Key Questions

¢ What is meant by a “systems approach” to Earth sci-
ence?

¢ How does global warming differ from the green-
house effect, and is global warming actually occur-
ring today?

¢ What is the Antarctic ozone hole, and what is its
significance?

¢ Should we be concerned about tropical deforestation?

¢ What can understanding Earth’s past tell us about
Earth’s future?

Chapter Overview

Earth is currently being altered at an unprecedented
rate by human activity. The buildup of greenhouse
gases in the atmosphere is expected to warm Earth’s cli-

mate in the future—and may have done so already. The

accumulation of chlorine-containing compounds in the
atmosphere has damaged the ozone layer over part of
the globe. Deforestation of the tropics may be causing
large decreases in biodiversity. How serious are these
problems, and how do they compare with past changes
in the Earth system? Chapter 1 lays out the evidence of
these changes and explains why an integrated, systems
approach is useful in analyzing them.

Introduction

Our world is changing. In fact, Earth has always been
changing and will continue to do so for ages to come. Yet,
there is a difference between the changes occurring now
and those that occurred previously. Earth is changing
faster today than it has throughout most of its 4.6 billion-
year history. Indeed, it may be changing faster than it
ever has, except perhaps in the aftermath of giant mete-
orite impacts. The cause of this accelerated pace of
change is simple: human activity. Human populations
have expanded in numbers and in their technological abil-
ities to the point at which we are now exerting a signifi-
cant influence on our planet. The effects of our actions
are seen most clearly in the thin envelope of gases that
supports our existence, the atmosphere, but they are ob-
servable elsewhere as well. Forests, mountains, lakes,
rivers, and even the oceans exhibit the telltale signs of
human activity.

To what extent are these anthropogenic (human-in-
duced) changes a cause for concern? All of us can think
of situations in which human influence has clearly been
detrimental to the environment, for example, cities
plagued with polluted air and water. But these are local
problems, and they are hardly new. Humans have gener-
ated local pollution ever since they first developed agri-
cultural societies around 10,000 years ago. Human
inhabitants of Easter Island (which lies off the southwest
coast of South America) may have set the stage for the
demise of their culture about 700 years ago through
deforestation—that is, by the clearing of all the trees—of
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the island. Advanced technology is not needed to damage
one’s immediate surroundings.

Today, however, because technological advances
abound and because there are simply more people on
Earth than ever before, human influence extends to the
global environment. For example, global climate, the pre-
vailing weather patterns of a planet or region over time,
is being altered by the addition of greenhouse gases to
the atmosphere. Greenhouse gases are gases that warm
a planet’s surface by absorbing outgoing infrared radia-
tion—radiant heat—and reradiating some of it back to-
ward the surface. This process is called the greenhouse
effect. (The analogy is not perfect, however, because the
glass walls of a greenhouse keep the air warm by inhibit-
ing heat loss by upward air motions rather than by ab-
sorbing infrared radiation.) The greenhouse effect is a
natural physical process that operates in all planetary at-
mospheres. For example, the greenhouse effect, and not
solely proximity to the Sun, is thought to account for the
high surface temperature of Venus—460°C, compared
with about 15°C at Earth’s surface. On Earth, some green-
house gases (such as water vapor) are entirely natural,
but others are partly or wholly anthropogenic. The most
abundant anthropogenic greenhouse gas on Earth is
carbon dioxide, CO,, which is produced by the burning of
fossil fuels (fuels such as coal, oil, and natural gas that
are composed of the fossilized remains of organisms) and
by deforestation. When trees are cut down, they decay,
and the carbon in their trunks, branches, and leaves is re-
leased as CQO,. Carbon dioxide is also a component of vol-
canic emissions, and it is cycled rapidly back and forth by
living plants and animals. Thus, its abundance is con-
trolled by a combination of natural and human-controlled
processes.

Humankind is also capable of damaging Earth’s frag-
ile ozone layer. The ozone layer is a chemically distinct re-
gion within the stratosphere, part of the atmosphere. The
ozone layer protects Earth’s surface from the Sun’s harm-
ful wliravioler radiation. Ultraviolet radiation is what gives
us suntans but also sunburns. Ozone (O;) is a form of
oxygen that is much less abundant than, and chemically
unlike, the oxygen that we breathe (O,). As we shall see,
the ozone hole over Antarctica, a patch of extremely low
ozone concentration in the ozone layer, is known to be
anthropogenic in origin.

We are also now deforesting parts of the planet—
mainly the tropics—at a rate that was not possible until
the 19th century. As we cut down the forests, we kill off
many species of plants and animals that live there. Hence,
we are now causing substantial decreases in biodiversi-
ty, or the number of species present in a given area.

The effects of these global environmental problems
on humans are more difficult to assess than are the ef-
fects of local air and water pollution. Depletion of the
ozone layer is a worrisome prospect, but serious losses of

ozone have so far been confined to the region near the
South Pole, where few people live. Small decreases in
ozone have been observed at mid-latitudes, but these are
not yet thought to pose a serious hazard to health. Loss of
biodiversity in the tropics has thus far only indirectly af-
fected people who live at temperate latitudes. Tropical
deforestation and fossil fuel burning could affect everyone
by causing global warming, a warming of Earth’s atmos-
phere due to an anthropogenic enhancement of the green-
house effect. However, some people (those living in
Alaska or Siberia, for instance) might see global warming
as less of a threat than would others. How can we decide
which global environmental problems are truly urgent
and which may simply deserve careful, long-term study?

Three Major Themes

One major theme of ours will be global environmental is-
sues such as these. We should be able to make our own
decisions as to which modern environmental problems
are worth worrying about and which, if any, are not. Mak-
ing such decisions intelligently requires at least some
knowledge of the scientific questions involved. Some of
the issues, global warming in particular, are also politi-
cally contentious, because the scientific questions sur-
rounding them are not entirely answered and because the
actions needed to address them are potentially very cost-
ly. In such cases, it is important that both policymakers
and citizens understand the problem at a reasonably de-
tailed level.

To understand how humankind is changing the envi-
ronment today. we need also to understand how the en-
vironment was changing before humans came on the
scene. Otherwise, it is difficult to distinguish short-term,
anthropogenic trends from longer-term, natural trends.
So, a second major theme of ours is global change in the
past. Climate is a good example of the overlap of short
and long time scales of global change, and one to which
we will return frequently. Earth’s climate is predicted to
warm over the next few decades to centuries as a conse-
quence of the buildup of CO, and other greenhouse gases
in its atmosphere. Evidence of past climates has come
from cores drilled into sediments on the ocean floor.
(Sediments are layers of unconsolidated material that is
transported by water or air.) This evidence indicates that
we are in the midst of a relatively short interglacial peri-
od (a warm interval marked by the retreat of Northern
Hemisphere ice sheets) in between glacial periods (cold
intervals marked by the buildup of these ice sheets).
Hence, in the absence of anthropogenic influence, the
planet would be destined over the next few thousand
years to slip slowly into the next Ice Age. Which of these
tendencies—global warming or the transition to a glacial
period—will win out? We argue later that warming is like-
Iy to win out in the short term, because the rate of in-




crease of atmospheric CO; and other greenhouse gases
is faster than the historical rate of interglacial-to-glacial
climate change. Thus, the question of time scales is im-
portant. Understanding how and why climate has changed
in the past can help us understand how it may change in
the future.

We are introduced to these two major themes in this
chapter. A third major theme of ours is systerms—in par-
ticular, the Farth system. We examine this theme more
thoroughly in Chapter 2. For now, let us say just that a
system is a group of components that interact. The Earth
system is composed of four parts: the atmosphere, the hy-
drosphere, the biota, and the solid Earth (Figure 1-1). As
we have seen, the atmosphere is a thin envelope of gases
that surrounds Earth. The hydrosphere is composed of
the various reservoirs of water, including ice. The biota in-
clude all living organisms. (Some ecologists define the
biosphere as the entire region in which life exists, but we
will avoid that term here because it overlaps our other
system components.) The solid Earth includes all rocks,
or consolidated mixtures of crystalline materials called
minerals, and all unconsolidated rock fragments, It is di-
vided into three parts: the core, mantle, and crust. The
core of any planet or of the Sun is the central part. Earth’s
core is a dense mixture of metallic iron and nickel and is

energy

FIGURE 1-1

Schematic diagram of the Earth system, showing interactions among
its four components. (From R.W. Christopherson. Geosystems: An In-
troduction to Physical Geography, 3/e. 1997, Reprinted by permission
of Prentice Hall, Upper Saddle River, N.1.}
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part solid, part liquid. The mantle is a thick, rocky layer
between the core and crust that represents the largest
fraction of Earth’s mass. The crust is the thin, outer layer,
which consists of light, rocky matter in contact with the at-
mosphere and hydrosphere.

One of our goals is to show how the different com-
ponents of the Earth system interact in response to vari-
ous internal and external influences, or forcings. A
well-known example of a forcing is the variation in the
amount of sunlight received in each hemisphere during
the course of a year. The response to this forcing, which
is governed by the interaction between the atmosphere
and the hydrosphere. is the seasonal cycle of summer and
winter. But there are other, more subtle forcings at work
as well that may engage all four components of the Earth
system. Some examples are given later in this chapter.

Chapters 3 through 9 describe the various compo-
nents of the Earth system in some detail. These chapters
are not particularly distinctive; many Earth science texts
do much the same thing. However, Chapter 1 and all the
later chapters are devoted to problems, such as global cli-
mate history and modern global change, that cut across
traditional disciplinary boundaries and that involve in-
teractions among different parts of the Earth system. It is
here that this book differs from most other introductory
textbooks. The systems approach adopted here can lead
to a more in-depth understanding of such problems by
providing a convenient way of analvzing complex inter-
actions and predicting their overall effect.

Global Change on Short Time Scales

We start our discussion of the Earth system by introduc-
ing three major global environmental changes that are
occurring today: global warming. ozone depletion, and
tropical deforestation. Afterward, we will backtrack to
discuss how the Earth system operated in the past and
how that may help us predict what will happen to it in
the future.

Evidence of Global Warming

The most pervasive, and at the same time controversial,
environmental change that is occurring today is global
warming. This issue is extremely complex because it in-
volves many different parts of the Earth system. It is con-
troversial because it is difficult to separate anthropogenic
influences from natural ones and because its causes are
deeply rooted in our global industrial infrastructure;
hence, these causes would be difficult to eliminate. A
major goal of this book, therefore, is to help the reader
understand global warming and to put it in the context of
past climatic change.
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Although the terms “greenhouse effect” and “glob-
al warming” are sometimes used interchangeably, the two
phenomena are very different. The greenhouse effect is an
indisputably real, natural process that keeps the surfaces
of Earth and the other terrestrial planets warmer than
they would be in the absence of an atmosphere. Global
warming is an increase in Earth’s surface temperature
brought about by a combination of industrial and agri-
cultural activities. These activities release gases that bol-
ster the greenhouse effect. At present, not all scientists
are convinced that global warming has begun. Most re-
searchers agree that the climate has warmed over the past
century, but not all of them believe that this warming is a
result of human activities. However, the number of glob-
al warming skeptics has dwindled over the past several
years. The influential Intergovernmental Panel on Cli-
mate Change released a report in 2001 that says that the
evidence that humans have warmed the climate is now
very strong. The debate is shifting to the question of how
big that warming will become in the future.

Measurements of Atmospheric CO,: The Keeling Curve.
The data that have aroused much of the current concern
about global warming are shown in Figure 1-2. The graph
shows the atmospheric CO, concentrations measured at
the top of Mauna Loa, a 4,300-meter-high volcano in
Hawaii, over a 40-year interval. Mauna Loa was chosen as
the measurement site because the air blowing over its
summit—clean air from the western Pacific Ocean—is far
removed from local sources of pollution. The measure-
ments were begun in 1958 by Charles David Keeling of
the Scripps Institute of Oceanography. For this reason,
the data are often referred to as the “Keeling curve.”

In Figure 1-2 the concentration of atmospheric gas is
measured in parts per million, or ppm. A value of 1 ppm
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FIGURE 1-2

Measurements of atmospheric CO, concentrations at the top of
Mauna Loa in Hawaii. These data are known as the “Keeling curve,”
(Source: C.D. Keeling and T.P. Wharf, Scripps Institute of Oceanog-
raphy, La Jolla, California. {(hutpHediac.esd.orml govitrendsico2/
sio-nilo.im)

of a particular gas means that one molecule of that gas is
present in every million air molecules. We shall use the
abbreviation *ppm” to represent parts per million by vol-
tme rather than parts per million by mass. (In technical
literature, ppriv is often used for parts per million by vol-
ume.) Units of mass and volume are not interchangeable,
because a given gas molecule may be heavier or lighter
than an average air molecule. Although one part per mil-
lion may not sound like much, it represents a large num-
ber of molecules. A cubic centimeter of air at Earth’s
surface contains about 2.7 X 10" molecules, so a 1-ppm
concentration of a gas would have 2.7 X 10" molecules in
that same small volume. (If you are not familiar with sci-
entific notation, refer to Appendix I for help.)

As Figure 1-2 shows, the CO, concentration in 2001
was about 371 ppm. We say “about” because the atmos-
pheric CO, concentration varies slightly from place to
place and oscillates seasonally over a range of 5 to 6 ppm.
This seasonal oscillation has to do with the “breathing”
of Northern Hemisphere forests. Forests take in CO,
from the atmosphere (and give off O,) in spring and sum-
mer. and they release CO, back to the atmosphere dur-
ing fall and winter. Hawaii is in the Northern Hemisphere
(latitude 19° N) and hence is influenced by this cycle. The
cycle is reversed in the Southern Hemisphere, but the
amount of land area is much smaller, so the magnitude of
the CO, change is reduced.

Keeling’s data show, in addition to this scasonal os-
cillation, that atmospheric CO, levels have increased sig-
nificantly since 1958, The mean CO, concentration that
year was about 315 ppm, or 56 ppm lower than today’s
value. The average rate of increase in CO, concentration
since then has been 56 ppm/43 yr, or about 1.3 ppm/yr.
More-detailed inspection of the curve reveals that the rate
of CO, increase rose from (.7 ppm/yr in the early 1960s to
1.7 ppm/yr in the late 1990s. Scientists believe that most
of the increase in atmospheric CO, has been caused by
the combustion of coal, oil, and natural gas but that trop-
ical deforestation is also partly to blame.

The evidence that atmospheric CO, is increasing is
indisputable. Similar measurements have been conduct-
ed at many different stations around the globe. The long-
term increase in CO, is visible in every set of
measurements and is essentially the same as that seen at
Mauna Loa. (The range of the seasonal fluctuations, how-
ever, varies with the location.) For this reason, both sci-
entists and policymakers agree that the long-term trend in
atmospheric CO; is real rather than an artifact.

CO, DaTta FROM IcE Cores. When did this increase in
atmospheric CO, begin, and what was the CO; level be-
fore that time? If we had to rely entirely on measurements
made in the modern era, we would not be able to answer
these questions. This is where analysis of the record of
climate in the past can help. The composition of the at-
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mosphere in the past can be determined by analyzing the
composition of air bubbles trapped in polar ice. The bub-
bles formed as snow at the top of an ice sheet is com-
pacted, and their composition is preserved as they are
buried under more snow. The age of the ice can be de-
termined by drilling deep into the ice, removing a section
of it, and counting the annual layers of snow accumula-
tion. Figure 1-3 shows results from ice cores—cylindrical
sections drilled into the ice—taken at several locations
on Antarctica. This graph compares the CO, composition
of the air bubbles in the ice with a “smoothed™ version of
the Keeling curve (the dashed curve, from which the sea-
sonal oscillation has been removed). The fact that the ice
core measurements match up well with the direct atmos-
pheric measurements in 1958 is convincing evidence that
the ice core technique for determining atmospheric CO,
concentrations vields reliable results.

According to these measurements. the buildup of at-
mospheric CO, began early in the 19th century—well be-
fore the dawn of the Industrial Age, which started in
earnest around 1850. The rise in CO. levels between 1800
and 1850 has been attributed to the deforestation of North
America by westward-expanding settlers and is thus
known as the pioneer effect. The ice core measurements
show that the preindustrial CO, concentration (the value

Global Change on Short Time Scales 5

circa 1800) was about 280 ppm. Evidently, humans have
been responsible for almost a 30% increase in atmos-
pheric CO, concentration over the past two centuries,

Other Greenhouse Gases. Carbon dioxide is not the only
greenhouse gas whose concentration is currently on the
rise. Methane (CH,), nitrous oxide (N,O), and certain
chlorofluorocarbon compounds (CFCs) have also been
increasing as a result of human activities. Also called

freons, CFCs are synthetic compounds containing chlo-

rine, fluorine, and carbon. Collectively, such gases that
are present in the atmosphere in very low concentrations,
called trace gases, are thought to have contributed almost
as much additional greenhouse effect over the past few
decades as has CO,. (Because CO, is much less abundant
than N, or O,, it is also classified as a trace gas, but it is
more than 200 times as plentiful as any of the other gases
mentioned here and hence deserves to be in a class by it-
self.) CFCs have also been implicated in the destruction
of stratospheric ozone, as we discuss later in this chapter.
For now, we simply note that the evidence for an increase
in anthropogenic greenhouse gases is unequivocal: Hu-
mans are indeed modifying the composition of Earth's at-
mosphere. The extent to which we should be concerned
about it remains to be determined.
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FIGURE 1-3

Atmospheric CO, concentrations over the past 1,000 years, as determined from ice cores and from direct at-
mospheric measurements. (The dashed line is the Keeling curve.) { After Climare Change, 1994, Intergovern-
mental Panel on Climate Change, Cambridge: Cambridge University Press)
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Observed Changes in Surface Temperature. The ob-
served rise in greenhouse gases is quite well documented,
but what about the effects of this rise? Is there any direct
evidence that climate is changing as a result?

The answer to this question is yes and no. Historical
data indicate that Earth’s surface temperature is on the in-
crease. The data are not as easy to interpret as are the
greenhouse gas data discussed earlier, but they are con-
sidered to be reliable. At a number of stations around the
world, scientists have made accurate atmospheric tem-
perature measurements that date back more than a cen-
tury. Ocean-crossing ships have also routinely measured
sea-surface temperatures during most of this time. Figure
1-4 illustrates the combined data from both types of his-
torical measurements for the entire globe. The mean sur-
face temperature from 1961 to 1990 has been subtracted
from the data. The global mean surface temperature has
increased from about 0.3°C below this mean value prior
to 1900 to about 0.4°C above this mean value today. The
overall temperature increase during the 20th century was
thus approximately 0.7°C (or 1.3°F). This increase is
broadly consistent with the warming expected from a 30%
rise in atmospheric CO,. However, if one compares
Figure 1-4 with Figure 1-3, one can see that the surface
temperature does sof increase as uniformly or at the same
rate as does atmospheric CO,. Evidently, the climate is
influenced by other factors as well. Problems do exist with
these historical temperature data. For example, weather
stations located near cities are subject to a well-docu-
mented “heat island” effect: As a city grows and as more
area becomes covered with dark surfaces such as asphalt,
more sunlight is absorbed and the local air temperature
can increase by as much as 3°C. This systematic error has
been removed from the data shown in Figure 1-4, but it is
still a source of uncertainty because it is difficult to re-
move accurately. (Systematic errors exhibit a regular pat-

tern. Random errors do not follow any pattern.) Sea-sur-
face temperature measurements are also subject to sys-
tematic errors. Prior to the mid-1900s, water temperatures
were determined by the “bucket method.™ A crew mem-
ber dropped a bucket over the side of the ship, then
hauled it back up and measured its temperature with a
thermometer. Since then, water temperatures have gen-
erally been measured with flow-through devices located
on the ship’s hull. The two methods do not yield exactly
the same results, because the samples may be taken at
different water depths and because buckets can warm or
cool as they are being examined. Furthermore, the current
procedure draws water up through the ship (normally
near the engines) and can heat it up. These effects, too,
can be corrected for, but not without creating additional
uncertainties.

A second problem with the temperature data is that
the coverage in time and space is much better in some
parts of the world than in others. Populated areas of Eu-
rope and North America have been monitored most
closely and for the longest time, so the coverage is best in
these regions. Most land areas in the Southern Hemi-
sphere have shorter and less-consistent temperature
records. And the coverage over some regions of the
acean, particularly remote parts of the Southern Ocean
where few ships travel regularly, is sparse indeed. Because
sea-surface temperatures can now be monitored from
satellites, the oceanic database should improve in the fu-
ture. However, it may well require several decades of such
measurements to establish reliable trends.

Despite such difficulties, climatologists who collect
and analyze these surface temperature data are confident
that the observed half-degree warming trend over the past
century is real. This does not mean, though, that it has
been caused by human activities. Evidence shows that the
climate was unusually cool between about 1500 and 1850.
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FIGURE 1-4

Change in global average surface tem-
perature since 1861. The data are ex-
pressed as deviations from the 1961 to
1990 mean value. (Source: Intergovern-
mental Panel on Climate Change—
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This period has been termed the “Little Ice Age.” At least
part of the warming since that time may represent a re-
covery from that naturally cool period rather than warm-
ing produced by anthropogenic greenhouse gases. This is
another illustration of why it is necessary to understand
the past if we want to predict the future.

An additional puzzle in the data shown in Figure 1-4
is that the warming trend seemed to slow, or stop cntire-
ly, between about 1940 and 1970. In the Northern Hemi-
sphere, temperatures actually declined by a few tenths of
a degree during this period. The decrease over Northern
Hemisphere land areas is so pronounced that, by 1970,
some climatologists were concerned that Earth might be
entering a new glacial period. This worry was heightened
by the historical data mentioned earlier that indicated that
the present interglacial period might be nearing its end.

One possible explanation for the 1940 to 1970 cooling
trend is that it was caused by increased reflection (and
thus decreased absorption) of sunlight by sulfate aerosol
particles. These tiny airborne particles are formed from
sulfur dioxide (SO,) emitted by the burning of coal. Most
of the coal burning has taken place in the Northern Hemi-
sphere, so this hyvpothesis could also explain why that
hemisphere cooled more than did the Southern Hemi-
sphere. Recent climate model simulations show that the
magnitude of the acrosol effect is sufficient to account for
the observed trend. But coal burning also releases CO,
and hence should contribute to global warming—just the
opposite of the observed effect during this 30-vear period.
This situation is a good example of why it is necessary to
understand the whole Earth system in some detail if we
are to interpret properly the changes that are occurring.

We cannot assume, however, that even though coal
burning may have cooled Earth from 1940 to 1970. it will
continue to do so in the future. In the United States, SO,
is now being removed. or “scrubbed,” from smokestack
emissions in order to reduce its contribution to acid rain.
Acid rain is produced when various acids, including sul-
furiccacid formed from the oxidation of SO, dissolve in
rainwater. Acid rain can kill fish and damage plants in re-
gions downwind from strong sources of pollution. It has
been a problem in parts of the northeastern United States
and in eastern Canada because there arc many coal-fired
power plants along and northward of the Ohio River val-
ley. Other parts of the world. notably Europe, have prob-
lems with acid rain as well. Paradoxically, cleaning up
smokestack emissions to cut down on acid rain may ex-
acerbate the problem of global warming by reducing sul-
fate acrosol concentrations in the atmosphere.

Even if we were to quit scrubbing SO, out of smoke-
stack gases. the ultimate effect of coal burning would be
to warm Earth's atmosphere. Sulfate aerosols are re-
moved from the lower atmosphere by precipitation in a
matter of weeks, whereas CO, lingers in the atmosphere
for decades to centuries. Thus, the CO, effect on climate
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is cumulative, whereas the aerosol effect is not. This ex-
ample points out the importance of being aware of the
time scale on which a global change occurs.

Possible Consequences of Global Warming. Although
there is still some debate about whether humans have al-
ready altered the global climate, most climatologists agree
that we will do so in the future 1f we continue to consume
large amounts of fossil fuel. Should this be a cause for
concern? In terms of the change in mean global temper-
ature, we might expect people living in hot places such as
India to be worried, whereas those living in Siberia would
look forward to the change. But the problem is not quite
so simple: A change in temperature might cause other
changes as well. A rise in sea level is one frequently men-
tioned concern. Sea level has already risen by at least 10
cm over the past century. The likely cause is thermal ex-
pansion of a gradually warming ocean: like most forms of
matter, scawater expands when it is heated (unlike pure
water which, paradoxically. actually contracts when
warmed from 0-4°C). But warmer temperatures could
also induce melting of mountain glaciers and ice caps. In-
creases in sea level on the order of several meters are pos-
sible within the next few centuries, and even larger
changes are possible in the very long term. Such changes
could have serious consequences for people in coastal
areas and would be catastrophic for those in small island
states. Other climatic changes may also have a broad-scale
impact on agriculture. including decreases in soil mois-
ture in certain areas and the spread of tropical insect pests.
We will return to these possible side effects of global
warming later: for now. note simply that the issues are
complex and that there are very few simple answers. We
also note that this is another reason to study past climate:
Earth has been significantly warmer at various times in
its past, and we may learn something about what it could
be like in the future by examining those past time periods.

Evidence of Ozone Depletion

Global warming is not the only global environmental
problem that has caught the attention of the public. Since
at least 1985, the potential depletion of stratospheric
ozone has also been in the news. (Stratospheric ozone
should not be confused with tropospheric ozone—ozone
near ground level—which is also often in the news be-
cause it is a component of smog.) The stratosphere, where
most of Earth’s ozone is located, is a layer of the atmos-
phere that extends from about 10 to 50 km in altitude.
Stratospheric ozone is important to living organisms, be-
cause i1 absorbs many of the Sun’s harmful ultraviolet
rays. Ultraviolet radiation causes skin cancer and other
health problems in humans. It adversely affects other or-
ganisms as well, notably, microscopic algae that are the
base of the food chain in agquatic environments,
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The vear 1985 was a key one in stratospheric ozone
research, because it marked the discovery of the ozone
hole above Antarctica. Each year since about 1976,
stratospheric ozone levels near the South Pole have fal-
len by large amounts during October, which is springtime
in the Southern Hemisphere. Figure 1-5 shows year-to-
year variations of the mean ozone column depth above
Halley Bay in Antarctica for Octobers between 1957 and
2001. The ozone column depth is the total amount of
ozone per unit area above a certain location. The decrease
in ozone near the South Pole during October is striking:
Ozone levels during October dropped by about half dur-
ing a short period between 1975 and 1990. Since then,
they have remained relatively constant. During the rest of
the year, ozone levels in this region have remained close
to normal throughout this time period. What has been
destroying half the ozone over Antarctica during one par-
ticular month?

As soon as the ozone hole was discovered, atmos-
pheric scientists guessed that chlorine compounds were
to blame. By 1974, scientists had confirmed that chlorine
is capable of destroying stratospheric ozone, and strato-
spheric chlorine levels have been increasing for the past
few decades. Scientists are now fairly certain that the
ozone hole is caused by chlorine compounds released
from the breakdown of anthropogenic CFCs. The defin-
itive evidence was provided in 1987, when a NASA re-
search plane flew directly into the hole. One of the plane’s
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Mean total ozone over Antarctica during the month of October. The
units, called Dobson units, measure the gas per unit arca between
Earth’s surface and the top of the atmosphere (a measurement
known as the column depth). One Dobson unit (DU) is equivalent o
a 0.001-em-thick layer of pure ozone at the surface. (Source:
hitp:/iwww.antarctica.ac.uk/met/jds/ozone/images/zmeanoct jpg)

instruments measured chlorine monoxide, ClO, which
was thought to be a main culprit in ozone destruction; an-
other instrument measured ozone (Figure 1-6). Outside
the hole, ozone concentrations were at their normal
stratospheric level, and ClO concentrations were very
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[See color section] (Top) Simultaneous measurements of ozone (O;)
and chlorine monoxide (ClO) made from a NASA aircrafl as it flew
into the Antarctic ozone hole in September 1987. The hole was en-
tered at a latitude of about 68° S. The units ppt and ppb stand for
“parts per trillion” and “parts per billion,” respectively. (Bottom)
Contour plots of C1O and O; concentrations obtained from spacecraft
measurements. These data also show that ozone is low where ClO is
high. (From R.W. Christopherson, Geosystems: An Introduction to
Physical Geography, 3/e, 1997, Reprinted by permission of Prentice
Hall, Upper Saddle River, N.J.)




low. Inside the hole, ozone values were more than a fac-
tor of two lower, and ClO values were about 15 times
higher, than the respective values outside the hole. Faced
with such a strong inverse relationship. even scienlists
who had been skeptical about the connection between
stratospheric chlorine and ozone depletion were driven
to conclude that the chlorine was directly responsible for
destroying the ozone.

The real concern about ozone depletion is not
whether it is occurring over Antarctica in October but
whether it might occur at hazardous levels over populat-
ed regions of the globe. (The few people living down in
the far southern portions of Chile and New Zealand are
already concerned because they are so close to Antarc-
tica.) So far, nothing as dramatic as the Antarctic ozone
hole has been seen elsewhere. However. ozone does seem
to be decreasing gradually at mid-latitudes in both hemi-
spheres. perhaps because CFC concentrations in the
upper stratosphere are still going up. The good news is
that the ground-level concentrations of most CFCs are
now decreasing because production of these gases has
been reduced or eliminated. Hopefully. the world has
acted in time to prevent ozone depletion from becoming
a catastrophic problem.

Deforestation and Loss of Biodiversity

Ever since a substantial portion of the human population
switched from being hunters and gatherers to being farm-
ers some 10,000 vears ago, humans have been altering the
land surface. Morc and more of Earth’s land is being
“managed” in one way or another—to the extent that it
is now fairly difficult to find land areas that are pristine.

Most of these changes have tended to reduce the
complexity of the landscape. such as when forested areas
(or grasslands) have been cleared and replaced with a sin-
gle crop species, When the natural vegetation cover is re-
moved, it 1s not simply the plant species that are lost. With
the plants go all the animals (mammals, birds. insects, and
so on) and microorganisms that depended on that vege-
tation in order to live. New species may replace them. but
normally the number of species decreases, that is, biodi-
versity is reduced. When a species is unable to move away
or adapt, the change in land use can result in extinction of
the species. The genetic information that is shared by—
and only by—all the members of that specics is thus lost
permanently.

Some of the best-known examples of animal species
that have gone extinct are the woolly mammoth, the
saber-toothed tiger, the dodo bird. and the dinosaurs.
Many species that exist today, such as the mountain go-
rilla and the giant panda, are faced with the threat of ex-
tinction. The potential loss of these large mammals
represents only the most visible of many similar threats.

The largest, and potentially the most significant,
species loss occurring today is taking place in tropical rain-
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forests. These warm. moist forests are centered around
the Equator. Marked by lush vegetation, they are the
most biodiverse habitat on Earth, but they are rapidly dis-
appearing due to deforestation: The trees have been
cleared for grazing. farming. timber, and fuel. By 1990,
the total area of tropical rainforests had been reduced to
less than half the estimated prehistoric cover. The rapid-
ity of deforestation of the Amazon rainforest is illustrat-
ed in Figure -7, Exactly how fast the tropical forests are

FIGURE 1-7

Satellite photos of Amazonia in 1972 and 1992 (Top: From Earth
Satellite Corporation/Science Photo Library, Photo Researchers, Inc.
Bottom: From NASA/Science Photo Library, Photo Researchers,
Inc.y
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disappearing is difficult to determine, but the loss rate is
thought to approach 1.8% per year. If deforestation con-
tinues at such a rate, by the first quarter of the 21st cen-
tury almost half the remaining rainforests will be lost,
along with 5-10% of all the species on Earth.

Which Changes Should Concern Us the Most?

The concerns about the loss of tropical species are, in
some ways, less immediate than the concerns about ozone
depletion or global warming. One worry is that the trop-
ical plants are a potential source of medicines for fighting
cancer and other diseases. This concern is valid, but it does
not have the urgency of the prospect of instantaneous sun-
burn on exposure to the Sun or of entire states or even
entire nations being submerged by a rising sea level.

This does not mean, however, that species 10ss is not
a serious problem. Indeed, in some ways it may be
the most serious problem of all. One way of judging
the severity of a problem is to estimate how long it would
take Earth to recover. If we take this approach, ozone
depletion is the least serious problem. The lifetime of
chlorofluorocarbons in the atmosphere is on the order
of 50 to 150 years, when they are eventually destroyed
by solar ultraviolet radiation. This range is long enough
to raise serious concerns, but the ozone level should be
restored within a few human generations if the pre-
ventive measures now in place are continued or strength-
ened.

By this measure, global warming is a more serious
problem because the time scale for recovery could be
much longer than 150 years. If we actually do consume
an appreciable amount of the fossil fuels that are still
available to us, atmospheric CO, levels could remain el-
evated for many thousands of years. Most of the excess
CO, would be absorbed by the oceans during this time,
but even then it would not be completely gone. As we
will see in later chapters, it would likely take more than
a million years for the excess CO, to be removed from
the oceans and for atmospheric CO, to return to its prein-
dustrial level.

Although this time scale sounds long, it is short in
comparison with the time required to restore global bio-
diversity. Analysis of the fossil record shows that the time
scale for recovery of biodiversity after a mass extinction
(the dying out of many species within a geologically short
time interval) is on the order of tens of millions of years.
In fact, the system never does recover completely: Al-
though many new species appear and flourish after a mass
extinction, they are different from the ones that went ex-
tinct. That is why humans, instead of dinosaurs, now rule
Earth! So. if we do induce a mass extinction of tropical
species by deforestation, things will never again be the
same.

Global Change on Long Time Scales

We have touched on three major global environmental
changes that are occurring in the Earth system today:
global warming, ozone depletion, and tropical deforesta-
tion. To understand fully the significance of these changes,
however, we must understand how the Earth system op-
erated prior to human intervention. Here, we preview
three examples of past global change—glacial-interglacial
cycles, mass extinction, and changes in solar luminosity—
and show how the geologic record provides evidence that
allows us to study such changes.

Before we look at these examples of past global
change, let us see where they occur on the geologic time
seale (Fig. 1-8). Geologic time is divided into various in-
tervals at several different levels. Fons, at the broadest
level, are subdivided into eras; in turn, eras are broken
down into periods, which may be further split into epochs.
The glacial-interglacial cycles that we discuss, which last-
ed from about 2.5 million years ago until approximately
10,000 years ago. occurred during the Pliocene and Pleis-
tocene epochs. The mass extinction that we shall talk about
occurred at the boundary between the Cretaceous and Ter-
tiary periods, approximately 65 million years ago. A period,
typically lasting tens of millions of years, is generally a
longer unit of geologic time than an epoch. Finally, the
solar luminosity changes that we discuss have occurred
throughout the entire 4.5 billion years of Earth history.

Glacial-Interglacial Cycles: The Vostok Ice-Core
Temperature Record

A set of ice cores drilled between the mid-1980s and the
early 1990s at Vostok, Antarctica, near the South Pole,
has provided a wealth of information about the Pleis-
tocene glaciations. The most important results are shown
in Figure 1-9. Figures 1-9a and 1-9c show the estimated
range of CO, and CH, concentrations, respectively:
Figure 1-9b shows the deviation in temperature, A7, from
the present value. (The Greek capital letter delta, A, is
often used to represent a change in a given quantity.) The
value of AT represents the change in average air temper-
ature over the Antarctic continent and the surrounding
polar oceans. These values are derived from measured
values of the deuterium content of the ice. Deuterium is
an isotope of hydrogen that has both a proton and a neu-
tron in its nucleus. (Normal hydrogen has only a proton.)
We talk more about how isotopes are used to estimate
temperatures in Chapter 14. The unit of age on the hori-
zontal axis of Figure 1-91s kyr B.P., or thousands of years
before the present.

The section of the Vostok ice core that has been fully
analyzed is about 3.35 km deep and it extends back for
an extraordinarily long time, almost 420,000 years. (The
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Measurements of (a) atmospheric CO,, (b) temperature changes. and (¢} atmospheric CH, determined from the Vostok ice cores. The tempera-
ture changes, DT, were determined from measured values of the deuterium content of the ice. The unit of age on the horizontal axis, kyr B.P.,
stands for “thousands of years before the present” (where k, tfor the prefix “kilo-,” indicates “thousands™). (After Climate Change, 1994, Inter-
governmental Panel on Climate Change, Cambridge: Cambridge University Press.)

ice sheet is about 3.7 km thick at this location, but the bot-
tom part has not been drilled because there is a lake at the
bottom that we do not wish to contaminate.) The reason
that the Vostok record extends so far back in time is that
snow accumulates very slowly at that site—the equivalent
of only about 2.5 em of water per year. This value is com-
parable to the mean annual precipitation over the Sahara
Desert. Other parts of the polar ice sheets are approxi-
mately as thick but have faster accumulation rates. The
short-term CO, record shown in Figure 1-3 comes from
Siple Station, near the coast of Antarctica; there the snow
accumulation rate is equivalent to about 50 cm of water per
year. Cores from such locales cover much shorter periods of
time than does the Vostok core, even if they are just as deep.
The time interval spanned by the Vostok core ex-
tends well beyond the last Ice Age. For the past 2.5 mil-
lion years, Earth’s climate has fluctuated between
intensely cold glacial periods, in which ice sheets ad-
vanced across North America and Europe, and relative-
ly warm interglacial periods such as the present, in which
the ice sheets retreated. The present interglacial period
began—and thus the last Ice Age ended—about 11,000
years ago, as an upward surge in temperature in Figure
1-9b indicates. At 21,000 years ago, Earth was in full-
glacial conditions. Around 130,000 years ago, the planet
was in the midst of another warm, interglacial period.
Much of the story about the advance and retreat of
the glaciers was already known from other sources of data

prior to the drilling of the Vostok ice core. What was new
and surprising about the Vostok results was that they
showed that atmospheric CO, and CH, concentrations
had varied in concert with surface temperature. The Vos-
tok data show that between 21,000 and 11,000 years ago,
atmospheric CO, levels rose from about 200 ppm to close
to its preindustrial value of 280 ppm, whereas CH, in-
creased from about 350 ppb to 650 ppb. The current CH,
concentration is about 1,700 ppb, or 1.7 ppm. The same
abrupt increase in CO, and CH, concentrations occurred
after the previous interglacial period ended, between
140,000 and 130,000 years ago. Indeed, at a finer level,
many of the smaller peaks and valleys in the temperature-
change curve correspond to specific peaks and valleys in
the concentration records of the two gases.

Why would atmospheric CO,, CH,, and temperature
co-vary in this way? One part of the answer involves the
greenhouse effect: As levels of the greenhouse gases CO,
and CH, increased, the magnitude of the greenhouse ef-
fect also increased, and the climate became warmer. But
what caused atmospheric concentrations of CO, and CH,
to vary in the first place? In particular, why did those con-
centrations increase so abruptly just after 140,000 years
ago and again just after 18,000 years ago?

These are tough questions, and we return to them
later. Humans could not have caused these changes. Our
ancestors were still making tools out of stone and tend-
ing small wood fires—and not burning fossil fuels—when
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these changes took place. One possible mechanism for
driving changes in atmospheric CO; levels is a change in
the circulation pattern of the deep ocean. As we see in
Chapter 5, the deep ocean circulates because cold, salty
(and hence. dense) surface water sinks and is replaced by
warmer, less dense water from lower latitudes. The deep
ocean contains large amounts of dissolved CO,. some of
which is released to the atmosphere when deep water
flows upward to the surface. So. the rate at which the
deep ocean overturns can affect the concentration of at-
mospheric CO,. But the circulation pattern of the deep
ocean depends on climate, which is driven by changes in
temperature and in evaporation rates at the sea surface.
Thus. it would appear that atmospheric COs levels affect
climate and that climate. in turn, affects atmospheric CO,
levels. What we have is a system in which the various
components are tightly and intricately coupled. That is
why a systems approach 1s the best way 10 understand
global change.

Mass Extinction: Iridium and the K-T Boundary at
Gubbio. Eversince dinosaur bones were first discovered,
people have wondered why the dinosaurs disappeared.
Dinosaurs flourished for more than 150 million vears dur-
ing an interval called the Mesozoic era. which ended 65
million vears ago. At about the same time the dinosaurs
disappeared, many other species went extinct as well.
Some 60-80% of marine species died, as did numerous
species of terrestrial plants and animals. Many possible
reasons have been offered for their demise, including
changes in climate, changes in vegetation. disease. de-
struction of the ozone layer by a nearby supernova (an
exploding star). volcanic activity. and impact of an ex-
traterrestrial body. No single hypothesis had attracted
widespread support, however, until 1980.

That year. Luis and Walter Alvarez, of the Universi-
ty of California at Berkelev. and their colleagues pub-
lished a paper about a clay layer they had studied in rocks
from the mountains near Gubbio. Italy. The clay dated
back 65 million vears to the K-T boundary. “K-T bound-
ary” stands for the transition between two time intervals:
the Cretaceous period. abbreviated as K™ (to distinguish
it from the Cambrian period, abbreviated as “C™), and
the Tertiary period, abbreviated as “T.” The Cretaccous
period marked the end of the Mesozoic era and was fol-
lowed by the Tertiary period, part of the Cenozoic era.
The dinosaurs and other species disappeared at or just
below the boundary between these two periods.

The layer of clay. only a few centimeters thick. was
found between thick layers of carbonate rock (rock
formed from the shells of certain marine organisms). The
existence of this clay layer at the K-T boundary (Fig. 1-10)
had puzzled geologists for decades. This clay layer had
been seen at Gubbio and at numerous other spots around
the world, always at the boundary between rocks of the
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FIGURE 1-10

The clay layer at the K-T boundary in sediments at Gubbio, [taly,
{From Prof. W. Alvares/Science Photo Library [SPL]. Photo Re-
searchers, In¢.)

Cretaceous and Tertiary periods. Walter Alvarez, a geol-
ogist, had journeyed to Gubbio in an effort to determine
how long it had taken for the clay layer to be deposited.
Luis Alvarez. a physicist (and Walter's tather), had a
clever idea about how to make that determination. He
reasoned that he could calculate the time required to form
the clay layer by measuring the abundance of the element
iridivem (1r). Iridium is a metal in the platinum group of el-
ements, which are very scarce in rocks forming Earth’s
crust because they are mostly dissolved in its molten iron
core. These elements are always raining down on Earth as
small particles of debris from asteroids or comets. The
rate at which such debris hits Earth is known fairly accu-
rately from measurements of its abundance in cores drilled
into the ocean floor. Hence, Luis Alvarez reasoned that he
could use the measured iridium abundance in the Gub-
bio clay layer as a kind of “cosmic clock™ to determine
the time needed for the clay to have been deposited.
The experiment failed, but it did so for a reason that
turned out to be very informative. When the Alvarez
team measured the iridium levels at Gubbio, they found
the results shown in Figure 1-11. The iridium abundance
in the clay laver was up to 10 ppb by mass—more than
100 times higher than what the group expected to find.
The amount of iridium in the clay layer was much too
large to have been supplied by debris from asteroids or
comets. The time required to accumulate that much irid-
ium would have been so long that the signal would have
been swamped by the normal deposition of Earth-bound
sediments. (Clay accumulates on the ocean floor at arate
of about 1 ¢m per thousand years as a result of wind-
blown dust that falls on the occan surface. If the clay layer
al the K-T boundary had taken more than a few thousand
years to form, it should have contained a large propor-
tion of terrestrial dust and, hence, a relatively small con-
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Iridium concentration versus depth at Gubbio. The middle portion of
the depth axis is a linear scale; the upper and lower portions are loga-
rithmic. (After L. Alvarez, Physics Today, July 1987.)

centration of iridium.) The Alvarez team reasoned that
the iridium must have come instead from the impact of
some large, extraterrestrial object, such as an asteroid or
a comet. Indeed, by calculating the amount of iridium de-
posited worldwide. the team estimated the mass of such
an incoming body—on the order of 10" kg, which corre-
sponds to a diameter of about 10 km for a rocky asteroid.
If the impacting object was a comet, it would have to have
been even larger because comets are thought to contain
less iridium than do asteroids.

We shall see later on (Chapter 13) that the energy re-
leased by an impacting object of this size is enormous—
equivalent to about 70 million, [-megaton hydrogen
bombs. Thus, it is plausible that such an event could have
triggered extinctions on a mass scale. Since the Alvarezes
did their work, additional evidence corroborating a large
impact 65 million years ago has been identified. including
a deeply buried crater 200 km in diameter underlying the
region around Chicxulub, Mexico, on the Yucatan Penin-
sula. Even this “smoking gun” does not prove that this
impact was the cause of the mass extinction. It does

demonstrate convincingly, though, that in the past the
Earth system has experienced large shocks from which it
has recovered, albeit slowly and in a modified form.

The changes that humans are causing in the Earth
system today are less abrupt than those that occurred at
the K-T boundary (assuming that the impact theory is
correct), but they are still fast compared to most natural
changes, and the results could still be catastrophic for cer-
tain elements of the biota. We have already noted that
large land mammals such as gorillas and pandas are at
risk. And with the vast majority of terrestrial species con-
centrated in the imperiled tropical rainforests, the po-
tential for more widespread mass extinctions is very high.
A lesson learned from the K-T boundary crisis, that bio-
diversity can decrease dramatically over a relatively short
time interval. may therefore hold value today.

Changes in Solar Luminosity

All the examples of global change discussed thus far have
been based on observational data. Observations, after all,
are the cornerstone of science. Not everything of impor-
tance is observable, however. For example, we cannot see
inside the Sun. Yet scientists believe that the Sun pro-
duces its energy through nueclear fusion, the joining of
two or more light atomic nuclei to form one heavier nu-
cleus. Specifically, four hydrogen nuclei ('H) fuse to form
one helium nucleus (*He). This process, which is thought
to occur continuously within the Sun, releases large
amounts of energy. Even though we cannot observe this
phenomenon directly, we are reasonably sure that the
fundamental concept is correct.

The fact that the Sun produces energy in this way has
important consequences for its long-term evolution. Four
hydrogen nuclei take up more space, and therefore exert
more pressure, than does one helium nucleus. The pres-
sure in the Sun’s core (where nuclear fusion occurs) would
therefore be decreasing with time if the fusion of hvdro-
gen into helium were the only process taking place. But
what actually happens, models predict, is that the core
contracts and heats up slightly as its helium content in-
creases. The temperature rise increases the core’s pres-
sure and keeps the core from contracting further, so the
Sun remains stable. As the core’s temperature increases,
so does the rate of nuclear fusion, just as the rates of most
chemical reactions increase with increasing temperature.
Asaresult, energy production within the Sun’s core rises,
and this rise is balanced by an increase in the amount of
energy emitted at the surface. The more energy is emit-
ted, the brighter the Sun appears. So, contrary to what
we might intuitively expect, the Sun's luminosity (bright-
ness) should gradually increase as it depletes its hydro-
gen fuel.

By how much has solar luminosity changed over the
Sun’s history? Model calculations performed by a number
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Estimated change in solar luminosity with time. The unit of age on
the horizontal axis, byr B.P.. stands for “billions of years before the
present.” (After D.O. Gough, Solar Physics 74, p. 21, 1981.)

of different astronomers have reached essentially the
same conclusion. Figure 1-12 shows a typical result, in
which the unit of age on the horizontal axis is byr B.P., or
billions of years before the present. When the Sun first
formed 4.6 billion years ago, it should have been about
30% less luminous than it is today. The Sun’s luminosity
increased slowly at first and then more rapidly as the
buildup of helium in its core continued. At present. the
Sun is thought to be brightening by about 1% every hun-
dred million years. By the time the Sun ends its lifeume
as a normal star, about 5 billion years from now, it is ex-
pected to have brightened by a factor of 2 to 3 as com-
pared to today,

The Effects of Solar Luminosity Changes. How would
reduced solar luminosity have affected the early Earth? If
all other factors had remained constant, the carly Earth
should have been colder than it is today. Indeed. calcula-
tions (which we will do in Chapter 3) show that the entire
occan should have been ice-covered prior to 2 billion
years ago. We know, however, that liquid water has ex-
isted on Earth’s surface for at least the last 3.8 billion
years, because sedimentary rocks (which form from sed-
iments in liquid water) have been forming since that time.
And organisms, which require liquid water to survive,
have been around for at least 3.5 billion years. The early
Earth could not have been a global ice ball. at least not
during the time for which a geologic record is available.

This apparent discrepancy is called the “faint young
Sun paradox.” We mention this paradox here because,
like the Vostok CO, story, it is a problem that can be
solved only by considering the Earth system as a whole.
The most likely solution is that the level of greenhouse
gases in Earth’s primitive atmosphere was significantly
higher than today. But why should this have been true,
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and why would greenhouse gas concentrations have de-
clined as the Sun grew brighter? Does Earth’s climate sys-
tem have some built-in stability mechanism that has kept
the mean surface temperature within survivable limits?

The Gaia Hypothesis. James Lovelock, a British bio-
chemist, and Lynn Margulis, an American biologist, have
argued that life itself has been responsible for maintain-
ing the stability of Earth’s climate. In the process of
photosynthesis, organisms such as green plants use sun-
light, CO,, and H,O to produce organic matter and O,.
{(Organic matter is the carbon-rich material of which or-
ganisms are composed.) Through photosynthesis, fol-
lowed by carbon burial in sediments, Earth’s biota may
have lowered atmospheric CO; levels at just the right rate
to counteract the gradual increase in solar luminosity. Al-
ternatively. the biota may have affected the rate at which
atmospheric CO, is sequestered in carbonate rocks. Car-
bonate rocks form from reactions of CQ, with elements
(primarily calcium and magnesium) derived from other
types of rocks. This process is part of the carbonate-silicate
geochemical cycle, which we discuss in Chapter 9. In either
case, Lovelock and Margulis suggest that Earth has re-
mained habitable precisely because it is in some sense
“alive.”

This theory of long-term climate stabilization is part
of what Lovelock and Margulis called the Gaia hypothe-
sis. In ancient Greek mythology, Gaia (pronounced “guy-
ah™) was the goddess of mother Earth. In its most basic
form, the Gaia hypothesis states that Earth is a self-reg-
ulating system in which the biota play an integral role.
Some proponents of this hypothesis further suggest that
the biota manipulate their environment for their own ben-
efit or even, by optimizing the conditions for life. for the
benefit of all living things. Such assertions are difficult to
justify. Lovelock himself is quick to point out that the
biota cannot be expected to cope with all possible distur-
bances. As an example. we cannot assume that we can
safely emit CFCs into the atmosphere because Gaia will
somehow protect the stratospheric ozone layer. But it is
clear that the Gaia hypothesis is correct at some level:
Organisms do play an important role in the overall func-
tioning of the Earth system.

Some form of self-regulation must exist in order for
Earth’s climate to remain stable over long time scales.
Higher greenhouse gas concentrations in the past arc the
most likely solution to the faint young Sun paradox. But
whether the biota are essential to the control mechanism
remains controversial. Abiotic (nonbiological) feedbacks
in the carbonate-silicate cycle could have stabilized
Earth’s climate even if life were not present. Explaining
how such a climate control mechanism might work is a
recurrent topic in later chapters. Before we attempt to do
so, however. we need to look more closely at how the var-
ious components of the Earth system function.
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Chapter Summary

1. We deal with three main themes: modern global environ-
mental issues, past global change, and the behavior of
Earth’s systems. To understand present environmental prob-
lems. we must know something about Earth’s past and
something about the way different components of the Earth
system interacl,

2. Humans are modifying the global environment in several ways.
a. Global warming may be the most pervasive environ-

mental change that faces us today. The increase in con-
centrations of greenhouse gases, including carbon dioxide
(CO,), methane (CH,), nitrous oxide (N-O), and chlo-
rofluorocarbons (CFCs), in the atmosphere is attribut-
able to human activity. These gases are expected to warm
Earth’s climate over the next few decades (o centuries
by enhancing the natural greenhouse effect. They may
have already begun to do so: Earth appears to have
warmed by about 0.7°C over the past century, on the
basis of surface temperature measurements made around
the globe. It is still debated, however, whether this tem-
perature rise is a consequence of increased greenhouse
gas concentrations or simply a natural fluctuation in the
climate system.

b. The stratospheric ozone layer has already been severely
affected by chlorine released from anthropogenic CFCs.
The most dramatic impact has been confined to the
Antarctic region during October. Strong regulatory steps

have already been undertaken to ensure that the ozone
layer will be protected in the future. Without such re-
strictions, the ozone layer’s ability to absorb harmful ul-
traviolet rays from the Sun would be severely diminished.
¢. Massive deforestation is occurring in the tropics today, as
it did in North America a century or more ago, when it
contributed to the early rise in atmospheric CO,. Defor-
estation both increases the buildup of atmospheric CO,
and significantly decreases biodiversity. The effects of de-
forestation on biodiversity are permanent and irreversible.
3. Past changes in the Earth system may provide clues to how
it will respond to global change in the future.

a. Variations in surface temperature and atmospheric CO,
concentrations recorded in ice cores illustrate the cou-
pling between atmospheric CO, and climate and show
how global warming today fits into the general pattern of
glacial-interglacial cycles over the past 2.5 million years.

b. Studies of the mass extinction at the end of the Creta-
ceous period 65 million years ago, when the dinosaurs
and numerous other species forever vanished from Earth,
may shed light on the loss of biodiversity that humans
are causing today.

c. Modeling studies of Earth's response to gradual increas-
es in solar luminosity can help us understand how the cli-
mate system remains stable despite large changes in
external forcing factors.
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Review Questions

1. a. What is meant by “anthropogenic greenhouse gases™?
b. Name three such gases that are currently increasing in
concentration in Earth’s atmosphere.
2. What are the four fundamental components of the Earth
system?
3. Explain the difference between global warming and the
_greenhouse effect.
4. a. By how much has Earth's atmospheric CO, concentra-
tion increased since the year 18007
b. How do we know this?
¢. What are thought to be the primary causes of this increase?

5. Cite two ways in which chlorofluorocarbons can affect the
environment,

¥6. a. How far back in time do direct measurements of Earth’s

surface temperature extend?
b. Why is it difficult to determine accurately the long-term
“— temperature trend?
7. How might the burning of coal have had opposing effects
on climate during the 20th century?
8. Why is stratospheric ozone important to humans?
9. To what two global environmental problems does tropical
deforestation contribute?
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10. How are hvdrogen isotopes used to infer polar tempera-
ture records?

11. How is past surface temperature
a. determined from the Vostok ice core?

. b. related to atmospheric CO- content?

" 12. Why is iridium a good indicator of impacts by extraterres-

trial bodies?
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" 13. a. How has solar luminosity changed during the past 4.6 bil-

lion years?
“'b. What is the fundamental cause of this change”?
14. What is the Gaia hypothesis, and what does it say about the
importance of life on this planet?

Critical-Thinking Problems

Write a 1-2 page. typewritten essay on the following questions:

1. Which of the three modern global change problems dis-
cussed in this chapter—global warming. ozone depletion. or
loss of biodiversity—do you consider to be the most scri-
ous? Give reasons for vour answer. If vou wish, include in-
formation drawn [rom other sources.

2. How do global warming, ozone depletion. and loss of bio-
diversity compare with other environmental and social prob-
lems that the world faces today? You may wish to list the
major problems, as you see them, in decreasing order of im-
portance, Justify vour answer with an explanation,
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