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C H A P T E R  1

The Earth 
System

● Living on the Edge
Salmon spawn and their young grow in cold northern streams fed by alpine glaciers. During
ice ages, streams suitable to salmon are displaced southward by expanding ice sheets. When
the ice retreats, southern streams become too warm and the salmon must migrate north
again. Salmon have adapted to the long, slow glacial changes in an interesting way; most
salmon return to the stream where they were hatched, but about 15 percent stray to new
streams. What seems at first glance to be an error of navigation is a necessary strategy for
survival of the species. 

Salmon deposit their eggs in gravel beds where cool, fresh, water flows rapidly and pro-
vides abundant oxygen. Short-term climate effects can strongly influence the success of
hatching. In a drought year, stream flow may be too warm and too low to provide sufficient
oxygen. On the other hand, in a flood year, torrential waters can stir up the gravel beds and
crush the eggs or kill young fish.

Glacial ages, floods, and droughts are just three of many environmental challenges that
must be faced by salmon. Now they also have to cope with stress induced by human activi-
ties. Salmon once occurred in great abundance worldwide in northern coastal waters—from
Siberia and the rivers of western Europe to New England and the provinces of Canada.
Many of those stocks are now extinct and others are at risk. Salmon once spawned in the
Thames River that flows through London, but overfishing, pollution, and alteration of the
river channel ended those runs long ago.

Until the twentieth century, salmon in the Pacific Northwest coped reasonably well with
environmental challenges. Now those stocks also are declining, and human activities seem to
be the reason. Dams were built in the rivers of the Pacific Northwest beginning in the early
decades of the twentieth century. The great Grand Coulee Dam in the Columbia River,
largest of the dams, was built without fish ladders, thus cutting off access by salmon to thou-
sands of miles of cool water streams in the northwestern United States and Canada.

We cannot understand the problems facing salmon from an examination of just one part
of their environment; they face dangers at every stage of their lives and in many parts of their
environment, so we must examine all parts together, as a system. So it is with all aspects of
our “Home Planet”; to understand fully how any part of the Earth system works, we must
appreciate the dynamic nature of the interrelationships among all the component parts. ●
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(opposite) Sockeye salmon spawning in the gravel bed of a cold, glacial meltwater stream in Alaska.
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2 CHAPTER 1 THE EARTH SYSTEM

THE EARTH SYSTEM
The global interconnectedness of air, water, rocks,
and life has become the focus of much modern scien-
tific investigation and is of great environmental con-
cern. As a result, a new approach to the study of the
Earth has taken hold. The traditional way to study the
Earth has been to focus on separate units—a popula-
tion of animals, the atmosphere, an ocean, a single
mountain range, soil in some region—in isolation
from other units. In the new holistic approach, the
Earth is studied as a whole and is viewed as a system of
many separate but interacting parts. Examples of the
parts are the ocean, the atmosphere, continents, lakes
and rivers, soils, plants, and animals; each can be stud-
ied separately, but each is more or less dependent on
the others. Further consideration reveals that there
are numerous interactions between all of the parts.
Earth system science, then, is the science that stud-
ies the whole Earth as a system of many interacting
parts and focuses on the changes within and between
those parts.

A convenient way to think about the Earth as a sys-
tem of interdependent parts is to consider it as four
vast reservoirs of material with flows of matter and en-
ergy between them (Fig. 1.1). The four reservoirs are:

1. The atmosphere, which is the mixture of gases—
predominantly nitrogen, oxygen, argon, carbon

dioxide, and water vapor—that surrounds the
Earth

2. The hydrosphere, which is the totality of the
Earth’s water, including oceans, lakes, streams, un-
derground water, and all the snow and ice, but ex-
clusive of the water vapor in the atmosphere

3. The biosphere, which is all of the Earth’s organ-
isms as well as any organic matter not yet decom-
posed

4. The geosphere, which is the solid Earth, is com-
posed principally of rock (by which we mean any
naturally formed, nonliving, firm coherent aggre-
gate mass of solid matter that constitutes part of a
planet) and regolith (the irregular blanket of
loose, uncemented rock particles that covers the
solid Earth).

Each of the four systems can be further subdivided
into smaller, more manageable study units. For exam-
ple, we can divide the hydrosphere into the ocean,
glacier ice, streams, and groundwater.

The Scientific Method
The modern scientific method started in Europe sev-
eral hundred years ago. Initially, there were no spe-
cialties among scientists, and what we call science
today was called natural philosophy. By the middle of
the nineteenth century, however, so many diverse top-
ics had come under investigation that specialization
appeared. Physicists investigated the physical proper-
ties of matter and phenomena such as light and mag-
netism, chemists studied how materials react, biolo-
gists studied living things, astronomers the stars,
geologists the solid Earth, meteorologists the weather,
oceanographers the ocean—on and on it went.

Study of the Earth as a system involves all these
specialties. Separate investigations of the oceans, the
atmosphere, and the solid Earth are no longer practi-
cal. When oceanographers go to sea in research ves-
sels, they are accompanied by geologists who study
the seafloor, biologists who study the aquatic life, me-
teorologists who study the way wind affects the sea
surface, and chemists who measure water properties.
The way all the different measurements are brought
together is through the concept of systems.

As with any science, Earth system science depends
on the scientific method. Science is a method of learn-
ing and understanding. It advances by application of
the scientific method, that is, the use of evidence
that can be seen and tested by anyone with resources
who cares to do so. Although not always a clear-cut
process, the scientific method can be viewed as con-
sisting of the following steps. 
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Figure 1.1 Diagrammatic representation of the Earth as a
system of interacting parts. Each character represents a
reservoir, and each arrow a flow of energy or materials.
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THE EARTH SYSTEM 3

1. Observation. Scientists acquire evidence that can be
measured and observed, for example, the counts of
adult salmon returning to a stream.

2. Formation of a hypothesis. Scientists try to explain
their observations by developing a hypothesis—
an unproved explanation for the way things hap-
pen. For example, the variation in stream water
flow is a major determinant of successful salmon
spawning.

3. Testing of hypotheses and formation of a theory. 
Hypotheses are used to make predictions about
new observations. A comparison of the predictions
with the new observation is a test of the hypothe-
sis. When a hypothesis has been examined and
found to withstand numerous tests, scientists be-
come more certain about it and it becomes a the-
ory, which is a generalization about nature. The
adjustment of salmon to changing river systems
during an ice age is a theory based on repeated ob-
servation that some fraction of spawning salmon
today do not return to the river of their birth.

4. Formation of a law. Eventually, a theory or a group
of theories may be formulated into a scientific law.
A law is a statement that some aspect of nature is
always observed to happen in the same way and no
deviations have ever been seen. An example of a
law is the statement that heat always flows from a
hotter body to a cooler one. No exceptions have
ever been found. Actually, the flow of heat from a
hot body to a cold body is a consequence of an
even more fundamental law, the second law of
thermodynamics, discussed later in this chapter.

5. Continual reexamination. The assumption that un-
derlies all of science is that everything in the mate-
rial world is governed by scientific laws. Because

even theories and laws are open to question when
new evidence is found, hypotheses, theories, and
laws are continually reexamined. In fact, the key to
the scientific method is disprovability. An old the-
ory that salmon always return to the river of their
birth was disproved by careful observation and by
tagging salmon. As a result of this, a new theory
was developed. Any theory that cannot, at least
possibly, be disproved, is not scientific.

The System Concept
The system concept is a way to break down any large,
complex problem into smaller, more easily studied
pieces. A system can be defined as any portion of the
universe that can be isolated from the rest of the uni-
verse for the purpose of observing and measuring
changes. By saying that a system is any portion of the
universe, we mean that the system can be whatever the
observer defines it to be. That is why a system is only
a concept; you choose its limits for the convenience of
your study. It can be large or small, simple or com-
plex. You could choose to observe the contents of a
beaker in a laboratory experiment. Or you might
study a flock of nesting birds, a lake, a small sample of
rock, an ocean, a volcano, a mountain range, a conti-
nent, or even an entire planet. A leaf is a system, but it
is also part of a larger system (a tree), which in turn is
part of an even larger system (a forest).

The fact that a system has been isolated from the rest
of the universe means that it must have a boundary that
sets it apart from its surroundings.  The nature of the
boundary is one of the most important defining fea-
tures of a system, leading to the three basic kinds of
systems—isolated, closed, and open—as shown in Fig-
ure 1.2. The simplest kind of system to understand is
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A. Isolated system

Sun

B. Closed system C. Open system

Figure 1.2 The three basic types
of systems: A. An isolated system.
B. A closed system. C. An open
system.
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4 CHAPTER 1 THE EARTH SYSTEM

an isolated system; in this case the boundary is such
that it prevents the system from exchanging either
matter or energy with its surroundings. The concept
of an isolated system is easy to understand, but such a
system is imaginary because although it is possible to
have boundaries that prevent the passage of matter, in
the real world it is impossible for any boundary to be
so perfectly insulating that energy can neither enter
nor escape.

The nearest thing to an isolated system in the real
world is a closed system; such a system has a bound-
ary that permits the exchange of energy, but not mat-
ter, with its surroundings. An example of a nearly
closed system is the space shuttle, which allows the
material inside to be heated and cooled, but is de-
signed to minimize the loss of any material. The third
kind of system, an open system, is one that can ex-
change both energy and matter across its boundary.
An island on which rain is falling is a simple example
of an open system: some of the water runs off via
streams or seeps downward to become groundwater,
while some is absorbed by plants or evaporates back to
the atmosphere (Fig. 1.3).

A New Science 
and New Tools
A new science requires new tools. Indeed, often a new
science arises because new tools allow new kinds of
observation and measurement, and these in turn lead
to new ways of thinking about some phenomena.
Earth system science requires observations of the

Earth at large scales and the handling of large
amounts of data from many different locations. One
of the best known of these tools is satellite remote
sensing, which has made possible observations at
large scales and, in many cases, measurements of fac-
tors that could not otherwise have been measured. For
example, the ozone hole over Antarctica—the decline
in the concentration of ozone high in the atmos-
phere—is measured by remote sensing as are changes
in deserts, forests, and farm lands (see Guest Essay).

When remote-sensing measurements are made
from satellites, scientists use the data in many areas of
specialization. Satellite observations, above all other
ways of gathering evidence, continually remind us
that each part of the Earth interacts with, and is de-
pendent on, all other parts. Modern Earth system sci-
ence was born from the realization of that interdepen-
dence and the availability of satellites to make
measurements.

New ways to explore previously inaccessible areas
of the Earth have also added greatly to our knowledge
of the Earth system. For example, small deep-sea sub-
marines allow scientists to travel to the depths of the
ocean. These submarines led to the discovery of life
near deep-sea vents: that is, entirely new species, food
chains, and ecosystems.

Equally important as new methods of measurement
are ways to store and analyze the vast amounts of data
about the Earth system. Geographic Information
Systems (commonly called GIS), which are com-
puter-based software programs, allow a large number
of data points to be stored along with their locations.
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Evaporation from
lakes, streams and soil

Sunlight

Rain

Water from streams and groundwater flows to the sea

Transpiration

Sea

Figure 1.3 Example of an
open system. Energy (sun-
light) and water (rainfall)
reach an island from external
sources. The energy leaves
the island as long-wavelength
radiation; the water either
evaporates or drains into the
sea.
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THE EARTH SYSTEM 5

From these, maps can be produced and sets of infor-
mation of different kinds can be compared. For exam-
ple, a satellite remote-sensing image over a forest can
be converted to represent stages in the growth of a
forest. Two such images from different times can be
overlaid and compared, and the changes that have
taken place provided as a new, third image (Fig. 1.4).

Living in a Closed System
The Earth is a closed system—or at least very close to
such a system (Fig. 1.5). Energy reaches the Earth in
abundance in the form of solar radiation. Energy also
leaves the system in the form of longer-wavelength in-
frared radiation. It is not quite correct to say that no
matter crosses the boundaries of the Earth system, be-
cause we lose a small but steady stream of hydrogen
atoms from the upper part of the atmosphere and we
gain some extraterrestrial material in the form of me-
teorites. However, the amount of matter that enters or
leaves the Earth system is so minuscule compared
with the mass of the system as a whole that for all
practical purposes the Earth is a closed system.

The fact that the Earth is a closed system has two
important implications.

5

Figure 1.4 Forest fires can be natural or induced by human
beings. This figure shows the change in a large area of the
Superior National Forest in Minnesota between 1973 and
1983, as observed by the Landsat Satellite. The black bound-
aries show a central corridor where logging is permitted, sur-
rounded by the Boundary Waters Canoe Area at the top and
bottom. This is an area that is protected from all uses except
certain kinds of recreation. The bright yellow shows areas
that were clear of trees in 1973 but had regenerated to young
forest by 1983. Most of this change is due to regrowth follow-
ing a large fire that burned both inside and outside the wild-
erness. Red areas were forested in 1973 but cleared in 1983.
Most of these are outside the wilderness, and some of these
are due to logging (bright red) and some to fire or storms
(dark red). Greens show areas that were forested both years. 

HydrosphereGeosphere

Biosphere

Atmosphere

Sun

Short-wave
radiation

Long-wave
radiation

Figure 1.5 The Earth is essentially a closed system. En-
ergy reaches the Earth from an external source and eventu-
ally returns to space as long wavelength radiation. Smaller
systems within the Earth, such as the atmosphere, bio-
sphere, hydrosphere, and geosphere, are open systems.
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Courtesy NASA Goddard Space Flight Center and the authors of Hall, F.G., D.B.

Botkin, D.E. Strbel, K.D. Woods and S.J. Goetz.
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6 CHAPTER 1 THE EARTH SYSTEM

1. Because the amount of matter in a closed system is fixed
and finite, the mineral resources on this planet are
all we have and—for the foreseeable future—all we
will ever have. Someday it may be possible to visit
an asteroid for the purpose of mining nickel and
iron; there may even be a mining space station on
the Moon or Mars at some time in the future. For
now, however, it is realistic to think of the Earth’s
resources as being finite and therefore limited. 

A further consequence of a fixed and finite
closed system is that waste material must remain
within the confines of the Earth system. As envi-
ronmentalists are fond of saying, “There is no
away to throw things to.”

2. If changes are made in one part of a closed system, the
results of those changes will eventually affect other parts
of the system. The whole Earth is a closed system,
but all of its innumerable smaller parts are open
systems and both matter and energy can be trans-
ferred between them. The atmosphere, hydro-
sphere, biosphere, and geosphere are all open sys-
tems, and every smaller system within them is an
open system. These smaller open systems are dy-
namic and interconnected. When something dis-
turbs one of them, the others also change. Some-
times an entire chain of events may ensue; for
example, a volcanic eruption in Indonesia could
throw so much dust into the atmosphere that it
could generate a climatic change leading to floods
in South America and droughts in California, and
eventually affect the price of grain in west Africa.
One of the main challenges of Earth system sci-
ence is to understand the dynamic interactions be-

tween all of the relevant open systems sufficiently
well so that we can accurately predict what the re-
sponses will be when some part of a system is dis-
turbed.

Box Models
The storage and movement of materials and energy in
a group of interacting systems are commonly depicted
in the form of box models. As shown in Figure 1.6,
which is a box model representation of Figure 1.3 de-
piction of the water cycle on an island, water stays on
the island for some time before it flows off or is evap-
orated. The island thus is a reservoir, or storage tank,
for water in this system. The average length of time
water spends in the reservoir is called the residence
time. The movement represented by the arrows in
Figure 1.6 may be fast or slow, and so an essential part
of Earth system science is the measurement of rates of
movement. Flows between the reservoirs, and even
between parts of the same reservoir, never cease, but
the rates of flow may change, and when this happens,
volumes must change too. One of the keys to under-
standing the Earth system therefore is an appreciation
of why and how reservoir volumes change.

The advantages of box models are simplicity and
convenience. A box model can be used to show the
following essential features of a system:

1. The rates at which material or energy enter and
leave the system.

2. The amount of matter or energy in the system at a
certain time.

6

Water vapor in atmosphere

Lakes and streams OceanVegetation, rocks and soil

Ev
ap

or
atio

n and transpiration
Evaporation

Rain and snow
Rain

Evaporation

Figure 1.6 Depiction of the open system in Figure 1.4 by a box model.
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DYNAMIC INTERACTIONS
AMONG SYSTEMS

The causes and effects of disturbances in a complex
closed system are very difficult to predict. Consider
the anomalously warm ocean conditions called El
Niño which occurs every few years off the west coast
of South America. El Niños (discussed in greater de-
tail in Chapter 11) are characterized by weakening of
tradewinds, suppression of upwelling cold ocean cur-
rents, worldwide abnormalities in weather and cli-
matic patterns, and widespread incursions of biologi-
cal communities into areas where they do not
normally occur. These features of El Niños are rea-
sonably well known; what is not known is the trigger-
ing event. In other words, the interactions among
processes in the atmosphere, hydrosphere, geosphere,
and biosphere are so complex, and these subsystems
are so closely interrelated, that scientists cannot pin-
point exactly what it is that begins the whole El Niño
process. One new hypothesis suggests that El Niño
may be a result of ocean–atmosphere interactions due
to the difference in viscosity between a liquid and a
gas. Another hypothesis suggests the changes origi-
nating in the geosphere—in the form of localized
heating of ocean water resulting from submarine vol-
canic activity—may create enough of a thermal imbal-
ance to trigger an El Niño.

From an environmental point of view, the signifi-
cance of interconnectedness is obvious: when human
activities produce changes in one part of the Earth
system, their effects—often unanticipated—will even-
tually be felt elsewhere. When sulfur dioxide is gener-
ated by a coal-fired power plant in Ohio or England,
it can combine with moisture in the atmosphere and
fall as acid rain in northern Ontario or Scandinavia.
When pesticides are used in the cotton fields of India,
the chemicals can find their way to the waters of the
Ganges River and thence to the sea, where some may

be ingested and stored in fishes bodies by a process
called bioaccumulation. The fish, in turn, may be
caught and eaten. In this way, pesticides sometimes
end up in the breast milk of mothers halfway around
the world from the place where they were applied.
Such processes can take a long time to happen, and
that is why they have been all too easy to overlook in
the past.

Feedback
Because energy flows freely in and out of systems, all
closed and open systems respond to inputs and have
outputs. A special kind of system response, called feed-
back, occurs when the output of the system also serves
as an input and leads to changes in the state of the sys-
tem. A classic example of feedback is a household cen-
tral heating system (Fig. 1.7). When room tempera-
ture cools, a metal strip in the thermostat cools and
contacts an electric circuit, turning on the furnace.
When the temperature rises, this strip warms and
bends away from the electric contact, turning off the
furnace. The metal strip senses temperature change
and sends a signal to the furnace, hence feedback oc-
curs.

A household central heating system is an example
of negative feedback: the systems response is in the
opposite direction from the output. With positive
feedback, an increase in output leads to a further in-
crease in the output. A fire starting in a forest provides
an example of positive feedback. The wood may be
slightly damp at the beginning and not burn well, but
once the first starts, wood near the flame dries out and
begins to burn, which in turn dries out a great quan-
tity of wood and leads to a larger fire.

Negative feedback is generally desirable because it
is stabilizing. It usually leads to a system that remains
in a constant condition. Positive feedback, sometimes
called the vicious circle, is destabilizing. A serious sit-
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Figure 1.7 A familiar example
of negative feedback. A change in
temperature in one direction
leads the thermostat to send a sig-
nal that makes the heating/cooling
system change in the opposite di-
rection. Hence, the feedback is
negative.
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8 CHAPTER 1 THE EARTH SYSTEM

uation can occur when our use of the environment
leads to positive feedback. We will discuss positive and
negative feedback more in subsequent chapters.

Cycles and Flows
Because material is constantly being transferred from
one of the Earth’s open systems to another, you may
wonder why those systems seem so stable. Why
should the composition of the atmosphere be roughly
constant for very long periods? Why doesn’t the sea
become saltier or fresher? Why does rock 2 billion
years old have the same composition as rock only 2
million years old? The answers to these questions are
the same: many of the Earth’s natural processes follow
cyclic paths that are stabilized by negative feedback.
Materials and energy flow from one system to an-
other, but the systems themselves don’t change much
because the different parts of the flow paths balance
each other. The amounts added equal the amounts re-
moved. This cycling and recycling of materials and
the dynamic interactions among subsystems has been
going on since the Earth first formed, and it continues
today.

A few basic examples can serve to highlight the im-
portance of cycles in the Earth system. They are the
energy cycle, the hydrologic cycle, an example of a biogeo-
chemical cycle (of which there are many), and the rock

cycle. In the discussions that follow, we will briefly
consider each of these cycles. It is also possible to ex-
tend the concept of cycles to include human-con-
trolled cycles that involve or affect natural processes.
Examples of such cycles will be introduced at appro-
priate places throughout this book.

THE ENERGY CYCLE
The energy cycle (Fig. 1.8) encompasses the great
“engines”—the external and internal energy sources—
that drive the Earth system and all its cycles. We can
think of the Earth’s energy cycle as a “budget”. En-
ergy may be added to or subtracted from the budget
and may be transferred from one storage place to an-
other, but overall the additions and subtractions and
transfers must balance. When a balance does not exist,
the Earth either heats up or cools down until a bal-
ance is reached. This has happened in the past, as ex-
emplified by changes in the Earth’s average tempera-
ture during the ice ages.

Energy in the Earth system differs from matter in
one important aspect—matter can be cycled from one
reservoir to another, back and forth, endlessly, but en-
ergy cannot be endlessly recycled. To understand why
this is so we must consider some of the fundamentals
about energy.
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Figure 1.8 The energy cycle. There are three main
sources of energy in the cycle: solar radiation, geothermal

energy, and tidal energy. Energy is lost from the system
though reflection and through degradation and reradiation.
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The Laws of Thermodynamics
Energy is a difficult and abstract concept. It is the
ability to do work, to move matter. Energy is subject
to fundamental natural laws known as the Laws of
Thermodynamics. The first law of thermodynamics in-
volves the conservation of energy and is stated as fol-
lows: In a system of constant mass, the energy involved in
any physical or chemical change is neither created nor de-
stroyed, but merely changed from one form to another.
When the first law was originally discovered, it was not
known that matter can be changed to energy according
to Einstein’s famous equation e = mc2. This is the rea-
son that we now add the words “in a system of constant
mass” to the definition of the law, meaning a system
where matter is not being transformed to energy.

The second law of thermodynamics sometimes con-
fuses people, but it is especially important because it
governs all energy flows. According to the second law,
Energy always changes from a more useful, more concen-
trated form to a less useful, less concentrated form. An-
other way of stating the second law is that energy can-
not be completely recycled to its original state of
usefulness. Complete recycling is impossible because
whenever useful work is done, some energy is in-
evitably converted to heat. The energy needed to col-
lect and recycle all of the energy dispersed as heat re-
quires more energy than can be recovered. In other
words, no real process can ever be 100 percent effi-
cient—some heat energy is always lost.

The second law of thermodynamics has many im-
portant consequences. One consequence is that the
flow of energy involves degradation and increasing
disorganization as the energy becomes dispersed as
heat and less available. The measure of this disorgani-
zation is called entropy. All of the energy in a system
tends toward a state of increasing entropy. The impli-
cations of the laws of thermodynamics for life are dis-
cussed in more detail in Chapter 15.

Energy Inputs
The total amount of energy flowing into the Earth’s
energy budget is more than 174,000 terawatts (or
174,000 × 1012 watts).1 This quantity completely
dwarfs the 10 terawatts of energy that humans use.
There are three main sources from which energy
flows into the Earth system.

Solar Radiation
Incoming short-wavelength solar radiation over-
whelmingly dominates the flow of energy in the

Earth’s energy budget, accounting for about 99.985
percent of the total. Part of this vast influx powers the
winds, rainfall, ocean currents, waves, and other
processes in the hydrologic cycle. Another part of
solar radiation is used for photosynthesis and is tem-
porarily stored in the biosphere as organic matter.
When plants, algae, and bacteria die and are buried,
some of the solar energy is stored as coal, oil, and nat-
ural gas. When we burn these fossil fuels, we release
this stored solar energy.

Geothermal Energy
The second most powerful source of energy, at 23 ter-
awatts or 0.013 percent of the total, is geothermal
energy, the Earth’s internal heat energy. Geothermal
energy eventually finds its way to the surface of the
Earth, primarily via volcanic pathways. It plays an im-
portant part in the rock cycle (discussed below) be-
cause it is the source of the energy that uplifts moun-
tains, causes earthquakes and volcanic eruptions, and
generally shapes the face of the Earth.

Tidal Energy
The smallest source of energy for the Earth is the en-
ergy produced by the interaction of tides and the
Earth’s rotation. The Moon’s gravitational pull lifts a
tidal bulge in the ocean; as the Earth spins on its axis,
this bulge remains essentially stationary. As the Earth
rotates, the tidal bulge runs into the coastlines of con-
tinents and islands, causing high tides (Chapter 11).
The force of the tidal bulge “piling up” against land-
masses acts as a very slow brake, causing the Earth’s
rate of rotation to decrease slightly. The transfer of
tidal energy accounts for approximately 3 terawatts, or
0.002 percent of the total energy budget.

Energy Loss
The Earth loses energy from the energy cycle in two
main ways: by reflection, and by degradation and rera-
diation.

Reflection
About 40 percent of the 174,000 terawatts of incom-
ing solar radiation is simply reflected unchanged,
back into space, by the clouds, sea, continents, and ice
and snow. For any planetary body, the percentage of
incoming radiation that is reflected unchanged is
called the albedo. A high albedo means a highly reflec-
tive surface.

Each material has a characteristic reflectivity. For
example, ice is more reflective than rocks or pave-

9

1A watt is one joule per second (1J/s). For a discussion of units, see
Appendix A.
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10 CHAPTER 1 THE EARTH SYSTEM

ment; water is more highly reflective than vegetation;
and forested land reflects light differently than agri-
cultural land. Thus, if large expanses of land are con-
verted from forest to plowed land or from forest to
city, the actual reflectivity of the Earth’s surface, its
albedo, may be altered. Any change in albedo will of
course have an effect on the Earth’s energy budget. 

Degradation and Reradiation
The portion of incoming solar energy that is not re-
flected back into space, along with tidal and geother-
mal energy, is absorbed by materials at the surface of
Earth, particularly the atmosphere and hydrosphere.
This energy undergoes a series of irreversible degra-
dations in which it is transferred from one reservoir to
another and converted from one form to another. Be-
cause of the second law of thermodynamics, the en-
ergy that is absorbed, utilized, transferred, and de-
graded eventually ends up as heat, in which form it is

reradiated back into space as long-wavelength (in-
frared) radiation. Weather patterns are a manifesta-
tion of energy transfer and degradation. So are ocean
currents, the growth of plants, and many other
processes of the Earth system.

THE HYDROLOGIC CYCLE
The most familiar cycle is probably the hydrologic
cycle, which describes the fluxes of water between the
various reservoirs of the hydrosphere. We are familiar
with these fluxes because we experience them as rain,
and flowing streams (Fig. 1.9). Like all the cycles in
the Earth system, the hydrologic cycle is composed of
pathways, the various processes by which water is cy-
cled around in the outer part of the Earth, and reser-
voirs, or “storage tanks,” where water may be held for
varying lengths of time. The total amount of water in

10
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Figure 1.9 The hydrologic cycle.
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THE NITROGEN CYCLE: AN EXAMPLE OF A BIOGEOCHEMICAL CYCLE 11

the hydrologic system is fixed, but there can be quite
large fluctuations in the local reservoirs, such as those
that cause floods in one area and droughts in an-
other—but on a global scale these fluctuations do not
change the total volume of water on the Earth.

Pathways
The movement of water in the hydrologic cycle is
powered by heat from the Sun, which causes evapora-
tion of water from the ocean and land surfaces. The
water vapor thus produced enters the atmosphere and
moves with the flowing air. Some of the water vapor
condenses and falls as precipitation (either rain or
snow) on the land or ocean.

Rain falling on land may be evaporated directly or
it may be intercepted by vegetation, eventually being
returned to the atmosphere through their leaves by a
process called transpiration, or it may drain off into
stream channels, becoming surface runoff. Some of it
may infiltrate the soil, eventually percolating down
into the ground to become part of the vast reservoir of
groundwater. Snow may remain on the ground for one
or more seasons until it melts and the meltwater flows
away into soils or streams. Snow that nourishes glaci-
ers remains locked up much longer, perhaps for thou-
sands of years, but eventually it too melts or evapo-
rates and returns to the oceans.

Reservoirs
The largest reservoir for water in the hydrologic cycle
is the ocean, which contains more than 97.5 percent
of all the water in the system. This means that most of
the water in the hydrologic cycle is saline, not fresh
water—a fact that has important implications for hu-
mans because we are so dependent on fresh water as a
resource for drinking, agriculture, and industrial uses.
Surprisingly, the largest reservoir of fresh water is the
permanently frozen polar ice sheets, which contain al-
most 74 percent of all fresh water. The ice sheets rep-
resent a long-term holding facility; water may be
stored there for thousands of years before it is recy-
cled. Of the remaining unfrozen fresh water, almost
98.5 percent resides in the next largest reservoir,
groundwater. Only a very small fraction of the water
passing through the hydrologic cycle resides in the at-
mosphere or in surface freshwater bodies such as
streams and lakes.

In general, there is a correlation between the size
of a reservoir and the average time that water stays in
that reservoir, known as the residence time. Residence
time in the large-volume reservoirs, such as the oceans
and the ice-caps, is many thousands of years, whereas

11

in the small-volume reservoirs it is short—a few
days in the atmosphere, a few weeks in streams and
rivers.

THE NITROGEN CYCLE: AN
EXAMPLE OF A BIOGEOCHEMICAL
CYCLE

A biogeochemical cycle describes the movement of
any chemical element or chemical compound among
interrelated biologic and geologic systems. A biogeo-
chemical cycle involves both, biologic processes such
as respiration, photosynthesis, and decomposition as
well as nonbiological processes such as weathering,
soil formation, and sedimentation in the cycling of
chemical elements or compounds. In a biogeochemi-
cal cycle, living organisms can be important storage
reservoirs for some elements. The cycles of nitrogen,
sulfur, oxygen, carbon, and phosphorus are very im-
portant because each of these elements is critical for
the maintenance of life.

It is difficult to produce a box model, even a highly
simplified one, that accurately describes the biogeo-
chemical behavior of an element as it cycles through
the Earth system. These cycles potentially involve a
wide variety of reservoirs and processes, and elements
often change their chemical form as they move
through the cycle. This complexity is illustrated by
the nitrogen cycle, which we shall discuss briefly
here.

Amino acids are essential components of all living
organisms. They are given the name amino because
they contain amine groups (NH2), in which nitrogen
is the key element. Nitrogen therefore is essential for
all forms of life. The key to understanding the nitro-
gen cycle is understanding how nitrogen moves
among four of the major reservoirs of the Earth sys-
tem—the atmosphere, biosphere, hydrosphere, and
geosphere. Figure 1.10 shows the reservoirs, the esti-
mated mass of nitrogen in each reservoir, and the
paths by which nitrogen moves among the reservoirs.

Nitrogen exists in three forms in nature. In the at-
mosphere it is present in the elemental form (N2); but
reduced forms such as ammonia (NH3) and oxidized
forms such as nitrate (NO3) also exist. Only reduced
forms of nitrogen can participate in biochemical reac-
tions; N2 can only be used directly by a few specialized
bacteria organisms.

Nitrogen is removed from the atmosphere or made
accessible to the biosphere in three ways:

1. Solution of N2 in the ocean.
2. Oxidation of N2 by lightning discharges to create
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oceans—had been produced by a few great cata-
strophic events. The catastrophes were thought to be
so huge that they could not be explained by ordinary
processes, and so the supernatural was called upon.
This concept came to be known as catastrophism.
Not only were the catastrophes thought to be gigantic
and sudden, but some people also believed they had
occurred relatively recently and fit a chronology of
catastrophic events recorded in the Bible. 

The Rise of a New Theory
During the late eighteenth century, the hypothesis
that most features of the geosphere were formed as a
result of catastrophies was compared with geological
evidence, and found wanting. The person who used
the scientific method to assemble the evidence and
propose a counter theory was James Hutton
(l726–l797), a Scottish physician and “gentleman
farmer.” Hutton was intrigued by what he saw in the
environment around him, especially around Edin-
burgh, where he lived and studied. He wrote about his
observations, offered hypotheses, and then used tests
and observational evidence to develop theories. Hut-
ton is widely regarded today as the father of the scien-
tific specialty we now call geology. In l795 he pub-
lished a two-volume work titled Theory of the Earth,
with Proofs and Illustrations in which he introduced his
counter theory to catastrophism.

We refer to the complex group of related processes
by which rock is broken down as weathering, and the
processes by which the breakdown products are
moved around as erosion. Hutton observed the slow
but steady effects of weathering and erosion: rock par-
ticles are carried great distances by running water and
ultimately deposited in the sea. He reasoned that
mountains must slowly but surely be eroded away, that
new rocks must form from the debris of erosion, and
that the new rocks in turn must be slowly thrust up to
form new mountains. Hutton couldn’t explain what
causes mountains to be thrust up, but everything, he
argued, moves slowly along in repetitive, continuous
cycles. His ideas evolved into what we now call the
Principle of Uniformitarianism, which states that
natural laws do not change and therefore the
processes that we see in action today have been oper-
ating the same way throughout the Earth’s history. We
can therefore examine any rock, however old, and
compare its characteristics with those of similar rocks
forming today in a particular environment. We can
then infer that the old rock likely formed in the same
sort of environment. In short, the present is the key to
understanding the past. For example, in many deserts
today we can see gigantic sand dunes formed from
sand grains transported by the wind. Because of the
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Figure 1.10 The nitrogen cycle.

NO3, which is rained out of the atmosphere and
into the soil and sea. Certain plants, algae and bac-
teria can reduce NO3 to NH3, thereby making ni-
trogen available to the rest of the biosphere.

3. Reduction of N2 to NH3 through the action of ni-
trogen-fixing bacteria in the soil or sea. The reduced
nitrogen is quickly assimilated by the biosphere.

Once nitrogen has been reduced it tends to stay re-
duced and to remain in the biosphere where it can be
reused by other organisms. A small fraction of the re-
duced nitrogen may be oxidized back to N2 and re-
turned to the atmosphere, but the main route by
which nitrogen returns to the atmosphere, however, is
the reduction of nitrate. This pathway is kept open by
bacteria that use the oxygen in nitrate during metabo-
lism.

THE ROCK CYCLE AND
UNIFORMITARIANISM

Among the many important questions asked by scien-
tists is the question of the relative importance of cu-
mulative small, slow changes like the washing away of
soil by an ordinary rainstorm, in contrast to massive,
drastic changes like earthquakes and floods. Massive
changes are relatively infrequent, but they cause rapid,
dramatic changes to the landscape. People remember
the floods, hurricanes, landslides, and other great
events that change the landscape, but they quickly for-
get the innumerable small rain showers between the
great events. During the seventeenth and eighteenth
centuries, before the power of the scientific method
became widely appreciated, people hypothesized that
all the Earth’s features—mountains, valleys, and

J.WILEY/CH1  12/8/98  10:31 AM  Page 12



THE ROCK CYCLE AND UNIFORMITARIANISM 13

way they form, the dunes have a distinctive internal
structure (Fig. 1.11A). Using the Principle of Unifor-
mitarianism, we infer that any rock composed of ce-
mented grains of sand and having the same distinctive

internal structure as modern dunes (Fig. 1.11B) is the
remains of an ancient dune.

Hutton was especially impressed by evidence he
saw at Siccar Point in Scotland (Fig. 1.12). Sandstones

13

A B

Figure 1.11 The internal structure of sand dunes, ancient
and modern, demonstrates the power of uniformitarianism.
A. Distinctive pattern of wind-deposited sand grains can
be seen in a hole dug in this dune near Yuma, Arizona.

B. The same distinctive pattern in rocks in Zion National
Park, Utah, lets us infer that these rocks, too, were once
sand dunes.

Figure 1.12 Siccar Point, Berwickshire, Scotland. The
vertical layers of sedimentary rock on the right, originally
horizontal, were lifted up into their vertical position. Ero-
sion developed a new land surface that became the surface
on which the now gently sloping layers of younger sedi-

ment were laid. The gently sloping layers, which are named
the Old Red Sandstone, are 370 million years old. At this
locality, in 1788, James Hutton first demonstrated that the
cycle of deposition, uplift, and erosion is repeated again and
again.

© John S. Shelton William E. Ferguson
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14 CHAPTER 1 THE EARTH SYSTEM

are formed by the cementation of sand grains into
solid rocks. Hutton observed sand being deposited in
horizontal layers, and he realized that most sandstones
must have originally been laid down as horizontal lay-
ers. At Siccar Point, however, Hutton could see an-
cient sandstone layers standing vertical and capped by
gently sloping layers of younger sandstone. The
boundary between the layers, he pointed out, was an
ancient surface of erosion. The now-vertical layers are
composed of debris that was eroded, millions of years
ago, from an ancient mountain range, transported by
streams, deposited on the seafloor, and there formed
into new rocks. As a result of mechanisms we shall dis-
cuss in Chapter 4, the newly formed rock layers were
uplifted, tilted to their present position, and eroded.
When erosion had formed a flat surface on the tops of
the vertical sandstone layers, a pile of younger ero-
sional debris was deposited on the new surface. Even-
tually, the younger debris became rock and uplift oc-
curred again, although not much tilting was in
evidence during this second stage of uplift. The cycle
of uplift, weathering, erosion, transport and deposi-
tion, solidification into rock, and renewed uplift that
could be deduced from this visible evidence impressed
Hutton immensely. He did not use the term rock
cycle for this sequence of events, but today we do.
There is, wrote Hutton, “no vestige of a beginning,
no prospect of an end” (1795, Theory of the Earth) to
the Earth’s rock cycle.

Geologists who followed Hutton have been able to
explain the Earth’s features in a logical manner by
using the Principle of Uniformitarianism and the con-
cept of the rock cycle. In so doing, they have also
made an outstanding discovery—the Earth is incredi-
bly old. It is clear that most erosional processes are ex-
ceedingly slow. An enormously long time is needed to
erode a mountain range, for instance, or for huge
quantities of sand and mud to be transported by
streams, deposited in the ocean, then cemented into
new rocks and the new rocks deformed and uplifted to
form a new mountain. Slow though it is, this cycle has
been repeated many times during the Earth’s long his-
tory. 

Although Hutton never used the terms Earth system
or cycle, he described parts of the Earth system in ways
that show he understood both concepts. His concept
of a cycle of erosion, transport, deposition, formation
of new rock, and uplift is just another way of dis-
cussing flows of materials between reservoirs of the
geosphere.

The concept of uniformitarianism is important to
all branches of science, not just geology. For example,
astronomers have developed a powerful theory about
the way stars form, pass through a long life cycle, and

then die. Because the lifetime of a star is measured in
billions of years, it is not possible to make all needed
observations by watching a single star. Instead, as-
tronomers study the billions of stars in the sky, ob-
serve examples at various stages of development, and
find that the cycle of birth, growth, and death follows
a predictable pattern. Whenever a new star is exam-
ined, uniformitarianism allows the observer to use
previous observations to estimate where the new star
is in its life cycle.

Rare Events and the Reconsideration 
of Catastrophism

Uniformitarianism is a powerful principle, but should
we abandon catastrophism as a totally incorrect hy-
pothesis? The answer is no, because we now know
that events we consider to be catastrophic can be read-
ily explained by well understood, ordinary processes,
and therefore by uniformitarianism. These are not the
catastrophes perceived by seventeenth-century bibli-
cal scholars, who had to call on supernatural forces to
explain things. Rather, they are events that can be
readily explained but are so large and damaging that
they caused catastrophic change. 

An example of such a rare event is suggested by re-
cent discoveries of thin but very unusual rock layers at
many places around the world. The unusual rock lay-
ers are thought to be debris from a huge meteorite
striking the Earth (Fig. 1.13). The rock layers are rich
in the uncommon metal iridium, which is much more
abundant in meteorites than in the Earth’s common
rocks. The iridium-rich rocks have been discovered in
Italy, Denmark, and other places around the world
(Fig. 1.14). The hypothesis is that a massive impact
occurred about 66 million years ago, likely in the Yu-
catan area of present-day Mexico, and that, as a result,
many forms of life, including many of the dinosaurs,
became extinct. The impact is thought to have thrown
so much debris into the atmosphere that the air tem-
perature plummeted. Consequently, most animals and
many plants could not survive. When the debris set-
tled, it formed a thin, iridium-rich layer wherever sed-
iments were being deposited around the world. This
hypothesis is still being tested, and many confusing
bits of evidence remain to be explained.

Even more dramatic extinctions than the one 66
million years ago have occurred. The geologic record
indicates that almost 90 percent of all plants and ani-
mals were driven to extinction about 245 million years
ago. No evidence suggests that a meteorite impact
caused the great extinction. To the contrary, fragmen-
tary evidence indicates that slow but drastic climate
changes resulting from the breakup of a huge super-

14
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THE ROCK CYCLE AND UNIFORMITARIANISM 15

continent may have been the reason. If so, this is a
dramatic example of the interconnecting parts of the
Earth’s system. When we view the Earth’s history as a
combination of continual small changes at a wide
range of scales, spatial and temporal, as well as a series
of repeated but rare events, we have to conclude that
uniformitarianism can describe even the rare events
and that there is every reason to believe that similar
events will occur again in the future. For example, as-
tronomers have already identified a comet that will
come close enough to the Earth at some time during
the next 1500 years to possibly cause a collision event
as big as the one 66 million years ago. 

A fascinating but frightening suggestion has been
made that a rare event of a different kind may already
be happening. Our collective human activities may be
changing the Earth so rapidly and so significantly that
we may be living through a change similar in magni-
tude to some of the major ones in the geological
record. At present, the suggestion is only a hypothesis;
it remains to be tested and thereby proved or dis-
proved. Nevertheless, the very fact that serious scien-
tists are concerned that the hypothesis might prove to

15

Figure 1.13 Meteor Crater, near Flagstaff, Arizona. The
crater was created by the impact of a meteorite about
50,000 years ago. It is 1.2 km in diameter and 200 m deep.
Note the raised rim and the blanket of broken rock debris

thrown out of the crater. Many impacts larger then the Me-
teor Crater event are believed to have occurred during the
Earth’s long history.

Figure 1.14 This thin, dark layer of rock (marked by the
coin) is rich in the rare chemical element iridium and looks
out of place in the thick sequence of pale-colored lime-
stones above and below. The iridium-rich layer, here seen
in the Contessa Valley, Italy, has been identified at many
places around the world and is believed to have formed as a
result of a world-circling dust cloud formed by a great me-
teorite impact about 66 million years ago.

© John S. Shelton

W. Alvarez/Photo Researchers
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16 CHAPTER 1 THE EARTH SYSTEM

be true emphasizes an important fact: human activities
are an important part of Earth system science and
changes to the Earth and the welfare of the human
race are indissolubly linked.

THE BIOLOGICAL DIMENSION
The Earth has three features which together make it
unique: the continual rearrangement of continents
and oceans by a process called plate tectonics, a sub-

stantial amount of liquid water, and life. These add to
the complexity of the Earth system but also seem to
contribute to its stability.

One of the new scientific recognitions—new in the
past 20 years—is the great extent to which life affects
the other major parts of the Earth system. The chem-
ical composition of the Earth’s atmosphere is very dif-
ferent from what would be found on a lifeless planet.
Suppose you were a traveler from another solar sys-
tem, from a civilization that had traveled through
space to study the planets in our solar system, and
suppose the path of your spacecraft took you near

16

G U E S T  E S S A Y

Satellite Remote Sensing: A Unique 
Perspective for Studying Earth’s Vegetation

As we enter the twenty-first century, satellite technology is
providing unique and detailed information about the Earth’s
vegetation in a variety of ways. Data from Landsat, the
French SPOT satellite, the Indian Remote Sensing satellite,
and other Earth-viewing high-resolution satellites are pro-
viding multispectral 10- to 30-m data about vegetation con-
ditions, land cover, deforestation, pollution sources, crop
types, urban sprawl, and numerous other topics of great im-
portance to the rational use of natural resources. More re-
cently, private companies have been providing, upon re-
quest, highly detailed 1- to 5-m spatial resolution satellite
data.

At the same time, daily satellite data are being acquired
at a 1-km spatial resolution from the NOAA series of polar-
orbiting satellites, the French Vegetation sensor flown on
SPOT-4, and Orbital Sciences Corporation’s Sea WiFS
satellite. These data are not suited to provide high spatial
detail of the Earth; rather, they provide important informa-
tion on how the Earth’s vegetation varies in time. Because
each of these satellites images the entire Earth every day,
data from these satellites can be combined over several days
to yield cloud-free composite images that record informa-
tion about our planet’s vegetation through time.

The combination of higher spatial detail satellite data
from Landsat and SPOT, coupled with 1-km time-varying
data from NOAA and Sea WiFS, provides a suite of tools
for global environmental study. These two information
sources enable us to observe and study the global biosphere
from several hundred kilometers in space. An analogy to the
use of data from multiple satellites is the microscope: the
oil-immersion objective for higher detailed study in specific
areas coupled with the scanning objective for preliminary
analysis.

The remote sensing satellite instruments that collect re-
flected or emitted radiation from the Earth are all similar:
They measure light reflected from the Earth in the visible,
near-infrared, and thermal infrared spectral regions. Satel-
lite measurements are frequently used to produce indices
that are highly correlated to the photosynthetic capacity of
the land vegetation. Furthermore, these indices have the
fortuitous feature that all degrading influences (clouds, at-
mospheric haze, scan angle, etc.) can only decrease these in-
dices. Consequently, by maintaining accurate geographic
navigation, satellite data can be combined over several days
or weeks by simply selecting the maximum satellite index for
each geographic location, producing “seamless” continental
and global estimates of photosynthetic capacity.

Examples of Terrestrial Satellite Remote Sensing

Amazon Basin Deforestation Tropical deforestation is a
topical scientific issue, with estimates of the annual rate
varying from 70,000 km2 to 165,000 km2. Recent Landsat
thematic mapper research has focused on the Amazon of
Brazil, the largest area of tropical forest of our planet (~one-
third of the total), where estimates of the annual tropical de-
forestation rate vary from 20,000 to 80,000 km2. Using
complete Landsat thematic mapper 30 m coverage of the
5,000,000 km2 area of Brazil’s Amazon, coupled with a geo-
graphic information system for data management purposes,
researchers recently have reported that the 1978 to 1988

Compton Tucker is a physical scientist at
NASA’s Goddard Space Flight Center in
Greenbelt, Maryland. His research involves
using satellite remote sensing to study deser-
tification, tropical deforestation, and tem-
perate forest issues. He has a B.S. in biology
and M.S. and Ph.D. degrees from the Col-

lege of Forestry, all from Colorado State University.
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Venus and Mars but not the Earth. Since you under-
stood how solar systems form, you knew that the three
inner planets shared a similar origin and history—they
had all been formed by the accumulation of material
through gravitational attraction. You knew that these
three inner planets were within a factor of two of each
other in diameter and distance from the Sun. Because
the Earth lay between Mars and Venus, you would be
comfortable interpolating your observations of those
planets to characterize the Earth. Suppose that you
made measurements of the atmospheres of Mars and
Venus. Their atmospheres are more than 95 percent

carbon dioxide and less than 4 percent nitrogen, with
traces of oxygen and a small amount of such inert
gases as argon. You return to your home base and sug-
gest, because the three planets are so similar, that the
atmosphere of the Earth has the same composition as
the atmospheres of Mars and Venus. But you would be
quite wrong. The Earth’s atmosphere is 79 percent ni-
trogen, 21 percent oxygen, as well as a small amount
of carbon dioxide. Only the estimate of the amount of
argon would be about right.

The difference between the Earth’s atmosphere
and that of Mars and Venus is the result of life’s

17

tropical deforestation rate for Brazil’s Amazon was ~15,000
km2/yr, substantially lower than previous estimates. The de-
forestation rate in the Amazon of Brazil varied widely from
1988 to 1997, ranging from ∼ 11,000 km2/yr in 1992 to
∼ 26,000 km2/yr in 1996.

Because these analyses were conducted using a geographic
information system, the total area of isolated forest fragments
surrounded by deforestation and the total edge or buffer of
tropical forest in direct contact with areas of deforestation
could be calculated, for these considerations are important in
determining the indirect biological diversity impacts of defor-
estation. Landsat thematic mapper data are the only possible
source of satellite data for determining accurate estimates of
tropical deforestation. Other satellite data sources were either
too expensive (SPOT) or have spatial resolutions of .1 km
(NOAA and Sea WiFS), which render them useless for iden-
tifying deforestation with dimensions ,500 m.

African Grassland and Climate Studies: The Sahel of
Africa is a broad transition grassland between the Sahara to
the north and the more humid savannas to the south, run-
ning from the Atlantic Ocean to the Red Sea, more or less
parallel to lines of equal latitude. This area has attracted sci-
entific interest because of periodic drought and concern
over possible expansion of the Sahara to the south. Remote
sensing research in this area has led to the development of
techniques for determining grassland biomass production,
which also are used to study large-scale variation in desert
extent as well as provide famine early earning. This is an ex-
cellent example of the integral linkage between scientific re-
search and day-to-day humanitarian concerns, such as food
security.

NOAA polar-orbiting meteorological satellite data have
been used since 1980 in the Sahel zone to estimate grassland
total biomass production. These data are acquired almost
daily and processed into a vegetation index; thermal data are
used to identify clouds, and are subsequently combined into a

15-day composite image by selecting the maximum vegeta-
tion index value for each grid cell ∼ 1 km square. AVHRR 
1-km data have been and are being used to investigate satel-
lite data–grassland biomass relationships, both within Africa
and in developed countries, with a high level of accuracy.
Once the satellite data–grassland biomass relationship is de-
termined from sufficient specific ground locations, this rela-
tionship can be extended through the same ecological region.

NOAA 4-km daily data dating back to 1980 have been
processed at an 8-km grid cell size and combined into 10-
day vegetation index composite images for the entire conti-
nent of Africa. These data have been shown to be highly
correlated with precipitation ,1000 mm/yr, although dif-
ferent relationships between the satellite data and precipita-
tion exist for different African climatic regions (i.e., East
Africa, Sahel Zone, Southern Africa, etc.). These data have
been used to investigate expansion and contraction of the
major deserts of Africa. Findings to date indicate that all the
major deserts of Africa expand some years and contract in
others, driven by climatic variation. Continuing this work
for 30 to 40 years will provide the baseline data needed to
determine if the major arid regions of Africa and elsewhere
are expanding as many unsubstantiated reports indicate.

The same 8-km grid cell size time series of satellite-
derived data are also used in combination with historical in-
formation about crop yields, grazing conditions, severity of
droughts, and so on, to provide early warning for food secu-
rity purposes. Conditions for areas of interest can be moni-
tored through the growing season and compared to the pre-
vious 20 years of historical data to identify areas of food or
fodder shortfalls, This type of famine early warning is much
more objective than types depending on in-country reports,
provides rapid and objective information on where to send
relief when required, and ensures that the most needy areas
are not overlooked. Exactly the same data as those used to
investigate desert expansion and contraction are used for
food security or famine early warning purposes.
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Figure 1.15 Tilling cropland in Georgia prior to plant-
ing. Tilling disturbs the soil, creating a dust cloud. Wind
blows the dust away. Over many years soil loss from plow-
ing and tilling can be significant.

ocean, the rate at which we are consuming nonrenew-
able resources such as oil, and the extinction of plant
and animal species, to name several examples.

We, the human population, are the cause of these
and other recent changes. Humans have always
changed their local environments, but when the
human population was small, these changes happened
so slowly that they did not alter the Earth system.
Now the population is large and growing ever larger.
At the time these words are being written, in 1998, the
world’s population is nearing 6 billion and increasing
by about 90 million each year. There are now so many
of us that we are changing the Earth just by being
alive and going about our business and in doing so we
are taxing the resources of the Earth system.

Many kinds of large animals have, at various times,
lived on the Earth. Throughout all of the Earth’s long
history, however, there has never been such a huge
number of large animals as in the human population
today. Our collective activities have become so perva-
sive that there is no place on the Earth we haven’t
changed. We go almost everywhere to seek the re-
sources we need. In the process, we have made rainfall
more and more acidic, we have caused fertile top soil
to erode (Fig. 1.15), and we have changed the compo-
sition of the soil that remains. We have caused deserts
to expand (Fig. 1.16), and we have changed the com-
position of the atmosphere, the ocean, streams, and
lakes. Even the snowflakes that fall on Antarctica bear
the imprint of our activities. In short, we are influenc-

processes over billions of years. Photosynthesis by
green plants, algae, and photosynthetic bacteria re-
moves carbon dioxide from the atmosphere and adds
oxygen. Oxygen is a highly reactive gas that rapidly
combines with many other chemical elements and so
does not remain in its free form for a long time. To
counteract the removal of oxygen by chemical reac-
tions, life acts as an oxygen pump, continuously re-
turning oxygen to the atmosphere. Free oxygen in the
Earth’s atmosphere is the result of 3 billion years of photo-
synthesis and is therefore a product of life.

One of the peculiar things about our planet is that
the geosphere and the atmosphere are in what a
chemist calls disequilibrium. By this, a chemist means
that if you were able to take the Earth and place it in a
completely dark box and leave it for a long time, the
composition of the atmosphere would not remain as it
is. The oxygen would combine with other elements,
including iron, carbon, and nitrogen, and the atmos-
phere would come to be much like that of Mars and
Venus. The atmosphere is one of the profound ways
that life has changed the Earth.

If life on the Earth were in a steady state so that the
total amount of living organic matter were constant,
and the removal of carbon dioxide from the atmos-
phere by photosynthesis equaled the return of carbon
dioxide by decay and respiration, then there would
not be a net addition or removal of carbon dioxide to
or from the atmosphere. But over geologic ages there
has been a slight imbalance, with a slight excess of
photosynthesis over decay and respiration. This has
not only created the low concentration of carbon
dioxide in the atmosphere, the by-product of photo-
synthesis, and a high concentration of oxygen in the
atmosphere, but it has also resulted in the locking up
of carbon in the geosphere by deposition in sediments
of carbon-bearing minerals such as calcium carbonate
(in limestone) and carbon-rich materials such as oil,
coal, and organic-rich shales. In the course of this
book, we will discover many other ways that life has
affected other major components of the Earth system.

The Human Impact
Notice in Figures 1.1 and 1.5 that the biosphere lies at
the center of the Earth system diagram. It is placed
there for a special reason. Significant changes are now
taking place in many of the flows between the bio-
sphere and the other reservoirs, and as a result the
reservoirs are changing in sometimes unexpected
ways. Some of the changes have become daily news—
the ozone hole, the increase of carbon dioxide in the
atmosphere, the dispersal of pesticides throughout the

Grant Heilman Photography
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Figure 1.16 Overly intense use of marginal lands
causes deserts to expand. Sand dunes advance from right

to left across irrigated fields in the Danakil Depression,
Egypt.

ing all of the reservoirs and many of the flows, and
thereby changing our own environment. And we con-
tinue to do so at ever faster rates. We have even
coined a special term to describe the changes pro-
duced in the Earth system as a result of human activi-
ties: global change. Measuring, monitoring, and un-
derstanding global change is now a topic of intense
study by many scientists. Once again, uniformitarian-
ism is their guide: the present is not only the key to
understanding the past, but it is also the key to under-
standing the future.

Global change should not be viewed as necessarily
negative. Most human activities have made the world
a nicer and friendlier place in which to live. No one
could deny that building cities and clearing land for
farms causes large changes in the environment, but
who would argue that a beautiful city like Paris (Fig.
1.17) is not a proud achievement? Think, too, of the
abundant food that flows from modern agriculture.
Our ancestors had a much harder time feeding them-
selves than we do today.  To be sure, we have caused
some changes to the environment that may one day be
dangerous, but  most of these changes happened acci-
dentally because we didn’t understand the Earth sys-
tem sufficiently well. When we started burning coal
300 years ago, for instance, carbon dioxide had not

Figure 1.17 The Arc de Triomphe, at the hub of broad,
radiating avenues, is a focal point in Paris. The avenue that
runs through the center of the arch is the Champs Elysée.

Georg Gerster/Comstock, Inc.
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S U M M A R Y
1. Earth system science is the study of the whole Earth

viewed as a system of many interacting parts and focuses
on the changes within and between the parts.

2. The Earth can be considered as a system of four vast,
interdependent reservoirs: the geosphere, the atmos-
phere, the hydrosphere, and the biosphere.

3. Material moves back and forth from one reservoir to
another. Some rates of movement are fast, others slow.
If a rate of movement changes, the volumes of the reser-
voirs adjust in response.

4. Science is a system of learning and understanding that
advances by application of the scientific method: obser-
vation, formation of a hypothesis, testing of the hypoth-
esis, formation of a theory, more testing, and, in some
cases, formation of a law.

5. There are three basic kinds of systems: isolated, closed,
and open. The Earth is a close approximation to a
closed system, which means energy can enter or leave
but that matter can neither enter nor leave. All of the
small systems that collectively comprise the Earth sys-
tem are open systems, which means they are open to the
flow of both energy and matter.

6. The energy cycle arises from the flow of energy from
two vast energy sources—the Sun’s heat energy and the
Earth’s internal geothermal energy.

7. Energy differs from matter in one important way: en-
ergy cannot be endlessly recycled. Energy always

changes from a more useful, more concentrated form to
a less useful, less concentrated form, and as a result, in
all real processes some heat energy is always lost.

8. The hydrologic cycle is powered by energy from the
Sun and describes the fluxes of water between the major
Earth reservoirs.

9. Biochemical cycles move chemical elements such as ni-
trogen, which are essential to life, between the major
Earth reservoirs.

10. The Principle of Uniformitarianism states that the in-
ternal and external processes operating today have been
operating throughout Earth’s history.

11. Random, massive, but rare events, such as gigantic me-
teorite impacts, appear to have played an important role
in the Earth’s history. These events cause catastrophic
change in the Earth’s appearance but are not attributed
to supernatural forces the way the events of the out-
dated concept called catastrophism were.

12. Three features make the Earth unique among the plan-
ets of our solar system—plate tectonics, a large body of
liquid water on the surface, and life.

13. The human population has grown so large that our col-
lective activities may be altering many aspects of the
Earth system; these collective activities are referred to
as global change.

even been discovered so that no one had the slightest
idea that someday (i.e., today) the atmosphere would
be changed as a result. If, say, the climate becomes
warmer because of these changes to the atmosphere,
ice in Antarctica might melt, the sea level might rise,
and coastal cities might be flooded. Surely those are
important consequences that we must consider, but
note that we say might happen—might, because we do

not yet understand the Earth system in enough detail
to be sure. A necessary part of Earth system science is
therefore an investigation of how the collective ac-
tions of the human population are changing the reser-
voirs and flows, and what the consequences of these
changes will be. We address the issues of human
changes to the Earth system at many places through-
out this book.
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Q U E S T I O N S  F O R  R E V I E W
1. What is the scientific method? Illustrate your answer

with an example of the scientific method in practice.
2. How does Earth system science differ from physics, bi-

ology, or any other specialized area of science?
3. How does the Principle of Uniformitarianism help us to

understand the history and workings of the Earth? Ex-
plain why this principle can also be used to understand
the solar system and the universe.

4. Suggest three human activities that affect the Earth’s ex-
ternal activities in a noticeable manner.

5. Identify three human activities in the area where you
live that are causing big changes in the environment.

6. What are the principal energy sources that control the
Earth system?

7. Why is it not possible to continually recycle energy?

8. What are the differences between a closed and an open
system?

9. What consequences arise from the fact that the Earth is
a closed system? Would the Earth still be a closed sys-
tem if we started a colony on Mars and started trading
with the colony?

10. Draw a box model for the hydrologic cycle and include
the following reservoirs: the ocean, the atmosphere,
glacial ice, streams and rivers, underground water.

11. In what form does nitrogen exist in the atmosphere?
How is nitrogen removed from the atmosphere and
made available to life?

12. What is meant by the term global change? How do your
own activities contribute to global change?

Q U E S T I O N S  F O R  D I S C U S S I O N
1. Scientists are currently tracking asteroids (small rocky

masses that orbit the Sun) and comets because they are
concerned that an asteroid or comet might collide with
the Earth sometime over the next few hundred years.
What effects might the impact of an asteroid or comet
have on the Earth? Which branches of Earth science do
you imagine might be most involved in the work on as-
teroids and comets?

2. Is the suggestion that the extinction of the dinosaurs

was due to the impact of a large meteorite a hypothesis
or a theory? Research some alternative suggestions
about the extinction of the dinosaurs. Which of the sug-
gestions would you call uniformitarianism, which cata-
strophism?

3. There is currently a vigorous scientific debate about
whether human activity is causing global warming. Re-
search some of the hypotheses about global warming
and analyze them in terms of the scientific method.
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Visit our web site to find several interactive case studies
through which you can learn more about the interactions
between people and the natural environment.
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