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Preface

The typical description of the past million years would be that the Earth has
experienced about ten major periods of glaciation (“ice ages’) spaced at roughly
100,000-year intervals. This presupposes that ice ages are unusual departures from
normalcy. Actually, it appears as if the natural state of the Earth during this period
was an ice age, but there were about ten interruptions during which the climate
resembled something like today’s for perhaps 10,000 years or so. Each ice age required
several tens of thousands of years to develop to its maximum state of glaciation.

During the last glacial maximum, some 20,000 years ago, Canada and the
northern U.S. were blanketed by huge ice sheets, up to 4 km in thickness. In addition,
there was a large ice sheet covering Scandinavia that reached down into northern
Europe. The Antarctic ice sheet was somewhat more full than today. Local glaciations
existed in mountainous regions of North America, Europe, South America, and
Africa driving the treeline down by up to 700m to 800m. The temperature of
Greenland was lower by up to 20°C, but the climate was only a few degrees colder
than normal in the tropics.

These ice sheets tied up so much of the Earth’s water that the oceans were as much
as 120 m shallower. As a result, the shorelines of the continents moved outward by a
considerable distance. The Beringia land bridge from Siberia to Alaska was created,
allowing animals and humans to cross from one continent to the other. In the
upper latitudes to mid-latitudes, climates were semi-Arctic and the flora shifted to
tundra. Humidity was reduced and many lands dried out. The sharp temperature
discontinuity at the edges of the ice sheets generated violent winds that swept up dust
and dirt from dry regions, filling the atmosphere with dust. This ice age began to
wane around 15,000 years ago, and dissipated through a series of gyrating climate
oscillations, ending in a comparatively benign period that has lasted for the past
~10,000 years, called the Holocene.

A few geologists of the 19th century were perceptive enough to read the signs in
the rocks and formations, and concluded that the Earth must have once (or more)
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been heavily glaciated with massive ice sheets that generated the markings and rock
depositions that they observed. They eventually overcame the initial resistance to this
new (and shocking) concept in the geological community. But it wasn’t until the 1970s
that extensive studies of marine sediments (followed by polar ice core studies in the
1980s and 1990s) demonstrated the existence, amplitude, and recurrent chronology of
multiple ice ages.

During the 19th century, several scientists proposed that ice ages could have
resulted from semi-periodic variability in the Earth’s orbital parameters, which
change relative solar energy input to higher latitudes. As the theory goes, when solar
energy input to higher northern latitudes drops below a critical threshold range, ice
and snow can survive the summer, and thus a runaway expansion of ice sheets
develops over many millennia. James Croll formulated this concept in 1875. In the
first several decades of the 20th century, Milutin Milankovitch quantified this theory
by carrying out extensive calculations by hand in the pre-computer age. Nevertheless,
in the absence of long-term data over many ice ages, astronomical theory remained an
abstract concept. Furthermore, there were no credible mechanistic models that
described how changing solar energy inputs to higher latitudes led to alternating
ice ages and deglaciations.

With the advent of marine sediment data in the 1970s, it became possible to
compare astronomical theory with data over many glacial cycles. John Imbrie was a
pioneer in this regard. He created the SPECMAP “‘stack™ of ocean sediment data
from several sites to reduce noise, and devised models with which to compare climatic
time series with solar variations. In doing this, he “tuned” the chronology of the
SPECMAP using solar variability as a guide. He also used spectral analysis to show
that some of the prominent frequency components of SPECMAP variability were in
consonance with known frequencies of solar variation. From this, he concluded that
the astronomical model explained much of the ice age record—at least for the past
~650,000 years. However, there seems to be some circular reasoning involved, and
one could construe his procedure to involve curve fitting as well as physics. More
importantly, when a dispassionate comparison of data and theory is made today, the
results are not so convincing.

As ocean sediment data were extended backward in time, it became apparent that
some features of the sediment record did not fit astronomical predictions. Of greatest
importance was the fact that the period from about 2.7 million years before the present
(MYBP) to about 1MYBP was characterized by relatively rapid, smaller amplitude
climate cycles, whereas since about ~1 MYBP, climate cycles have increased in period
and amplitude. By contrast, astronomical theory would not have predicted any such
major shift in frequency and amplitude since there is no reason to believe that solar
forcing to higher latitudes changed qualitatively during this time period. There were
other problems with the theory as well; at some prominent occurrences of climate
change there were no corresponding variations in solar input (e.g., 400,000 years ago).
Since the 1990s, a number of studies have attempted to resolve the differences between
the data and astronomical theory. A number of these studies had an obvious and
pervasive bias in favor of the astronomical theory—in some cases seemingly an
attempt to preserve the theory against all odds. Scientific objectivity seems to have
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been lost somewhere along the way. For example, a number of investigators suggested
that each of several parameters (obliquity, eccentricity, longitude of precession) acts
separately over different eras to produce a changing data record. While there may
indeed be strange and unusual non-linear effects in the way that climate reacts to
orbital parameters (e.g., Rial, 1999) nevertheless within the scope of conventional
astronomical theory, these parameters do not act separately. They act in concert to
change solar intensity, and it is solar intensity that determines the climate—at least
according to astronomical theory.

Yet despite the problems with astronomical theory, there are several tantalizing
similarities between climate data and the historical solar record. These include the
correlation of several important frequencies in spectral analyses and certain undeni-
able rough similarities in the climate and solar records over some periods during the
past several hundred thousand years.

Solar intensity varies with a ~22,000-year period due to precession of the
equinoxes. These oscillations vary in amplitude over long time periods due to varia-
bility of eccentricity and obliquity. The temperatures implied by ice core records do
not oscillate with this frequency. However, there does seem to be some correlation
between the amplitude of solar oscillations and ice core temperatures. In many (but
not all) cases, the eras with higher amplitude solar oscillations appear to be associated
with increasing Earth temperatures, and the eras during which solar oscillations are
weak seem to be associated with decreasing temperatures. This would be the case if (1)
there were a fundamental tendency toward glaciation, and (2) ice sheets grow slowly
and disintegrate rapidly. In that case ice sheets would disintegrate and not recover
when solar oscillations were large, but would grow when solar oscillations were small.
As in AM radio, the oscillating precession signal is amplitude-modulated due to
changes in eccentricity and obliquity. The precession cycle merely acts as a “‘carrier
wave”. All of this is very tenuous and represents a somewhat subjective interpretation
of the data. However, the fact that the frequency spectrum shows frequencies for
eccentricity and obliquity, but not precession, suggests that it is the amplitude of solar
oscillations that matters, and the precession frequency does not directly contribute to
climate change. Only eccentricity and obliquity determine the amplitude of precession
oscillations.

Nevertheless, what seems to be most glaringly absent from astronomical theory is
a clear quantitative mechanism by which variations in solar input to higher latitudes
produce changes in climate, including various positive feedback effects due to changes
in albedo, greenhouse gas concentrations, ocean currents, and north—south energy
exchange. The Imbries’ model for comparing ocean sediment time series with astro-
nomical theory has the virtues of clarity and simplicity, but it is too simplistic to
describe the variable climate of the Earth with all its intricate feedback mechanisms
and complexities.

There are other aspects of long-term climate change that add confusion. There is
some evidence that the termination of ice ages originates in the southern hemisphere,
not the northern hemisphere. In addition, there are alternative theories that propose
that ice age cycles are controlled by the penetration of cosmic rays into the Earth’s
atmosphere, which enhance cloud formation and produce a cooling effect.
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Amid all this work, both experimental and theoretical, there does not seem to be a
single reference work that provides an in-depth review of the data and models. The
book The Great Ice Age does a creditable job in some respects (Wilson, 2000). The
closest that anyone has come to a thorough review is the book by Richard A. Muller
and Gordon J. MacDonald: Ice Ages and Astronomical Causes, Springer/Praxis
(2000). This book (denoted here as M&M) provides coverage of a good portion of
the data that were available at the time of writing (late 1990s), and it provides quite a
bit of discussion of models. The topic of spectral analysis was a dominant theme in this
book, almost to the neglect of other aspects. It is true that in seeking a relationship
between two noisy time series, comparison of the important frequencies in the
frequency domain has implications for a possible connection. Nevertheless, ulti-
mately, it is the time phasing of the two curves that is of greatest importance in
establishing a cause—effect relationship. I have relied on the book by M&M as a source
of data, analysis, and discussion in a number of places. Their book is an obvious
starting point for anyone interested in ice ages.

It is interesting to speculate when the next ice age might occur in the future. This
topic is discussed toward the end of this book. Some climatologists believe that global
warming induced by CO, emissions will prevent future ice ages from occurring.
However, the connection between CO, emissions and global warming is far from
firm. Because the CO,-warming connection has been heavily politicized, much of the
literature on this topic is biased.

Throughout this entire study of ice ages and climatology, climatologists secem
determined to draw a dollar’s worth of conclusions from a penny’s worth of data. The
most perceptive comment I have found is that of Wunsch (1999):

“Sometimes there is no alternative to uncertainty except to await the arrival of
more and better data.”
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Life and climate in an ice age

What was the global impact of the growth of large ice sheets in the far north during
past ice ages? What were the climates of the various continents 20,000 years ago at the
height of the last glacial maximum? Why were there a greater diversity of species,
higher numbers of animals, more large animals, and larger animals? How did climate
changes impact the evolution and migration of humans, animals, and vegetation?
These are questions that have been pondered and studied by many researchers. Many
scenarios have been put forth. However, it is difficult to draw firm conclusions. All we
can do is provide a few fragmentary insights.

1.1 CONTINENTAL CLIMATES DURING THE ICE AGE

As we will show in subsequent chapters, based on geological evidence, data from ice
cores, and data from ocean sediments, we know that the Earth was immersed in an ice
age over the past ~100,000 years that peaked about 20,000 years ago, and ended
roughly 10,000 years ago. The immensity of the ice sheets is difficult to comprehend.
The maximum volume of the ice sheets (about 18,500 years ago) was about
57 x 10° km®. This huge volume of ice resulted in a lowering of sea level of about
110m (Zweck and Huybrechts, 2005). Assuming that this ice sheet was built up over
~60,000 years, that would imply that ice was added to the ice sheets at the average
rate of about 10> m?® per year. The lowering of sea level exposed large areas of
continental shelves that were (at least initially) barren and susceptible to wind
erosion.

Ice core data from Greenland and Antarctica indicate that the atmosphere was
heavily laden with dust and salt during periods of high glaciation, suggesting that the
world was a stormy place with high winds that whipped up dust from land and salt
from oceans. The dustiness would suggest that many areas of the Earth were arid.
And indeed, the prevailing view seems to be that the Earth was predominantly arid
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during ice ages, although some areas, particularly the southwestern U. S., were
extremely wet. Yet, there had to be winds that carried moisture to northern climes
in order to drop some 10'> m? of ice per year on the growing ice sheets. Assuming
that the temperature drop at high latitudes was far greater than the temperature drop
in the tropics during ice ages, the temperature differential between the tropics and
polar areas was greater during ice ages, creating a greater driving force for flow of
atmosphere toward polar areas.

A comparison of the distribution of vegetation for all the continents of the world
at the height of the last ice age with the distribution today was provided by Adams
and Faure (1997). Their comparison for North and Central America is provided here
in Figures 1.1 and 1.2. According to this model, the distribution of flora (and
presumably fauna as well) migrated toward the equator during ice ages, and areas
adjacent to the ice sheets were converted to tundra and semi-desert.

Barton et al. (2002) provide a window into the life, flora, and fauna in North
America as the last ice age began to wane:

“Flying over the ice fields of Canada it is easy to imagine being back in the last ice
age. There is ice as far as the eye can see. Glaciers roll down the valleys, towering
ice sculptures rise out of the mountainsides, and exquisite turquoise pools glisten
in the fissures below.”

Figure 1.3 shows the Wrangell-Saint Elias ice field on the Alaska—Yukon border. It is
the largest non-polar ice field in the world and shows what much of the continent
would have looked like at the height of the glaciation around 20,000 years ago.
Barton et al. (2002) describe this scene as follows:

“Sheets of ice stretch as far as the eye can see, with strange shell-like patterns
scalloped into the surface. Snow clings to mountainsides in great crumbling
chunks while in the glaciers below, ultramarine pools glint in the sunlight. Rivers
run across this glacial landscape and suddenly disappear through the ice to the
valleys below. The ice here is up to 900 m deep and the glaciers move up to 200 m a
year as they grind and sculpt the landscape around them.”

During the last ice age, glaciers radically changed the north of the continent, leading
to the human invasion of North America through the creation of the Bering land
bridge. At the peak of the last ice age the land bridge was 1,600 km wide (see Figure
1.4). For the first time since the previous ice age (about 100,000 years prior), animals
could travel across the land bridge from Siberia into the North American continent.
According to Barton et al. (2002):

“The land bridge was part of a larger ice-free area called Beringia, which included
Siberia, Alaska and parts of the Yukon. Beringia was bounded by the then
permanently frozen Arctic Ocean and the continental ice sheets. Rain and snow
tended to fall on the high southern ice fields of the Yukon and Alaska, thus
reducing the amount that fell on the Beringian side. At the height of glaciation the
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Figure 1.1. Distribution of vegetation in North and Central America at the height of the last ice
age (Adams and Faure, 1997).

retreat of the sea meant that most of the land was far from maritime influence and
so had an arid, continental climate. The low winter snowfall prevented glaciers
from forming and left grass and other vegetation accessible to grazers throughout
the winter. This is what made Beringia habitable at a time when much of the land
to the south was buried in ice.”

“As well as creating a dry climate, the ice sheets also made loess—a fine dust
produced by the grinding action of the glaciers and deposited on the edge of
streams emerging from the ice front. Loess blew across Beringia, establishing a
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Figure 1.2. Distribution of vegetation in North and Central America today if there were no
agriculture (i.e., conditions circa 500 years ago) (Adams and Faure, 1997).

well-draining soil. The result was a land of grassy steppes. An array of tiny plants
including grasses, sedges, herbs, dwarf birch, and willow provided a highly
nutritious rangeland capable of supporting the [fauna] giants of the past ... This
mixture of steppe and tundra plants was unlike the tundra or boggy muskeg found
in the region today. Scientists have coined the term ‘Mammoth Steppe’ (after the
enormous herbivore) to describe this unique environment. Some even believe that
the grazing action of these massive beasts maintained the grassy landscape, which
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subsequently disappeared due to the extinction of the megafauna, rather than the
other way round. Whatever the reason, Beringia’s most impressive inhabitant was
of course the woolly mammoth.”

Beringia must have been covered with vegetation even during the coldest part of the
most recent ice age because it supported large populations of woolly mammoth,
horses, bison, and other mammals. Zazula et al. (2003) reported the discovery of
macrofossils of prairie sage, bunchgrasses, and forbs that are representative of ice age
steppe vegetation associated with Pleistocene mammals in eastern Beringia. This
vegetation was unlike that found in modern Arctic tundra, which can sustain rela-
tively few mammals, but was instead a productive ecosystem of dry grassland that
resembled extant subarctic steppe communities. Evidence was provided that this
region might have contained an arid but productive, grass-dominated ecosystem.
This system, called “mammoth steppe,” would have sustained mammalian herds
all year round.

According to Barton et al. (2002), rainfall in North America was about 50%
higher than at present, but most of that rainfall was concentrated in the winters while
summers were very dry. They cite the example of the ponderosa pine that requires
summer rainfall. It is virtually absent from the fossil record during ice ages. They also
cite the absence of the pinyon pine in the fossil record for ice ages. The combination
of low temperatures and summer drought is thought to be the cause. Thus, Barton et
al. (2002) disputed the commonly held belief that the Ice Age was cooler and wetter
and that the plants simply shifted their distribution by moving south or downwards in
elevation. The examples of ponderosa and pinyon pines were cited to support their
contention that the differences were far more subtle.

Paul Colinvaux (2007) wrote an extraordinary book detailing 50 years of
research in an attempt to define the climate of the Amazon region during the past
ice age. His book begins with an emphasis on the vast difference in the number of
species of flora and fauna in the Amazon vs. mid-latitude zones.

The great diversity of species in the tropics:

... has long been one of the knottiest problems of ecological theory ... In
warmer climates there are more kinds of living things than in the colder north;
many, many more kinds. But why should this be? The temptation is to say,
‘Obvious! It is nicer in the tropics; more productive; wet and warm; no winter;
living is good and lots of species take advantage of it. Next question please.” But
that answer is no answer. [There are] lots of living things in Europe and North
America, thousands of kinds of animals and plants. The problem is that the wet
tropics have more kinds still, many more.”

Colinvaux (2007) asserted that the great diversity of flora and fauna in the tropics is
not simply explained by its current favorable climate. The impact of ice ages is likely
to be related. Mountain ranges in Europe tend to run east—west. As the great ice
sheets moved down on Europe during the Ice Age, expanding mountain glaciers
moved northward catching the flora and fauna in a “pincer movement”. The flora
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and fauna were prevented from moving southward by the blockade of east—west
mountain ranges. Europe never fully expanded its flora and fauna during intervening
interglacial periods. By contrast, in North America, mountain ranges tend to run
north—south, providing passes for flora and fauna to move southward during ice ages.
Nevertheless, North America is endowed with far less diversity than the tropics.

A theory was proposed to account for the huge diversity in the tropics. According
to this theory, the climate in the tropics during the Ice Age was arid with far less
rainfall than today. As a result of dry conditions over tens of thousands of years,
many of the rainforests were transformed to savannas. Only local pockets, here and
there, in the tropics stayed wet enough to maintain rainforest conditions. These
“refuges” were isolated from one another, and this theory is referred to as the “refuge
theory”. In order to generate large numbers of new species, it is necessary for species
to be isolated to prevent crossbreeding. The refuge theory provided a mechanism for
such speciation to take place during ice ages, with consequent spreading of domains
during interglacial periods. This theory was widely accepted; however, there was a
dearth of data supporting the theory, both in regard to the existence of the putative
refuges as well as the belief that the tropics were arid during ice ages.

Colinvaux accepted the refuge theory at first, but he relentlessly went into the
Amazon jungles over several decades to seek lake sediments more than 20,000 years
old that could provide evidence for the theory. What he found instead was that
during the last glacial maximum (about 20,000 years ago) the tropical rainforests
persisted; however, they were infused with coniferous trees that do not presently grow
in tropical rainforests. Thus he concluded that the refuge theory was wrong, that
tropical rainforests persisted, and the climate change was not aridification, but rather
simple cooling. But the cooling was not draconian. The Amazon lowlands were still
suitable for most of the species that are common today. But cooling allowed other
plants, normally restricted to higher altitudes, to invade the lowlands. Colinvaux
estimated the lowering of the mean temperature in the Amazon lowlands to be 4.5°C
during the last glacial maximum. However, Colinvaux’s viewpoint remains somewhat
controversial and his conclusion does not explain the great species diversity in the
tropics. Some believe that cooling in the tropics was more like 2°C.

According to Dawson (1992):

“The presence of extensive sea ice as far south as 40°N to 45°N during winter
months drastically reduced moisture evaporation and by cooling the overlying
air, resulted in southward extension of high pressure. The formation of a land
bridge across the Bering Straits due to lowering of the oceans reduced transfer of
warmer water from the Pacific to the Arctic. Summer melt water in the Arctic
produced a layer of fresh water that increased salinity stratification and promoted
formation of sea ice.”

In his classic book, Mithen (2003) describes the world of 20,000 years ago as:

13

. inhospitable, a cold, dry and windy planet with frequent storms and a
dust-laden atmosphere. The lower sea level has joined some landmasses together
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and created extensive coastal plains. Tasmania, Australia and New Guinea are
one; so are Borneo, Java and Thailand that form mountain chains within the
largest extent of rainforest on planet Earth. The Sahara, Gobi and other sandy
deserts are greatly expanded in extent. Britain is no more than a peninsula of
Europe, its north buried below the ice, its south a polar desert. Much of North
America is smothered by a giant dome of ice.”

As a result, Mithen (2003) suggested that human communities were forced to
abandon many regions they had inhabited previously while others amenable for
settlement remained unoccupied because access was blocked by dry desert and ice
barriers. People had to survive wherever they could, struggling with freezing
temperatures and persistent drought.

The extinction of Neanderthals has been a topic of interest in both scientific
discussions and public interest. They lived in western Eurasia until approximately
30,000 years ago, when they disappeared from the fossil record, about 10,000 years
after modern humans arrived in Europe for the first time. While competition between
these groups is often cited as the cause of Neanderthal demise, it is possible that the
Ice Age climate may have played an important role (Finlayson, 2004). Most recently,
Kennett ef al. (2009) found evidence that a comet impact may have induced an
extinction of species about 12,900 years ago.

1.2 THE GLACIAL WORLD—ACCORDING TO WALLY

Wally Broecker (WB), a giant in the field of paleoclimatology, wrote a treatise on ice
age climates.
According to WB:

“Except for the observations made over the last 130 or so years at weather stations
and on ships, our knowledge of past climates is based on records kept in sediment
and ice. The task of the paleoclimatologist is to decipher the proxies contained in
these records. This has proven a complex task for every proxy is influenced by
more than one climatic variable. While much progress has been made toward
isolating the influence of these competing contributions, the task has proven to
be a very tough one. For convenience, these proxies can be divided into five
major groups; i.e., those which carry information regarding: 1) ice volume, 2)
temperature, 3) aridity, 4) atmospheric composition, and 5) ocean chemistry.”

WB went on to say:

“Except for high mountain regions, little precise paleotemperature information
exists for the continents. The obvious source of such information is the fossil
remains of plants and animals. Indeed a wealth of measurements regarding the
relative abundances of pollen grains has been collected over the last century.
However, the [analysis of ] this information has not proven particularly successful.
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Unlike the sea that is everywhere wet, the topography of the continents strongly
influences the availability of water. Plant communities are attuned to these
differences in moisture availability. Hence plant communities respond as much
to changes in rainfall and humidity as they do to changes in temperature. Reliable
separation of these two influences has proven very difficult. The problem is
compounded by the large seasonality in temperature and rainfall. Because of
this, two locales with the same mean annual temperature and rainfall may have
quite different plant cover. Thus, while in a historical sense pollen abundances
have provided very valuable qualitative evidence with regard to changing
climates, no means yet exists to convert these results into reliable absolute
temperature changes.”

Another problem is that pollen-bearing sediments are found only in lakes and bogs.
While providing an excellent record of the post-glacial succession of plants, these
lakes and bogs tell us these water bodies had not yet come into existence until after
the Ice Age ended.

WB describes efforts to reconstruct precipitation during ice ages as “‘an extremely
difficult task”. The use of pollen records for this purpose is difficult because of the
problem of separating the influences of temperature and moisture. An additional
problem arises because the CO, content of the atmosphere was lower during the Ice
Age and plants needed more water to take in the CO, needed for growth. Because of
this, a drop in moisture availability suggested by Ice Age vegetation may not be a
valid indicator of Ice Age rainfall because it may reflect in part the atmosphere’s low
CO, content. WB described the use of the past levels of lakes with closed drainage
basins such as Great Salt Lake, the Dead Sea, and the Caspian Sea as indicators of
past rainfall. The water that currently enters these lakes via rain and via rivers must
leave by evaporation. Hence, during times of higher rainfall, these lakes expand in
area until evaporation matches the enhanced input of water to the lake. Accompany-
ing the expansion in area is a rise in lake level. Thus shorelines marking times when a
closed basin lake stood higher record times of greater precipitation. These lakes exist
only in desert areas. However, the lake level is likely to be more dependent on
precipitation in the neighboring mountains than in the region immediately surround-
ing the lake. WB discusses several complications but concludes: ‘“despite these
complications, the size of closed basin lakes is by far our best paleoprecipitation
proxy.” Finally, WB concludes: “during late glacial time the tropics were less wet and
the subtropics less dry than now.”

Nevada’s late Ice Age climate was much cooler and wetter than today. The Great
Basin’s Ice Age was marked by increased precipitation and reduced evaporation,
known as a “pluvial” climate. This increased stream flow and encouraged lake
formation. The Great Basin received its name because rivers and streams which
originate in the mountains drain into the basin and end in lakes or sinks within
valley bottoms throughout the region. During the Ice Age, the Great Basin region
supported two major late Pleistocene pluvial lakes: Lake Lahontan and Lake Bonne-
ville. Lake Bonneville lay almost exclusively in western Utah, and only a small area in
eastern Nevada, while Lake Lahontan was mainly restricted to western Nevada. Lake
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Lahontan reached a maximum depth of over 500 feet and covered over 8,610 square
miles.

1.3 ICE AGE FORESTS

Bonnicksen (2000) described some of the climatic effects of the great ice sheets in the
last ice age. Desert basins in the American Southwest filled with water from heavy
rains and meltwater from mountain glaciers, and cold air reduced evaporation. There
were more than 100 such freshwater lakes, with the largest being Lake Bonneville in
Utah that occupied an area of 19,000 square miles and reached depths up to 300
meters. Even Death Valley, California filled with water. Cold air blew off the sides of
the ice sheets at high speed generating gale-force winds. In the winter when conditions
were dry, these winds produced huge sand and dust storms that blew silt across
the central part of America. According to Bonnicksen, Ice Age silt “covers 30%
of the U. S. but it lies beneath forests and grasslands.”

Bonnicksen provided an elegant description of Ice Age forests. He described the
Ice Age as an “alien world of modern and extinct animals living among well-known
plants mixed in unusual ways.” The territories of cold-weather trees such as spruce,
fir, and bristlecone pine spread out during cold periods and contracted when it
became warmer. Conversely, warm-weather trees such as oak, hickory, and ponder-
osa pine spread poleward when the glaciers retreated and moved toward the south
when the glaciers expanded. In this process, “the trees shifted and sorted themselves
into unique forests while moving around the landscape.” The most recent sorting
process began when the climate warmed shortly after the last glacial maximum about
18,000 years ago. Prior to that, North America’s Ice Age forests endured an uneasy
stability for thousands of years. According to Bonnicksen, summers were cooler but
differences between seasons were less extreme than today. Exotic mixtures of plants
and animals were able to form complex patchworks of communities that had “a
greater diversity of species, higher numbers of animals, more large animals, and
larger animals than any that existed from then until now. Many of these primeval
communities fell apart after the ice sheets melted ...”

Bonnicksen described immense tracts of open white spruce forests.

“The white spruce is a short tree with a thin trunk and low-hanging branches that
form a narrow cone of pointed blue—green needles. It grows on relatively dry soils
... Spruce forests grew in a band hundreds of miles wide from the Rocky
Mountains to the East Coast. They hugged the southern edge of the tundra
and cold steppes at the foot of the glaciers. Occasionally fingers and patches
of spruce also protruded into the tundra and worked their way up to the edge of
the ice.”

As the glaciers expanded, the treeline in the western United States descended by up to
700m to 800m. The continental ice sheets redirected the jet stream southward,
causing changes in precipitation patterns. The Puget Sound area became drier while
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the Southwest benefited from increased rainfall. California’s weather became cooler,
drier, and more continental. Santa Ana winds also increased, blowing great clouds
of sand from the Mojave Desert westward over southern California. However,
“California’s climate buffered forests from the extreme cold that lay over most of
North America during the Ice Age and forests of giant redwoods probably grew
along the northern California coast at this time just as they had done for at least the
past 5 million years.”
Bonnicksen (2000) also described the fauna of the Ice Age:

“No single plant or animal symbolizes the Ice Age better than the woolly
mammoth. It evolved in Eurasia and migrated across the Bering land bridge
into North America about one-half million years ago. The smaller and more
primitive mastodon, a forest dweller that lived on shrubs and trees, joins the
mammoth as a symbol of the Ice Age. Coarse golden-brown hair covered the
animal, but it was not as shaggy as the hair of the woolly mammoth. It roamed
North America and parts of South America for several million years before the
woolly mammoth arrived. Woolly mammoths plodded through cold steppes and
tundra in the far north and at the southern edge of the glaciers. They also
flourished within the open spruce and pine forests, and the Columbian and
Jefferson mammoths lived as far south as northern Florida, southern California,
and Central America. Mammoths looked something like a modern elephant.
However, instead of rough gray skin, thick brown hairs covered their entire
body, even the trunk. A 6-inch woolly undercoat provided additional protection
from the cold. Their eyes were like protruding saucers, and their dull white tusks
stuck out 12 feet and curled sharply upward. They swung their tusks back and
forth to scrape away snow so that they could eat the underlying grass much like
bison use their noses for the same purpose. Their ears were small and round, and
long hair draped over their dome-shaped heads like a bad toupee. Wide padded
feet designed for snow or marshy ground supported the 8-ton weight of the shaggy
beasts as they lumbered along in search of food.”

He also described other extinct herbivores, such as shrub-ox, stag-moose, 7-foot-long
armadillos, and a beaver the size of a black bear, giant ground sloths weighing several
tons, western camel, horse, long-legged and short-legged llamas, a giant condor-like
vulture with a 15ft to 17 ft wingspan, dire wolves, saber-toothed cats, the American
lion, and the American cheetah. The most terrifying extinct carnivore of all was the
giant short-faced bear. It stood as high as a moose and it used its long legs to run
swiftly after prey across the tundra and cold steppes. These animals are described
further and illustrated by Barton et al. (2002).
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Variability of the Earth’s climate

2.1 FACTORS THAT INFLUENCE GLOBAL CLIMATE

The geothermal gradient delivers about 61.5 mW/m? from the interior of the Earth to
the surface. Since the surface area of the Earth is 5.1 x 10% km?, the rate at which
energy is released from the interior of the Earth is 3.1 x 10'® kW. The solar power
that impinges on the Earth is 342 W/m?. If all of this were absorbed, the Earth would
receive 1.7 x 10" kW. Actually, only about 70% of incident solar energy is absorbed
by the Earth; nevertheless the solar input far exceeds that which derives from the
interior. Therefore geothermal energy may be ignored when dealing with the heat
balance of the Earth.

The Earth is suspended in a vacuum. Hence the only way that it can lose energy is
via radiation. The Earth’s climate derives from a tenuous balance between the rate of
solar energy input and the rate at which the Earth loses energy by radiation to space.
Since the Earth has a significant heat capacity, it does not respond immediately to
changes in solar input or radiant output.

The overall heat balance of the surface of the Earth is dictated by a number of
factors. Three important elements are

e The rate at which solar energy impinges on the Earth.

e The fraction of solar energy reflected by the Earth into space (albedo).

e The effect of greenhouse gases (particularly water vapor, CO,, and CHy) in the
atmosphere in preventing the escape of radiation emitted by the Earth.

The rate at which solar energy impinges on the Earth is 342 W/m? averaged over the
whole Earth. Some fraction of this (called the albedo) is reflected back into space. The
albedo depends on the state of the Earth. Ice and snow have high albedos (0.5 to 0.9)
while land (0.3) and oceans (0.1) have lower albedos. Averaged over the whole Earth,
the present albedo is a little over 0.3, so the net solar input to Earth, independent of
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the greenhouse effect is about 0.7 x 342 ~ 239 W/m?. This net irradiance warms the
Earth, and if there were no greenhouse effect the temperature of the Earth would
increase to the point where it would radiate enough energy to just balance this solar
input. The average temperature of the Earth would be something of the order of
—18°C. All the water on the Earth would freeze, and the resultant high albedo of the
ice-covered Earth would further reduce temperatures until the entire Earth became a
veritable snowball. In fact, it seems likely that the Earth has passed through such a
snowball state in its distant past.

The presence of greenhouse gases in the atmosphere acts as a barrier to the escape
of radiant energy emitted by the Earth. Greenhouse gases absorb some of the radiant
energy emitted by the Earth, and then reradiate this energy. The transfer of this
radiant energy through the atmosphere is highly complex, but ultimately some of the
reradiated energy finds its way into space while the remainder heads downward to
Earth. Thus greenhouse gases act as filters for some parts of the infrared spectrum
emitted by Earth, reducing the net flux of radiant energy emitted by the Earth to
space.

Water vapor is the most important greenhouse gas. After water vapor, carbon
dioxide and methane are the next most important greenhouse gases. A sharp decrease
in the concentrations of these gases in the atmosphere could trigger a cooling trend
that would be amplified by lowered water vapor pressure and increased albedo as
snow and ice spread. Alternatively, an increase in the concentration of greenhouse
gases will tend to increase the heat retained by the Earth, leading to global warming.
The temperature increase due to an increase in a greenhouse gas concentration
depends upon (a) the absorption characteristics of the greenhouse gas (absorption
bandwidth and degree of saturation of absorption bands) and (b) the concentration
of the greenhouse gas. As the concentration of any greenhouse gas increases, the
additional warming produced gradually diminishes as the absorption bands become
saturated. At present concentrations, the main absorption band of CO, is quite
saturated, and further increases in concentration produce diminishing increases in
global temperature. However, water vapor and methane are not as saturated, and
increases in these concentrations produce significant heating. But as the water vapor
content of the atmosphere increases, more clouds are likely to form. Some clouds may
produce a net heating effect via absorption, while others may produce a cooling effect
by reflecting incident solar irradiance out to space. The treatment of clouds remains
one of the major uncertainties in climate models.

The concentration of CO, in the atmosphere is reached as a balance between
opposing forces: CO, is supplied to the atmosphere by emissions from volcanoes and
other geological processes (all of the above is prior to human production of CO,).
CO, is removed from the atmosphere by what is called “silicate rock weathering”
which stores the CO, in CaCOj; (limestone). CO, is also removed by the burial of
organic matter in sediments.

Over very long geological times, continental drift rearranges the positions of the
landmasses on Earth, and depending on whether the continents are separate or
conjoined, and also depending on their latitudes, the capability of the land to take
up CO, may increase or decrease. Silicate rock weathering is enhanced by warm, wet
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landmasses. Thus, landmasses located in the tropics enhance the uptake of CO,. An
additional factor is the placement of the landmasses. If they are conjoined, the
humidity in the interior is likely to be low, thus reducing CO, uptake by the land.
Conversely, if the land is distributed as separate bodies with close access to moisture
from nearby oceans, CO, uptake by the land is enhanced. Finally, large eruptions of
basalt lava provide a rich source of calcium ions that can readily remove CO, from
the atmosphere to produce CaCO;. Hence, the CO, concentration in the atmosphere
can go through wide variations over geologic time as continental drift rearranges the
continents, volcanoes pass through active and passive periods, and occasional large
emissions of basalt lava take place.

Methane is supplied to the atmosphere by microbes (methanogens) that live in
poorly drained soils (e.g., tropical wetlands) and in organic-rich sediments below the
sea floor. It is removed via oxidation by the oxygen in the air. Methane has a rather
short lifetime in today’s atmosphere and must be continually replenished or its
concentration will fall. In the early Earth prior to about 2.4 billion years ago, the
oxygen concentration was very low, so presumably the concentration of methane was
higher than today, producing a significant greenhouse effect that counteracted the
weaker Sun that prevailed at that time.

Another factor affecting the climate of the Earth is ocean circulation. Ocean
currents from the tropical zones toward polar areas transfer heat to higher latitudes,
thus helping to prevent the equatorward spread of ice. As this ocean water moves
poleward, its density increases due to evaporation and cooling, and the dense brine
eventually sinks and returns toward tropical zones at deeper levels. One theory is that
this ““great ocean conveyor” can, on occasion, be shut down, leading to increased
cooling of high latitudes and expansion of glacial conditions there. This, in turn,
produces an increase in global albedo, and ice ages may result. The ocean conveyor is
affected by the placement of the continents and the connectivity of the oceans. There
is some evidence, for example, that the conveyor changed about 3.2 million years ago
when the Isthmus of Panama became closed off, leading to a long series of repeated
ice ages and a gradual cooling of the Earth. Spencer Weart (n.d.) asserted that the
Earth’s climate is largely governed by the oceans, because the main ingredients of
climate are not in the Earth’s tenuous atmosphere, but in the oceans, where the top
few meters alone store as much heat energy as the entire atmosphere, and the oceans
average 3.7 kilometers deep. Most of the world’s water is there too, of course, as are
most of the gases (dissolved in the water). However, as Figure 8.4 shows, the atmo-
sphere actually delivers a higher heat flux to high latitudes than the oceans.

If the irradiance of the Sun were to change, that would also affect the Earth’s
climate. We know that solar irradiance has gradually increased over billions of years
but we don’t know the degree to which the ““solar constant” has been constant over
the past few hundred thousand years. Variations in sunspot count and solar cycle
period over the past four centuries suggest that solar irradiance may have wavered
but there is no definitive analysis.

As the Earth moves in its orbit about the Sun, subtle changes in the orbital
characteristics occur over tens of thousands of years. These changes can affect the
yearly input of solar energy to higher latitudes on a secular basis. It is widely believed
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that the ebb and flow of ice ages is tied to this phenomenon whereby variations in the
solar energy input to high latitudes act as “‘triggers’ to initiate feedback mechanisms
that produce climate extremes. However, this theory remains difficult to validate.

The biosphere also affects climate by generating greenhouse gases (principally
CO,, but also CH,) and by uptaking these gases as part of the natural life/death cycle
of the plant kingdom. Land clearing reduces the ability of the biosphere to absorb
CO; and acts as a virtual source of CO,.

Hence, variations in the Earth’s climate are due to many (sometimes conflicting
and opposing) factors, some of which provide positive feedback to enhance trends,
once started. Understanding climate variations is very challenging because it is
difficult to separate out and quantify the various contributing factors.

2.2 STABLE EXTREMES OF THE EARTH’S CLIMATE

Solar energy input to the Earth is the principal driving force that determines the
Earth’s climate. This input is controlled by the Earth’s albedo. The overall average
albedo of the Earth is determined by the amount and geographical distribution of
land, sea, and snow/ice across the globe. Over very long time periods, continental
drift has reorganized the landmasses on Earth. Since the greatest amount of solar
radiant input is to the tropics, and water has the lowest albedo, in ancient times when
there was not much landmass in tropical zones the Earth would have absorbed a
significantly higher proportion of solar irradiance and would have become much
warmer as a result. Conversely, it is possible that the Earth may have gone through
very cold periods in which the high albedo of snow and ice caused positive feedback
that spread the ice and snow until the entire Earth became sheathed in snow and ice.

As nuclear fusion progresses with time in the Sun, the conversion of hydrogen to
helium increases the mean molecular weight and reduces the number of particles.
Increased gravitational energy is then converted to heat. The increase in central
temperature and pressure results in an increase in the rate of generation of energy
as the Sun evolves. Models for the evolution of the Sun from its early beginnings
indicate that solar luminosity has risen steadily over the past ~4.5 billion years from
about 70% of its present value.

If the composition of the Earth’s atmosphere in antiquity had been the same as
today, the Earth’s mean surface temperature would have been below the freezing
point of water before 2 billion years ago and global glaciation would have been the
likely result.

The earliest rock records from western Greenland, dated approximately 3.8
billion years ago, provide a record of the waterborne processes of erosion, transport,
and sedimentation. Liquid water must have existed at least locally. The earliest record
of glaciation is 2.7 billion years ago. The temperature sensitivities of the diversity of
life since 3.8 billion years ago are additional evidence for moderate temperatures.
This diverse life would be difficult to imagine on a frozen Earth. Despite the lack of
Archaean climatic data, the absence of ice with a substantially reduced solar lumin-
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osity presents a well-posed problem for climate modeling. This problem has been
termed the ‘““faint young Sun paradox’ (Gough, 1981).

Sagan and Mullen (1972) showed that, for an early Earth with an emissivity of
0.9 and an albedo of 0.35, the faint young Sun would produce a frozen Earth prior to
2.3 billion years ago. They suggested that the discrepancy between the Archaean
record and their model requires changes in atmospheric composition with a strong
greenhouse effect to counteract the weak Sun. They rejected CO, abundance because
the strongest absorption bands are nearly saturated; however, they did not consider
extremely high CO, concentrations. They suggested that the answer might lie in
enhanced concentrations of reducing gases such as methane and ammonia.

However, the paradox only occurs if one assumes that the composition of Earth’s
atmosphere has remained constant. Kasting (1993) claimed that the paradox dis-
appears if either the Earth’s albedo was lower in the past or the atmospheric green-
house effect was larger, or some combination of the two. The argument given by
Kasting is based mainly on the presumption of extremely high CO, concentrations in
the primitive atmosphere. In terms of the present atmospheric level (PAL) of CO,
(between 300 and 400 ppm), Kasting suggested that the CO, concentration may have
been >300 (PAL) on the early Earth, fading down to perhaps 10 (PAL) at about 0.6
billion years ago. However, he said: “These predictions are entirely theoretical: There
are no reliable paleo-CO, indicators that would allow them to be tested empirically.”
Others have postulated CO, concentrations as high as 30 bar—10° (PAL).

If the Earth ever enters a warm state where the polar ice melts completely and the
glaciers are all gone, it can remain in that state for a long period because (a) global
albedo will be minimized due to the absence of ice and snow, (b) when the polar ice is
all melted, the oceans will cover additional landmasses, thus reducing global albedo
further, (c) the water vapor concentration will be high due to the fact that the vapor
pressure of water increases with temperature, enhancing the greenhouse effect
(although the effect of clouds is difficult to evaluate), and (d) globally warm con-
ditions are likely to increase emissions of the greenhouse gases CO, and CH,4 from
deposits on land and sea (as evidenced by past variations in greenhouse gas con-
centrations across ice age—interglacial transitions).

Therefore, if the Earth can enter a hothouse Earth state where the polar ice melts
completely and greenhouse gas concentrations are high, it could conceivably remain
that way stably for some time. Only a drop in greenhouse gas concentrations would
restore polar ice. Geological evidence suggests that during the Cambrian Period
(about 570 to 510 Myr ago) the Earth was a hothouse with essentially no polar or
high-altitude glaciers. It is conjectured that there were much higher concentrations of
greenhouse gases in the atmosphere compared with the present day. During this
period, most of the continents as we know them today were either underwater or
part of the so-called Gondwana ‘‘supercontinent”. The oceans were all intercon-
nected, bringing warm water to polar areas. About 85% or more of the Earth’s
surface was covered with water (compared with approximately 70% at present)
and there was a lack of significant topographic relief. Chemical weathering was at
a minimum because the landmasses were minimal and they were all conjoined.
Toward the end of the Cambrian period, this supercontinent began to break up,
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dispersing the landmasses and the greenhouse gas concentration dropped markedly,
leading to a cooling trend.

The theory of snowball Earth first originated when Harland and Ruddick (1964)
observed that glacial deposits from ~600 million years ago were widely distributed on
almost every continent. Magnetic orientation of mineral grains in these glacial
deposits indicated that the continents were clustered together near the equator in
this era. They therefore suggested that there might have been a great global ice age in
that era.

Around the same time that Harland publicized his theory, Mikhail Budyko
developed a mathematical energy—climate model that explained how tropical glaciers
could form. Budyko estimated that if Earth’s climate were to cool, and ice were to
form at lower latitudes, planetary albedo would rise at a faster rate because there is
more surface area per degree of latitude as one approaches the equator (Hoffman and
Schrag, 2002). It was found that at the critical latitude of 30° north or 30° south, the
positive feedback became overwhelming, and once having passed through 30° the
freeze becomes irreversible, yielding an entirely frozen Earth.

At first, Budyko’s simulation was surrounded with controversy, because it was
believed that such a catastrophe would extinguish all life, and also that once the Earth
entered the frozen state, it would remain permanently in that state. However, it was
later shown that some organisms could survive such an extreme climate. In addition,
Kirschvink (1992) pointed out that during a global glaciation, shifting tectonic plates
would continue to build volcanoes and supply the atmosphere with carbon dioxide. If
the Earth were completely frozen over, the processes that remove carbon dioxide
from the atmosphere would essentially cease, allowing carbon dioxide to build up in
the atmosphere to extremely high levels, thus reversing the snowball Earth. Once
melting begins, the ice—albedo feedback would be reversed and this, combined with
the extreme greenhouse atmosphere, would drive surface temperatures upward. The
warming would proceed rapidly because the change in albedo begins in the tropics,
where solar irradiance and surface area are maximal. With the resumption of eva-
poration, the addition of water vapor to the atmosphere would add dramatically to
the greenhouse effect. Calculations cited by Hoffman and Schrag suggest that tropical
sea surface temperatures would reach almost 50°C in the aftermath of a snowball
Earth, driving an intense hydrologic cycle. Sea ice hundreds of meters thick globally
would disappear within a few hundred years.

As Hoffman and Schrag (2002) explained, carbon supplied to the oceans and
atmosphere from outgassing of carbon dioxide by volcanoes contains about 1% "*C
and 99% '>C. Carbon is removed by the burial of calcium carbonate in the oceans, in
addition to terrestrial removal by silicate weathering. If removal by burial of calcium
carbonate in the oceans were the only process in effect, calcium carbonate would have
the same '>C/'>C ratio as the volcanic output, but carbon is also removed from the
ocean in the form of organic matter, and organic carbon is depleted in Bc (2.5% less
than in calcium carbonate; Purdy, 2003). In a snowball Earth scenario, snowball
events should drastically decrease the levels of biological productivity. This drop in
biological productivity should trigger decreased levels of '*C in sediments. Figure 2.1
shows several periods of extremely low '*C in the era near 600 million years ago.
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Schrag et al. (2002) discussed the possible role of methane in the pre-glacial
buildup of *C during the snowball era.

The website http://www.snowballearth.org provides a good summary of data and
theory regarding putative snowball states of the Earth. Lubick (2002) provides a good
summary of arguments pro and con.

Kasting and Ackerman (1986) investigated whether a runaway greenhouse could
have occurred on the early Earth. A runaway greenhouse was defined ““as an atmo-
sphere in which water is present entirely as steam or clouds; no oceans or lakes are
present at the surface.” They concluded that the Earth is “apparently stable against
the development of a runaway greenhouse.” Their models indicated that as the CO,
pressure is increased up to ~100 bar—about 300,000 (PAL)—the temperature of the
Earth reaches about 233°C, the water vapor pressure rises to about 29 bar, and the
atmospheric pressure is about 130 bar. Since 233°C is lower than the boiling point of
water at 130 bar, the oceans would not boil but would remain as high-temperature
liquids under high pressure. If the early Earth had a pressure of 10 bar to 20 bar of
CO,, the oceans would have been even more stable at 85°C to 110°C with a vapor
pressure of 0.6 bar to 1.5bar, which is far less than the atmospheric pressure.

While it may be comforting to know that the Earth will not go through a
runaway greenhouse in which the oceans boil, nevertheless, oceans at 233°C with
an atmospheric pressure of 130 bar are somewhat challenging to the imagination!

2.3 CONTINENTAL DRIFT AND CONTINENTAL GEOMETRY AS A
FACTOR IN PALEOCLIMATE CHANGE

2.3.1 Effects of continental geometry

Since the general acceptance of the continental drift theory, it has been widely
surmised that changing continental geometries likely contributed to long-term
climate change. However, it is not exactly clear how this occurred. Several studies
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have been carried out using climate models to estimate the effect of hypothetical
landmass distributions on global climate. However, none of these is entirely con-
vincing. Nevertheless, without using climate models, we can draw a few conclusions
in this regard.

The albedo of snow/ice cover may be as high as 0.9. The albedo of land depends
upon the nature of the land (forest, desert, plains, etc.) but on average it is probably
something like 0.35. The albedo of the oceans is probably about 0.1. The net albedo
of the Earth depends on a global average of all land areas, but clouds add signifi-
cantly to global average albedo. The present-day global average albedo is estimated
to be roughly 0.3. During epochs when there are landmasses at high latitudes or at the
poles, the potential for glaciation of polar areas increases significantly since snow
falling on land can accumulate. This can increase the overall average albedo, leading
to further cooling. Thus, landmasses at high latitudes are widely believed to be
conducive to colder climates. Conversely, when most of the continents are at tropical
or mid-latitudes, accumulation of snow and ice will be constrained and the albedo of
the Earth will be smaller. This will induce warming, and the lack of polar ice indicates
that the oceans will be higher. Thus, continental margins will be flooded, and the area
of exposed continents will decrease (i.e., land area is converted to water area). This
will decrease global albedo further, producing more warming. Hence the occurrence
of landmasses at polar or moderate latitudes promotes global cooling or warming,
respectively.

While landmasses in polar areas are ideal sites for ice sheet formation, the total
heat balance of the Earth is determined by how much solar energy gets absorbed.
Since the preponderance of solar energy input to the Earth is in the tropics (where
solar energy per unit area is a maximum, and land area per unit latitude is also a
maximum) absorption of solar energy in the tropics is of paramount importance.
Since land has a much higher albedo than water, an unusual preponderance of
landmasses within middle to low latitudes will be conducive to global glaciation.
Indeed, such a continental distribution occurred some 600 Myr ago, and may have
contributed to formation of a snowball Earth. This situation that has not been
encountered at any time subsequent to that period. Any resultant glaciation would
further increase the Earth’s albedo by lowering sea level, exposing continental
shelves. Additional continents in the tropics would also increase the silicate weath-
ering rate, thus reducing atmospheric CO, concentration. It was suggested that these
combined effects might lead to the growth of large ice caps, nucleated on islands or
continents bordering the polar seas (Kirschvink, 2002).

Burrett (1982) carried out paleocontinental reconstructions for the period
570 Myr to 200 Myr ago and made rough estimates of land distribution among
deserts and forest, in order to estimate the albedo of the Earth. His goal was to test
how geographical placement of land and overall global albedo affected paleoclimates.
He did not find any obvious correlations of land placement and albedo with the onset
of glaciation and suggested that the issues are more complex. It seems likely that
merely having a landmass at one pole, without major barriers to overall ocean flow,
may not lead to glaciation.

Another factor in determining the global climate is the network of pathways for
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ocean currents to transport heat. When polar areas are openly exposed to ocean
currents from equatorial zones, heat is efficiently transported to polar areas, thus
reducing glaciation, raising the oceans, and warming the planet. When the polar areas
are thermally isolated from equatorial zones, they are more likely to freeze over, thus
cooling the planet. The presence of a wide network of mid-latitude landmasses can
obstruct the transport of heat to polar areas.

Warm, wet landmasses located in the tropics enhance the uptake of CO, by
silicate rock weathering. An additional factor is the placement of the landmasses.
If they are conjoined, the humidity in the interior is likely to be low, thus reducing
CO, uptake by the land. Conversely, if the land is distributed as separate bodies with
close access to moisture from nearby oceans, CO, uptake by tropical landmasses is
enhanced. Thus, the CO, concentration in the atmosphere can undergo wide varia-
tions over geologic time as continental drift rearranges the continents. This will affect
global climate via the greenhouse effect.

In one study of note, two idealized continental geometries based on present-day
total land area were analyzed with a climate model: (1) a tropical land belt 17°N to
17°S and (2) polar land caps from 90° to 45°N and 90° to 45°S (Barron, 1984). The
polar land cap model was subdivided into two subordinate cases, one of which was
unconstrained, and the other had imposed a thin permanent snow cover from 70° to
90°, N and S. The resultant temperature profiles vs. latitude are shown in Figure 2.2.
Note that the modeled profile for polar landmass with snow is similar to that which
exists today.

Smith and Pickering (2003) proposed what they called a ““unifying explanation
for the four major icehouses during the past ~620 million years.” All four icehouses
developed when a large continent lay within or less than 1,000 km from one or both
geographic poles but there have been periods when a polar continent such as Ant-
arctica has not been glaciated. Thus a polar or subpolar position for a continent
appears to be a necessary (but not sufficient) condition for widespread glaciation.
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High topography has also been invoked as an important factor. Other important
factors for establishment of continent-wide ice sheets are the opening of high-latitude
gateways and the closing of subtropical gateways. However, whether the changes in
circulation lead to increased snow and ice accumulation in high-latitude regions
depends in part on the strength of contemporaneous circumpolar circulation.
The problem is complex and requires numerical modeling. The authors believed that
astronomical factors and other processes became significant in driving glacial-
interglacial events only after the continental configurations, gateways, and associated
ocean gyres were established.
Gerhard and Harrison (2001) suggested:

“The primary driving force behind [long-term] climate cycling is tectonic,
specifically by controlling distribution of landmasses on the Earth’s surface,
which in turn controls the geometry of ocean currents and thus the transfer of
heat around the Earth. When equatorial ocean currents exist, the Earth tends to
be in a greenhouse state. In contrast, when continents exist in positions that
impede or block significant equatorial currents, the Earth tends to be in the
icchouse condition. Transitions between the two states are slow but may be
punctuated by rapid shifts.”

The present distribution of land as a function of latitude is shown in Figure 2.3. Two-
thirds of the land area occurs in the northern hemisphere (NH). This undoubtedly
explains why ice sheets form primarily in the NH during ice ages. The presence of
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land is necessary to allow the accumulation of ice. In addition, land responds more
readily to seasonal changes than do the oceans. This might suggest that the level of
summer insolation would control the ability of ice fields to expand or contract.

As Muller and MacDonald (M&M) said:

“The fundamental reason for this is lack of convection. In the oceans, heat can
convect between depths as well as horizontally, but on land, heat must diffuse, and
that is a much slower process. Seasonal changes rarely penetrate more than about
two meters. Ocean water mixes readily; cooling water contracts and sinks to the
bottom until the temperature of the entire depth of water drops to 4°C. The
uppermost 50 meters or so of the ocean, called the mixed layer, is thoroughly
mixed by wind and waves. The importance of land in the formation of large
glaciers is illustrated by the presence of glaciers in Greenland and Antarctica.
These are the only landmasses that extend close to the poles, and they are the only
ones with extensive glaciers remaining from the Ice Ages. In Greenland, the
glaciers extend southward almost 30 degrees from the North Pole; in Antarctica,
they extend about 20 degrees from the South Pole. Large areas in Canada and
Russia that are closer to the North Pole than southern Greenland, but don’t reach
as close as northern Greenland, have no glaciation. This suggests that polar roots
on land are necessary and, if they exist, then the glaciers can extend much further
from the polar regions. Although sea ice covers the Arctic Ocean, it does not
appear able to provide the same kind of roots that are provided by land.”

Once the glaciers begin to form, the increased albedo from their surfaces may provide
a positive feedback to enhance their formation, although precipitation is also needed,
and it is not obvious that increased cold alone will lead to increased ice.

2.3.2 Evolution of glaciation near the south pole ~34 million years ago

Antarctica has been located over southern polar latitudes since about 150 million
years ago, yet it is believed to have remained mostly ice-free, vegetated, and with
mean annual temperatures well above freezing until about 34 million years ago. At
about that time, the Earth underwent a significant climate change. Evidence for
cooling and the sudden growth of an east Antarctic ice sheet (EAIS) comes from
marine records and other geological data (DeConto and Pollard, 2003).

“Fifty million years ago our planet was on average 6°C warmer, and atmospheric
greenhouse gases, such as carbon dioxide (CO,), were four times that of current
levels. Temperature changes at the poles were probably twice the global average.
Antarctica did not have an ice sheet, but may have had small regions of alpine
glaciation and a temperate climate that supported large arecas of forest-like
vegetation including palms, ferns, and rainforest trees . .. About 34 million years
ago, at the end of the Eocene Period, a ‘sudden’ (in just 200,000 years) fall in
global temperature of 3-4°C occurred. This cooling led to the expansion of ice on
Antarctica by up to 10 million km?, and a corresponding fall in global sea level of
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up to 40 m as ocean water was incorporated into the continental ice sheet. The
development of an ice sheet on Antarctica is one of the most significant changes to
Earth’s climate known in the geological record. It marks the abrupt end of the so-
called ‘greenhouse’ world, and the beginning of the ‘icehouse’ world” (Naish,
n.d.).

The main evidence for cooling and sudden growth of ice on Antarctica comes from
isotope measurements on ocean sediments containing matter that was “ice-rafted”
from icebergs calving off the edges of the Antarctic ice sheet. The deep-sea cores prior
to 34 Myr ago contain plant pollen originating from the nearby Antarctic continent
indicating that lush temperate forests prevailed, whereas at later dates, they were
replaced by colder climate tundra.

Kennett (1977) pointed out that the Antarctic continent had been in a
high-latitude position long before glaciation commenced there. However, continental
glaciation developed only when the present-day Southern Ocean circulation system
became established as obstructing landmasses moved aside. He described the
historical evolution of continental drift:

— 65 Myr—55Myr ago—Australia and Antarctica were joined.

— 55Myr ago—Australia began to drift northward from Antarctica, forming an
ocean, although circum-Antarctic flow was blocked by the continental South
Tasman Rise and Tasmania.

— 55Myr-38 Myr ago—the Southern Ocean was relatively warm and Antarctica
largely non-glaciated.

— 38 Myr ago—a shallow water connection had developed between the southern
Indian and Pacific oceans. Substantial Antarctic sea ice began to form. This
resulted in a rapid temperature drop in bottom waters of about 5°C. Thermo-
haline oceanic circulation was initiated at this time much like that of the present
day.

— 39 Myr-22 Myr ago—gradual isolation of Antarctica from Australia and
perhaps the opening of the Drake Passage. Widespread glaciation probably
occurred throughout Antarctica, although no ice cap existed.

— 14 Myr-11 Myr ago—the Antarctic ice cap formed. This occurred at about the
time of closure of the Australian—-Indonesian deep-sea passage.

One theory is that the freezing of Antarctica was caused by a series of movements in
Earth’s major tectonic plates, because the timing of ice sheet growth in Antarctica
coincided with seafloor spreading that pushed Antarctica away from Australia and
South America. The opening of these “ocean gateways” produced a strong circum-
polar current in the Southern Ocean that is thought to have ‘“thermally isolated”
the Antarctic continent, cooling it to a level where an ice sheet could rapidly grow
(Naish, n.d.). This belief is supported by ocean general circulation model simulations,
which indicate that these changes would have reduced southward oceanic heat
transport, thus cooling Southern Ocean sea surface temperatures (DeConto and
Pollard, 2003).
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However, an alternative explanation has been offered in which declining CO,
(from 1,200 ppm at 50 Myr ago to 600 ppm at 34 Myr ago) initiates ice sheet height/
mass—balance feedbacks that cause the ice caps to expand rapidly with large orbital
variations, eventually coalescing into a continental-scale east Antarctic ice sheet.
According to this model, the opening of Southern Ocean gateways plays a secondary
role in this transition, relative to CO, concentration. This model for the glacial
inception and early growth of the East Antarctic Ice Sheet used a general circulation
model with coupled components for atmosphere, ocean, ice sheet, and sediment that
incorporated paleogeography, greenhouse gases, changing orbital parameters, and
varying ocean heat transport (DeConto and Pollard, 2003). However, assumptions
regarding past changes in CO, concentration seem somewhat arbitrary and
contrived.

There is some uncertainty as to how stable the Antarctic ice sheets have been over
the past 34 million years. According to Naish, “geological evidence shows that global
sea level has risen and fallen by 10 to 40 m many times during the last 34 million years,
with each cycle of sea level change lasting 40,000 or 100,000 years.” The sea level
changes imply that Antarctica had extensive periods when its ice sheets were highly
unstable, fluctuating in volume by up to 80%. This is thought to be particularly true
between 34 Myr and 15 Myr ago when atmospheric CO, levels may have been twice
as high as today, and global average temperatures may have been 2°C warmer than
today. Naish claims: “a second major cooling step occurred about 15 million years
ago when the Antarctic ice sheets are thought to have expanded to their present size.”

2.3.3 The effect of the Isthmus of Panama on NH glaciation in the past
2,700,000 years

Haug (2004) raised some vital questions:

“Why did Antarctica become covered by massive ice sheets 34 million years ago,
while the Arctic Ocean acquired its ice cap only about 3 million year ago? Since
the end of the extremely warm, dinosaur-dominated Cretaceous Era 65 million
years ago, heat-trapping greenhouse gases in the atmosphere have ... declined . ..
and the planet as a whole has steadily cooled. So why didn’t both poles freeze at
the same time?”

According to Haug (2004), the explanation for the glaciation of Antarctica is
straightforward:

“The supercontinent of Gondwana broke apart, separating into subsections that
became Africa, India, Australia, South America, and Antarctica, and passage-
ways opened between these new continents, allowing oceans to flow between
them. When Antarctica was finally severed from the southern tip of South
America to create the Drake Passage, Antarctica became completely surrounded
by the Southern Ocean. The powerful Antarctic Circumpolar Current began to
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sweep all the way around the continent, effectively isolating Antarctica from most
of the warmth from the global oceans and provoking large-scale cooling.”

However, the explanation for the delay in glaciation of the northern hemisphere is
more problematic. Haug (2004) emphasized the “huge gap” in Central America that
allowed tropical water to flow between the Atlantic and Pacific Oceans. When the
Isthmus of Panama formed about 3 million years ago, it partitioned the Atlantic and
Pacific Oceans and may have fundamentally changed global ocean circulation.
According to Haug (2004), before the Isthmus of Panama formed, Pacific surface
waters mixed with Atlantic waters, roughly balancing the two oceans’ salinity.
However, the North American, South American, and Caribbean Plates began to
converge about 5 Myr ago slowly forming the Isthmus of Panama. This gradually
restricted the exchange of water between the Pacific and Atlantic, and their salinities
diverged. Evaporation in the tropical Atlantic and Caribbean left those ocean waters
saltier and put freshwater vapor into the atmosphere. The Trade Winds carried the
water vapor from east to west across the low-lying Isthmus