumpolar vortex,
there are places where the air moves towards higher latitudes or colder regions.
There it loses heat to the environment and, by radiation, to space. And where the
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Fig. 7 Prevailing surface winds in different latitudes. (Idealized scheme.)

air, having become colder, moves towards lower latitudes, it gains heat, thereby
cooling the environment. The surface wind circulations that develop, and travel,
each make a contribution to the the heat transport over the regions they traverse.

TRANSPORT OF MOISTURE AND POLLUTION BY
THE WINDS

Not only heat is transported by these wind circulations. Moisture (and every form
of pollution) that is picked up by the winds is carried along, until condensation
produces droplets and ice crystals or snowflakes and the fallspeeds of these (and
of the pollution particles) bring them down to earth. (In some cases, the pollution
can be said to be washed out of the air by the drizzle, rain and snow.)

An interesting observation by two French investigators that the pollution by
minute quantities of trace metals brought down on the Antarctic ice-cap was
greater between about 1925 and 1940 than before or since indicates a point of
some importance. For in that period the mean condition of the circumpolar
vortex of upper westerly winds is known to have been particularly strong and
regularly developed over both hemispheres. It seems that the winds that
conveyed the pollution to the ice-cap in high latitudes must have been developed
in the eddies, which presumably therefore grew to a larger size and were playing
a bigger part in the poleward transport of heat, and moisture also, than in other
epochs when the mean circulation pattern actually had more frequent and more
wide-ranging meanders towards high and low latitudes. The same may be
indicated by the fact that the deposit of snow on the ice-caps near the south pole
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Fig. 8 A typical eastward moving frontal cyclone and its relationship to the flow in part of
the circumpolar vortex (broken lines). Arrows indicate the surface winds at each part of
the pattern. (Pictured in the northern hemisphere orientation: invert for southern hemisphere
case.)

and in north Greenland was also at a maximum in that period, when the mean
upper wind circulation over middle latitudes was characterized by a notably
frequent development of a smooth but particularly strong westerly ‘zonal’ pattern
of the circumpolar vortex, with only small amplitude waves or meanders.

VARIATIONS OF THE WIND CIRCULATION

The circumpolar vortex is subject to variation between a smooth westerly ‘zonal’
form with little meandering and so-called ‘meridional’ patterns that are
distinguished by large-amplitude waves or meanders (fig. 10). Sometimes the
meanders get so big that the mainstream of the flow wanders from the lower
middle latitudes to quite near the pole and back again, or it may get contorted
until one or more closed loops are formed: such loops create a cut-off cyclone in
middle latitudes (or even in the subtropics) or an anticyclone cut off in the higher
latitudes, where normally pressure is low. Such situations are generally slow-
moving or stationary, and the main features of the surface wind and pressure
distributions become slow-moving or stationary too. In some parts of the map the
high pressure in high latitudes reverses the normal surface winds, leading to
easterly winds in middle latitudes. And because the situation is stationary, or
nearly so, a long spell of these conditions may result. When the usually
prevailing westerly winds are absent at places in middle latitudes, these are
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Fig. 9 Three stages in the life of a typical frontal cyclone and a vertical cross-section
along the line AB through the cloud development, showing structure in the warm air
above the frontal surfaces. (Northern hemisphere orientation.)

called ‘blocking situations’. The westerlies, and the usual mobility of the
travelling depressions and the rain belts that accompany their fronts, appear to be
blocked.

Blocking situations bring abnormal weather and temperatures to many places;
droughts may occur, with floods elsewhere, because the clouds and rain are
steered away from the regions they usually frequent. Extremes of warmth or cold,
wetness or dryness may be brought to different places if the unusual wind flow
lasts long enough to warm or cool the seas and thoroughly wet or dry out the
land surfaces and vegetation. Thus, in the persistent European drought in June-July
1976 the surface of parts of the continent became so parched that the winds
brought temperatures between 32 and 35 °C to England on many successive
days. A similar situation farther east brought temperatures up to 33 °C in Finland
near the Arctic circle in July 1972. Equally, persistent northeasterly winds in
February 1979 produced ice (‘pancake ice’ freezing on the surface of the sea) on
the eastern part of the North Sea near the coast of Denmark, where fishing
vessels foundered probably because of ice formation (from the cold spray) on
their rigging.

Distortion of the main thermal gradient of the hemisphere, and of the
circumpolar vortex accordingly, in these patterns with great meanders of the
upper wind flow between low and high latitudes, distorts the steering of the
surface weather systems. The distribution of prevalently cloudy skies, moisture
transport and bad weather (rain and snow) is altered accordingly. Examples of
this will be seen in the next chapter.
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Fig. 10 Types of variation of the circumpolar vortex, illustrated by a sample flow line in
the region of strongest winds around the hemisphere. (After a Russian classification by
Girs and Wangenheim.) The flow patterns with the big meanders tend to produce slow-
moving or stationary (‘blocked’ or ‘meridional’) situations, with more or less stationary
extensions of the polar and subtropical regimes in different sectors in middle latitudes.

WORLD-WIDE RELATIONSHIPS OF WEATHER
VARIATIONS

In addition to changes in the amount of meandering, and connected with them,
changes occur in the strength of the main wind flow each year in the round of the
seasons, from one spell of weather to another and from one climatic epoch to
another. And when the upper westerly winds are most strongly developed around
the globe, with only modest waves in the pattern of the circumpolar flow, the
wave-length or spacing of these waves increases. The spacing also increases if
and when the main stream is displaced towards higher latitudes without change of
strength. Changes in the spacing of the troughs and ridges in the pattern of the
circumpolar vortex mean changes in the positions around the hemisphere that are
affected by extensions of the cold polar and warm subtropical regimes
respectively. They also mean changes in the positions at which the cyclonic
disturbances develop and the frequency, and speed, with which their rain belts
and often stormy surface winds are steered along various paths. In this way great
differences may arise between dry and wet, warm and cold weather prevailing in
a given season or a given climatic epoch in different parts of the same latitude
zone around the Earth. The situation depends on the wave-length and resulting
longitude positions ‘favoured’ by the troughs and ridges in the flow of the upper
winds.
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It is the intimate relationship between the circumpolar vortex and the steering
of the surface weather systems, together with the fact that its pattern is basically
simple, and an entity subject to variations which are also of simply recognized
types, that makes it possible to reconstruct global weather patterns of the past
from fragmentary and scattered information just here and there around each
hemisphere. From fossil evidence of the gross temperature distribution prevailing
at the surface of the oceans and over land in any past epoch, we can reconstruct
in outline the prevailing features of the circumpolar vortex and hence of the
large-scale wind and ocean circulations at the surface.

Interrelationships between the northern and southern hemispheres also need to
be studied, both as regards the large-scale wind circulation and other aspects of
the climatic regime. It is a noticeable feature of figs. 4a and b (pp. 26—7) and 6a
and b (p. 32) that in the present epoch the mean wind circulation over the
southern hemisphere, with its glaciated continent in the high latitudes, is stronger
than that over the northern hemisphere. On the other hand, the northern
hemisphere circulation not infrequently develops much more ‘meridional’
patterns than are seen over the southern hemisphere: these are liable at times to
push the interhemispheric convergence zone (the meteorological equator) far
south across the equator over a narrow range of longitudes into Brazil, southern
Africa or Australia, evidently assisted by its being drawn into the convection
system developed over the heated continents. We thus find some evidence of
impacts either way of the circulation over one hemisphere on that over the other.
In the case of longterm changes of the climatic regime, some curious features
come to light which have not received the attention they deserve and are not yet
widely known or understood. Thus, although the whole Earth experienced the
last ice age and now enjoys the present interglacial period, the timing of the
changes shows some important differences between north and south. And within
the last thousand years, the development of what has been reasonably called the
Little Ice Age seems to have affected the whole Earth, as has the twentieth-
century recovery from it; but when the ice on the Arctic seas extended farthest
south, particularly in the Atlantic sector, all the climatic zones seem to have
shifted south, including the storm activity of the Southern Ocean and the
Antarctic fringe. This apparently broke up much of the Antarctic sea ice,
enabling Captain Cook in the 1770s and Weddell in 1823 to sail farther south
than ships have usually been able to reach in this century. The southward
extension of open water would presumably result in some mildening of the regime
not only over the ocean but some way into the interior of Antarctica, and this just
when the world in general north of about 40 °S was experiencing a notably cold
regime. Amongst the evidence which builds up this picture, at that time the
winter rains failed to reach so far north over Chile. And radiocarbon dating of
abandoned penguin rookeries on the Antarctic coast near 77 1/2 °S, in the
southernmost part of of the Ross Sea, suggests that there were periods of milder
climate there about AD 1250-1450 and 1670-1840. These periods include the
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sharpest phases of development of the Little Ice Age climate in the northern
hemisphere.

CONVECTION AND TEMPERATURE CHANGE WITH
HEIGHT

Atmospheric convection systems on localized scales, in which the upward air
motion is rendered visible by towering cumulus and cumulonimbus clouds and
by rising smoke, and sometimes by swirling dust caught up by the wind, will be
familiar to most readers. They arise wherever there is a specially strong lapse of
temperature with height, as when land surfaces become hot in summer or Arctic
cold air is blown swiftly over much warmer seas in winter. In their extreme
forms violent up and down air motions (occasionally sufficient to damage aircraft
flying through them) and violent weather—thunder and lightning, heavy rain,
hail and wind squalls—result.

The basic condition for vertical convection to occur is that the rising air should
be warmer, and therefore less dense, than its immediate environment. This will
be so in the case of rising moist air with cloud forming, as long as the negative
gradient of temperature with height exceeds —0.65 to —0.7 °C/100 m. As it
happens, this is about the overall average variation of temperature with height:
the average gradient or ‘lapse rate’, observed between stations at the foot and at
the summit of Ben Nevis (1343 m), near the Atlantic coast of Scotland, is about
—0.64 °C/100 m. Average gradients between the Alpine summits and the Swiss
and Austrian lowlands are rather less than this, about —0.54 °C/100 m, owing to
the cold conditions that frequently develop in the winter half of the year in the
valleys. Sometimes in winter there is an inversion of temperature so strong that
temperatures on the Alpine summits are higher than on the continental lowlands.
And, owing to the fogs and low cloud in the valleys and over the European plain,
there is more winter sunshine on the tops. But, at the other extreme, gradients of
temperature with height at rates exceeding —1 °C/100 m (=5.5 °C/1000 ft) are
liable to occur in fast-moving outbreaks of Arctic air in winter over warm seas
and in air that is heated over the hottest land surfaces in summer.

TORNADOES

The severest air motions occur in tornadoes, in which the inflow of air at the
surface required to supply a very rapidly rising column of air at the centre is
organized by a spiralling inward cyclonic rotation of the surface wind. At a
horizontal distance of only a few metres from the centre at the ground, wind
speeds may be as much as 50 m/s (100 knots), or more, in the most swiftly
moving ring of air, perhaps only a metre wide, within the vortex. With zero
horizontal motion at the centre and speeds commonly only one-fifth of the
maximum one or two hundred metres away, such a cross-section implies
tremendous twisting forces: the torque commonly twists off the trunks of full-
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grown trees and bends strong metal objects. A reduction of atmospheric pressure
takes place, which at the centre of the tornado vortex may be sufficient to raise a
column of water 2 or 3 m and cause buildings and windows to burst outwards.
Objects weighing many tons—such as a loaded railway truck—are sometimes
lifted. Condensation of moisture facilitated by the low pressure in the rotating
core of the vortex produces growth downwards from the main cloud base of a
twisting funnelshaped cloud that gives the tornado its most familiar and
menacing appearance (fig. 11). The conditions in which tornadoes form are in
moist air where there is a strong gradient of temperature with height, and the
release of latent heat of condensation in rising air ensures its buoyancy: for
without condensation the temperature of rising air drops more rapidly (about 1 °
C/100 m). A further requirement seems to be a wind shear to start the rotation; this
is commonly supplied by the proximity of a cold front with a very different air
stream approaching, though it may be that differences of friction on the wind due
to topography (for example, a line of hills) can also introduce the shear, and
hence the rotation, when the situation is sufficiently unstable. The region of
greatest frequency of tornadoes, and the most violent, is over the great plains of
North America east of the Rocky Mountains, where warm moist air from the
Gulf of Mexico meets the fronts of cool air from the Pacifilc or Arctic air advancing
from Canada. The worst situations seem to occur in spring, and perhaps
especially after cold winters, when the air mass contrasts are greatest.

TROPICAL STORMS, TYPHOONS

Another class of convection system, which our description of the atmospheric
motions so far has not included, is the tropical disturbances that sometimes grow
into tropical cyclones, typhoons and hurricanes, These, together with tornadoes,
are generally considered the most destructive wind systems on Earth. The
ultimate prize for violence and destructiveness may however belong to systems of
mixed type, in which the maximum energy release occurs in tornadoes within a
larger storm or in a tropical hurricane which has become engaged with a trough
in the circumpolar vortex and steered—the tracks are said to ‘recurve’ (see figs.
12 and 13)—into middle or higher latitudes, where its energy is intensified by
drawing in polar air. Tropical storms first form over the warmest oceans in the
world, surface water temperatures of 27 °C or above seeming to be a minimum
condition. Deformations of the upper wind flow, which carry the intertropical
convergence farther north and south of the equator than usual, seem also to be
involved, and induce the initial rotation. Ultimately, general surface winds with
speeds up to 50 m/s (about 100 knots) or more may be developed; but these
storms gradually lose energy once they pass any great distance over land.
Tropical cyclones seem to be most frequent in years, and at times such as late
summer, when the circumpolar west wind belt is displaced towards higher
latitudes: the general circulation over the lower latitudes is then correspondingly
weakened so that the heat accumulates there. Tropical cyclones provide a release



38 CLIMATE, HISTORY AND THE MODERN WORLD

Fig. 11 A tornado developing and decaying. Picture sequence showing the development
down to the ground of a twisting ‘funnel’ cloud, at Edmonson, Texas, on 27 May 1978.
(Originally published in Weather, August 1979 issue. Reproduced here by kind
permission of the Editor of Weather and Professor R.E.Peterson of Texas Tech University
and Mr Carl Holland of Plainsview, Texas, who took the photographs.)

of some of this energy, which is thereby transported towards middle or higher
latitudes and upwards from the surface towards the level of the cloud tops—i.e.
towards the places where the excess energy may be lost by radiation to space. By
contrast, when the circumpolar vortex is intensely developed and displaced
somewhat nearer the equator than its usual position, it seems that the frontal
cyclones and anticyclones—the eddies associated with the upper westerlies—
share in the conveyance of heat from the lower latitudes, and the distinctively
tropical cyclones do not develop so often. It is also noticeable that there have
been fewer tropical cyclones in those years when the circumpolar vortex
continually developed great meanders and ‘blocking’ was frequent. Presumably
at such times the mean wind circulation itself, with great ‘meridional’ northerly
and southerly windstreams in different sectors around the globe, provides enough
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Fig. 12 World map of tropical cyclone incidence, with examples of recurving paths. Data
from the most recent available 30-100 years of observation.

poleward transport of heat to reduce the risk of tropical storms—to ‘defuse’ the
situation in the tropics and subtropics.

SEASONAL CHANGES

The regular yearly seasonal changes in the radiation situation and doubtless also
in the development of the atmospheric circulation are greater than those which
distinguish different climatic epochs, with the exception of the changes between
the coldest and warmest phases of ice age and interglacial climates.
Understanding of the seasonal changes may therefore teach us something about
the major climatic changes. Nevertheless there are differences.

In the course of the seasons the zenith sun at noon moves (at present) from
latitude 23 1/2 °S to 23 1/2 °N and back again. And the length of day, between
sunrise and sunset, varies hardly at all at the equator, but changes from about 10
3/4 to 13 1/2 hours at the tropic, from about 8 to 16 1/2 hours near latitude 50°,
and from zero to 24 hours at the polar circles and beyond. In the course of each
year these changes are accompanied by changes in the atmospheric circulation,
which can be most simply viewed as a northward and southward shift of the
main wind zones. These are accompanied by changes in the strength of
development of the winds and changes in the positions, spacing and size of the
waves or meanders of the upper westerlies—and all the changes in the
development and steering of our surface weather systems that go with that. But
none of these changes are as regular as the shift of the zenith sun. Moreover, the
regular seasonal movement of the wind zones north and south only amounts to
some 8—10 degrees of latitude. Some of the shorter term irregular movements
north or south, and back again, are much greater than this. For this reason, the
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Fig. 13 Satellite view of tropical hurricane ‘Flossie’, after it had drawn in the main front of
polar air over the North Atlantic, on 16 September 1978. The depression, at this stage
with a central atmospheric pressure of 954 mb, is centred near 60 °N 4 °E. Iceland, the
south and east coasts of Britain and the continental coastline from France to Denmark are
seen in the picture. (Picture by courtesy of the Department of Electrical Engineering and
Electronics, University of Dundee.)

progress of the seasonal warming and cooling, and storminess, is rarely steady or
continuously in one direction without any setbacks. There are other changes
seasonally, in the extent of snow and ice, of flooded marsh and desert, and in the
colour and luxuriance of the vegetation, which affect the radiation budget and
play a part in the differences of development of the wind and weather patterns
from one year to another.

Land surfaces, particularly when dry, heat up much more quickly than water
bodies. It takes more heat to change the temperature of water by one degree than
in the case of almost any other substance. Moreover, there are possibilities of
convection in the water, and the winds ensure that the uppermost layers of the
ocean are well stirred, at least in the higher latitudes and in the winter. Thus, the
seasonal range of temperature—and its daily range—is much greater over land
than over water or near coasts. The highest temperatures in summer are reached
on average within three or four weeks after the longest day over land, and the
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Fig. 14 Examples of the average seasonal change of temperature at island and continental
situations in different latitudes. Month by month values, slightly smoothed.

lowest temperatures tend to be just this much after the winter solstice, although
in both cases there is a good deal of variability from year to year. The ocean, by
contrast, does not reach its warmest until August in the northern hemisphere and
is coldest on average in February, with similar delays in the southern hemisphere.
These tendencies are reflected in the sample average temperature curves for
island and continental situations in different latitudes shown in fig. 14. One
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Antarctic station is included to illustrate the flat-bottomed, or ‘coreless’, winter
typical of high latitudes, especially in the far south.

The seas remain relatively warm in autumn and cold in spring. And it must be
expected that most of the ocean in general remains relatively warm during
climatic changes towards colder times and lags behind the warming of the lands
with climatic changes in the opposite direction. There are clearly exceptions,
however, where the advance of a cold ocean current or of a warm one plays an
immediate part in the climatic shift and where there is a significant spreading or
decline of the extent of sea ice. In these regions and at these times the ocean may
be very far from acting as a thermostat or stabilizer of the climatic regime.

WORLD RAINFALL: DISTRIBUTION, SEASONAL
CHANGES, MONSOONS

The distribution of rainfall by latitude over the globe at the present epoch is
shown in fig. 15. The greatest total is yielded by the equatorial rains, produced in
the massive uplift of air and towering clouds in the zone of colivergence between
the wind systems of the two hemispheres—the socalled infertropical
convergence. The moisture content of the air is greatest in this zone because of
the enormous uptake by evaporation from the warmest oceans in the world (and
also into the warm air from other water bodies and surface moisture). The
secondary maxima occur in the rains and snows produced by the cyclonic
activity over middle latitudes in each hemisphere. The average yearly figures are
greatest over and near the oceans, especially on mountain slopes exposed to
winds from the ocean.

These precipitation belts move north and south with the wind circulation zones
that produce them. Averaged over the year, the overall mean latitude of the
intertropical convergence zone, the meteorological equator, in the present epoch
is 6 °N. This is related to the fact that the atmosphere over the glaciated
continent of Antarctica is on average 11-12 °C colder than over the Arctic—at
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the Earth’s surface the contrast is 20-30 °C—and the stronger thermal gradient
produces a much stronger circumpolar wind system over the southern
hemisphere. Hence also the prevailing temperatures at most latitudes are
somewhat lower in the southern hemisphere than in the northern, and all the
climatic zones are displaced somewhat towards the north. This is particularly so
in the Indian Ocean sector, where the Antarctic continent itself reaches farthest
towards the north. No doubt the summer heating of the great continent of Asia,
and the high mountain wall of the Himalayas and Tibet largely barring the way
to winds from the north, play a part in causing the equatorial rain system to move
as far as 30 °N over the Indian subcontinent in summer. A belt of westerly or
southwesterly winds develops in the lower atmosphere between the intertropical
convergence and the equator. And so we have the main features of the Indian
southwest monsoon. In winter the Siberian anticyclone and the massive build-up
of cold air over Siberia drive winds from the northeast over the mountains and
down over India, reversing the situation as the season changes. And in colder
climatic epochs brief penetrations of northerly winds may frequently interrupt
the summer monsoon. In the ice ages the meteorological equator doubtless kept
well south of its present position, and was generally nearer to the geographical
equator, restricting the monsoon.

Studies of the Indian monsoon, from the time when Sir Gilbert Walker was
director of the meteorological service in India early in this century to the work of
Dr C.Ramaswamy and others in recent decades, have consistently shown that
each year’s monsoon development is affected by that of the northern hemisphere
belt of westerly winds farther north. The seasonal withdrawal of the westerlies
towards higher latitudes, in its turn, is affected by the amount of snow put down
in the winter and lingering on in the spring over the Himalayas and the Tibetan
plateau. The development of the monsoon in any given year is also related to
variations in the world-wide configuration of atmospheric pressure and the wind
circulation, particularly over the lower latitudes of both hemispheres, There is a
sort of slow see-saw oscillation, whereby pressure is lower than usual over
Indonesia and the Indian Ocean in some years and higher than usual over Easter
Island and the southeast Pacific; in other years the reverse is the case. The
swings of this so-called ‘Southern Oscillation go on continually, one cycle being
completed mostly in 2 to 2 1/2 years but occasionally taking as long as 5 to 7
years. Sea temperatures in the equatorial Pacific are affected and to some extent
those in the equatorial zone of the other oceans also. Some useful progress has
been made using these discoveries in forecasting the yield of the monsoon in
India each year before the season begins. It has been found too that, when the
northern hemisphere circumpolar vortex develops a sharp trough near the
longitude of India, the southerly wind component in the region of the eastern
part of the trough tends to bring the monsoon system quickly north in that
region. The northerly winds in the western part of the trough, and the surface
northerlies near the axis of the trough, are equally capable of delaying the
monsoon or producing breaks in the monsoon after it has already been
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established. Thus the monsoon situation over India, and presumably in like
manner over east Asia, may be critically affected by the exact longitude in which
a trough in the upper westerlies develops.

In the last two decades it has been shown that the behaviour of the monsoon
over west Africa is also related to that of the westerlies in middle latitudes over
that sector of the northern hemisphere: in periods when blocking anticyclones or
northerly winds over western and northern Europe (especially in winter and
spring) divert a branch of the upper westerlies and much of the cyclonic activity
south into the Mediterranean, the monsoon commonly fails to penetrate so far
north as usual, or is late, over west Africa and elsewhere south of the Sahara. In
such years the zone across Africa from Senegal and the Sahel to Ethiopia is
liable to be stricken by drought. The African monsoon, like that over southern
Asia, represents the seasonal northward displacement of the convergence
between the surface wind systems of both hemispheres and the accompanying
equatorial rains. Over Africa the seasonal limit of northward penetration of the
rains in modern times is seldom north of latitude 21 °N and often fails to reach
20 °N.

To complete our brief survey of seasonal changes in the present epoch, fig. 16
presents a few sample rainfall ‘curves’ for places each of which is representative
of some well-defined regime. The example from western Iceland, with most
precipitation in the winter and least in summer, illustrates a regime that is typical
for islands and other places near the ocean in middle and higher latitudes. This
seasonal distribution is determined by the greater cyclonic activity in winter,
when the overall temperature gradients are strongest. The Iceland curve shows a
further feature of some interest: the abruptness of the increase of rainfall from
August to September. This is due to a rather sudden change in the steering of
most of the North Atlantic cyclones, away from the eastward paths which they
commonly pursue in summer near latitude 60-63 °N to a path more
northeastward into the Arctic—a switch of steering that is believed to be caused
by the sharpening trough in the circumpolar vortex over Quebec and Labrador
where the cooling season sets in early. Places in the eastern and southern parts of
the British Isles show both winter and summer maxima of rainfall, neither of
them very sharply defined: so any month may turn out to be the wettest month in
some individual year. There is a modest minimum of rainfall in September in
southeastern parts of Britain—more strongly marked in the middle weeks of the
month—which is the counterpart of the increase registered around the same time
in Iceland. This also applies to the abrupt decrease of rainfall in central and
eastern Europe (e.g. at Warsaw) from August to September. Continental places
in the middle and higher latitudes have their greatest rainfall in summer: this is
partly due to thunderstorms at that season and partly because in winter the very
cold air cannot contain enough moisture for such a heavy downput whether as
rain or snow. The concentration on summer rain becomes more marked as one
proceeds from Europe towards the heart of the great land-mass in Siberia with its
extremely cold winters, This concentration of the rainfall in summer continues
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Fig. 16 Examples of the average seasonal distribution of monthly rainfall (or rainfall
equivalent derived from the total down-put of rain and snow) at places in different

latitudes.

very marked all the way to Peking. New York, in a similar latitude on the eastern
seaboard of North America, however, has not only a summer maximum but also
a winter maximum associated with the frequent cyclonic activity off that coast.
The Athens curve illustrates the Mediterranean regime that is characteristic for
subtropical latitudes, between about 30 and 40 °N and S, near the fringe of the
deserts in both hemispheres: the rains come in the colder months and particularly
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whenever incursions of very cold air arrive over the warm sea. The summer
months, when the anticyclone belt moves towards higher latitudes, are
commonly rainless. The curve for Bombay illustrates the Indian southwest
monsoon, associated with the equatorial rain belt s seasonal movement north to
latitudes 25-30 °N in this sector. Finally, Entebbe on the equator in east Africa
(Uganda) is an example of the inner tropical regime with two rainy seasons each
year as the convergence zone between the wind systems of the northern and
southern hemispheres passes north and south over the place.

One principle of great importance in the distribution of rainfall is
demonstrated by comparing the totals at places on the windward and leeward
sides of great mountain ranges. Thus, the average annual total (1860s to 1940s) at
Hokitika on the west coast of South Island, New Zealand was 2907 mm, and at
Christchurch on the east coast the figure was 639 mm. Both places are near 43 °
S, in the zone of prevailing west winds. And in Scotland in March 1938, when
the winds were westerly on every day of the month, Kinlochquoich on the
western side of the country had 1270 mm rainfall in the month, while Braemar in
the shelter of the mountains on the eastern side had 5 mm. In occasional months
when easterly winds prevail the rainfall distribution is reversed.
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HOW CLIMATE COMES TO FLUCTUATE
AND CHANGE

VARIATIONS OF THE PREVAILING WINDS AND
THEIR EFFECTS

We have seen in the last chapter examples of the types of variation to which the
worlds wind circulation is liable. The circumpolar vortex over either hemisphere
is a constant feature, as are the belts of prevailing high and low surface pressure
that go with it. An oversimplified view of climatic variation might regard it as all
a matter of ‘expansion’ of the circumpolar vortex in cold epochs, when the area
of the polar regime expands, carrying the belt of westerlies to lower latitudes
than before, and ‘contraction’ of the vortex in warm epochs when the polar cap
contracts. There is some truth in this in so far as such expansions and contractions
are indeed observed to take place in the course of the yearly round of the seasons
and longer-term variations. But we have to consider other elements of the
situation that change.

The strength and the wave patterns of the circumpolar vortex also vary, with
changes in the wave-length (or spacing around the hemisphere) and in the
amplitude of the waves. The positions of the troughs and ridges which constitute
the waves or meanders vary in consequence, and the positions, orientation and
intensity of development of the belts of prevailing cloudiness and disturbed
weather, as well as the extent of the polar and tropical regimes, change
accordingly. In particular, the development and extent of the very cold and rather
calm surface layer of air over the polar ice and snow is affected. Doubtless the
most fundamental question underlying the variations of the Earth’s climate is the
total energy taken in, plus what is released at any time from the heat stored in the
oceans, to heat the surface and the atmosphere and to drive the winds. Great
importance must attach to any variations in the heat available over the lower
latitudes, where the Earth is so broad and where the greatest absorption takes
place. The temperature variations are however very much amplified in the
highest latitudes, where the extent of ice and snow varies in response to variations
of the heat transport and the characteristics of ice and snow surfaces, if present,
produce very low temperatures. As a result, the seasonal and longer-term
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Fig. 17 Number of days each year with general westerly winds blowing over the British
Isles, 1781-5 and 1861-1979.

variations of the climatic regime are greatest in—and most clearly signalled by—
the temperatures prevailing over the polar regions. The changes in the overall
temperature gradient between low and high latitudes produce other signals in the
form of variations of the strength and pattern of the wind circulation over middle
latitudes.

The variations cover an enormous range of time-scales. We may begin to
appreciate this from the long record of the frequency of westerly wind days over
the British Isles in fig.17. There were often big variations from year to year,
sometimes with a sort of biennial rhythm. But the longer-term variations shown
are also impressive. From the 1860s to the 1960s the overall average frequency
was about 95 days/year, but for several decades in the early part of the twentieth
century it was over 100 days, in the 1920s, 109; lately it has fallen to about 70
days/year, and in the 1780s it seems to have been only 60-65 days/year (in one
year, 1785, only 45 days). There were compensating variations in the frequency
of ‘blocked’ or stationary weather situations with quite different winds in this
part of the world. We can detect still longer-lasting changes of the frequencies in
the more distant past.

The climate of some places is particularly sensitive to changes in the
prevailing winds. On windward coasts and at places on the windward side of
hills and mountains much more cloud, more frequent rain or snowfall, and greater
totals of precipitation prevail than on the sheltered, leeward side. Similar
contrasts affect one and the same place or area when the winds change and these
same places find themselves on the lee side. Good examples of this occur in
Scotland, where the windswept Atlantic coast and slopes of the Highlands are
characterized by extensive grass and heather moors, and peat-bogs, with average
yearly rainfalls commonly around 2000 mm/year (and locally up to 4000 mm
and more in the mountains). On the other side of the country, an area in the
northeast around Nairn and Elgin at latitude 57 1/2 °N, sheltered by the
mountains from the prevailing southwesterly winds, has an average rainfall of
about 600 mm/year and sometimes experiences temperatures as high as 14 or 15
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Fig.18 Frequency of southwesterly surface winds in England, 1340-1978. From daily
observations in the London area from 1669 to 1978 (ten-year averages). The earlier part
of the curve is sketched from indirect indications, including various weather diaries e.g. in
eastern England (Lincolnshire) 1340—44 and Denmark 1582-97.

°C (nearly 60 °F) in mid-winter. There, the usually genial climate provides rich
farming, a by-product of which may be seen in the magnificence of ancient
buildings such as the ruined cathedral in Elgin; but when the wind blows from
the north, snow may fall and temporarily cover even the low ground as late as
early June. A similar, but more extreme case is provided by Trondheim (63 °N)
in Norway and the extensive farmlands in the usually sheltered districts around
the inner part of Trondheim fjord. In certain periods of history, when the
southwest winds were less reliable and the north wind blew more frequently, the
cultivable area in that district contracted and former settlements were abandoned
and reconquered by the forest.

Other situations which are perhaps even more vulnerable to changes in the
pattern of wind direction frequencies occur all around the edge of the Arctic and
its cold or ice-covered seas. Thus, Archangel on the coast of the White Sea with
an average (1851-1950) July temperature of 15.8 °C, close to the value for
central England, has known a July (in 1938) with a mean temperature as high as
21.3 °C (compare Marseilles 22.5 °C long-term average) and another (in 1926)
that had as cold a mean as 11.8 °C.

Similar vulnerability in respect of the rainfall needed for cultivation occurs
near the great deserts in the subtropical and tropical fringes of the arid zone.

A still longer record of variations in the frequency of westerly winds in
England, the longest such record for anywhere in the world, is indicated by the
graph in fig.18. There are signs in this curve of a repeating pattern, which may be
related to other evidence of a cyclic process of about two hundred years length,
and if so may be of some use in forecasting the climate over the next hundred
years—unless its course be altered by the first major impact of human activities.

How the distribution of cloudiness and disturbed weather over the northern
hemisphere shifts with the variations of the circumpolar vortex has been
illustrated by fig. 5 in the last chapter. Fig. 5b (p. 31) showed an average
situation for the present epoch with the cloud cover largely concentrated in two
latitude belts: the equatorial rain system and the broad zone of cloudiness over
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middle latitudes, associated with the continual cyclonic activity around the fringe
of the Arctic but broken by the lee effects of the Rocky Mountains and the
mountains of Asia. Here we illustrate in figs. 19-22 the effects on the surface
pressure and wind pattern, and hence on the prevailing temperatures, in winter
and summer, of blocking or distortion of the upper wind flow. First, in figs. 19a,
b, and c, we see an example of a winter month with little blocking but rather an
invigorated, smooth flow of the upper westerly winds around the northern
hemisphere. This brings more mild oceanic air than usual right across both great
continents in middle latitudes. Only in the quiet region of the inner Arctic, away
from the vigorous part of the wind circulation, and in areas penetrated by cold
surface air from the Arctic, have temperatures much below normal developed.
Some broad inland areas in the tropics are also colder than normal, owing to a
surface wind pattern which brings them air ultimately drawn from the interiors of
the northern continents. By contrast, fig. 20 shows a winter with much more
distorted wind flow, such as is called blocking of the westerlies, over the Pacific,
American, Atlantic and European sectors. Much bigger surface temperature
anomalies, mostly negative, result. The warmth over northern Alaska is
attributable to mild Pacific air from the south, driven over the mountains, and that
over northeast Canada to more than usual drift in of air from the Atlantic Ocean
and Davis Strait.

Fig. 21 illustrates the distorted pattern with the westerlies diverted well to the
north over the northeast Atlantic and the Arctic coast of Europe, which in 1976
gave parts of Europe their warmest summer since the instrument records began.
Yet in the region of the cold trough in the upper westerlies over Russia, where
the surface winds were mainly northerly, temperatures averaged 3—4 °C below
normal. That memorable summer seems, in fact, to have been a particularly cold
one when considered over the northern hemisphere as a whole. Fig. 22 shows
another summer month, in 1965, in which a distorted circumpolar vortex with
stationary cold troughs in three sectors gave a very cold summer over most of
Europe and eastern Canada. This was the year which halted the long recession of
many of the glaciers in the Alps and, with surface northerly winds over the
Norwegian-Greenland Sea, saw the return of the Arctic sea ice to Iceland.

CHANGES IN THE OCEAN

The ocean circulation also plays a part in the transport of heat towards the poles.
Within the tropics this is the main share of the total heat transport according to
modern measurements. At latitude 20 °N it seems to account for 74 per cent of
the total; at 50 °N it is about 30 per cent, and over the whole realm between the
equator and 70 °N the oceans, contribution averages 40 per cent. But the figures
must vary when different epochs are compared. The changes in the ocean
surface, with which we are here mostly concerned, are greatest near the
boundaries of different ocean currents and where there are shifts in the
boundaries of ice on the polar seas and of cold upwelling water in the tropical or
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Fig. 19a Average pattern of the circumpolar vortex (heights in hundreds of metres ofthe
500 millibar pressure level) in January 1975. (The upper westerly winds on average follow
the course of these contour lines.)

Fig. 19b Corresponding average atmospheric pressure in,millibars at sea level in January
1975. (The surface winds again blow anticlockwise around the low pressure areas, but
with some indraught across the lines towards the lower pressure side.)

subtropical oceans. Fig. 23 illustrates how the boundary between water of Gulf
Stream origin and the polar water at the surface of the North Atlantic Ocean has
varied. The biggest temperature changes are found near the furthest advances of
the cold water or ice replacing a previously warmer surface (or vice versa). Thus
a large area between the Bay of Biscay and mid-Atlantic was 10—12 °C colder at
the climax of the last ice age around twenty thousand years ago than in our own
times. An area between Iceland and the Faeroe Islands (61 °N) seems to have
been 5 °C colder than the modern average between about AD 1675 and 1705.
Where shifts of the current boundaries such as this take place, the ocean fails to
exercise the moderating influence on climatic variability that we otherwise
expect of it. The southward limit of the polar water east of Iceland indicated for
16751705 in fig. 23 has sometimes been approached over short periods of up to
a few weeks in recent years. For example, in April 1968 and again in 1969 this
water-mass advanced to near the Faeroe Islands, and more briefly a number of
times in the first half of 1979, but no comparable advances seem to have
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Fig. 19c How the mean temperatures at the surface in January 1975 departed (°C) from
the average of the period 1931-60.
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Fig. 20b Average pressure at sea level in January 1979.

occurred for 40-50 years previously. Fluctuations of the boundaries and
variations of the strength of the various ocean surface currents, the latter clearly
related to anomalies in the large-scale wind circulation, are commonly observed;
in consequence the ocean surface temperature is liable to show anomalies of up
to 2—4 °C on either side of its usual value in such regions for some weeks or even
for a few months. Another example occurred in the western North Atlantic where
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Fig. 20c Departure (°C) of the mean surface temperatures from the 1931-60 average in
January 1979.
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Fig. 21b Average pressure at sea level in July 1976.

the northern limit of the Gulf Stream water was south of its usual position during
much of 1968.

More is known now than when this book was first published about the
exchanges that go on between the Arctic seas and the climate over wider areas
and longer times (which we return to on p. 271). The great increase of ice on the
East Greenland Sea in the mid-1960s, and the low salinity water that



54 HOW CLIMATE COMES TO FLUCTUATE AND CHANGE

[~

Fig. 21c Departures (°C) of the mean surface temperatures from the 1931-60 average in
July 1976.
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Fig. 22b Average pressure at sea level in July 1965.

accompanied it, migrated from there slowly to affect the western Atlantic in the
years that followed and, after a long clockwise circuit over the western ocean,
was carried back into the Iceland region after fourteen more years. In the
meantime there had been a rather warmer, more saline phase near Iceland. A
study by Dickson and others in 1988! followed the progress of the anomaly and
the cycle of changes that went with it over nearly two decades. And this inspired
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Fig. 22¢ Departures (°C) of the mean surface temperatures from the 1931-60 average in
July 1965.

Fig. 23 Positions of the boundary in the ocean surface between water of Gulf Stream
origin and the polar ocean current from near northeast Greenland in the twentieth-century
warmest years and at various times past.

others, notably Mysak and his co-workers? at the Centre for Climate and Global
Change Research and the Department of Meteorology at McGill University,
Montreal, to trace the anomaly back through its earlier history before it first
reached the Greenland Sea. Its origin is found to have been in a greatly boosted
run-off into the Arctic Ocean north of Canada from the North American rivers,
mainly the Mackenzie River system in the western part of northern Canada, in
the early 1960s. This was associated with enhanced downput of rain and snow
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and sharper development of the upper (cold) trough in the winters over the
Canadian Arctic and the islands. There was also a noteworthy tendency in those
years to develop two other troughs, one north of Greenland towards the
northwest Siberian coast and the other over the far eastern part of northern
Siberia. These features amounted to a radical change in the configuration of the
large-scale wind circulation—a ‘climate jump’, as defined by Knox et al.,? that
would be associated with increased cyclonic activity and cloudiness in those
parts of the high Arctic. The resulting flush of river water into the Arctic Ocean
in the polar basin was accompanied by an increased supply of Pacific Ocean
water, which is also of low salinity, through the Bering Strait. This is how what
Dickson called the ‘great salinity anomaly’ came about. It extended the relatively
fresh water on the surface of the Arctic Ocean, which arrived in the East
Greenland Sea some four or five years later, increasing the ice there and bringing
a dramatic fall in the Arctic temperatures.*

Searches for earlier examples of such a sequence by inspecting the very long,
year-by-year, records of ice at the coasts of Iceland seem to suggest a tendency
for somewhat irregular recurrences at about twenty-to thirty-year intervals,
though the amplitude of the swings also varied from case to case. Statistical
examination of the long series of Iceland ice records, using Koch’s index,
showed a peak frequency at about twenty-seven years, which fell just short of
statistical significance, but there were significant peaks at frequencies of about 5
and 88 to 100 years.

The Canadian investigators consider that this evidence points to an Arctic
(roughly) interdecadal cycle as of some importance, mentioning as examples the
relatively warm (little-ice) years around 1900, the 1920s, the late 1930s, 1950s
and 1970s, which were all followed by ice increases. The cycle is not
symmetrical: the increases of North American run-off and of ice extent on the
Arctic seas take place generally much more sharply than the subsequent ‘returns
to normal’. They also speculate that climatic jumps like the particularly sharp
one about 1962 could either enhance or damp out altogether the global warming
widely predicted as part of the ‘carbon dioxide effect’.

MORE BASIC MATTERS

Volcanic dust in the atmosphere

As to the underlying causes of the variations of the wind and ocean circulations
which we observe, these may be largely a matter of the global temperature level
and the strength and positions of the main thermal gradients. This interpretation
is basic to our understanding of the seasonal changes of the wind circulation each
year from summer to winter and back again, and is supported at least in outline
by mathematical modelling of the atmospheric circulation. It is demonstrated in
the sequence of developments after great explosive volcanic eruptions, which
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Fig. 24 Strength of the mean surface wind circulation over the North Atlantic Ocean in
the years before and after great volcanic eruptions, (a) Averages in cases of eruptions in
low attitudes, (b) Averages in cases of eruptions in high latitudes and (thin line) in all
latitudes. (Circulation strength measured by the difference between the highest and lowest
monthly mean atmospheric pressure values at the surface anywhere over the North
Atlantic, averaged for all the months of the year.)

leave a veil of sub-microscopic particles in the stratosphere for some years after
the event. The dust veils screen off some of the sun’s radiation, but allow the
outgoing longer-wave Earth radiation to pass out to space. One must distinguish
between volcanoes erupting in low latitudes and in the higher latitudes of either
hemisphere. The winds in the stratosphere ensure that the dust soon (i.e. over a
few weeks) encircles the Earth in about the latitude of the volcano. And, because
of a slow net poleward drift of the stratospheric air, a veil of significant density
is likely within some months to spread over the whole Earth from great eruptions
that take place within about 20° north or south of the equator. From eruptions in
the middle and higher latitudes usually only the hemisphere concerned is
significantly affected. The dust seems to clear first in low latitudes, where the
base of the stratosphere is highest. And after a year or more the veil is
increasingly concentrated over the higher latitudes. The effects persist longest over
the polar regions, where the reduced temperatures allow more sea ice to form.
The effect of volcanic dust veils on the world s wind circulation is illustrated
in fig. 24. With global spread of the matter from great eruptions near the equator
the wind circulation is at first weakened, but then changes over into an enhanced
state after about two years, as a dust veil by then covering effectively only the
higher latitudes enhances the difference of heating between low and high
latitudes. The whole cycle takes typically three to four years after the eruption,
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but occasionally up to seven years, before conditions return to what they were.
With high-latitude eruptions generally only the enhanced wind circulation phase
occurs. There is also a tendency for the North Atlantic zone of main cyclonic
activity to be shifted somewhat south in the summers after great eruptions, this
accounting for many, perhaps most, of the coldest wettest summers of the last
three hundred years in western Europe and eastern North America. The same
probably applies to the North Pacific, where the four greatest famine-producing
years of bad harvest since 1599 in the northern half of Japan were all years when
great volcanic dust veils were present over the northern hemisphere.

Between 1980 and 1992 there were at least three great volcanic explosions:
Mount St Helens in May 1980 in Washington State in north-western USA, El
Chichon in Mexico in March—April 1982, and Mount Pinatubo in the Philippines
in June 1991, all of them probably comparable with the greatest eruptions in the
last two centuries. The last thirty to forty years have provided us with much
greater facilities for observing the course of an eruption and the development of
the cloud of ‘dust’ and vapours, the rocks, ash and aerosols ejected into the
atmosphere, as well as new techniques for following them.

Among the new techniques exploited for the first time after the middle of this
century was the direct sampling of eruption particles and gases captured in the
atmosphere by high-flying aircraft. The particles could then be examined for
particle sizes and their chemical nature. Also the chemical contribution and
quantities of volcanic products from ancient, as well as modern, eruptions
deposited on, and in, the buried layers of ice in Greenland and the other ice-
sheets in high latitudes, north and south, began to be studied. This has produced
extremely valuable chronologies. The intensely concentrated beams of light
available in lasers since about 1960 have given us lidar, which penetrates the
aerosol layers in the atmosphere and makes it possible to measure their height
and optical thickness from the ground.’> Other, related techniques have been
developed more recently, using instruments mounted on satellites to observe, at
up to fifteen successive sunrises and sunsets experienced by the satellite each
day, the extinction times at different wave lengths of light affected by different
gases in the atmosphere (thereby analysing the presence and quantities of such
substances injected into the atmosphere).

In spite of all these advances in our technical capacity, it is surprising— and
maybe salutary—that we have had to take note of a case in the winter of 1981-2
when an important ‘dust’ cloud appeared, and spread over all the lower latitudes
of the Earth, without any reports of a great volcanic eruption that could account
for it. Two possible sources have been suggested: eruptions around Christmas
and mid-January 1982 of the Nyamuragira volcano near the equator in central
Africa (Zaire), which certainly produced a sulphur dioxide cloud, and the
explosive activity of Pagan in the Mariana Islands in the tropical Pacific from
mid-January 1982 onwards. Cloudy weather had hindered detection of an
eruption plume on the regular satellite photographs from either of those
eruptions. If a major eruption can so escape detection in these days of continuous
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world watch, co-ordinated by the Smithsonian Institution, Washington DC, using
all the techniques now available, we have to realize that our knowledge of past
eruptions cannot be complete.

The three other great eruptions (named above) in recent years were
instructively very different from each other. The differences must have ensured
that any climatic effects would also be very different. The eruption of Mount St
Helens, in the northern part of the United States Rocky Mountains in 1980, sent
an ash volume which rose immediately 22 to 25 km, but the early expectations of
a very great dust and aerosol veil in the stratosphere had to be drastically
moderated when it turned out that the main blast was directed almost
horizontally from the upper part of the volcano, killing the leader of one of the
scientific teams on another height where the party had been stationed to observe
and photograph the expected eruption. There was no great input of matter into
the stratosphere.

The eruption of El Chichon in Yucatan, southern Mexico, two years later, was
a very great one, but there were unusual features in the spread of the
stratospheric veil over the Earth. These were probably associated with the
seasonal development of the atmospheric circulation at the levels concerned.
They affected the timing of the arrival of the eruption products over different
regions of the Earth. Initially the column rose quickly to about 17 km and after
about ten days up to 26 km, completing the first circuit of the globe within
twenty-two days. Later in the summer, products of the eruption were found at up
to 35 km or higher and enhanced sunset colours were seen from the Arctic to the
Antarctic. But, in the main, the lateral spread of the materials remained curiously
limited to latitudes between about 5 and 40 °N for about nine months, until the
following December. The El Chichon volcanic veil proved to be a very long-
lasting one which had some effect for about eight years until 1990.

The explosive eruption of Mount Pinatubo, near 15 °N 120 1/2 °E on Luzon in
the Philippine Islands began on 2 April 1991 and culminated in a great paroxysm
on 14-16 June of that year. It sent a column of ejection products immediately to
near 40 km height. Some of the tephra fell on Singapore, over 2,000 km away to
the southwest. The distribution of wind-borne products was complicated by a
typhoon. Over the first three months after the main eruption, atmospheric
aerosols had spread over nearly twice the area covered by products of the El
Chichon eruption at the same stage and by the end of 1991 their optical thickness
measured over middle latitudes of the northern hemisphere was 60 to 80 per cent
greater than after El Chichon. By the first months of 1992 aerosol concentrations
in the atmosphere over the tropics were decreasing, and in latitudes 40 to 60 °S
had peaked about November to December 1991, but over the zone 40 to 60 °N
concentrations did not peak until April to May 1992. One year after the eruption
lidar measurements over the Mauna Loa mountain-top observatory in Hawaii
indicated two to three times as much aerosol still present as at the same stage
after El Chichon. By the end of 1992 aerosol optical thickness over the tropical
oceans had declined to 15 per cent of its September 1991 peak. But over the
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higher latitudes the decline was much less, with actually very little change over
40 to 60°S throughout 1992. The real decline of the Pinatubo loading of the
stratosphere over the tropics set in at the same time of year as in the El Chichon
case. Presumably the onset of its decline was connected with the regular seasonal
change-over of the winds in the stratosphere. By June 1993 the tropical
stratosphere was essentially back to the state it had been in before the 1991
eruption. The top of the aerosol layer had by then descended to 18—-19 km over
Germany, but many months later, in January 1994, it was still shown at well
above 20 km by measurements over Hawaii and Cuba.

Some return of eruption products north across the equator during the 1992-3
winter was suspected and may have been repeated a year later. A fresh injection
of materials from Mount Spurr, Alaska, which erupted in August 1992,
continuing the very active volcanic period, complicated the picture.

There is no doubt that we have witnessed in the 1980s and 1990s two or three
of the greatest explosions of volcanic matter into the stratosphere to have
occurred in the last two centuries and some will claim that the incipient turn—
down of global temperatures must be due to this.

Astronomical cycles affecting the heat supply

Another clearly identified cause of climatic change, applying to much longer-
term events, lies in the changes of incoming solar radiation available at different
latitudes and seasons which accompany regular cyclical variations in the Earths
orbital arrangements (fig. 25). There are changes in the ellipticity of the orbit and
in the seasonal position of the Earth on its way round the ellipse; the tilt of the
polar axis relative to the plane of the orbit also varies, changing the latitudes of
the tropics and of the polar circles by a few degrees. These cyclical variations,
over periods of about 100,000, 20,000 and 40,000 years respectively, affect our
distance from the sun, and the strength (and, more slightly, the angle of
incidence) of the solar beam, at different seasons. They are entirely calculable,
and seem to explain in outline the many times repeated alternations between ice
ages and warm interglacial climates, like those of today and of historical times,
as well as the intermediate phases known as interstadials. During about 90 per
cent of the last million years the climate has been more or less glacial, with
extensive ice on land and on the polar seas, and much colder than today.
Interstadials marked the culmination of lesser warmings with the climate
remaining colder than today and an intermediate type of vegetation. From
analysis of cores taken from the sediments on the ocean bed covering the last one
to two million years, the Quaternary geological period, and from the vegetation
history derived from pollen analysis of undisturbed deposits on land (in one case
continuous over the last 140,000 years), the nature and timing of the major
climatic changes seems to fit very well the variations of radiation available,
calculated on the basis of these orbital parameters.
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Fig. 25 The Earth’s orbit and items which undergo long-term cyclic variations. In the
sketch the orbit is seen from a slanting angle outside its plane: so the angle between the
major and minor axes of the ellipse, a and b, does not appear as a right angle because of
the perspective, The sun S is at one focus of the ellipse, and the ratio of its distance from
the centre of the ellipse OS to SP measures the eccentricity e=OS/OP. Short lines are
drawn through the sun S and the Earth E vertical to the plane of the orbit (the ‘ecliptic’):
The angle between this vertical and the Earth’s polar axis is called the obliquity. The
present seasonal positions of the Earth in its orbit at the winter solstice, Sy, the spring
equinox Eg, the summer solstice Sg, and the autumn equinox E, are marked. The two
other points marked are P where the Earth is at perihelion (i.e. nearest the sun) and A
where the Earth is at aphelion (i.e. farthest from the sun). The seasonal points (shown
joined by lines which are always at right angles to each other) slowly precess around the
orbit so that the season at which the Earth is nearest to or farthest from the sun slowly
changes, taking about 20,000 years to complete the circuit. The winter solstice Sy is at
present slowly getting farther from P.

The strength of the sun’s beam and the total radiation available at each latitude
on the Earth in each month and season of the year, disregarding the effects of any
cloud cover that might be generated, have been calculated on the basis of these
variations one million years back into the past and far into the future. The first
such complete calculations were made by the Yugoslav scientist Milankovitch
about 1930, and this approach is often referred to as the Milankovitch theory of
ice ages, although this theoretical solution of the ice age problem was put
forward by James Croll as long ago as 1864. More refined calculations have been
done in recent years, notably by Vernekar in the United States and most recently
(1979) by Andre Berger of Louvain-la-Neuve. It is now clear that the
temperature changes resulting from the calculated variations of the radiation
budget would not be sufficient to swing the Earth’s climate into an ice age and
back again without the amplifying effect of reflection away of the sun’s radiation
from an increased area of snow and ice. The time of strongest summer heating in
the latitudes of the former North American and north European ice-sheets, about
ten thousand years ago, coincided with the most rapid melting of the snow and
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ice. The highest general temperature level on the Earth was attained some five to
six thousand years later, a lag imposed by the time needed to melt the
accumulated ice and to warm the oceans to a considerable depth.

There are no other such regular cycles apparent in the long past record of
climate as those we have mentioned: the round of the day, the year and the long
cyclical evolutions of the Earth’s orbital arrangements described above (and
produced by the gravitational forces in our planetary system), together with the
cycle of events which is set off at intervals by a great volcanic eruption and the
resulting dust veil. Although the latter appear like random events at irregular
intervals, it is now established that eruptions tend to occur, at maxima of the
combined tidal force of sun and moon. And there are suggestions of a periodicity
of about two hundred years length in the frequency of great volcanic eruptions,
which may also turn out to be linked to gravitational forces.

Other cycles

Besides all these reasonably well-understood variations, however, spectral
analyses of climatic records present indications of many other periodicities or
‘quasi-periodicities’, which are less regular in their operation but some of which
may nevertheless be of some importance. Once they are better understood some
of them may acquire a limited usefulness in forecasting. Fig. 17 (p. 53) has
already introduced us to a (quasi-) biennial rthythm which is present in many
meteorological data series. Thus, between 1880 and 1961 the summers of the
odd-numbered years had a significantly better (meaning warmer) record in
northern, central and western Europe than those of the even-numbered years. In
London the overall difference of mean temperature was 0.5 °C, probably
corresponding to about two weeks difference in the length of the growing
season. (In various earlier periods of history the even-numbered years enjoyed
the better record.) Other periodicities which seem to be of some interest include
lengths about 5 1/2 years (half the sunspot cycle?), 10-12 years, 22-23 years,
about 50 years, 100 years, 180-250 years (perhaps really very close to 200
years), 1000 and 2000 years. In none of these cases has the physical origin been
satisfactorily established, though it is commonly thought that several of them,
and perhaps all, originate in (presumably slight) fluctuations of the energy output
of the sun. Some may be associated with variations of the tidal force acting
directly on the oceans and the atmosphere.

Cycles in the sun’s activity

There are indeed indications that the sun’s activity may vary on certain
timescales in the range 100-10,000 years, as recently pointed out by R.K.
Tavakol® of the Climatic Research Unit, Norwich. One of the sources of
evidence is the errors discovered in radiocarbon dating of objects of certain
known ages. The first assumption in this modern technique of dating
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archaeological and naturally occurring objects (such as peat or lake-bed deposits)
laid down in the last fifty thousand years was that the proportion of radioactive
carbon in the atmosphere’s carbon dioxide should be constant, because this
element is formed from the nitrogen atoms in the upper atmosphere by the steady
bombardment by cosmic rays from the galaxy. Errors in the radiocarbon dates at
various past periods are, however, revealed for instance by radiocarbon dating of
tree rings. The errors are partly attributable to regular long-term variations in the
Earth’s magnetic field but, apparently, also demand variations on other period
lengths in the sun’s output of particles (‘corpuscles’) associated with powerful
extensions of the solar magnetic field; both these solar influences deflect away
from the Earth some of the continual bombardment by cosmic ray particles from
elsewhere in the galaxy. This reduces at times the production of radioactive
carbon atoms in the atmosphere. J.A.Eddy’s work at the High Altitude
Observatory of the US National Center for Atmospheric Research at Boulder,
Colorado has stressed the coincidence of the two great minima of sunspot
activity, the Sporer Minimum from AD 1400 to 1510 and the Maunder Minimum
from 1645 to 1715, when almost no sunspots were observed and few (if any)
polar lights (auroras) were reported, with the two greatest periods of climatic
stress on the Earth in the so-called Little Ice Age. The long record derived of
radiocarbon fluctuations and the sketchier record of phenomena directly related
to the sunspot cycle point to a variability of the sun on the suggested time-scales.
The evidence is not conclusive, however, and more knowledge is needed of how
various types of solar fluctuation can affect the motion patterns of the Earth’s
atmosphere and hence our climate.

The heating pattern and reconstruction of past climates

In the last chapter we indicated the intimate association between the thermal
pattern, generated in any season or in any climatic epoch by the distribution and
intensity of heating of the Earth, and the shape and intensity of the circumpolar
vortex. This relationship can be used to derive the prevailing features of the
large-scale wind circulation, including storm tracks and regions of cloudiness,
prevailing surface winds and calmer anticyclonic areas, in past epochs from
fossil evidence of the prevailing temperature levels. Such reconstructions show us
the type of general regime which would be in equilibrium with the known
temperature distribution. And in many cases the pattern can be at least partly
verified by seeing how the available fossil data, or historical manuscript
evidence, registering the prevailing winds and weather in various areas, fit the
map. The climatic patterns so derived, however, tell us nothing of the events
which produced the change of climate from one regime to the next. Evidence is
accumulating from studies of the great climatic shift which took place in Europe
within the last millennium, from the warmth of the high Middle Ages to the cold
of the late sixteenth and seventeenth centuries and a recurrence of the latter
around 1800-50, that the great glacier advances and times of advance of the
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polar sea ice were concentrated in just three to six well-separated periods of
about ten to twenty years. One or two of these, but probably not all, were
associated with world-wide ‘bursts’ of volcanic activity. It seems certain that
great anomalies of the wind circulation, involving high frequency of blocking
situations, occurred in these decades. There is evidence, both from the yearly
growth ring sequences in trees, and in actual temperature measurements in the
late seventeenth and eighteenth centuries, of greatly increased year-to-year
variability in the decades of most rapid ice advance, which seems to confirm the
diagnosis of frequent blocking of the ‘normal’ middle latitudes westerlies.

THE RAPIDITY OF SOME CLIMATIC CHANGES

Several climatologists, notably Bryson, Flohn and Manley, have drawn attention
to the apparently great rapidity of a number of major climatic changes in the
past. For example, three major coolings covering perhaps half, and in two cases
more than half, the range between present (or interglacial) prevailing
temperatures and the ice age climax temperatures seem to have taken place in
and around the North Atlantic Ocean, in Europe and the Mediterranean, in the
later stages of the last interglacial. These coolings, dated at roughly 115,000, 90,
000 and 70,000 years ago, took place within about one thousand years and
possibly within a century or so.” The first two seem to have lasted only two to
five thousand years and were followed by rapid recovery to temperatures only a
little below those previously prevailing in the ten thousand years of the warmest
part of the interglacial. The third occurrence introduced fifty thousand years of
colder climates, including the main phases of the last ice age. The rapidity of
these coolings and warmings indicates that no great accumulations of ice were
formed in the two abortive ice age onset events. The last recurrence phase of the
ice age around 10,800 years ago was similarly abrupt: at that time the prevailing
summer temperatures in England, which had become as warm as (or a little
warmer than) today’s, dropped 4-5 °C, probably within about fifty years, and small
glaciers reappeared in the Lake District in northwest England. The colder climate
lasted about six hundred years. In this case, however, the magnitude of the
reduction of temperatures in so short a time is made more readily understandable
by taking account of the nearness to England of a then still-extant ice-sheet in
Scandinavia and a much smaller one in Scotland.

Well-dated evidence of shifts of the vegetation boundaries in post-glacial
times, particularly in North America where there were no mountain barriers in
the way of northward advance, make it clear that some of the warming episodes
were also very rapid once the ocean had warmed up. The rapidity is especially
clear when one makes the allowance that must be made for the time required for
the vegetation to respond. There must be a lower limit of about a hundred years
before standing pine forest can be replaced by forest dominated by oak, though
the process may be speeded by wholesale disease and death of the old forest,
followed by fire. Even so, some of these changes seem to have taken place so
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rapidly that the time elapsed was less than the error margin of the radiocarbon
dates of organic matter from before and after the change.

One gets the impression that in many of the major climatic changes we have
referred to the change of behaviour of the wind circulation is more or less
instantaneous. The temperatures prevailing at the surface of the Arctic ice adjust
themselves within a few years at most to either a calmer regime than before or to
one with stronger winds and ocean currents which import more heat from other
latitudes. Such changes—in both directions—have been observed within the
present century. Shifts of the wind zones bring also displacements of the main belts
of cloudiness. Through these and the changed pattern of wind and ocean heat
transport the prevailing temperatures in other latitudes will also become adjusted
to the new regime.

It therefore remains to explain the sudden changes of the wind regime which
produce periods of perhaps ten to fifty or seventy years of great prevalence of
blocking patterns, with wide-ranging meanders of the flow pattern of the
circumpolar vortex aloft and stationary anticyclones and cyclones at the surface
in middle latitudes. These in their turn produce persistent, or repeated, northerly
and southerly surface winds, calms and sometimes easterly winds, dominating
different sectors in middle latitudes. The result is a reduction of the frequency of
mobile westerly situations, with their continual interchange of warmer and
colder air-masses in those latitudes. The stationary features of a blocking
situation may be so placed as to maintain an abnormal extension of snow cover
over land or to ‘waste’ the snow in the ocean, where it has no effect in changing
the surface characteristics and their response to solar radiation. Better
understanding is needed of the controls which determine any long-term
preference for particular positions and especially whether the blocking
anticyclones are mostly over Greenland or Scandinavia. The position of such
features in summer may either accelerate or hinder the melting of the previous
winter’s snow over broad regions in latitudes north of 45-60 °N. And the
maintenance of cloud cover, or of abnormal upwelling or evaporation from the
ocean surface, in lower latitudes may have similar effects upon the overall
heating of the Earth. If they come at a critical stage of a long slow upward or
downward trend of the energy budget, such periods of prevalent blocking
patterns in the wind circulation may make the switch to a warmer or colder
global climate very rapid.

There is a school of thought in meteorology, articulated in recent years by
Lorenz, which maintains that such changes of the wind circulation need no
external cause. It is suggested that various alternative regimes of wind and
climate are possible without any change in the external influences, so that at any
time the pattern may ‘click over’ from one regime to another. On this view, even
the ice ages may have no external cause. This is a philosophy of pessimism, so
far as further understanding and prospects of forecasting are concerned. It is an
unnecessary pessimism in cases where external causes can be demonstrated,? as
seems clear at least in the cases of the effects of the Earth’s orbital changes and
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the sequels to great volcanic outbursts. And there are hints that some variations
in the frequency of stationary features in the large-scale wind circulation may be
related to a number of variables in the motion of the Earth and to tidal forces on
the sun associated with the alignments of the other planets, which have not
hitherto been taken into account. Pioneer work by Bryson in the United States
and Maksimov in the Soviet Union invokes the slow migration of the Earth’s
polar axis over distances of at most a few hundred metres under the influence of
sun and moon and the even smaller ‘Chandler wobble’ of the Earth’s polar axis.
The latter is still unexplained but agreed to entail adjustments of the angular
momentum of Earth and atmosphere. Unpublished work by Morth in England
further invokes effects upon the angular momentum induced by dispositions of
the other planets in the solar system, as well as variations of the Earth’s magnetic
field and its effects upon electrically charged droplets in the atmosphere. All
these suggestions are still controversial, but attempts to prove or disprove them
should be pursued because most of the variables in question are predictable or
partly so.

The question about whether side-effects of man’s activities may now, or soon,
begin to modify the global climate—and how they have modified some local
climates—is another story, to be dealt with in later sections of this book dealing
with the world today and the outlook for the future. We shall also deal briefly
with some of the things which have been, or may be, done in the way of
deliberate action to modify climate either locally or on a global scale.



5
HOW WE CAN RECONSTRUCT THE PAST
RECORD OF CLIMATE

METEOROLOGICAL INSTRUMENT RECORDS

Part of the past history of climate can, of course, be known from the records of
meteorological instrument measurements from the time when they first came into
use. Unfortunately it is only a small part of the story, though an interesting one,
stretching back in just one or two places as much as three hundred years, but
over much of the world covering no more than the last few decades. Moreover, a
great deal of painstaking work is involved in making sure that the figures derived
from readings of the old instruments are rendered truly comparable with those
from modern instruments in standard exposures. This task has so far only been
thoroughly carried out for a limited selection of observation points in various
parts of the world.

The barometer and the thermometer were invented in Italy, by Torricelli and
Galileo respectively, in the first half of the seventeenth century. The wind-vane
and the rain-gauge are earlier, but the earliest surviving rain measurements are
from the late 1600s. There were already some reliable instruments about by 1700
or earlier, but the problems of exposing the thermometer and rain-gauge so as to
obtain representative measurements were not solved until much later. The
barometer presented fewer problems and was already being used for important
scientific measurements by Blaise Pascal in France and Robert Boyle in England
within a few years of its invention. But thermometers were for many decades
commonly exposed in an unheated north-facing room (or, at one famous
observatory until recently, outside on the north wall of a building); and their
calibration gave trouble because of the ageing of the glass. Fahrenheit’s real
claim to distinction was as the maker of thermometers with the best glass. Early
raingauges in Europe were sometimes exposed on the roofs of houses, where the
catch is reduced by splashing out of the gauge and by evaporation in the wind;
but this position enabled Richard Towneley—who produced the first gauge in
England in 1676—to lead a pipe down through the house so that he could
measure the rain in the comfort of his bedroom!
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Other problems in using early instrument records lie in the miscellany of
different units and scales used. (Sir Isaac Newton already in the seventeenth
century had a thermometer scale that defined 0° as the freezing point of water,
but took as its other fixed point the normal temperature of the human body,
labelled as 12°.) A good deal is known of the early thermometers and their
scales, for instance from the comparison and calibration tests reported by van
Swinden in 1792 and Libri in 1830. Van Swinden listed no fewer than seventy-
seven different scales. By the time that anyone seeking to use early instrument
records to create long time series of temperature or rainfall measurements, and
barometric pressure and wind maps, has worked through such material and coped
with inches, feet and miles which had different lengths in every part of Europe
(and sometimes even within one country), he is readily convinced of the virtue of
the uniformity of the metric system!

Our knowledge of the climatic history of the last two or three hundred years
owes a great debt to those who—Ilike Birkeland in Norway, Labrijn in Holland,
Manley in England, and Landsberg and his co-workers in the eastern United
States—by close study of the instrument records with their occasional changes of
site and exposure, entailing endless comparisons of overlapping records at places
not too far apart, have produced apparently reliable long series of values. The
longest of these is the series of mean temperatures for each month of every year
from 1659 to the 1970s at a typical lowland site in central England, produced by
Professor Gordon Manley. Comparisons with other places in Europe, and with the
reported weather and wind patterns, suggests that the values in this series may be
reliable to within about 0.2 °C from 1720 onwards and to within 1°C in the
earliest years. Rainfall series present more difficulties because of the real
differences of measured catch over quite short distances. These are due to the
effects of even the gentlest topography—as well as buildings and trees —and the
differences in any one year in the random distribution of showers and
thunderstorms. The early collection by G.J.Symons of monthly rainfall
measurements in England and Wales averaged into a single long series from
1727 can therefore be criticized because of the size and diversity of the terrain
and doubts about the representativeness of the measurement sites. Lately,
however, J.M.Craddock has produced a very thoroughly researched series of
monthly values for each year from 1726 representative of the much smaller and
more homogeneous area of the East Midlands of England. Labrijn’s series for
Holland is of about the same length, and there is a composite series for London
from 1697.

This work is tedious and time-consuming, so that it has not been easy to find
willing and suitable people or to get the funds needed to do it, but it is
rewarding. Manley emphasized, in a letter to Weather written shortly before his
death in 1980, his concern that, because the magnitude of the changes of climate
shown by monthly means must be small and ‘commonly in decimals of a degree
if taken over decades’, to produce a reliable record of temperature (or rainfall)
using the observations made in early years every detail that can be discovered
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about the instruments and their exposure, the observer’s technique and
observation hours, must be painstakingly examined. Several European countries
now have temperature and rainfall series which offer a reliable basis for
agriculturists, water engineers and others to study in connection with growing
season length, drought risks, energy demand and so on. And these series also
provide a firm basis on which the scientist can proceed in his diagnosis of the
nature of the climatic evolution observed. It is a privilege to be able at last to turn
to fruition the patient work day in, day out, over many years, of the ancient
observers who hoped in their day to understand something of the vagaries of
climate and the workings of the atmospheric system.

The observers themselves included some of the wide-ranging pioneers of
science; though these seldom managed to concentrate on this one field for as
many years as the learned clergymen, medical doctors, a few among the landed
gentry, and others indulging a persistent interest in this aspect of our changing
environment despite the inevitably slow progress towards understanding. Some
of these pioneers were, however, shrewd enough to gain some valuable insights
into what was going on. Thus, Thomas Barker of Lyndon, Rutland (England),
whose daily weather observations were maintained from 1733 to 1798, writing in
1775, noted a general increase of rainfall since the 1740s and, in particular, a
remarkable change in the character of the weather that accompanied east winds:
in the 1740s such weather had been generally cold and dry, stopping the
vegetation in spring, ‘but for the last ten years the East winds have often been
very wet; many of the greatest summer floods came by rains out of that quarter’.
In a similar shaft of light in 1846, Sabine recommended research into the cause of
‘the remarkably mild winters which occasionally occur in England’, noting that
in the case experienced in 1845-6, as in 1821-2 and in November 1776, ‘the
warm water of the Gulf Stream spread itself beyond its [then] usual bounds...to
the coast of Europe’.

Our ability to go further in the interpretation of climatic development owes
most to modern knowledge of the behaviour of the global wind circulation. This
knowledge could only come with the daily upper air probes made possible since
the 1940s by radio-sounding balloons and since around 1960 by the global cloud
surveys provided by meteorological satellites.

Fig. 26 indicates the growth of the world network of meteorological instrument
observations and the extent of the reasonably precise wind circulation analysis,
which can be derived. It is only with the satellite era since 1960 that we can lay
claim to complete observational coverage of the Earth including even the
Southern Ocean and Antarctica. But luckily the area which can be covered as far
back as the 1750s provides a sample of conditions in the main northern
hemisphere belt of the prevailing westerlies of middle latitudes. The sample
weather map illustrated here (fig. 27) for a day in March 1785 indicates the sort
of observation coverage that is available. A sketchy analysis of the wind
circulation over the same area can be tentatively extended back in terms of
monthly or seasonal summary maps to the late seventeenth century, perhaps to
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Fig. 26 Growth of the world network of regular observations with meteorological
instruments. The growth is illustrated by the dates of start of just the first one or two
stations in each major region. The lines delimit the area over which monthly and yearly
average barometric pressure and wind maps can be drawn with acceptable accuracy. A
complete series of daily maps could be produced for the area of Europe bounded by the
innermost line, and extended to include Iceland, from about 1780 (and perhaps earlier).
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the 1660s, on the basis of daily weather and wind observations at a number of
points (most of them provided by the logs of naval ships in various ports or
patrolling certain stretches of coast) supported by observations made with just a
few of the earliest barometers.

For a first sample of the results of all the effort on homogenizing the available
meteorological observations, fig. 28a summarizes the temperature record from
1659 to modern times in central England already referred to. Over the 100 years
since 1870 the successive five-year values of average temperature in England
have been highly significantly correlated with the best estimates of the averages
for the whole northern hemisphere and for the whole Earth. This conformity
doubtless has to do with England’s position in middle latitudes at a point where
the prevailing winds have come from an extensive ocean. The correlations may
not hold for the last ice age when the winds and ocean currents were different
and the temperatures in this part of the world were depressed very much more
than the global average, but they probably mean that over the last three centuries
the central England temperatures provide a reasonable indication of the tendency
of the global climatic regime. The smoothed curves in fig. 28a show that a good
deal happens besides the familiar differences from year to year (which the ten-
year averages eliminate). There are, for instance, fairly plain signs of a tendency
to oscillate on a roughly twenty-year (actually twenty-three-year) period, There
has also been an obvious ‘improvement’, or warming, of the climate from the
late 1600s to the present century. This has affected all seasons of the year, and is
enough to have lengthened the average growing season by about a month from
the 1690s to the apparent climax which the averages for the whole year place
around the 1940s.

The fact that almost the entire record since instrument measurements began is
occupied by a long-term trend in one direction, towards warming, giving us
therefore only a very limited view, means that we must seek evidence to extend
the record to earlier times. Fortunately, there are many kinds of evidence
available. These make it clear that the colder climate in the seventeenth century
was a more or less world-wide event, and they also provide information about
other periods in the past when the tendency of world climate was in the other
direction, towards cooling. Indeed, there are signs in many parts of the world
that the cooling phase in the late Middle Ages—and the changes of rainfall and
shirts of storm tracks, etc. which accompanied it—had important effects on
human history.

The types of evidence from which past climate can be reconstructed may be
summarized as follows:

1 The meteorological instrument record.

2 Earlier weather diaries and descriptive accounts of the weather, particularly
the prevailing character of the seasons of individual years, reports of floods,
droughts, great frosts and snows, etc., recorded by the people who
experienced them.
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Fig. 27 Synoptic weather situation in the early afternoon of 1 March 1785, reconstructed
from archived weather observation reports. The reports plotted on the map show the air
temperature in °C, the barometric pressure in millibars, the wind direction and force, and
the cloud cover at each place. Note the coverage of observation reports. The month thus
beginning was to prove the coldest March in Britain and continental Europe in the entire
200 to 300 years of the observation records. Notice the warmth in Iceland, where the
southerly wind is bringing a temperature of 10°, a higher temperature than those
prevailing at the time in Rome and the south of France.

3 Many kinds of physical and biological data, which provide ‘fossil’ evidence
of the effects of past weather. Such material is commonly called ‘proxy
data’ of past weather and climate.
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Fig. 28a Prevailing temperatures at typical lowland sites in central England, averaged for
each season of the year and for the whole year, running ten-year averages from 1659-68
to 1984-93. (After Professor G.Manley, updated and reproduced by kind permission. I am
indebted to my colleague Dr P.D.Jones of the Climate Research Unit, University of East
Anglia, for supplying the up-to-date figures.)

OTHER RECORDS OF PAST CLIMATES

Diaries, annals, chronicles, etc.

In spite of the importance of reports of the weather by the people of the time—
particularly any obviously seriously intentioned weather diaries, farm and estate
records, mentions of weather difficulties in audited accounts and reports of
building operations and repairs, etc.—little or no attempt seems to have been
made to submit them to meteorological analysis until quite recent years.
Doubtless the main reason for this neglect has been the formidable size of the
task. A massive amount of material could ultimately be collected for Europe and
the Far East and a few other regions; but it is dispersed in many kinds of archives
and literature and problems are presented by ancient styles of handwriting and
earlier forms of the many languages used, establishing the trustworthiness of the
reporter, interpreting the dates, and so on. (Fig. 29 shows part of a fourteenth-
century scroll, an ‘account roll’, from the manor of Knightsbridge, London,
referring to a great drought in the summer of 1342.) The dates were commonly
given in state and other papers as the xth year of the reign of this or that prince, often
princes of territories which have long since been merged or absorbed in the
bigger countries of present-day Europe. The difficulties produced by numerous
differences of practice over the date from which each new year started, and in the
time at which various countries introduced the modern (Gregorian) calendar, have
also led to errors in ascribing the year of certain events or misplacing their exact
date by several days in the texts derived by historians and others from the
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Fig. 28b Annual mean temperature in Denmark 1874-1989. (I am indebted to Dr
K.Frydendahl of the Danish Meteorological Institute for permission to reproduce this
figure.)

original sources. Nevertheless, the wealth of material is such that every season of
any kind of dramatic character in Europe since about AD 1100 is probably either
known already or could finally be determined, especially now that the
possibilities of verification from various kinds of proxy data have been greatly
enlarged by modern techniques. More documentary reports could certainly be
unearthed if the effort could only be organized. Many great archives have hardly
yet been tapped for this purpose. And where lengthy historical manuscripts have
been printed and published, any weather information has commonly been
omitted in the interest of economy, so that the original manuscripts should be
sought out. Reports exist, in fact, of a considerable number of remarkable
seasons and severe events in much earlier times—the inscribed stones of ancient
Babylon and the Near East and many centuries of records from China and India
also await attention—and these, too, are open to comparisons with relevant fossil
evidence.

The full list of historical sources of weather reports and references to
‘parameteorological’ events, such as great floods, parched ground, shipwrecks
and damage to coasts is a long one. It includes medieval monastic chronicles
such as those of the Venerable Bede at Durham in Saxon England and Matthew
Paris at St Albans (20 miles north of London), the audited accounts of great
estates and their farms, legal and government paperse.g. reporting harvest
difficulties, hunger and cattle raids, epidemics of disease and so on—harbour
records, bridge repairs and many others. The use of audited accounts is valuable:
in documents such as these, where the weather is only mentioned as an
explanation or excuse for expenditure and losses, false reports might be entered
unless there was a system of checking by persons who could not be misled while
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Fig. 29 An account roll from the medieval manor of Knightsbridge-now part of London—
stating that iron for ploughs and horseshoes to an extra cost of thirty shillings was
required in 1342 because of the ‘great drought’ in the summer of that year. (Picture
reproduced by kind permission of Dr T.Williamson of the Science Museum, London and
the Geographical Magazine.)

the real character of the seasons concerned was still common knowledge. The
manors belonging to one famous English abbey were indeed found to have
falsified their accounts in this way in the fourteenth century.

A few meteorologists and others of a historical turn of mind have published
collections of these reports covering various parts of Europe, Iceland, eastern
North America, Chile, China and Japan, some of which go back over many
centuries. A few published compilations of this sort appeared from the sixteenth
century onwards in England and central Europe. Famous later ones included
Thomas Short’s A General Chronological History of the Air, Weather, Seasons,
Meteors, in Sundry Places and Different Times etc. (London, 1749), a huge
collection by the French meteorologist F.Arago published by the Academy of
Sciences in 1858, R.Hennig’s Katalog bemerkenswerter Witterungsereignisse
von den dltesten Zeiten bis zum Jahre 1800 (Berlin, Royal Prussian Academy,
1904) and C.Easton’s Les hivers dans I’Europe occidentale (Leyden, 1928). The
latest in the series are the many-volumed work by C.Weickinn Quellentexte zur
Witterungsgeschichte Europas von der Zeitwende bis zum Jahre 1850 (Berlin,
1958-63) and the most thoroughly researched and verified compilation by
M.K.E. Gottschalk of North Sea storm floods and river floods in the Netherlands
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from early times to the year 1700, in three volumes, published 1971-5 (Assen,
van Gorcum).

All these compilations, except perhaps the last, contain mistakes, and in using
them care is particularly needed to detect any multiple entries of the same flood
or frost, etc. due to errors in the transcription of dates by the compilers or in
earlier works that the compilers used. On the other hand, the British compiler
C.E.Britton (A Meteorological Chronology to AD 1450, London, Meteorological
Office, 1937), confronted with the numerous reports of severe weather in various
parts of the British Isles in the winters of the 1430s, addressed himself to the
problem of which winter they all meant, and he seems never to have considered
seriously the possibility that there might have been such frequent severe spells
that the dates reported might be right. Mapping the reports together with those
from the continent appears in fact to substantiate spells of several weeks of
widespread severe weather in seven, perhaps even eight, of the winters of that
decade —an experience matched only in the 1690s so far as present knowledge
goes. The only safe recourse is to check the reports quoted in the compilations
back to the original source documents, but the quantity of data available for
Europe is such that placing the reports for each given season on maps shows up
many of the faulty ones. Despite the need for critical scrutiny, the compilers have
not only effectively revealed the possibility of ultimately producing maps of the
prevailing weather, season by season, each year back to the Middle Ages in
Europe (and, perhaps, for eastern North America from the early 1600s); they
have also provided the basis on which reasonable estimates of the prevailing
temperatures and rainfall in successive half-century periods can be achieved.

Numerical indices were designed, and calculated, expressing for each decade
the relative numbers (best expressed as a ratio) of reports of mild or cold months
in winter and wet or dry months in summer. The decade values of the winter and
summer indices were then compared with the measured temperatures and
rainfalls in the winters and summers in England in the case of the decades when
instrument observations were available, after 1700. From the statistical
relationships revealed, temperature values and rainfall estimates could be derived
for each decade back to the early Middle Ages. Because of uncertainty about the
completeness and accuracy of the reporting, however, it is unwise to rely on the
figures for the individual decades, though the more extreme decades are probably
correctly identified. Taken in blocks of fifty years, the results are thought to be
reliable as a first approximation to the temperature and rainfall history of
England since AD 1100.

These derived histories are shown in figs. 30 and 31, on which estimates of the
100-year means for the eleventh century and the 200-year means for the period
AD 800-1000 (derived in the same way but from scarcer reports) have been
added. The diagrams in this form are designed to show the range of uncertainty of
the individual values.! What stands out is the certainty of a warmer period that
lasted several centuries in the high Middle Ages and of an equally long period of
colder climate culminating in the seventeenth century. The rapidity of the decline
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Fig. 30 Estimated course of the temperatures prevailing in central England since AD 800.
Probable fifty-year averages: (a) for the whole year; (b) for the high summer months, July
and August; (c) for the winter months, December, January and February. The shaded area
indicates the range of apparent uncertainty of the derived values.
in the fourteenth to fifteenth centuries and again in the late sixteenth century is
verified as a striking feature. Neither the decline between the years 1300 and
1600 nor the recovery from around 1700 to the present century were smooth,
uninterrupted processes. Even in the fifty-year means a time of easier conditions
around 1500-50 and a reversion to colder conditions around 1800 come clearly
to light. The rainfall changes seem to indicate a long period when the totals were
about 10 per cent below modern experience: this may be explained by colder
seas and therefore less water vapour taken up into the atmosphere during the
time of colder climate. During the medieval warmth up to 7 per cent higher
average yearly total rainfalls are indicated, but usually lower rainfall in the
summer-time: this probably means that the warm summers were commonly
influenced by the anticyclone belt, as is true of the occasional warm summers we
get in England nowadays. There is also an appearance of an interesting
oscillation, whereby the summers of the second half of most centuries were
wetter than those of the first half.

Other methods of converting descriptive reports to numerical values have led
to long series of data for parts of the world outside Europe. Thus, ‘content analysis’