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ADVANCED LECTURE NO 6

CLIMATES OF THE PAST I - FROM THE EARLY EARTH TO THE PLEISTOCENE ICE AGES

6.1 Summary

Lectures 6-8 are concerned with the history of the Earth's climate.
The key reference is Lamb (1977). The subject is vast and I shall
concentrate on selected aspects which are either particularly interesting
or where our knowledge is most secure. The standards of proof for past
climates can never be as high as for today's climate and many of the
deductions depend on bringing together disparate strands of evidence, bound
together sometimes by a measure of circular argument. The recent, limited,
use of AGCM's to study specific aspects of past climates has tended to
support recent empirical reconstructions; so the joint use of observations
and models points the way to improvements in our understanding of the
remarkable changes of climate that have occurred during the long history of
the earth.

6.2 Introduction and the Faint Sun paradox

The further one goes back into the past, the more fragmented the
evidence for past climates becomes and it is difficult to establish whether
the evidence for a particular climatic feature is really synchronous in
time.

Fig 6.1, from Lamb, shows characteristic time-scales over which some
influences on climate operate. The first major difficulty one meets is
that of solar variability. Astronomers are convinced from theory and
observation of other stars that solar luminosity L has increased in the way
shown in Fig 6.2. The age of the sun is placed near 4.7 billion years
(b.y.) and the age of the earth at 4.3-4,65 b.y. An increase of solar
constant, Q, of about 15% since the first recorded ice-age at 2,200 m.y.
(million years ago) is embarassingly large. Fig 13, Appendix I to this set
of lectures (with Lecture 9), which is derived from an energy-balance
model, suggests that the early Earth should have been covered in ice and
should not yet have escaped this fate(?). Compensating mechanisms that
would increase the past surface temperature include a changed composition
of the Earth's atmosphere ie less oxygen and much more carbon dioxide. A
much increased transport of heat from equator to pole or an increased flux
of geothermal heat would presumably provide less favourable conditions in
high latitudes for the onset of glaciation. The latter possibility is not
now thought to be significant. :

Endal and Schatten (1982) used a simple energy-balance climate model
due to North (See Appendix I to this set of lectures) to see if an
ice-covered earth having today's atmospheric composition could be avoided
if they increased a parameter D that is used in North's model to represent
eddy diffusion of heat across latitude circles. Fig 6.3 shows some results
which have some complex features; X  is the sine of the latitude of the ice
edge in both hemispheres. Concentrating on D = infinity, an ice-free earth
ie Xg = 1.0 is just possible for Q/Qy = 0.81 (Qp = today's solar constant).
The slope of the line D = », (and adjacent lines), is negative so once ice"
forms, the model solution jumps to a completely ice-covered earth. The
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addition of an atmospheric greenhouse effect would obviously help to
increase temperature but would have to be (a) very large 2,000 million
years' ago (b) have declined since that time at a rather precise rate to
have avoided a later "white" earth catastrophe.

6.3 Evidence for climate of the Earth 2500-200 m.y.

Fig 6.4, taken from Lamb lists the geological eras, their divisions
into periods and their sub-divisions into epochs. Fig 6.4 also summarises
some opinions about past climates. Fig 6.5 gives a simpler summary of the
likely times of ice-age cycles.

6.3.1 Dating ancient rocks - how do we know when geological features
were formed?

Dating past rock formations is complex and a main preoccupation of
geology. In the ancient past, the relative ages of rocks can be estimated
by studying the order in which they were laid down (stratigraphy). Absolute
dating requires measurements of the proportions of various radio-active
isotopes existing in the rocks, so that use of a specific method would
depend on whether a given chemical element exists in the rock. Two
examples are given:- -

(1) The decay of the radio active isotope of potassium H0g o H0p
has athalif=¥ife of: 1.3 x 109 years. So measurements of the amount of
ﬁsgon gas trapped in the rock expressed as a ratio of the amount of

K still remaining can be used to date some ancient rocks. Extremely
old rocks can sometimes be dated using the decay of 87Rb to 3Tsr (the
rubidium-strontium method); the half-life of this decay is very long:
53 x 107 years. For details of other methods and references see Lamb,
pp T70-72.

6.3.2 Earliest evidence of past climate

The first half of the Earth's history has left rather little evidence
in its rocks but the second half is increasingly rich in indications of
past conditions. For most of the Earth's more recent history the climates
have been warmer than now but there is much evidence that from time to time
the climate has cooled, at least in some parts of the world. The earliest
record of glaciation is that of the Huronian of about 2250 million years
ago (Harland and Herod (1975)) discovered in the USA in the region of Lake
Huron. There is little evidence of glaciation in the next 1000 million
years ‘but the Precambrian period of 950-650 million years ago produces
evidence of (perhaps) three widespread glaciations down to quite low
latitudes.

Harland and Herod (1975) discuss the Precambrian glaciations but it is
difficult to make reliable deductions, as the relative proportions and
extent of the continents at that time are not well known. However, Harland
and Herod believe that the Precambrian ice-sheets have at least approached
the equator so there is a possibility that a close approach (surely not
reached! ) to a "white" Earth occurred at that time.




6.3.3 Cambrian (500 m.y.) to Permian (200 m.y.) times

Understanding of this period of Earth's history has been
revolutionised in the last few decades by the ideas of continental drift
and plate tectonics. A lively account is given by Tarling and Tarling
(1974). Some details remain controversial, but the crucial step that
converted speculations about the meaning of remarkable geometrical fits
between various continents (especially if their shapes were measured near
the edges of the continental shelves) into an almost universally accepted
theory of continental drift involved the measurement of remanent
palaeomagnetism in ancient rocks. When rocks containing iron cool, they
retain a remanent magnetism that reflects the local earth's magnetic field
at that time (ie the angle of dip, magnetic north vector ete). From time
to time, geologically very sudden changes in the direction of "the remanent
magnetic field occur, usually by 180°. This indicates a recurring total
reversal of earth's magnetic field. These reversals can be followed in
many continental rocks; The last reversal occurred about 730000 years ago.
Even more convincingly, these ancient magnetic fields are preserved with
great clarity in the basaltic ocean floors as a series of magnetic stripes
so that each stripe is reversed in polarity by 180° with respect to
adjacent stripes. These observations indicate that the ocean floor is
continually being formed by spreading out from the observed volcanically
active (submerged) mid-ocean ridges. The convective cells in the Earth's
mantle that caused the sea-floor spreading also provide the energy to move
the continents or at least individual continental blocks known as "plates".
So it is possible to fix the latitudes of the plates in ancient times by
measuring the remanent palaeomagnetic vectors using a magnetometer, and by
assuming that Earth's magnetic poles were always near the geographical
pole. ;

Fig 6.6(A) and (B) give reconstructions of the continents 500 m.y.,
340 m.y., 250 m.y. and 50 m.y. as illustrated by Lamb. The changing’
positions of the continents are likely to affect climate:-

(a) Locally, as the latitude of a given location changes eg Fig
6.6 shows that England both "existed" and was probably near 1598 at
340 m.y., 15°N at 250 m.y. and 40°N at 50 m.y.

(b) Because the global proportion of land in higher and lower
latitudes progressively changes.

(e) As a result, the meridional heat flux (equivalent to D in Fig
6.3) should change with the changing ocean currents and atmospheric
circulation.

Fig 6.7, taken from Sellers and Meadows (1975), shows how the broad
pattern of ice ages shown in Fig 6.5 is reflected in variations in the
fraction of latitudes higher than 60°N or 60°S estimated to have been
occupied by land. So a large land surface may be required in high
latitudes whose albedo can be increased by snow and eventually by ice but
some mechanism for delivering large quantities of precipitation to these
surfaces over long periods would also be needed.
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Figs 6.8 and 6.9 show two reconstructions of past glaciations:-

(a) Ordovician times (about 400 m.y.)

(b) In Permo-carboniferous times (about 250 m.y.)

The Ordovician ice age affected the Sahara (Fig 6.8) and parts of S

America. Before the widespread acceptance of continental drift, this

glaciation posed a severe problems to climatologists who had to invent a

climate with both an equatorial ice cap and no high latitude ice caps.

Brooks (1949) proposed an elaborate theory of a world containing an ice cap
in equatorial regions only. The evidence for the Ordovician ice age is

strong, with eroded but recognisable geological features which are
widespread in parts of the dry Sahara eg in the Tibesti Mountains; the

remnants include U-shaped valleys, glacial morains etc. The subseguent
Permo-carboniferous ice age affected Antarctica, Australia and S India.
fact Antarctica has probably remained quite close to the S Pole since that

time (Fig 6.6) and given the difficulty of obtaining evidence from

Antarctica, it is not absolutely clear whether deglaciation has ever been
complete since Permo-Carboniferious times. Finally both glacial periods
show signs of interglacials, as in the recent ice age, but the geological

evidence is only capable of showing gross fluctuations.

6.3.14 Cosmic theories of ice ages

| The apparent rhythmic nature of the 3 or 4 Ice Age epochs since the
late Precambrian has prompted theories about their possible cosmic origins.

Cosmic factors would now be regarded as additional to those involving
continental drift.

One theory due to Urey (see Opik (1965)) suggests that the sun varies
in its radiation output as it goes round the galactic centre. This would
produce variations on time scales of 250 million years. Another theory
(due to McCrae),which would produce solar radiation variations on the same
time-scale, concerns the fact that as the solar system orbits the centre of
our galaxy, it passes through galactic dust clouds which reduce the solar
constant (Opik (1965)). We are currently in a glacial period and these
dust clouds are not now evident so the theory seesms to assume that the most

recent ice age epoch has finished.

The Mesozoic and Cenozoic Eras, excluding the Pleistocene Epoch (200-3

6.4
m.y.)

|

|

| 6.4.1 Mesozoic era
i - .

This era was the heyday of the dinosaurs. Fig 6.6 indicates that both
Poles were open or virtually open to the global ocean circulation and no
evidence of glaciation has yet been found but considerable evidence of warm
climates has been found. This is a period when limestone rocks were laid

down, many of which show a banded structure with depth; evidence has

Milankovitch radiation variations but this idea is very recent and on the
face of it puzzling in the absence of a glaciation-deglaciation cycle.
Interested readers should refer to the two volumes on "Milankovitch and

started to accumulate that these structures are associated with

Climate" published in 1984 which are referenced later in this lecture.

| B,
|
l
|
|




latter part of this period is mysterious; quite suddenly the dinosaurs and
many other animals died out in what appeared to be mass extinctions. There
is accumulating geological evidence of a volcanic or meteoric "glassy"
layer in the rocks in several parts of the world dated at about 65 m.y. So
it is possible that massive volcanism or an impact with a giant meteorite
may have occured, perhaps causing mass extinctions via catastrophic
short-term reduction of insolation. If so, the climate did not change for
long enough for the evidence to have survived, and no ice-age resulted.

bz 2 Cenozoic Era - Tertiary period

The Tertiary provides the first quantitative evidence for the values
of ocean temperatures. The main tool is the measurement of the quantity of
the isotope of oxygen‘1 0 in marine foraminifera, which are types of
plankton whose ancient shells are found on the ocean bed. Annex I tothls
lecture describes the oxygen isotope method of measuring palaeo-
temperatures. The shells are made of calcium carbonate and Fig 6.10 shows
an example: "the species globorotalia menardii. We shall discuss these
types of measurement in the next section, but remark here that the 190
method requires measurement of the ratio of 1 0/160 in the calcarious
shells of the foraminifera. Unfortunately, this ratio depends not only on
ocean temperature but also on whether the oxygen isotope ratio in the
oceans themselves changes. Such changes would occur if glaciers formed on

land when the concentration of 180 would rise in the oceans as the glaciers
developed.

Over the last 30 years the USA Deep-Sea Drilling Project has provided
many deep-sea sedimentary cores containing these shells. Because the
length of the cores that can be extracted from the ocean bed is currently
limited to about 20 m, areas of the deep ocean which have a very low
sedimentation rate are required for measuring temperature profiles through
the long time interval encompassed by the Tertiary. Dating of these cores
can sometimes be done using the magnetic reversals mentioned before. In
addizion, the relative proportions of different planktonic species in the
sediments and whether certain speciss are present or not can be used as a
guide to past sea temperatures. However this gets more difficult in the
Tertiary as some species have changed since that time. The sea temperatures
which the planktonic shells represent depend of course on the depth at
whicn the plankton lived. Some lived near the surface but other forms
lived at great depths and these must be correctly identified. Fig 6.11 is a
generalised picture of the variation of Tertiary worldwide tropical ocean
temperatures deduced by several workers from such cores. This
interpretation has been challenged (Matthews and Poore (1980)) and
alternative explanations of these measurements include a period of low
tropical SST with no ice or a period of high tropical SST with a
considerable amount of land ice. Fig 6.12 shcws other evidence of climate
variztions through the Tertiary which suggests a gradual reduction in
temperatures towards the present. About 30 m.y., Antarctica and S America
drifted far enough apart so that the Drake Passage between them opened up
sufficiently for a free flow of ocean water. This is thought to have
changed the ocean circulation and helped give rise to a gradual reduction
in ocean bottom water temperatures. There is considerable evidence of
glaciation in Antarctica from about 17 m.y. (Frakes (1978)) and it is
thougnht that Antarctica has remained partially or wholly glaciated since
that time.
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6.5 The Quaternary (Pleistocene) Ice Ages (from about 3 m.y.=-15000 BP)

Imbrie and Imbrie (1979) contains an easy-to-read account of the
history of the evidence and ideas about the Ice Ages. In the last decade
there have been two major developments in ideas:-

(1) Evidence is now strong that the ice age/Interglacial
oscillations have been almost regular on a 100000 year time scale for
the last 800 k.y. and possibly for considerably longer. This
regularity has been shown to be related to the Milankovitch radiation
variations discussed in Lecture 3. So theories that require random
internal variations of the climate system to be the prime initiators
of ice ages do not seem to be correct, even if "random changes" play a
subsidiary role.

(2) Recent calculations using GCM's suggest that Milankovitch
radiation variations are of sufficient size to strongly affect the
integrations. However it has not yet been possible to work out the
causes of the formation and destruction of the ice age continental ice
sheets in any detail, though a number of "simple" models of ice
sheets have been constructed, giving a variety of results.

So although many influences have undoubtedly been at work, the
Milankovitch radiation variations can probably be regarded as the
"pace-makers" of the ice ages. The evidence for this contention will be
briefly reviewed, one or two major difficulties highlighted and a couple of
GCM integrations carried out for Ice Age radiation conditions are discussed
that sum up the problems and prospects. ‘

6.5.1 Empirical evidence for Milankovitch effects

b.5: 1.1 The Wrong Evidence .

Until fairly recently, a major problem was that crucial observational
evidence concerning the timing of past ice ages was wrongly interpreted
(Imbrie and Imbrie (1979)). Fig 6.13 shows a diagram of the four
Pleistocene ice ages which you may have heard about at school - the Mindel,
Riss, Gunz and Wurm ice ages which were worked out by Penck and Bruckner
early this century (Imbrie (1982)). It has recently been shown that,
except for the Wurm ice age, the other ice ages simply did not exist. The
timing of the Wurm ice age was roughly coincident with what is now known to
have been the timing of the last glacial maximum but this is regarded as
Imbrie as an accident! The four glaciations were derived by Penck and
Bruckner from a study of glacial deposits in the Alps; not only have the
dates ascribed to the earlier glacial deposits been shown to be incorrect,
but the stratification of these glacial deposits has been shown,
apparently, to result from tectonic movements and has had nothing to do
with climate change at alll.

6.5.1.2 A breakthrough

The initial breakthrough probably came in 1973 when Shackleton and
Opdyke (1973), following pioneering work by Emiliani (see Imbrie and Imbrie
(1979) for references), produced convincing estimates of the fluctuating



volume of ice on the global continents over much of the last million years,
This evidence was deduced from a study of plankton shells in a deep sea
core in the equatorial Pacific using the oxygen isotope method. (Please
see Annex I for a description of the oxygen isotope method). Absolute
dating of deep sea cores is difficult unless palaeo-magnetic¢ field
reversals can be detected. Shackleton and Opdyke chose a core which could
provide detail on much less than a 10,000 year timescale but which
nevertheless extended beyond the most recent known magnetic field reversal
horizon, known as the Brunhes-Matuyama magnetic reversal. This reversal is
now dated at about 730,000 k.y., and its detection in the core allowed the
age of different sections of the core to be fixed reasonably well. It is
known that deep-ocean sedimentation rates vary in time and cores can be
compressed at depth; so this core by itself did not provide an absolute age
for most of the temperature variations deduced from the oxygen isotope
method. However, it turned out that the relative ages could be deduced
quite well given the one measurement of absolute age described above as
sedimentation rates go not vary greatly (see Fig 6.14). 1In Fig 6.14 the
ups and downs in § 1 0 should be (mainl¥& a record of the changes of ice
volume; thus less negative values of § O correspond to more ice and/or
lower sea temperature. Seven quasi-regular major peaks and troughs can be
seen with superimposed higher frequency fluctuations. This (and previous
cores from other locations) suggested that seven ice ages occurred at
roughly equal intervals back to 73 0000 k.y. because the record of § 18O
from any one core should be mainly a record of variations in the worldwide
volume of ice on land. It was found possible to match this long core to
many previously analysed, shorter, cores obtained elsewhere in the ocean
and it began to seem that major ice ages tended to recur at almost fixed
intervals of 100,000 years.

Spectral analysis of the core in figure 6.14 suggested strongly that
periods of roughly 41,000 and about 22,000 years were present in addition
to a 100,000 year peak; these time scales correspond to those of variations
in "Milankovitch" northern and southern hemisphere seasonal radiation as
described in Lecture 3, shown now in spectral form for several latitudes
and months in Fig 6.15. Fig 6.16 shows a later deep sea core (using
similar analytic methods) that seemed to support Shackleton and Opdyke's
results, together with its spectrum. (See Imbrie-and Imbrie (1979) for
more details). Lecture 3 showed some of the solar insolation variations as
recalculated by Berger and Pestiaux (1984); please refer there. A puzzle
however was that no spectral peak of 100,000 years exists in the
Milankovitch radiation variations, even though this time scale is dominant

in the cores. Nevertheless the amplitudes of the higher frequency seasonal
radiation peaks are modulated on the 100,000 year time scale by variations
in the eccentricity of earth's orbit, though by a very variable amount.

6.5.1.3 Strong Confirmation of the Ice-Age/Milankovitch radiation
variation Link

In 1982, Imbrie et al presented a key paper at a special conference
held in USA to debate the Milankovitch radiation variations and their
effect on climate. This paper brings together the five most reliably
analysed deep-sea ocean cores and their § 0 records, three of which are
long enough to reach the Brunhes-Matuyama magnetic reversal (Imbrie et al
(1984)). The locations of these cores are shown in Fig 6.17, while Fig 6.18
shows the & 180 data filtered on the obliquity (41,000 year) (curve A) and
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precession (19000 -23000 year) (curve B) time scales separately, together
with similar curves for the amplitude and phase of the astronomical
variations of obliquity and precession. Both pairs of curves are
normalised to the same vertical scale and small, constant, offsets between
the astronomical and § 190 curves have been removed. The match in
amplitude and phase between the § 180 and astronomical curves is striking
as this type of test is quite a sensitive one. However it must be pointed
out that this excellent match does reflect several artificial adjustments
to the data which chieféy affect the phase match. It is still difficult to
explain the dominant 10¥ year cycle in the deep sea cores in terms of the
Milankovitch radiation variations, as the 1 year amplitude modulation of
the shorter time scale radiation fluctuations is far from consistent in
magnitude. Many tentative explanations have been given of this cycle
relating to the dynamics of ice-sheets and the time it takes for the sheets
to form and to melt. Another factor is that when ice sheets form, the rocks
beneath sink and when the ice sheets melt it can take a long time for the
rocks to rebound. So, if for example, an extensive area of land above a
certain altitude in a critical geographical situation was required for
glaciation to start during a summer radiation minimum, it could take many
thousands of years after the ending of a previous glacial period before
this altitude was again reached. At the moment ideas are changing about the
time scales involved in the recovery of isostatically depressed rocks
(Peltier and Hyde (1984)). These could be longer than hitherto supposed for
large areas of millions of km“ occupied by say the N American ice sheet,
roughly coincident with the Laurentian shield area of Canada, including
Hudson's Bay.

6.6 Conditions at the glacial maximum

(We shall use "BP" = "Before present" to measure the time elapsed
since past ages here).

An interdisciplinary project called CLIMAP (Climate Long-Range
Investigation Mapping and Predictions) has attempted to reconstruct the
geography of the Ice Age ice sheets and the values of surface ocean
temperatures for each month of the year for about 18,000 BP CLIMAP (1981).
Evidence was derived from land geology measurements of § 1 0, and most
importantly, the distribution of species of surface-dwelling plankton found
in deep-sea cores which were used as palaeo-thermometers. If we know the
current distribution of different kinds of plankton and can relate these to
variations of sea temperature, then for a period as recent as 18,000 BP for
which evolution of species is not a problem, we can reconstruct past
distributions of SST. A complex, multivariate analysis scheme was used to
estimate worldwide calendar monthly ocean temperatures. Fig 6.19 shows the
reconstructed global SST, together with the extent of the land and ocean
ice sheets for August 18,000 BP. Fig 6.20 shows, for the North Atlantic,
an estimate of the change of SST from modern values; this ocean cooled the
most. See Imbrie and Imbrie (1979) for further details and other
references. . =
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.7 Numerical model experiments

6.7.1 Manabe and Broccoli (1984) (MB)

MB used a coupled mixed ocean-layer spectral AGCM. They set out to
determine what the physical effects of the land ice shéets existing at
18,000 BP on SST might be. The model was integrated for 20 model years and

the last 5 years of the integrations averaged. So all months of the year
were modelled. ’

(a) Control experiment

Modern continental ice extent, today's radiation conditions.

(b) Anomaly experiment

CLIMAP continental ice extent, today's radiation conditions (at 18000
BP the radiation conditions happened to be similar to today's, as the
ice age summer radiation minimum and winter radiation maximum in the
N Hemisphere occurred several thousand years previous to this time).

Fig 6.21 shows the SST difference between anomaly and control
experiments and also the difference in February and in August between the
SST values reconstructed by CLIMAP for 18,000 BP and today's values. In
the N Hemisphere, SST's in the anomaly experiment are much lower in both
months in the N Atlantic and N Pacific, and these changes agree quite well
with the CLIMAP reconstructions. In the S Hemisphere the differences in
SST between anomaly and control experiments are mostly positive so that S
Hemisphere SST was mostly warmer in the anomaly experiment, ie at 18000 BP.
The CLIMAP reconstruction shows that some areas in the S Hemisphere were
warmer but many areas were substantially colder than now. The model
results suggest, therefore, that the presence of the N Hemisphere ice
sheet may have little effect on SST in the S Hemisphere. The reason (in
the model) appears to be that although the S Hemisphere reflected more
incoming solar radiation at 18,000 BP, this was almost exactly compensated
by a lower emission rate of long wave radiation. So an insignificant change
in net hemispheric heat exchange occurred to balance the difference in
heating. Thus some other mechanism may be needed to provide the observed
cooling ‘of the S Hemisphere. MB suggest that recent measurements (see
Lecture 9) which show a lower concentration of carbon dioxide in the
atmosphere at that time might provide the missing physical link. It is
still something of a puzzle as to why both hemispheres suffered glaciation
at the same time; radiation was of course near a maximum in the southern
summer at this time, rather like now.

6.7.2 Royer et al (1984)

Royer et al used a numerical model to study the annual cycle of
climate at 125,000 BP when N Hemisphere radiation was at a maximum and at
115,000 BP when N Hemisphere radiation was at a minimum. The earlier date
coincided with the last interglacial, rather like the present one, now
known as the Eemian interglacial. The orbit of the earth was highly
eccentric at both times (e = 0.05) so an especially large change in N
Hemisphere summer radiation occ¢urred between these two dates. The
experiment was rather short, the model being integrated only through one
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annual cycle. In both cases the modern distribution of land ice and modern
values of SST were assumed. We shall highlight only one aspect of the
results - does the model provide evidence that ice might preferentially
form in eastern Canada in 115000 BP where the largest of the continental
ice sheets in fact developed in recent Ice Ages? (Fig 6.19 shows the ice
extent at height of the last ice age). Fig 6.22 shows the difference in
simulated annual mean surface temperature 115000 BP -125000 BP. The
largest cooling in the N Hemisphere at 115000 BP is indeed in eéastern
Canada. Furthermore model soil water content, which include the effect of
snow accumulation, also increased in this region. Fig 6.23 shows the
differences in PMSL. It was found that the model maintained colder
conditions in most of the year in Eastern Canada partly due to higher
pressure in winter at 115,000 BP (despite increased winter radiation) but
also due to cloudier summers which of course were accompanied by less solar
insolation. So the results of these experiments, although tentative, are
encouraging.
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ANNEX I TO LECTURE 6

OXYGEN ISOTOPE METHOD FOR DEDUCING GLOBAL ICE VOLUME, OCEAN TEMPERATURE
AND AN INDEX OF AIR TEMPERATURE OVER LARGE LAND GLACIERS

A(1) 8 in polar ice

Consider the evaporation of water from the ocean surface (Fig 6AI).
There are three oxygen isotopes 16O, 170, 18O of whlch 170 can be
neglected. The average ratio of the quantity of 160.180 in today's oceans
is 998:2.‘ The saturation vapour pressure of (A) Hp 180 is less than that
of (B) Hy '60; the ratio A/p = 0.99 at 0°C and 0.992 at 25°C and the
difference continues to reduce slowly at higher temperatures. So there is
always a lower fractlon of 18O in atmospheric water vapour than in the
ocean. Now, Hy 80 vapour preferentially condenses into the liquid or solid
form as its saturation vapour pressure is lower than that of H 100, The
varying values of the ratio A/B quoted above suggests that condensation
will produce relatively more 180 in rain and snow at lower temperatures
than at high temperatures. This effect is offset at higher latitudes by
(a) the fact that the water in precipitation will have been derived from
cooler seas (mainly sub-tropical or mid-latitude) so less 180 is evaporated
than in the tropics and (b) most importantly, condensation and
precipitation at higher latitudes and altitudes will be from water vapour
already further deple ed in 1980 by preferential condensation and
precipitation of H2 O vapour at lower latitudes and lower altitudes.
Nevertheless any condensed precipitation will contain at least a little
less 18O than the parent ocean water. The process becomes impossibly
complex to unravel if precipitation falls on land and is re-evaporated and
reprecipitated so measurements of %0 in frozen precipitation on ice sheets
only have a (rough) meaning if the precipitated vapour is (mostly) derived
directly from the oceans. The amount of O is measured by 6:-

s = 1000 ('80/160 (sample) - '80/160 smow)

180/160 smow

smow = standard mean ocean water. In one set of measurements (Dansgaard
(1964)) quoted by Lamb (1977); the following was found (6 = § in
precipitation:)

At Valentia Gp = -6 annual mean surface air temp Ta = . 11°C
At Upenowsk (Greenland) Gp = -18 " " n " " " o= =70C
At South Pole §. = =49 n " " " " " = =l4goC

p

Note that all values are negative because all precipitation will contain at
least a little less 190 than is contained in smow (1st paragraph above).

Dansgaard gives a formula relating T, to ép.

0.7 Ty = 8p + 13.6
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The § values are preserved in glacier ice and show substantial seasonal
variations which are easily detected in some ice samples as § can be
measured with a standard error of about + 0.2 considerably less than the
seasonal variations. We shall consider measurements of § in ice sheets in
Lecture 7. ;

A(2) & in the shells of plankton and global ice volume

Shells made of calcium carbonate in principle contain more 18O than

sea water. The equilibrium amount depends on water temperature; the ratio
Osper/ 80 SEA (1804/180,) varies from 1.025 at 0°C to 1.021 at 25°C. So

85 becomes more positive as sea temperature falls. In practice the &g°
values have a further "constant" offset from calculated equilibrium values
by an amount which depends on the specific plankton species (of
foraminifera usually) which can cause the Gs value to be negative but the
temperature response will remain the same. An equation often used is

T = 16.9 - 4.38 (8-6,) = 0.10 (6g64)2

where 6, is the 6 of ambient sea water (relative to smow), when the
plankton was alive.

It used to be thought that §4-§, in deep sea cores mostly varied with
temperature, ie §,, did not change much through time eg through the ice ages
at a specific location. This is now known not to be true. w rises if
large quantities of land ice form as land ice contains less 180 than the
ocean, as shown in Section A(1). So the presence of continental ice sheets
increases the concentration of 190 in the ocean. The amount of the
increase depends mainly on the change in the volume of land ice relative
to that of the oceans and, appreciably, on the sea and air temperatures
prevailing when the land ice was formed. Observations of § in ice sheets
and in deep sea cores show that §,, variés considerably more than §4-8,
under most conditions. It is then easy to show that &4 represents the
changes through time of §.,, rather than those of T, ie the changes mainly
represent the changes in global ice volume.

So, from 6§ measurements in ice sheets, Gs can be calibrated to measure
the approximate changes in the volume of worldwide land ice, in km
(roughly 1% change of & per 30 x 106 km3 of ice). However the effect of
sea temperature on 85 is not always negligible, and global ice volume
changes can only be monitored semi-quantitatively unless additional
geological evidence is at hand. If we assume an ice free world, as some
authors do for the Tertiary epoch, quite large changes in sea temperature
can be deduced from § 5 measurements which would be exaggerated if land ice
volume, in reality, changed appreciably.

6-15
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The Geological Time Scale

(millions of years).
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4 300 BP Permo-Carboniferous Ice Age
4 50 BP Start of cooling

4 20 Start of Quaternary Ice Agé
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Figure 6.6B Palaeogeographies. From Lamb (1977)
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Figure 6,11 Generalised oxygen-18
isotope record and its interpretation.
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Figure 6,12 Temperature in the Tertiary.
From Lamb (1977
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ADVANCED LECTURE NO 7

CLIMATES OF THE PAST II - LATE GLACIAL TO LITTLE ICE AGE (c 15000 BP to 200 BP)

7.1 SUMMARY

After pausing to recap the physical processes likely to influence climate
change, we shall briefly discuss some of the "proxy" techniques used to
reconstruct Holocene climate prior to the historical period. We shall then
try to link up the Holocene to previous climatic epochs by considering the
variations of global sea-level that have been deduced on several time
scales which provide (perhaps) the best evidence of climatic change of
worldwide significance.

Climate change in the Holocene is discussed with emphasis on the period
about 9000 BP when the last Milankovitch northern hemisphere summer
radiation maximum occurred. After about 6000 BP the evidence for climate
variation is considerable but localised, difficult to synthesise, and
indicates relatively small changes. The situation is little better in the
historical period, even though documentary evidence becomes available. We
concentrate on evidence for a cooling of the climate between about 1300 and
1650 - 1850 AD, the "Little Ice Age".

7.2 Physical Processes in Climate Change

Fig 7.1 (from Lamb (1977)) provides a useful summary of physical processes
affecting climate change and their time scales, some of which we have
already studied. On time scales of 103 - 10 years many processes compete:
the dynamics and time constants of ice sheet development and decay and the
longest time-scale oceanic processes both become very important i.e. those
that may involve the interchange of ocean bottom waters with the surface
ocean circulation. Over the last few thousand years man's influence on the
land surface has been considerable - in clearing forests, draining marshes
and inadvertantly extending deserts. Eluctuations in carbon dioxide are
also increasingly seen to have occurred. As we approach century and lesser

. time-scales, many of the ocean circulation processes are likely to occupy a

leading position in influencing climate variability. The role of truly
external forcing (e.g. solar variability, volcanic dust) is unclear.
Finally, on the shortest time scales relevant to climate (and possibly on
longer ones as suggested in Fig 7.1) internally-caused variations in the
atmosphere - near surface boundary (ocean and land) system may become
important (like E1l Nino/Southern Oscillation (ENSO), soil moisture
variations etec).

7.2.1 Transitivity, intransitivity and almost-intransitivity

A particular problem, raised by Lorenz (1968), is whether the climate

is internally stable. Non-linear systems far simpler than the

atmosphere - cryosphere - ocean system display a tendency to fluctuate

in an irregular manner between two or more internal states (Fig T7.2). B
In a transitive system, a climate state B will approach a new state A
after the climate system has been forced by new boundary conditions
appropriate to state A. So given boundary conditions correspond to a
given climate. In an intransitive system B stays unchanged despite
the new forcing. (e.g. the "white earth" stays white (lecture 6) even



when the solar constant increases by reasonable amounts). A third
type of behaviour is one where the system stays in state B despite the
new forcing but after some time it starts to shift toward A where it
might remain - or perhaps spontaneously shift back to B. This
"flip-flop" behaviour is called "almost intransitive". ‘Until
recently, at least, many climatologists considered that
ice-age-interglacial fluctuations were quite likely to have been the
result of an almost intransitive process of this kind.

7.3 Methods of Studying Post-Glacial Climates

Lamb (1977) gives an extensive description of methods while Critchfield
(1983) and Crane (1981) provide a useful summary. The subject is vast. I
shall list and describe a few of the main techniques, but see lecture 6 for
some other methods. Fig 7.3 is a diagrammatic summary of some of the
techniques. : ]

(1) RADIOMETRIC METHODS FOR DATING

These involve the decay of radioactive isotopes contained in the material
being studied; the ratio of the concentration of a radioactive to a non-
radioactive isotope of a given element is a measure of the age of a sample.
The most usual method for dating Holocene organic material uses the decay
of The to 12c, e s continually created in the atmospheric carbon
dioxide by cosmic rays (but not at quite a constant rate due to the
variable effects of solar-caused interplanetary magnetic fields). Fig. 7.4
gives an idea of the accuracy of this technique. The technique is not "very
useful for young sa%ples (less than 150 years old) partly because of the
long half-life of 8¢ (5700 years) and partly because man has changed the
proportion of C in the atmosphere, and thus in organic samples, through
fossil fuel burning; the resulting carbon dioxide contains a higher
proportion of 2C than does the naturally occurring carbon dioxide in the
atmosphere.

Other methods include (1) the protoactinium-ionium method (the decay of

1P to 230Th, an isotope of thorium known as ionium), whose standard error
of dating is about + 1000y for ages 7000 BP - 30000 BP: this decay process
has been used occasionally to date deep-sea cores. (2) The uranium
-thorium method: this includes several radioactive decay techniques one of
which involves the decay 23%U to 230Th (ionium) with a half life of 75000
years; the method has been used to date fossil coral reefs which provide
important evidence of past sea-level fluctuations.

(2) VARVE CHRONOLOGY - DATING AND CLIMATIC EVIDENCE

Varves are annual layers of silt and clay deposited on the bottom of
certain lakes and ponds which are subject to freezing in winter and thawing
in summer. In winter, ice prevents other than fine sediments from settling
to the bottom of the lake; in summer a flux of fresh water brings in coarse
sediments. Successive years will exhibit different thicknesses of coarse
sediment when a core is taken through the sediments. If the varves are of
climatic origin, parallel dating of lake beds in a region is possible
through matching of varve thickness, (Fig 7.5). When the lakes are buried
under glaciers, no varves are formed so a comparison of varves in different
lake beds can indicate when and where glaciers retreated in a region if



parallel dating of the varves can be successfully done. Nearly absolute
dating is occasionally possible, depending on the effec¢ts of more recent
climate variations on the varves previously laid down and on a lack of
disturbance to the varves by burrowing creatures, floods etc. Fossil lake
varves provide powerful evidence for the geography and timing of the
retreat of the Scandinavian ice-sheet in the early Holocene period for
example.

(3) GROWTH OF LICHENS - LICHENOMETRY

Lichens reaching newly exposed rock-faces after glacier retreat exhibit
(after an initial growth flush) remarkably constant growth rates.
Measurements of the sizes of the largest lichens present provide ‘evidence
of the timing of glacier retreat (for the last few hundred years only).

(4) POLLEN DATING, SOIL CHANGES AND EVIDENCE FOR PAST CLIMATES

Pollen dating is a technique for use on land whose approach parallels the
study of changes in the species of foraminifera in lecture 6. By studying
the present relationships (ranges and limits) of trees, flowers and shrubs
to climate and the density of (very durable) fossil pollen grains left in
the soil beneath, it is possible to guess at previous climates by
extracting, in widespread locations, cores of soil and identifying and
dating the fossil pollen grains. The method is not easy to use as trees
may take a long while to migrate after a climate change, disease may strike
widely and trees and plants compete in complex ways, even in a constant
climate. Nevertheless, with the aid of 1uC dating and the study of
associated past changes in soil type, such as drying out of peat bogs or
their re-establishment, it has been possible to construct detailed pictures
of Holocene climate variation in many parts of the world using this
technique.

(5) LEVELS OF OLD LAKES

Geological evidence of past lake shorelines can register changes in the
balance between local precipitation and evaporation, given that there have
been no past tectonic changes, and that the geography of supply and outlet
cnannels has not altered. Dating of the old shorelines can be done using
¢ techniques or by studying fossil varves etc.

(6) DENDROCHRONOLOGY - "TREE RINGS"

This technique is based on the observed annual increment of tree growth,
the tree ring, and has been mainly used in middle and high latitudes (Fig
7.5). A close relationship between annual rainfall or temperature and
growth rings of trees under climatic stress was demonstrated by A E
Douglas, an American, early this century. This relationship includes the
longest living of all trees, the bristlecone pine of SW USA (oldest
specimens 6-8000 years old). Recently the technique has been extended to
forest trees like oak living in W. Europe, where tree rings reflect
(mainly) May-September climatic conditions, though in a complex way.
Dendrochronology is controversial as complex statistical procedures are
needed to allow for many non-climatic factors like ageing of the tree,
disease, competition, "weather" factors like isolated late frosts, and the
fact that the remaining climatic response itself is often complex. The
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chief reference work is Fritts (1976). Dendrochronology has now been
extended to other aspects of tree growth, such as the amount of 180 in a
tree ring which can be used, with care, as a paleothermometer.

(7 BEETLES

It is believed by some workers that insects react quickly to climate
change; their ancient remains in soils can be very numerous and can be T4¢
dated. Beetles have apparently shown almost no tendency to evolution over
the last 250000 years or so. By studying today's distribution of beetles,
past temperatures (mainly summer temperatures) can be inferred from the
past distribution of the remains of different beetle species.

(8) RAISED BEACHES AND CORAL REEFS

It is sometimes possible to date raised beaches and, especially, old coral
reefs. Corals only grow at or down to about 20-30 m below sea-level. If
slow tectonic movements steadily raise reefs, a past, constant sea level is
indicated as an extended almost horizontal growth of the exposed fossil
reef; rapid falls in sea level will produce rapid downward growth from this
level. If the rate of tectonic movement is just correct, a series of
stepped surfaces will be created above the changing shore-line. Fig 7.6
shows the most famous example, in New Guinea, which has been used to
support the timing of the ice-age-interglacial cycles inferred from
deep-sea cores and the Milankovitch radiation cycles.

7.4 Sea-level Variations

Fig 7.7 (A) shows a reconstruction (Lamb (1977), p114) of sea-level
variations from the mid Tertiary (20 m.y) to the present. The
glacial-interglacial cycles are indicated (some are omitted). A long-term
fall in sea level seems to be superimposed on the glacial-interglacial
cycles; Lamb suggests that this fall may be due to crustal sinking under
the ocean floor. The rise at the end,of the curve of about 100 m is
consistent with the total volume of ice that is believed to have mel ted
since 18000 BP. Fig 7.7 (B) shows a more detailed reconstruction of
sea-level over the last 200000 years while Fig 7.7 (C) gives details of
changes in Holocene sea-level, from diverse indicators, due to Fairbridge
(1978).

Holocene sea-level reached a global maximum (corrected for tectonic
movements) about 4000 BP and has declined by about 4 m since then. There
are suggestions of mid-Holocene fluctuations to levels at or below the
present level. Fairbridge claims that the sea-level fluctuation about 4900
BP (during the regions of the early Pharoahs of Egypt) was abrupt, with a 5
m increase in perhaps 250 years. If true, this corresponds to a melting of
more ice than currently exists on all mountain glaciers together (excluding
the Greenland and Antarctic ice caps).
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7.5 Post-Glacial Climate Fluctuations and the Melting of the Laurentide
(N. American) and Scandinavian Ice Sheets

T.5.1 General Scheme of temperature Fluctuations

The details of the Holocene warming are best known in the N.
Hemisphere and there is no guarantee, for example, of a global
synchroneity in temperature change. Fig 7.8 (A) shows an
interpretation of the evidence for ‘the timing of temperature changes
in Central England (Lamb (1977), p232). The warming was not,
apparently, continuous but interrupted by at least one major cooling
c. 10000-11000 BP (others have been suggested). The prior, warm,
stage at about 12000-11000 BP is known as the Allerod and the cold
period afterwards (about 10800-10200 BP) is called the Younger Dryas.
In the Allerod summers of Central England, fossil beetle evidence
suggests a mean temperature of 18°C or so i.e.probably warmer than
now. s

Going far afield, there is only a little evidence of the
Allerod/Younger Dryas oscillation from the New Guinea mountains (Fig
7.8 (B)) (in Fig 7.8(B) Sirunki is below the ice age glaciation level
and the evidence comes from pollen) though warming occurred up to
11600 BP and after 11600 BP a small glacial advance occurred on Mt
Carstenz (5000m), West Irian, Indonesia (where glacier snouts
currently reach down to 4300 m). However Fig 7.8 (B) taken from Bowler
et al (1976), is striking in that it indicates a large warming from
18000 BP - 5000 BP when the CLIMAP SST reconstruction (lecture 6)
suggests that SST in the tropical W Pacific region at 18000 BP was
only about 1.5-2.0°C below todays values. Equally, large, roughly
contemporary, high mountain warmings have also been inferred by
several workers in the equatorial Andes. However an increase of 2°C in
SST could give rise to nearly double that increase at 4000 m near the
equator as equivalent potential temperature, rather than air
temperature, should have changed nearly uniformly with height i.e. the
lapse rate probably changed (a modern example is given in lecture’5,
Pt I of the fluctuations of tropical troposphere temperatures and
lapse rate associated with E1 Nino- Southern Oscillation described by
Pan and Oort (1983)). There is support for the Allerod-Younger Dryas
temperature oscillation in two Greenland Ice cores (Dansgaard et al
(1982)), at Dye 3 and Camp Century; (see Fig 7.9 (A), especially the
area of the Figure between "3" and "2"). ;

A fluctuation from wet (Allerod) to dry (Younger Dryas) conditions in
the Colombian Cordillera (5°N, 2850 m) is reported in Flohn (1978); a
hint of a decrease of temperature and a strong indication of a
decrease of CO, (by about 100 ppm) is reported for the same period
from the Antarctic "Dome C" ice core (Delmas et al (1980)) (Fig 7.9
(B)). This core also shows a rise in CO, (trapped in the ice) from
15000 BP -13000 BP (dates uncertain by say :JOOO) of about 100 ppm,
(from 190 ppm to 300 ppm) suggesting that the waxing and waning of
world-wide temperature was accompanied by quite large changes in C02
on more than one time scale. Fig 7.10 shows a reconstruction of
mid-latitude tree lines, 13000 BP to now. Fig 7.11 summarises the
present, rather vaguely understood, picture of the broad changes in
mid-latitude N. Hemisphere temperatures on several time scales over
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the last million years (Lamb (1977), p334) including the Holocene
(10000 year) time scale.

7.5.2 The recession of N. Hemisphere ice sheets in the early Holocene

This description is mostly taken from Lamb (1977). Figs 7.12 (A) -
(C) show reconstructed positions of the ice sheets for (a) 18000 BP,
(b) the Allerod warm phase and (¢) the Younger Dryas. Ice had nearly
disappeared from Scotland by the end of the Allerod but then strongly
readvanced in the Scottish Highlands for a few hundred years in the
Younger Dryas (known as the Loch Lomond Readvance), an advance that
has left many traces in old moraines etc and which occurred near the
N. Hemisphere Milankovitch radiation maximum. Fig 7.13 shows a
reconstruction of the stages in the contraction of the Scandinavian
Ice Sheet; the associated emergence of the Baltic is shown in Fig 7.14
(A) = (D) (a 1ot of the evidence comes from old shore lines). At
first the Baltic was probably a fresh water lake (Fig 7.14 (A)), then
as sea-level rose it became the salt "Yaldia Sea", connected now with
the Atlantic. The land continued to rise ("isostatic uplift") as the
burden of ice disappeared and the Baltic became fresh again (8000 BP).
As sea-level rose further, due to melting of the Laurentide ice sheet -
in N America, the Baltic became salt again. At present the land is
rising by up to 1 cm a year in the northern Gulf of Bothnia (near
65°N) so widespread re-emergence of land may occur there in the next
1-2 thousand years unless global sea-level rises. Fig 7.15 shows an
old, but apparently acceptable reconstruction of the geography of
Britain and NW Europe 1000-2000 years before sea-level rose high
enough to turn Britain into an island. Fig 7.16 shows isochrones of
the withdrawal of the Laurentide ice sheet. Slowing of the retreat in
the Younger Dryas period is suggested. Extensive remnants still exist
on Baffin Island (eg Barnes Ice Cap), Devon Island and Ellesmere
Island.

7.6 The Holocene Milankovitch Radiation Maximum - the Sahara and the Sahel

There is considerable evidence of increased rainfall in the southern Sahara
and the Sahel about 4000-9000 years ago. Cave and rock paintings of many
species of savannah animals (being hunted or farmed) are found from the
latter part of this time (an excellent example is shown in Lockwood (1979),
p.121). Widespread evidence of expanded lakes occurs in the region
(Nicholson and Flohn (1980)), including an enormously extended Lake Chad
(Lake Megachad), and other equatorial African and Sahel lakes were larger
too (Fig 7.17). Kutzbach and Guetter (KG) (1984) have carried out two AGCM
experiments for radiation conditions for 9000 BP to determine if a high
resolution model (the NCAR Community Climate model) indicates that a more
vigorous African and Asian Summer monsoon was likely during the Holocene
radiation maximum. KG carried out two types of anomaly-control

experiments:-

- (a) Perpetual January and July experiments with 9000 BP radiation and an
extensive Laurentide ice sheet in the anomaly experiments; present day

" radiation and ice in the control experiment.




(b) Similar, but no Laurentide ice sheets at 9000 BP.

Climatological-mean SST is believed to have been similar, averaged over the
year, but with a slightly larger annual range (perhaps 1°C); the model was
given modern climatological mean SST in all experiments however. Each
experiment was run for 120 days and the final 90 days averaged.  The main
results - global maps of the differences between anomaly and control
experiments - are shown in Fig 7.18 (A) - (C) (surface temperature) and
7.19 (A) =(C) PMSL. ‘

In winter, N.Hemisphere land at higher latitudes is simulated to be colder
at 9000 BP than now as a result of the reduced winter radiation but in
summer the land is much warmer than now as radiation is larger i.e. the
seasonal range increases (by 3°C over N. Hemisphere land as a whole). In
summer, the presence of the Laurentide ice sheet only affects temperatures
just downstream of its position (over the N. Atlantic); just upstream, (Fig
7.18 (B)) its presence does not change the surface temperature, which is
considerably warmer than now in summer. In winter the Laurentide ice sheet
reduces PMSL considerably over the N. Atlantic/W. European region by
inducing a large lee trough. In summer, the 9000 BP monsoon circulation
over N. Africa and S. Asia is considerably enhanced (Fig 7.19 (B)).
Precipitation increases in the area from 30°E - east Asian’'coast and south
of 40°N by 20% according to KG. Fig 7.20 summarises zonally-averaged
precipitation changes. In July increased precipitation associated with the
ITCZ at 9000 BP is shown; the vertical bars represent 1 standard deviation
of the control integrations (1050 model days were available for modern
(control) conditions). So given the archaeological evidence as well it is
very likely that summér rainfall was larger in the Sahel/Sahara at 9000 BP
than now and probably for some thousands of years afterwards.

7.7 Holocene maximum (hypsithermal)

Figs 7.10, 7.11 suggested that rather modest changes of worldwide climate
have occurred since 5000 BP (3000 BC), at least up to 1000 AD. Details are
difficult to unravel but about 3000-3500 BC there is evidence of a short
period cooling (Piora Oscillation) in the N. Hemisphere. The details of
Holocene climate are currently being pieced together for the whole globe by
COHMAP, (Cooperative Holocene Mapping Project) in USA. Many proxy
techniques are being used including pollen analysis ard deep-sea core
analysis. It is hoped to reconstruct a mean picture of climate about every
3000 years since 18000 BP. Fig 7.21 is an example of vegetation mapping in
N. America for 10000 BP, 6000 BP and 1500 AD (Kerr (1984)). Note the

close approach of forest to the margin of the Laurentide Ice Sheet at 10000
BP.

About 4000 BP (2000 BC), the advanced Harrapan culture of the now Thar
Desert in Rajastan (N India) declined and disappeared. Fig 7.22, from Lamb
(1982), suggests this was due to a strong reduction of summer monsoon
rainfall towards current conditions. The climatic evidence has mostly been
obtained from pollen cores drilled beneath the beds of former lakes that
now occupy positions between sand dunes.

Subsequently there is evidence that about 500 BC a sharp cooling occurred
(the so-called sub-Atlantic pessimum) when temperature may have declined
widely by about 2°C and the mountain glaciers advanced. In classical Roman



times the climate was probably rather like nowadays but in early Rome
climate was probably cooler according to the testimony of several Latin
authors. About 800 AD, possibly later, there is evidence of a climatic
warming 'in the middle and high N. Hemisphere latitudes. This was the time
(870-950) of the settlement by the Norse of, first, Iceland and then,
Greenland. In the High Middle Ages vineyards were common in England and
good quality wines were produced where wine growing is hazardous nowadays.
This was the so-called Little Optimum (at least in W. Europe) and shows
well on the graph of temperatures of the last 1000 years (Fig 7.11).
However it is not clear whether the Little Optimum represents a regional or
a more widespread change in climate. Growth of some of the Bristlecone
pines in south-west USA when near the tree line is believed to be
controlled by summer temperature. Fig 7.23A (from two locations in
California) shows slight evidence of the Piora temperature oscillation, the
1000 BC - 500 BC cool period and the cooling since the Medieval Optimum;
the latter does not show as a peak but rather as a halt in a steady decline
of temperature. The Alpine tree-line curve (Fig 7.23B) is broadly similar
in shape except it shows a more definite medieval ¢limatic optimum, and it
does not extend back to the Piora oscillation.

7.8 Little Ice Age

As will be shown in lecture 8, it is not necessarily true that if one
hemisphere cools or warms that the other responds similarly. Furthermore,
changes in the structure of the mid-latitude long waves can'give an
impression of global warmth or coldness if sampling is longitudinally
restricted. Having said this, the evidence for a "Little Ice Age" is quite
good, but not all areas were necessarily colder than now as superimposed
changes in circulation patterns would probably have occurred. Fig 7.24
from Lamb (1977) shows the results of a survey of historical documents and
weather records in Europe and Japan that attempts to summarise the changing
frequency of cold winters in these two areas 120° of longitude apart. The
diagram suggests that Japanese winter temperatures have fluctuated largely
out of phase with those of European winters. However there is
geographically widespread evidence for a coodler climate, worldwide, from
after 1400 AD until about 1850. Fig 7.25, also from Lamb (1977), shows
evidence of century time-scale temperature variations from New Zealand,
(accuracy of reconstruction unclear) while the Greenland Ice cores also
support a cooler climate (the dating should be excellent), though Dome C
only gives slight support. It is possible to use 180 measurements in the
wood of oaks to determine past changes of temperature, at least in a
relative sense. Dating is done by counting tree rings and the 1 0
concentration is measured in the individual rings. Fig T7.26, from Lamb
(1977), shows such a reconstruction for some trees in Germany. Freezing of
rivers and canals also became more frequent in Europe around 1600-1800.
Most impressive are the results of widespread investigations of the
moraines left by mountain glaciers (Fig T7.27 gives examples). In many
parts of the world there is increasingly strong evidence that the glaciers
on many mountains were the most advanced around 1600-1800 AD since the time
of the Younger Dryas. (LeRoy Ladurie (1971) gives an excellent description
for the Alps). : '

There is no doubt that conditions in the Iceland-Greenland area became much

colder after 1200 AD and especially after 1550 AD. In lecture 3 we showed
a diagram of the reconstructed variation of sea-i¢e around Iceland in
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weeks/year; the period around 1800 seems to have been the worst for
sea-ice. The Norse coleny in S. Greenland established around 900 AD
probably died out in the fifteenth century as climatic conditions became
worse, sea ice prevented access (from Iceland and Europe) gnd crops failed
(LeRoy Ladurie (1971)). Fig 7.28 shows the variation of '®0 in a Greenland
ice core (Dansgaard et-al (1975)); absolute dates are probably not accurate
but a tendency to cooling after about 1100-1200 AD is clearly shown as is
the rise in temperature at the beginning of the twentieth century.

Remember that temperature increases to the right on these diagrams. Lamb
also describes documentary evidence of observations of extensive sea ice
flows around the Faeroe Islands in a few winters in the seventeenth century
and once or twice, ice floes reached the Shetland Isles. Eighteenth
century travellers frequently mention permanent snowbeds in the Cairngorms.
In recent years lichenometry has been used to indicate that certain hollows
in the Scottish mountains might well have been permanently filled with snow
for lengthy periods up to the middle of the last century.

Despite this evidence, more research is required to show whether the period
1600-1800 was cold worldwide. However the latter part of the Little Ice
Age overlaps with the instrumental period so we can pursue this problem a
little more in the next lecture.
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(From Radiocarbon. vols. 1-10.)

Figure 7.4 From Lamb (1977)
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Examples of proxy evidence for geochronology. Varve correlations on the left are
from sites near New Haven, Connecticut, and Haverstraw, New York, The tree-ring cross section on
the right indicates variations in annual growth of a New Zealand conifer. (Varve photograph
courtesy The American Museum of Natural History; tree-ring photograph courtesy Peter Dunwid-
die, Quaternary Research Center, University of Washington.)

Figure 7.5 From Critchfield (1983)
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Ret_:fterraces on New Guinea. A view along the north coast of
the Huon Peninsula, showing uplifted terraces formed by Pleistocene
coral reefs. Terraces similar 1o these were first dated on the Caribbean
island of Barbados. (Courtesy of A. Bloom.)

Figure 7.6 From Imbrie and Imbrie (1979)
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Figure 7.7B From Lamb (1977)
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i

Trace of eustatic sea level over the last 10,000 years. as indicated (a) by an
exampie from Brazil (Fairbridge, 1976), based on radiocarbon-dated beach deposits, coral
reefs and Indian middens. for the last 7,000 years, and for the previous 3,000 vears by data
(b) from Scandinavia (Morner, 1969). and (c) elsewhere (Fairbridge. 1961). Note that time
is given in both sidereal and radiocarbon years. Comparisons are presented (from top to
bottom) with (d) the magnetic declination cycle (approximately 2,850 years) with its E-W
inflections: (e) the '0/'®0 isotope ratio peaks from Greenland (Dansgaard er al., 1971)
indicative of maximum warming: the glacial readvances (f) from New Zealand (Burrows,
1973, 1975), (g) from Greenland (Ten Brink & Weidick, 1974), (h) from Alaska and (i) from
Lapland (Denton & Karlén, 1973); (j) the Sahara climates (Geyh & Jikel, 1974) where H
denotes humid, and A denotes arid: and (k) maximum fiood levels of the Nile (Fairbridge.
1962. and pharonic inscriptions). Note that imperfections in the datings exist that might
present false impressions of one region ‘leading " another.

Probable course of prevailing temperatures in
central England over the last 20 000 years.

Full lines = mainly from botanical evidence.

Broken lines = amendment suggested by analysis of the
beetle fauna.

Ovals = margins of uncertainty of the dating and
temperature values derived.

Horizontal bars = apparent duration of the conditions
from which the temperature values were derived.

Dots = mean temperature values derived for individual
centuries of the last millennium from reported weather or
actual temperature measurements (see fig. 6.6. Volume 1, p.
236).
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Pigure 7.834 Froa Iamb (1977)
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Indicators of global temperature change: different time
spans compared.

(a) Successive 5-year mean observed surface air temperatures, last 100
years (MITCHELL 7963).

(b) Winter severity index for Europe near 50°N 35°E, last 1000 years
(LAMB 1969). <

(¢) Generalized temperature changes in middle latitudes of the
northern hemisphere, from tree line studies. last 10 000 years
(LAMARCHE 1974).

(d) Middle latitudes northern hemisphere air temperature variations,
from diagnosis of sea temperatures and from pollen records on
land, last 100 000 years (compiled by W. L. GATES from the
curves in fig. 15.10).

(e) Global ice volume changes from isotope measurements on
plankton in a Pacific Ocean sediment core, last million years (as in
fig. 15.4).

(Diagram kindly supplied by Drs W. L. GATES and J. S. PERRY
with the permission of the U.S. National Academy of Sciences.)
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20000 to 15000 BC.
7

Pigure T.,124
From Lamb (1977)

Northern hemisphere geography at the time of the last climax of

glaciation about 18 000 years ago.

c. 9500 BC.

Northern hemisphere geography at the ti
(warm) interstadial 11 000~12 000 years apgo)j e

Figure 7,12B
From Lamb (1977)
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Figure 7.,12C
From Lamb (1977)

Northern hemisphere geography during the post-Allered cold

time petween about 10 200 and 10 800 years ago.

0100 200 300 km

Positions of the retreating
edge of the main north European ice
sheet from about 17 000 to 8200 years
ago. Dates based on Swedish varve
chronology.

(After DE GEER 7954.)
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From Lamb (1977).
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Isochromes of the withdrawal of the North American (Laurentide) ice sheet.
All aates B.P. (before present).
Dots show where radiocarbon dates have been established.

Moraines, coastlines and all other available field evidence used.
(Reproduced from BRYSON et al. (1969); by kind permission.)

Figure T7.16 From Lamb (1977)
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Lake levels in

equatorial and tropical Africa.

Radiocarbon dated high
stands and low stands.
Lake Rudolf (4°30'-2°20'N

35°50'-36°40°E)

Lake Nakuru (0°20's-36°05'E)
Lake Naivasha (0°50's 36°20'E)
Lake Magadi (1°55's 36°15'E)
Lake Rukwa (8% 32°20'E)
Lake Chad  (approx. 13°N 13°)

(From BUTZER et al. 1972
reproduced by kind permission of
the authors and of Science.)
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Simulated land surface temperature (K) differences (9
kyr BP minus present) for a) an experiment with solar radia-
tion for July 9 kyr BP, present July ocean surface tempera-
ture, and no North American ice sheet ; b) same as (a) ex-
cept with North American ice-sheet ; c¢) same as (b) except
for January. Temperature difference is prescribed to be
zero at ocean gridpoints and at interior sea gridpoints (wa-
vey lines) but not over sea ice (hatched). The area covered
by the North American ice sheet is indicated with cross-
hatching. Results of the simulation for the region south of
30° s are not shown because the number of land gridpoints is
small.

Figure 7.18 Trom Kutzbach and Guetter (1984)
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Simulated sea-level pressure (mb) differences (9 kyr
BP minus Present) for : a) an experiment with solar radia-
tion for July 9 kyr BP, present July ocean surface tempera-
ture, and no North American ice-sheet ; b) same as (a), ex-

cept with North American ice-sheet ; c¢) same as (b), except
for January.

Figure 7.19 From Kutzbach and Guetter (1984)
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experiment with 9 kyr BP solar radiation and with the North
American ice sheet (dashed line) ; b) January-—ocean preci-
pxtat:.on ; the ‘control simulation (solid line) and the expe-
riment with 9 kyr BP solar radiation and with the North
American ice-sheet (dashed line). Vertical bars indicate
one standard deviation about the modern control simulation.

e 7.20 From Kutzbach and Guetter (1984)
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A 10,000 years B.P. ' 6 000 years B.P.

500 years B.pP,

Figure T.21
From Kerr

(1984)

Pollen clues to shifting Holocene climate

These maps illustrate the continuing adjustment of plants to changing climate. A decrease in
summer solar radiation and the withdrawal of the cold ice sheet (crosshaich) combined to
withdraw the oak and northern pine forests to the north and then to develop the southern pine
forest. Light stippling is.5 10 20 percent oak or 20 10 40 percent pine: heavy stippling is greater

than 20 percent oak or greater than 40 percent pine.

RAINFALL
Whole year mm
= = Summer monsoon
1000
Hauppan -
'ponodl Flé‘llre Teal
o From Lamb (1982)
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earlier \{ | 400
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Thousands of years ago
(Corrected time scale applied to radiocarbon dates ) -
Cstimated variations of the rainfall in Rajasthan, northwest India over the

last 10,000 years, from lake levels and botanical (pollen analysis) evidence.
(Adapted from a diagram by R. A. Bryson, based on the work of G. Singh)

Pizure 7,23 follows Figure 7,.25.
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Survey of historical weather records by decades in Europe
and Japan.
Left-hand side: Predominance of winter mildness (shaded) or
severity (clear) in different European longitudes near 50°N

Right-hand side: Variations of average freezing date of a small
lake in central Japan, decade by decade, from the overall mean date.

Europe: decades from A.D. 1100.

Japan: decades from A.D. 1440.

Soeleothem temperatures from New Zealand £
130} S0year means 4-37 g
L . 4 ; Course of the 50-year mean
floin temperatures in the Nelson area, South Island,
120 - New Zealand. since A.D. 1100. derived from
1 f oxygen isotope measurements on a stalagmite
1aa in a cave at Patarau.
S0l £ Temperatures derived by LAMB for
1 ©°  Central England. as shown in Volume 1,
- Temperatures in central England (after Lamb){-3; “° p. 236, are repeated here tfo!' comparison.
iy S i (Adapted from the original diagram kindly
iy 1 supplied by Professor A. T. WILSON.)
o Figure 7.25 From Iemb (1977)
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Changes in the height of the upper tree line in two areas in the White
Mountains, California and in the Alps in Switzerland and Austria. (From work by

V. C. La Marche and V. Markgraf) Figure 7.23 From Lamb ( 1982 )
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Composite record made up of the oxygen isotope ratio anomaly measured
in the (tree-ring-dated) wood of oak trees in two areas of Germany (Marburg:
50°49'N 8°45'E) and Spessart (around 50°N 9°30'E).
Internal consistency/continuity of the record is suggested by the overlap.
Calibration against the last 270 years of winter temperatures (average for
January, February and March) observed in England is suggested by the dotted curve.
Note: The very low dot plotted about 1480 would fit much better with other data
for the 1430s, and it seems that the overlap with Spessart would fit equally well if
there were about a 50-year dating error in the Marburg tree. »
(Diagram kindly provided while measurements were still incomplete by Dr LEONA
M. L1BBY and reproduced with her permission.) ~
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Figure 7.26 Fronm Iamb (1977)
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Figure 7.27 From Lamb (1977)
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