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Pretace

ur natural, environmental home on planet Earth is

a complex system of interacting components that
includes climate and the atmosphere, organisms and their com-
munities, water, landforms, and soils. The ways we choose to use
and affect the environment today can benefit or endanger our
own as well as future generations. More than ever before, people
today want and need to know the effects of their actions on the
environment at both a local and global scale. Understanding
physical geography, that is, what our natural habitat on Earth’s
surface is like, how it functions, and how it varies over space and
time, is critical for making informed decisions regarding the wise
use and preservation of our environment and resources. The
more we know about the environment on Earth, the more effec-
tive we can be in working toward preservation, stewardship, and
sustainability. Fundamentals of Physical Geography was written to
provide students from any academic major with a basic working
knowledge of Earth’s natural systems and its shared natural habi-
tats, so that they may better understand the consequences of hu-
man actions on the environment. This text focuses on presenting
the essential content of physical geography to students in a clear,
condensed style, which is an excellent format for courses that fol-
low either the semester or quarter system.

Throughout the world, geography is a highly regarded field
of inquiry. Recognition of its importance to society is growing
along with environmental awareness. Geographical knowledge,
skills, and techniques are increasingly valued in the work place.
Professional physical geographers use the latest technologies to
observe, map, and measure Earth’s surface and atmosphere and to
model environmental responses and interactions. Physical geogra-
phers in the workplace apply satellite imagery, global positioning
systems (GPS), computer-assisted mapmaking (cartography),
geographic information science (GIS), and other tools for analysis
and problem solving. At the college level, physical geography is
an ideal science course for any student who would like to make
informed decisions that consider environmental limits and
possibilities as well as people’s wants and needs.

Fundamentals of Physical Geography stresses an appreciation
of geography as a discipline worthy of continued study. A focus
on relevance is supported by the definition of geography, expla-
nations of useful tools and methodologies, practical applications,
as well as the utility of spatial thinking and systems analysis.

Features

Comprehensive View of the Earth System
Fundamentals of Physical Geography introduces all major
aspects of the Earth system, identifying physical phenomena
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and natural processes and stressing their characteristics,
relationships, interactions, and distributions. The text covers
a wide range of topics, including climate and the atmo-
sphere, water, the solid Earth, and the living components of
our planet. With only 17 chapters, Fundamentals of Physical
Geography provides beginning geography students with a
thorough introduction to the essential content of physical
geography, which can be easily covered in a single course.

Engaging Graphics Because the study of geography
is greatly enhanced with visual aids, the text includes an ar-
ray of illustrations and photographs that make the concepts
come alive. Selected photographs are accompanied by locator
maps to provide spatial context and help students identify

the feature’s geographic position on Earth. Clear and simple
diagrams illuminate challenging concepts, and Environmental
System illustrations throughout the text provide a broad view
of the features, inputs, and outputs of a complete system, such
as storms glaciers, groundwater, or the plate tectonic system.

Clear Explanations The text uses an easily under-
standable, narrative style to explain the processes, physical
features, and events that occur within, on, or above Earth’s
surface. The writing style facilitates rapid comprehension
and make the study of physical geography meaningful and
enjoyable.

Introduction to the Geographer’s Tools Digi-
tal technologies have revolutionized our abilities to study the
natural environments and processes on Earth’s surface. A full
chapter is devoted to maps, digital imagery, and other data
used by geographers. Illustrations throughout include maps
and images, with interpretations provided for the environmen-
tal attributes shown in the scenes. There are also introductory
discussions of many techniques that geographers use for dis-
playing and analyzing environmental features and processes,
including remote sensing, geographic information systems,
cartography, and global positioning systems.

Focus on Student Interaction The text continu-
ally encourages students to think, conceptualize, hypothesize,
and interact with the subject matter of physical geography.
Activities at the end of each chapter can be completed indi-
vidually, or as a group, and were designed to engage students
and promote active learning. Review questions reinforce
concepts and prepare students for exams, and practical
application assignments require active solutions, such as
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sketching a diagram, running a calculation, or exploring
geographic features using Google Earth. Questions following
many figure captions prompt students to think beyond, or
to use, the map, graph, diagram, or image, and give further
consideration to the topic. Detailed learning objectives at
the beginning of the chapters provide a means to measure
comprehension of the material.

Three Unique Perspectives This textbook also
selectively employs feature boxes that illustrate the major
scientific perspectives of physical geography. Through a
spatial perspective, physical geography focuses on under-
standing and explaining the locations, distribution, and spa-
tial interactions of natural phenomena. Physical geography
also uses a physical science perspective, which applies the
knowledge and methods of the natural and physical sciences
using the scientific method and systems analysis. Through
an environmental perspective, physical geographers con-
sider impacts, influences, and interactions between human
and natural components of the environment, that is, how
the environment influences human life and how humans
affect the environment.

Map Interpretation Series Because learning map
interpretation skills is a priority in physical geography, this
text includes activities based on full-color maps printed at
their original scale. These maps help students develop valuable
map-reading skills while reinforcing the topical material pre-
sented. The map interpretation features can be incorporated
into lab activities and help to link between lectures, the text,

and lab work.

Fundamentals of
Physical Geography—
Four Major Objectives

To Meet the Academic Needs of the Student
In content and style, Fundamentals of Physical Geography was
written specifically to meet the needs of students, the end users
of this textbook. Students can use the knowledge and under-
standing obtained through the text and activities to help them
make informed decisions involving the environment at the
local, regional, and global scale. The book considers the needs
of beginning students, with little or no background in the
study of physical geography or other Earth sciences. Examples
from throughout the world illustrate important concepts and
help students bridge the gap between theory and practical
application.

To Integrate the lllustrations with the
Written Text The photographs, maps, satellite images,
scientific visualizations, block diagrams, graphs, and line
drawings clearly illustrate important concepts in physical

geography. Text discussions are strongly linked to the illus-
trations, encouraging students to examine in graphic form
and visualize physical processes and phenomena. Some
examples of topics that are clearly explained by integrat-
ing visuals and text include map and image interpretation
(Chapter 2), the seasons (Chapter 3), Earth’s energy budget
(Chapter 3), wind systems (Chapter 4), storms (Chapter 6),
soils (Chapter 9), plate tectonics (Chapter 10), rivers
(Chapter 14), glaciers (Chapter 16), and coastal processes
(Chapter 17).

To Communicate the Nature of Geography
The nature of physical geography and its three major scientific
perspectives (spatial, physical, and environmental) are dis-
cussed in Chapter 1. In subsequent chapters, all three perspec-
tives are stressed. For example, location is a dominant topic

in Chapter 2 and remains an important theme throughout

the text. Spatial distributions are emphasized as the elements
of weather and climate are discussed in Chapters 4 through

6. The changing Earth system is a central focus in the text

and featured in Chapter 1 and Chapter 8. Characteristics

of climate regions and their associated environments are in
Chapters 7 and 8. Spatial interactions are demonstrated in
discussions of weather systems (Chapter 6), soils (Chapter 9),
and volcanic and tectonic activity (Chapter 11). Feature boxes
in every chapter present interesting and important examples of
each perspective.

To Fulfill the Major Requirements of Intro-
ductory Physical Science Courses Fundamen-
tals of Physical Geography offers a full chapter on the scientific
tools and methodologies of physical geography. Earth as a
system and the physical processes affecting physical phe-
nomena beneath, at, and above Earth’s surface are examined
in detail. Scientific method and explanations are stressed.
End-of-chapter questions include interpreting graphs of en-
vironmental data (or graphing data for study), quantitative
analysis, classification, calculating environmental variables,
and hands-on map interpretation. Models and systems are
frequently cited in discussions of important concepts, and
scientific classification is presented in several chapters. Some
of these topics include air masses, tornadoes, and hurricanes
(Chapter 6), climates (Chapters 7 and 8), biogeography

and soils (Chapter 9), water resources (Chapter 13), rivers
(Chapter 14), and coasts (Chapter 17).

Physical geography plays a central role in understand-
ing environmental aspects and issues, human—environment
interactions, and in approaches to environmental problem
solving. The beginning students in this course include the
professional geographers of tomorrow. Spreading the mes-
sage about the importance, relevance, and career potential
of geography in today’s world is essential to the strength of
geography at educational levels from pre-collegiate through
university. Fundamentals of Physical Geography seeks to
reinforce that message.
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Ancillaries

Instructors and students alike will greatly benefit from the
comprehensive ancillary package that accompanies this text.

For the Student

Geography Resource Center This password-
protected site includes interactive maps, animations, and an
array of other discipline-related resources to complement your
experience with geography. Visit www.iChapters.com to pur-
chase access, if one was not bundled with your text.

For the Instructor

Dynamic Lecture Support

PowerLecture with JoinIn™ A complete all-
in-one reference for instructors, the PowerLecture DVD
contains PowerPoint® slides with lecture outlines, images
from the text, stepped art from the text, zoomable art
figures from the text, blank regional maps, videos, Google
Earth layers and instructor’s manual, and active figures
that interactively demonstrate concepts. Besides provid-
ing you with fantastic course presentation material, the
PowerLecture DVD contains electronic files of the Test
Bank and Instructor’s Manual, as well as Joinln, the easiest
Audience Response System to use, featuring instant class-
room assessment and learning.

Laboratory and GIS Support

GIS Investigations Michelle K. Hall-Wallace, C. Scott
Walker, Larry P. Kendall, Christian J. Schaller, and Robert E.
Butler.

The perfect accompaniment to any physical geography
course, these four groundbreaking guides tap the power of
ArcView® GIS to explore, manipulate, and analyze large data
sets. The guides emphasize the visualization, analysis, and
multimedia integration capabilities inherent to GIS and en-
able students to “learn by doing” with a full complement of
GIS capabilities. The guides contain all the software and data
sets needed to complete the exercises.

Exploring the Dynamic Earth:

GIS Investigations for the Earth Sciences

ISBN with ArcView CD: 0-534-39138-9

ISBN for use with ArcGIS site license: 0-495-11509-6

Exploring Tropical Cyclones:

GIS Investigations for the Earth Sciences

ISBN with ArcView CD: 0-534-39147-8

ISBN for use with ArcGIS site license: 0-495-11543-6

Exploring Water Resources:

GIS Investigations for the Earth Sciences

ISBN with ArcView CD: 0-534-39156-7

ISBN for use with ArcGIS site license: 0-495-11512-6

Exploring the Ocean Environment:

GIS Investigations for the Earth Sciences

ISBN with ArcView CD: 0-534-42350-7

ISBN for use with ArcGIS site license: 0-495-11506-1
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CHAPTER 1 « PHYSICAL GEOGRAPHY: EARTH ENVIRONMENTS AND SYSTEMS

:: Objectives

When you complete this chapter you should be able to:

m Discuss physical geography as a discipline and profession that
considers both the natural world and the human interface with the
natural world.

m Understand how geographic information and techniques are directly
applicable in many career fields.

m Describe the three major perspectives of physical geography: the
spatial perspective, the physical science perspective, and the envi-
ronmental perspective.

Viewed from far enough away to see an entire hemisphere,
Earth is both beautiful and intriguing. From this perspective
we can begin to appreciate “the big picture,” a global view of
our planet’s physical geography. If we look carefully, we can
also recognize geographic patterns, shaped by the processes
that make our world dynamic and ever-changing. Character-
istics of the oceans, atmosphere, landmasses, and evidence of
life, revealed by vegetated regions, are apparent.
From a human perspective, Earth may seem
immense and almost limitless. In contrast, viewing
the “big picture” reveals Earth’s fragile nature—a
spherical island of life surrounded by the vast, dark
emptiness of space. Except for the external addition
of energy from the sun, our planet is a self-contained
system that has all the requirements to sustain life.
The nature of Earth and its environments provide
the life-support systems for all living things. It is
important to gain an understanding of the planet
that sustains us, to learn about the components
and processes that operate to change or regulate the
Earth system. Learning the relevant questions to ask
is an important step toward finding answers and
explanations. Understanding how Earth’s features

m Conceptualize Earth as a system of interacting parts that respond to
both natural and human-induced processes.

m Explain how interactions between humans and their environments
can be both advantageous and risky.

m Recognize how a knowledge of physical geography invites better
understanding of our environment.

Geographers study processes that influenced Earth’s land-
scapes in the past, how they continue to affect them today, how
a landscape may change in the future, and the significance or
impact of these changes. Geography is distinctive among the
sciences by virtue of its definition and central purpose, and
may involve studying any topic related to the scientific analysis
of human or natural processes on Earth (m Fig. 1.1).

® FIGURE 1.1 When conducting research or examining one of society’s
many problems, geographers are prepared to consider any information or
aspect of a topic that relates to their studies.

What advantage might a geographer have when working with other
physical scientists seeking a solution to a problem?
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THE STUDY OF GEOGRAPHY

Geographers are also interested in how to divide areas into
meaningful regions, which are areas identified by distinctive
characteristics that distinguish them from surrounding areas.

Physical, human, or a combination of factors can define a region.

Regional geography concentrates on the characteristics of a region
(or of multiple regions).

Physical Geography

Physical geography encompasses the processes and features
that make up Earth, including human activities where they
interface with the environment. Geographers generally take

a holistic approach, meaning that they often consider both
the human and natural phenomena that are relevant to un-
derstanding aspects of our planet. Physical geographers are
concerned with nearly all aspects of Earth and are trained to
view a natural environment in its entirety, as well as how it
functions as a unit (® Fig. 1.2). Yet, most physical geographers
focus their expertise on one or two specialties. For example,
many meteorologists and climatologists have studied geography.
Meteorologists are interested in the processes that affect daily
weather, and they forecast weather conditions. Climatologists
are interested in regional climates, the averages and extremes

of long-term weather data, understanding climate change and
climatic hazards, and the impact of climate on human activi-
ties and the environment.

Geomorphology, the study of the nature and development of
landforms, is a major subfield of physical geography. Geomor-
phologists are interested in understanding variations in landforms,
and the processes that produce Earth’s surface landscapes. Bio-
geographers study plants, animals, and environments, examining
the processes that influence, limit, or facilitate their characteristics,
distributions, and changes over time. Many soi/ scientists are geog-
raphers who map and analyze soil types, determine the suitability
of soils for certain uses, and work to conserve soil resources.

Geographers are also widely involved in the study of water
bodies and water resources including their processes, movements,
impacts, quality, and other characteristics. They may serve as
hydrologists, oceanographers, or glaciologists. Many geographers also
function as water resource managers, working to ensure that lakes,
watersheds, springs, and groundwater sources are adequate in
quantity and quality to meet human and environmental needs.

Like other scientists, physical geographers typically apply
the scientific method as they seek to learn about aspects of
Earth. The scientific method involves seeking the answers
to questions and determining the validity of new ideas by

® FIGURE 1.2 Physical geographers study the elements and processes that affect natural environments.
These include rock structures, landforms, soils, vegetation, climate, weather, and human impacts. This is in

the White River National Forest, Colorado.

What physical geography characteristics can you observe in this scene?

Copyright and photograph by Dr. Parvinder S. Sethi
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CHAPTER 1 « PHYSICAL GEOGRAPHY:

EARTH ENVIRONMENTS AND SYSTEMS

Make observation
that requires
explanation

Propose
hypothesis to
explain the
observation

Determine a
technique and
collect data to
test hypothesis

Use technique to
test hypothesis

Test supports
hypothesis

Accept hypothesis
(explanation for
observation)

Test rejects
hypothesis

objectively testing all pertinent evidence and facts that affect the
issue being studied (m Fig. 1.3). Using the scientific method,
new ideas or proposed answers to questions are only accepted as
valid if they are clearly supported by the evidence.

Technology, Tools, and Methods

The technologies that are used for learning about the
physical geography of our planet are rapidly changing. The
abilities of computer systems to capture, process, model, and
display spatial data—functions that can now be performed
on a personal computer—were only a dream 30 years ago.
Today, the Internet provides access to information and
images on virtually any topic. Continuous satellite imaging
of Earth has been ongoing for more than 30 years, which
has given us a better perspective on environmental changes.
Using various energy sources to produce images from space,
we are able to see, measure, monitor, and map processes and
the effects of certain processes, including many that are in-
visible to the naked eye. Graphic displays of environmental
data and information are becoming more vivid and striking
as a result of sophisticated methods of data processing and
visual representation. Increased computer power allows the
presentation of high-resolution images, three-dimensional
scenes, and animated images of Earth’s features, changes, and
processes (® Fig. 1.4).

Satellite technology is used to determine the precise loca-
tion of a positioning receiver on Earth’s surface, a capability
that has many useful applications for geography and mapping.
Today, most mapmaking (cartography) and many aspects of
map analysis are computer-assisted operations, although the
ability to visually interpret a map, a landscape, or an environ-
mental image remains an important geographic skill.

Physical geographers should be able to make observations
and gather data in the field, but they must also keep up with new
technologies that support and facilitate traditional fieldwork.
Technology may provide maps, images, and data, but a person
who is knowledgeable about the geographical aspects of the

subject being studied is essential to the processes of analysis and

m FIGURE 1.3 The scientific method, widely applicable in physical geography, involves the steps shown here.

1. Making an observation that requires an explanation. On a trip to the mountains, you notice that
it gets colder as you go up in elevation. Is that just a result of local conditions on the day you were

there, or is it a universal relationship?

2. Restating the observation as a hypothesis. Here is an example: As we go higher in elevation,
the temperature gets cooler. (The answer may seem obvious, but while it is generally true, there are
exceptions, depending on environmental conditions that will be discussed in later chapters.)

3. Determining a technique for testing the hypothesis and collecting necessary data. The next
step is finding a technique for evaluating data (numerical information) and or facts that relate to the
hypothesis. In this case, you would gather temperature and elevation data (taken at about the same

time for all data points) for the study area.

4. Applying the technique or strategy to test the validity of the hypothesis. Here we discover if the
hypothesis is supported by adequate evidence, collected under similar conditions to minimize bias. The
technique will recommend either acceptance or rejection of the hypothesis. If the hypothesis is rejected,
we can test an alternate hypothesis, or we may just discover that our hypothesized relationship is not valid.
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MAJOR PERSPECTIVES IN PHYSICAL GEOGRAPHY

Image by R. B. Husar, Washington University; the land layer from the SeaWiFS Project; fire maps from
the European Space Agency; the sea surface temperature from the Naval Oceanographic Office’s

Visualization Laboratory; and cloud layer from SSEC, University of Wisconsin

© Ashley Cooper/CORBIS

problem solving. Many geographers are gainfully employed in
positions that apply technology to the problems of understanding

our planet and its environments, and their numbers are certain to
increase in the future (m Fig,. 1.5).

® FIGURE 1.4 Complex computer-generated model of Earth,
based on data gathered from satellites.

How does this image compare to the Earth image in the
chapter opening?

m FIGURE 1.5 A geographer uses computer technology to
analyze maps and imagery.

In what ways are computer-generated maps and landscape
images helpful in studying physical geography?

Major Perspectives in
Physical Geography

Your textbook will demonstrate three major perspectives that
physical geography emphasizes: spatial science, physical sci-
ence, and environmental science. Although the focus on each
of these perspectives may vary from chapter to chapter, take
note of how each perspective relates to the unique nature of
geography as a discipline.

The Spatial Perspective

A central theme in geography is illustrated by its definition as the
spatial science. Physical geographers have many divergent interests,
but they share the common goals of understanding and explaining
spatial variations on Earth’s surface. The following five examples
illustrate spatial factors that geographers typically consider and the
problems they address.

Location Geographic studies often begin with locational
information. Features are located using one of two meth-
ods: absolute location, which is expressed by a coordinate
system (or address), or relative location, which identifies
where a feature exists in relation to something else, usu-

ally a fairly well-known location. For example, Pikes Peak,
in the Rocky Mountains of Colorado, with an elevation of
4302 meters (14,115 feet), has a location of latitude 38°51"
north and longitude 105°03" west. This is an example of an
absolute location. However, it could also be stated that Pikes
Peak is 36 kilometers (22 miles) west of Colorado Springs

(m Fig. 1.6). This is an example of relative location.

Characteristics of Places Physical geographers are
interested in the environmental features and processes that
make a place unique, and also the shared or similar character-
istics between places. For example, what physical geographic
features make the Rocky Mountains appear as they do?
Further, how are the Appalachian Mountains different from
the Rockies, and what characteristics are common to these
two mountain ranges? Another aspect of the characteristics
of places is the analysis of the environmental advantages and
challenges that exist in a place.

Spatial Distribution and Pattern Spatial distri-
bution is a locational characteristic that refers to the extent
of the area or areas where a feature exists. For example, where
on Earth do we find tropical rainforests? What is the distri-
bution of rainfall in the United States on a particular day?
Where on Earth do major earthquakes occur? Spatial pattern
refers to how features are arranged in space—are they regular
or random, clustered together or widely spaced? Population
distributions can be either dense or sparse (® Fig. 1.7). The
spatial pattern of earthquakes may be aligned on a map because
earthquake faults display similar linear patterns.
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GEOGRAPHY’S SPATIAL PERSPECTIVE

: NATURAL REGIONS

he term region has a precise
‘ meaning and special significance
to geographers. Simply stated,
aregion is an area that is defined by a
certain shared characteristic (or a set
of characteristics) existing within its
boundaries. The concept of a region
is a tool for thinking about and analyz-
ing logical divisions of areas based
on their geographic characteristics.
Geographers not only study and ex-
plain regions, including their locations
and characteristics, but also strive to
delimit them—to outline their boundar-
ies on a map. An unlimited number of
regions can be derived for each of the
four major Earth subsystems.

Regions help us understand the
arrangement and nature of areas on our
planet. Regions can also be divided into
subregions. For example, North America
is a region, but it can be subdivided
into many subregions. Examples of
subregions based on natural character-
istics include the Atlantic Coastal Plain
(similarity of landforms, geology, and
locality), the Prairies (ecological type), the
Sonoran Desert (climate type, ecological
type, and locality), the Pacific Northwest
(general locality), and Tornado Alley (re-
gion of high potential for these storms).

There are three important points
to remember about regions. Each of
these points has endless applications
and adds considerably to the ques-
tions that the process of defining re-
gions based on spatial characteristics
seeks to answer.

= Natural regions can change in size
and shape over time in response
to environmental changes. An
example is desertification, the
expansion of desert regions that
has occurred in recent years. Using
images from space, we can see
and monitor changes in the area
covered by deserts, as well as
other natural regions.

m Boundaries separating different
regions tend to be indistinct
or transitional, rather than
sharp. For example, on a climate
map, lines separating desert from
nondesert regions do not imply that
extremely arid conditions instantly
appear when the line is crossed. If
we travel to a desert, it is likely to
get progressively more arid as we
approach our destination.

= Regions are spatial models,
devised by humans, for
geographic analysis, study,
and understanding. Regions are
conceptual models that help us

USDA Forest Service

comprehend and organize spatial
relationships and geographic
distributions. Learning geography
is an invitation to think spatially,
and regions provide an essential,
extremely useful, conceptual
framework in that process.

Understanding regions, through
an awareness of how areas can be
divided into geographically logical
units and why it is useful to do so, is
essential in geography. Regions help
us to understand, reason about, and
make sense of, the spatial aspects of
our world.

The Great Basin of the Western United States is a landform region that is clearly
defined based on an important physical geographic characteristic. No rivers flow
to the ocean from this arid and semiarid region of mountains and topographic
basins. The rivers and streams that exist, flow into enclosed basins where the
water evaporates away from temporary lakes, or they flow into lakes like the
Great Salt Lake, which has no outlet to the sea. Topographic features called
drainage divides (mountain ridges) form the outer edges of the Great Basin,
defining and enclosing this natural region.
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Data courtesy Marc Imhoff (NASA/GSFC) and Christopher Elvidge (NOAA/NGDC). Image by Craig Mayhew (NASA/GSFC) and

Robert Simmon (NASA/GSFC)

© NASA/Goddard Space Flight Center/Earth Observatory

Pike’'s Peak Colorado Springs

m FIGURE 1.6 A three-dimensional digital model shows the relative location of Pikes Peak to Colorado
Springs, Colorado. Because this is a perspective view, the 36 km (22 mi) distance appears to be shorter
than its actual ground distance.

What physical geographic characteristics of this place can you extract from the image?

m FIGURE 1.7 A nighttime satellite image provides good illustrations of distribution and pattern, shown
here on most of North America. Spatial distribution is where features are located (or perhaps, absent).
Spatial pattern refers to their arrangement. Geographers seek to explain these spatial relationships.

Can you locate and propose possible explanations for two patterns and two distributions in this scene?

Spatial Interaction Few processes on Earth operate of a spatial interaction—whether one event actually causes
in isolation, because areas on our planet are interconnected. another—is often difficult to establish with certainty.

A condition, an occurrence, or a process in one place generally Examples of observed spatial interaction include the
has an impact on other places. Unfortunately, the exact nature occurrence of abnormally warm ocean waters off South
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America’s west coast, a condition called £/ Ni7io, and unusual
weather in other parts of the world. Clearing the tropical
rainforest may also have a widespread impact on world cli-
mates. Geographers work to understand spatial relationships,
interactions, and impacts, at local, regional, and global scales.

The Changing Earth Earth’s features and landscapes
are continuously changing in a spatial context. Weather maps
show where and how weather elements change from day to
day, over the seasons, and from year to year. Storms, earth-

quakes, landslides, and stream processes modify the landscape.

Coastlines may change position because of storm waves,
tsunamis, or changes in sea level. Areas that were once forested
have been clear-cut, changing the nature of the environment
there. Desert-like conditions seem to be expanding in many
arid regions of the world. The cover of sea ice in the polar
oceans has expanded and contracted in historic times.

World climates have changed throughout Earth’s history,
with attendant shifts in the distributions of plant and animal
life. Today, changes in Earth’s climates and environments
are complicated by the impact of human activities. Most of
Earth’s glaciers are shrinking in response to global warming
(m Fig. 1.8). Earth and its environments are always changing,
although at different time scales, so the impact and direction
of certain changes can be difficult to determine.

The Physical Science Perspective

Physical geographers observe phenomena, compile data, and
seek solutions to problems or the answers to questions that
are also of interest to researchers in other physical sciences.
However, physical geographers also bring distinctive points of
view to scientific study—a holistic perspective and a spatial
perspective. By examining the factors, features, and processes
that influence an environment, and how these elements work
together, we can better understand our planet’s dynamic

physical geography. We can also appreciate the importance of
viewing Earth as a constantly functioning system.

The Earth System A system is any entity that consists of
interrelated parts or components. Our planetary environment,
the Earth system, relies on the interactions among a vast com-
bination of factors that enable it to support life. The individual
components of a system, termed variables, change through
interactions with one another as parts of a functioning unit.

For example, the presence of mountains influences the
distribution of rainfall, and variations in rainfall affect the
density, type, and variety of vegetation. Plants, moisture, and
the underlying rock affect soil that forms in an area. Charac-
teristics of vegetation and soils influence the runoff of water
from the land, leading to completion of the circle, because the
amount of runoff is a major factor in stream erosion, which
eventually can reduce the height of mountains.

Systems can be divided into subsystems, which are func-
tioning units of a system that demonstrate strong internal
connections. For example, the human body is a system that is
composed of many subsystems (for example, the respiratory
system, circulatory system, and digestive system). Examining
the Earth system as a set of interdependent subsystems facili-
tates the study of physical geography.

Earth’s Four Major Subsystems There are four
major subsystems of the Earth system (m Fig. 1.9). The atmo-
sphere is the gaseous blanket of air that envelops, shields, and
insulates Earth. The lithosphere makes up the solid Earth—
landforms, rocks, soils, and minerals. The hydrosphere in-
cludes the waters of Earth—oceans, lakes, rivers, and glaciers.
The biosphere is composed of all living things: people, other
animals, and plants.

The characteristics of these subsystems interact to create and
nurture the conditions necessary for life on Earth, but the impact
and intensity of those interactions are not equal everywhere. This

m FIGURE 1.8 Photographs taken 92 years apart in Montana’s Glacier National Park show that
Shepard Glacier, like other glaciers in the park, has dramatically receded during that time. This

retreat is in response to climate warming and droughts.

What other kinds of environmental change might require long-term observation and recording

of evidence?

1913

W. C. Alden (USGS), Courtesy of Glacier National Park Archives

2005

Blase Reardon (USGS), Courtesy of Glacier National Park Archives
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All, Copyright and photograph by Dr. Parvinder S. Sethi; center inset, NASA

such as global warming, centers on the
increasing impact that human activities

Atmosphere

Biosphere

. are exerting on Earth’s natural systems.

- = )
E The Environmental

Perspective

Today, we regularly hear about the
environment and we are concerned
about environmental damage caused
by human activities. We also hear news
reports of disasters caused by humans
being exposed to violent natural pro-
cesses such as earthquakes, floods,
tornadoes and intense storms. Recent
environmental disasters include the
South Asia tsunami of 2004, Hur-
ricane Katrina in 2005, and Hurricane
Ike in 2008. In the broadest sense,

our environment can be defined as
our surroundings; it is made up of all
physical, social, and cultural aspects of
' our world that affect our growth, our
- health, and our way of living.

3 ’.;,
4P '
Lithosphere
® FIGURE 1.9 Earth’s four major subsystems. Studying Earth as a system is central to
understanding changes in our planet’s environments and adjusting to, or dealing with these
changes. Earth consists of many interconnected subsystems.

How do these systems overlap? For example, how does the atmosphere overlap with
the hydrosphere, or with the biosphere?

Physical environments are systems
composed of a wide variety of elements,
characteristics, and processes that in-
volve interconnections among weather,
climate, soils, rocks, terrain, plants,
animals, water, and humans. Physical
geography’s holistic approach is well
suited to environmental understanding,

inequality leads to our planet’s environmental diversity and pro- ®FIGURE 1.10 Surtsey, Iceland, an island in the North Atlantic,

did not exist until about 45 years ago when eruptions formed this
new volcanic island. Since the 1960s, when the volcanic eruptions

duces the wide variety of geographic patterns on Earth.

Earth Impacts We are aware that the Earth system is
dynamic, responding to continuous changes, and that we can
directly observe some of these changes—the seasons, the ocean
tides, earthquakes, floods, volcanic eruptions. The interactions
that change our planet function in cycles and processes that

operate at widely varying rates. Many aspects of our planet may

take years, or even more than a lifetime, to accumulate enough
change so that humans can recognize their impact. Long-term
changes in our planet are often difficult to understand or pre-
dict with certainty. The evidence must be carefully and scien-
tifically studied to determine what is occurring and what the
potential consequences might be. Changes of this type include
shifts in climates, drought cycles, the spread of deserts, ero-
sion of coastlines, and major changes in river systems. Volcanic
islands have been created in historic times (® Fig. 1.10), and

a new Hawaiian island is now forming beneath the waters of
the Pacific Ocean. Change may be naturally-caused or human-
induced, or may result from a combination of these factors.
Today, much of the concern about environmental changes,

Icelandic Ministry for the Environment

stopped, erosion by waves and other processes have reduced the
island by half of its original size.

Once the island formed and cooled, what other environmental
changes should slowly begin to take place?
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GEOGRAPHY’S ENVIRONMENTAL PERSPECTIVE

:: HUMAN-ENVIRONMENT INTERACTIONS

[ arth’s environmental characteris-
== tics support all life on our planet,
e iNClUding human existence. Yet,
the effects of human activities on the
environment, as well as the impacts of
environmental processes on humans,
have become topics of increasing
concern. Certain environmental pro-
cesses can be dangerous to human
life and property, and certain human
activities threaten to cause major, and
possibly irrevocable, damage to Earth
environments.

Environmental Hazards

The environment becomes a hazard
to humans and other life forms when,
occasionally and often unpredict-

ably, a natural process operates in an
unusually intense or violent fashion.
Rain showers may become torrential
rains that occur for days or weeks and
cause flooding. Some tropical storms

USGS Western Coastal and Marine Geology

gain strength, and reach coastlines
as full-blown hurricanes, as Hurricane
Katrina did in 2005. Molten rock and
gases from deep beneath the Earth
move toward the surface and suddenly
trigger massive eruptions that can
blow apart volcanic mountains. The
2004 tsunami wave that devastated
coastal areas along the Indian Ocean
provided an example of the potential
for the occasional occurrences of
natural processes that far exceed our
expectable “norm.”

When an Earth system operates in
a sudden or extraordinary fashion it is
a noteworthy environmental event, it
is not an environmental hazard unless
people or their properties are affected.
Many environmental hazards exist
because people live where potentially
catastrophic environmental events
may occur. Nearly every populated
area of the world is associated with

an environmental hazard or perhaps
several hazards. Forested regions are
subject to fire; earthquake, landslide,
and volcanic activities plague mountain
regions; violent storms threaten interior
plains; and many coastal regions expe-
rience periodic hurricanes or typhoons
(the term for hurricanes that strike Asia).

Environmental Degradation

Just as the environment can pose

an ever-present danger to humans,
through their activities, humans can
constitute a serious threat to the envi-
ronment. Issues such as global warm-
ing; acid precipitation; deforestation
and the extinction of biological species
in tropical areas; damage to the ozone
layer of the atmosphere; and desertifi-
cation have risen to the top of agendas
when world leaders meet and interna-
tional conferences are held. Environ-
mental concerns are recurring subjects

Environmental Hazards: Destructive Tsunami. In December of 2004, a powerful undersea earthquake gener-
ated a large tsunami, which devastated many coastal areas along the Indian Ocean, particularly in Thailand,
Sri Lanka, and Indonesia. Nearly a quarter of a million people were killed, and the homes of about 1.7 million
people were destroyed. Here a huge barge was left onshore by the tsunami, which leveled buildings, and
stripped the vegetation from the cliffs to a height of 31 meters (102 ft). Some natural-environmental pro-
cesses, like this one, can be detrimental to humans and their built environment, and others are beneficial.
Can you cite some examples of natural processes that can affect the area where you live?
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of magazine and newspaper articles,
books, and television programs.
Much environmental damage has
resulted from atmospheric pollu-
tion associated with industrialization,
particularly in support of the wealthy,
developed nations. But as popula-
tion pressures mount and developing
nations struggle to industrialize, human
activities are exacting an increas-
ing toll on the sails, forests, air, and
waters of the developing world as
well. Environmental deterioration is a
problem of worldwide concern, and
solutions must involve international
cooperation in order to be success-
ful. As citizens of the world’s wealthi-
est nation, Americans must seriously

NASA/UNEP/ Peter Arnold Inc.

consider what steps can be taken to
counter major environmental threats
related to human activities. What are
the causes of these threats? Are the
threats real and well documented?
What can | personally do to help solve
environmental problems? With limited
resources on Earth, what will we leave
for future generations?

Examining environmental issues
from the physical geographer’s per-
spective requires that characteristics
of both the environment and the hu-
mans involved in those issues be given
strong consideration. As it will become
apparent in this study of geography,
physical environments are chang-
ing constantly, and all too frequently
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human activities result in negative
environmental consequences. In addi-
tion, throughout Earth, humans live in
constant threat from various and spa-
tially distributed environmental hazards
such as earthquake, fire, flood, and
storm. The natural processes involved
are directly related to the physical en-
vironment, but causes and solutions
are imbedded in human—environmental
interactions that include the economic,
political, and social characteristics

of the cultures involved. The recog-
nition that geography is a holistic
discipline—that it includes the study of
all phenomena on Earth—requires that
physical geographers play a major role
in the environmental sciences.

Environmental Degradation: The Shrinking Aral Sea. Located in the Central Asian desert between Kazakhstan
and Uzbekistan, the Aral Sea is an inland lake that does not have an outlet stream. The water that flows in

is eventually lost by evaporation to the air. Before the 1960s, rivers flowing out of mountain regions supplied
enough water to maintain what was the world’s fourth largest body of inland water. Since that time, diversion
of river water for agriculture has caused the Aral Sea to dramatically shrink. The result has been the disap-
pearance of many species that relied on the lake for survival, along with frequent dust storms, and an eco-
nomic disaster for the local economy. Without the waters of the lake to moderate temperatures, the winters
have become colder and the summers hotter. Today, efforts are underway to restore at least part of the lake

and its environments.

What are some examples of how humans have impacted the environment where you live?
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PHYSICAL GEOGRAPHY: EARTH ENVIRONMENTS AND SYSTEMS

because important factors are considered individually and as
parts of an environmental system.

The study of relationships between organisms and their
environments is a science known as ecology. Ecological rela-
tionships are complex but naturally balanced “webs of life.”
The word ecosystem (a contraction of ecological system) refers
to a community of organisms and the relationships of those
organisms to each other and to their environment (@ Fig. 1.11).
An ecosystem is dynamic in that its various parts are always
changing. For instance, plants grow, rain falls, animals eat, and
soils develop—all changing the environment of a particular
ecosystem. Because each member of the ecosystem belongs
to the environment of other parts of that system, a change in
one often affects the environment for the others. The ecosys-
tem concept can be applied on almost any scale from local to
regional or global, in virtually any geographic location. Your
backyard, a farm pond, a grass-covered field, a marsh, a forest,
or a portion of a desert can be viewed as an ecosystem. Human
activities will always affect the environment in some way, but if
we understand the factors and processes involved, we can work
to minimize the negative impacts.

A Life-Support System The most critical and unique
attribute of Earth is that it is a life-support system, a set of inter-
related components that are necessary for the existence of living
organisms. On Earth, natural processes produce an adequate sup-
ply of oxygen; the sun interacts with the atmosphere, oceans, and
land to maintain tolerable temperatures; and photosynthesis or
other processes provide food supplies for living things. If a critical
part of a life-support system is significantly changed or fails to op-
erate properly, living organisms may no longer be able to survive.
Other than the input of energy from the sun, the Earth system
provides the necessary environmental constituents and conditions
that allow life, as we know it, to exist (w Fig. 1.12).

Today, we realize that critical parts of our planets life-
support system, natural resources, can be abused, wasted, or

® FIGURE 1.11

NASA

Ecosystems are an important aspect of natural environments,
which are affected by the interaction of many processes and components.

How do ecosystems illustrate the interactions in the environment?

« Primary
consumer
(rabbit)

-

Secondary consumer

B FIGURE 1.12 The International Space Station functions as a
life-support system. Astronauts can venture out on a spacewalk,
but they remain dependent on resources like air, food, and water
that are shipped in from Earth.

What do the limited resources on space vehicles suggest about
our environmental situation on Earth?

exhausted, potentially threatening Earth’s ability to support
human life. A concern is that humans are rapidly depleting
nonrenewable natural resources, like coal and oil, which, once
exhausted, will not be replaced. When nonrenewable resources
such as these mineral fuels are gone, the alternative resources
may be less effective or more expensive.

Besides overconsumption of natural resources, human
activities also result in pollution, an undesirable or unhealthy
contamination in an environment (® Fig. 1.13). We are aware
that critical resources such as air, water, and even land areas
can be polluted to the point where they become unusable or
even lethal to some life forms. Air pollution has become a
serious environmental problem for urban centers throughout
the world. What some people do not realize,
however, is that pollutants are often transported
by winds and waterways hundreds or even
thousands of kilometers from their source.
Lead from automobile exhaust has been found
in the ice of Antarctica, as has the insecticide
DDT. Pollution is a worldwide problem that
does not stop at political, or even continental,
boundaries.

Human-Environment
Interactions Physical geography includes
giving special attention to environmental
relationships that involve humans and their
activities. Interactions between humans and
environments are two-way relationships,

because the environment influences human
behavior and humans affect the environment.
Despite the wealth of resources available
on Earth, the capacity of our planet to support
the growing numbers of humans may have an
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Both, Courtesy John Day and the University of Colorado Health Services Center

(b)
= FIGURE 1.13

(a) Denver, Colorado on a clear day, with the
Rocky Mountains visible in the background. (b) On a smoggy
day from the same location, even the downtown buildings are
not visible.

If you were choosing whether to live in a small town, a rural area,
or a major city, would pollution affect your decision?

ultimate limit, a population #hreshold. The continually increas-
ing world population has passed 6.8 billion, and more than
half the world’s people tolerate substandard living conditions
and insufficient food. Ultimately, over the long term, the size
of the human population cannot exceed the environmental
resources necessary to sustain it.

As we consider the importance of sustaining acceptable
human living standards for generations to come, it is essential
to note that environments do not change their nature to ac-
commodate humans. Humans should alter their behavior to
accommodate the limitations and potentials of Earth environ-
ments and resources. Geography has much to offer in under-
standing the factors involved in meeting this responsibility,
and in helping us learn more about environmental changes
that are associated with human activities. We should all under-
stand the impact of our individual and collective actions on
the complex environmental systems of our planet.

Although our current objective is to study physical
geography, we should not ignore the information shown in
the World Map of Population Density (shown on the inside
back cover of this book). Population distributions are highly
irregular—from uninhabited to densely settled, typically
reflecting the differing capacities of varied environments to
support human populations. There are limits to the suit-
able living space on Earth, and we must use our lands wisely

(m Fig. 1.14).

® FIGURE 1.14 (a) As a natural stream channel, Florida’s
Kissimmee River originally flowed in broad, sweeping bends on its
floodplain for 160 km (100 mi) to Lake Okeechobee. (b) In the 1960s
and 1970s, the river was artificially straightened to make room

for agricultural and urban development, disrupting the previously
existing ecosystem at the expense of plants, animals, and human
water supplies. Today, because of efforts to restore this habitat, the
Kissimmee is reestablishing its flood plain, wetland environments,
and its natural channel. (c) One problem facing the restoration
project is the invasion of weedy plants that has been occurring since
the floodplain was drained, causing a serious fire hazard during the
dry season. Controlled burns are necessary to avoid catastrophic
wildfires, and to help restore the natural vegetation.

What factors should be considered prior to any attempts to
return rivers and wetland habitats to their original condition?
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Models and Systems

As physical geographers work to describe and explain the
often-complex features of planet Earth and its environments,
they support these efforts, as other scientists do, by develop-
ing representations of the real world, called models. A model
is a useful simplification of a more complex reality that per-
mits prediction, and each model is designed with a specific
purpose in mind. As examples, maps and globes are mod-
els—simplified representations that provide us with useful
information. Today, many models are computer generated
because computers can handle great amounts of data and
perform the mathematical calculations that are often neces-
sary to construct and display certain types of information.

There are many kinds of models (= Fig. 1.15). Physical
models are solid three-dimensional representations, such as
a world globe or a replica of a mountain. Pictorial/graphic
models include pictures, maps, graphs, diagrams, and drawings.
Mathematical/statistical models are used to predict possibilities
such as river floods or the influence of climate change on daily
weather. Words, language, and the definitions of terms or ideas
can also serve as models.

Another important type is a conceptual model—the mind
imagery that we use for understanding our surroundings and
experiences. Focus for a moment on the image that the word
mountain (or waterfall, cloud, tornado, beach, forest, desers) gener-
ates in your mind. Most likely what you “see” (conceptualize) in
your mind is sketchy rather than detailed, but enough informa-
tion is there to convey a mental idea of a mountain. This image
is a conceptual model. For geographers, a particularly important
type of conceptual model is the mental map, which we use to
think about places, travel routes, and the distribution of features
in space. How could we even begin to understand our world
without conceptual models, and in terms of spatial understand-
ing, without mental maps?

Systems Analysis

Our planet is too complex to permit a single model to explain
all of its environmental components and how they affect
one another. To begin to comprehend Earth as a whole or to
understand most of its environmental components, physical
geographers use a powerful strategy called systems analysis.
Systems analysis suggests that the way to understand how any-
thing works is to use the following strategy: (1) clearly define
the system you wish to understand, (2) inventory that system’s
important parts and processes, (3) examine how each of these
parts and processes interact with each other, and how those
interactions affect the operation of the system.

Systems analysis often focuses on subsystems. Examples
of subsystems examined by physical geographers include the
water cycle, climatic systems, storm systems, stream systems, the
systematic heating of the atmosphere, and ecosystems. A great
advantage of systems analysis is that it can be applied to environ-
ments at virtually any spatial scale, from global to microscopic.

® FIGURE 1.15 Models help us understand Earth and its
subsystems, by focusing our attention on major features or
processes. (a) Globes are physical models that demonstrate
many of Earth’s characteristics —planetary shape, distributions
of landmasses and oceans, and spatial relationships. (b) A
digital landscape model shows the environment and terrain of
Hawaii Volcanoes National Park. Computer-generated clouds,
shadows, and reflections were added to provide “realism” to the
scene. (c) This working physical model of the Kissimmee River is
used to investigate ways to restore the environment. Proposed
modifications can be analyzed on this model before work is done
on the actual river (see Figure 1.14).
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MODELS AND SYSTEMS

How Systems Work Inputs

(from environment)

m Figure 1.16 shows a systems model
in which one can trace the movement
of energy or matter into the system
(inputs), their storage in the system Arferetien
and their movements out of the system
(outputs), as well as the interactions Matter
between components within the system.

A closed system is one in which
no substantial amount of 7az-
ter crosses its boundaries, although

and matter.

energy can go in and out of a closed
system (M Fig. 1.17a). Planet Earth is
essentially a closed system. Except for

a system?

meteorites that reach Earth’s surface, the escape of gas mol-
ecules from the atmosphere, and a few moon rocks brought
back by astronauts, the Earth system is essentially closed to the
input or output of matter.

Most Earth subsystems, however, are open systems
(Fig. 1.17b), because both energy and matter move freely
across subsystem boundaries as inputs and outputs. A stream
is an excellent illustration of an open subsystem: Matter and
energy in the form of soil particles, rock fragments, solar
energy, and precipitation enter the stream, and water and
sediments leave the stream where it empties into the ocean or
some other standing body of water.

When we describe Earth as a system or as a complex
set of interrelated systems, we are using conceptual models
to help us organize our thinking about what we are observ-
ing. Throughout the chapters that follow, we will use the
systems concept, as well as many other kinds of models, to
help us simplify and illustrate complex features of the physical
environment.

Equilibrium in Earth Systems

We often hear about the “balance of nature.” What this
means is that natural systems have built-in mechanisms that
tend to counterbalance, or accommodate, change without
affecting the system dramatically. If the inputs entering the
system are balanced by outputs, the system is said to have
reached a state of equilibrium. Most systems are continually
shifting slightly one way or another as a reaction to external
conditions. This change within a range of tolerance is called
dynamic equilibrium; that is, the balance is not static but in
the long-term changes may be accumulating. A reservoir con-
tained by a dam is a good example of equilibrium in a system
(m Fig. 1.18).

The interactions that cause change or adjustment be-
tween parts of a system are called feedback. Two kinds of
feedback relationships operate in a system. Negative feed-
back, whereby one change tends to offset another, creates
a natural counteracting effect that is generally beneficial
because it tends to help the system maintain equilibrium.

Throughputs Outputs
(rates of flow) (to environment)

Human Body
(inputs may be

stored for different
lengths of time)

B FIGURE 1.16 The human body is an example of a system, with inputs of energy

What characteristics of the human body as a system are similar to the Earth as

® FIGURE 1.17 (a) Closed systems allow only energy to pass
in and out. (b) Open systems involve the inputs and outputs

of both energy and matter. Earth is basically a closed system.
Solar energy (input) enters the Earth system, and that energy is
dissipated (output) to space mainly as heat. External inputs of
matter are virtually nil, mainly meteorites, and almost no matter
is output from the Earth system. Because Earth is a closed
system, humans face limits to their available natural resources.
Subsystems on the planet, however, are open systems, with
incoming and outgoing matter and energy. Processes are driven
by energy.

Think of an example of an open system, and outline some

of the matter-energy inputs and outputs involved in such a
system.

Energy Energy
input output
Energy-Matter
interactions
Matter is contained
within the system
boundaries.

CLOSED SYSTEM

@)
Energy Energy
input output

Energy-Matter
interactions

Matter / OPEN SYSTEM\ Matter

input output

(b)
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Evaporation loss

m FIGURE 1.18 A reservoir is a good example of dynamic equilibrium in
systems. The amount of water coming in may increase or decrease over time,
but it must equal the water going out, or the level of the lake will rise or fall. If the
input—output balance is not maintained, the lake will get larger or smaller as the
system adjusts by holding more or less water in storage. A state of equilibrium
(balance) will always exist between inputs, outputs, and storage in the system.

Earth subsystems can also exhibit positive
feedback sequences for a while—that is, changes
that reinforce the direction of an initial change.
Animal populations—deer, for example—will
adjust naturally to the food supply of their habi-
tats. If the vegetation on which they browse is
sparse because of drought, fire, overpopulation,
or human impact, deer may starve, reducing the
population. However, the smaller deer popula-
tion may enable the vegetation to recover, and in
the next season the deer may increase in num-
bers. This full process is also an example of a
feedback loop—a circular set of feedback opera-
tions that can be repeated as a cycle (m Fig. 1.19).
An important factor to consider in systems
analysis is the existence of a threshold, a condi-
tion that, if reached or exceeded (or not met),
can cause a fundamental change in a system and
the way that it behaves. For example, earthquakes
will not occur until the built-up stress reaches
a threshold level that overcomes the strength of
the rocks to resist breaking. As another example,

mFIGURE 1.19 A feedback loop illustrates how negative feedback tends to maintain system equiliorium. This
example shows relationships between the ozone layer, which screens out harmful (cancer related) ultraviolet (UV)
energy from the sun, chlorofluorocarbons (CFCs), and potential impacts on life on Earth. CFCs have been used
in air conditioning/refrigeration systems and if leaked to the atmosphere they cause ozone depletion. A direct
(positive feedback) relationship means that either an increase or a decrease in the first variable will lead to the
same effect on the next. Inverse (negative feedback) relationships mean that a change in a variable will cause

an opposite change in the next. After one pass through the negative-feedback loop, all subsequent changes in
the next cycle will be reversed. A second feedback loop pass (reversing each increase or decrease interaction)
ilustrates how this works. The last link between skin cancer and human use of CFCs would likely result in people

acting to reduce the problem.

What might be the potential (extreme) alternative resulting from a lack of corrective action by humans?

Nature's Controlling Mechanism—
A Negative Feedback Loop

which
increases

START
Human use

which of CFCs

decreases

Skin cancer
occurrence
in humans

which
increases

Ultraviolet radiation
levels at
Earth's surface

Ozone layer
screening of
ultraviolet radiation

which
increases

===fp Direct relationship
reinforces effect

An increase leads to
an increase, or a decrease
leads to a decrease.

CFC
concentration
in the
atmosphere

Ozone in
the ozone layer

which
decreases

which
decreases

===l |Nnverse relationship
dampens effect

An increase leads to
a decrease, or a decrease
leads to an increase.
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THE EARTH IN SPACE

fertilizing a plant will help it to grow larger and faster. But if
more and more fertilizer is added, will this positive feedback
relationship continue forever? Too much fertilizer may poison
the plant and cause it to die. With environmental systems, an
important question that we often try to answer is how much
change a system can tolerate without becoming drastically

or irreversibly altered, particularly if the change has negative
consequences.

We began this book with an image of planet Earth, appearing
alone in the vastness of space. It is important to remember,
however, that Earth is a component (or subsystem) of our
solar system, our galaxy, and our universe. It is dynamic and
ever-changing—if we could view an animation or movie in-
stead of a static image, we would see clouds travelling through
the atmosphere, as well as Earth’s constant motion.

Earth’s Movements

Earth undergoes three basic movements: galactic movement,
rotation, and revolution. Galactic movement is the movement
of Earth with the sun and the rest of the solar system in an
orbit around the center of the Milky Way Galaxy. This move-
ment has limited effect on the changing environments of
Earth and is generally the concern of astronomers. The other
two Earth movements, rotation on its axis and revolution
around the sun, are of vital interest to physical geography.
The phenomena of day and night, the changing seasons, and
variations in the length of daylight hours are consequences of
these movements.

Rotation Earth turning on its axis, an imaginary line that
extends from the North Pole to the South Pole, is called rota-
tion. Farth rotates on its axis at a uniform rate, making one
complete turn with respect to the sun in 24 hours.

Earth turns in an eastward direction (m Fig. 1.20), result-
ing in the perception of a “rising” sun in the east, which then
appears to move westward as it ascends in the sky and then
descends toward sunset in the west. Of course, it is actually
Earth, not the sun, that is moving, rotating toward the morn-
ing sun (that is, turning toward the east).

Rotation accounts for our alternating days and nights.
This can be demonstrated by shining a light at a globe while
rotating the globe slowly toward the east. You can see that
half of the sphere is always illuminated while the other half is
not and that new points are continually moving into the il-
luminated section of the globe (day) while others are moving
into the darkened sector (night). This corresponds to Earth’s
rotation and the sun’s energy striking Earth. While one half of
Earth receives the light and energy of solar radiation, the other
half is in darkness. The dividing line that separates day from
night is known as the circle of illumination, and it moves
from the east toward the west (m Fig. 1.21).

NOAA/SSEC/Rick Kohrs, and Visualization Developer

North

/

West

East

South

m FIGURE 1.20 Earth turns around a tilted axis as it follows its
orbit around the sun. Earth’s rotation is from west to east, making
the stationary sun appear to rise in the east and set in the west.

m FIGURE 1.21 The circle of illumination, which separates day
from night, is clearly seen on this digital visualization of Earth.

Earth, then, rotates in a direction opposite to the appar-
ent movement of the sun, moon, and stars across the sky. If we
look down on a globe from above the North Pole, the direc-
tion of rotation is counterclockwise. This eastward direction
of rotation not only moves the zone of daylight and nighttime
darkness on Earth but also helps define the circulation pat-
terns of the atmosphere and oceans.
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The velocity of rotation at the Earth’s surface var-
ies with the distance of a given location to the equaror
(the imaginary circle around Earth halfway between the
two poles). Every location on Earth undergoes a complete
rotation (360°) in 24 hours, or 15° per hour. However, the
linear velocity depends on the distance (not the angle) cov-
ered during that 24 hours. The linear velocity at the poles
is zero. You can see this by spinning a globe with a postage
stamp affixed to the North Pole. The stamp rotates 360° but
covers no distance and therefore has no linear velocity. If
you place the stamp anywhere between the North and South
Poles, however, it will cover a measurable distance during
one rotation of the globe. Earth’s highest linear velocity is
found at the equator, where the distance traveled by a point
in 24 hours is greatest. At Kampala, Uganda, near the equa-
tor, the velocity is about 460 meters (1500 ft) per second,
or approximately 1660 kilometers (1038 mi) per hour
(m Fig. 1.22). In comparison, at St. Petersburg, Russia (60°N
latitude), where the distance traveled during one complete
rotation of Earth is about half that at the equator, Earth
rotates about 830 kilometers (519 mi) per hour.

We are unaware of the speed of rotation because
(1) the angular velocity is constant for each place on Earth’s
surface, (2) the atmosphere rotates with Earth, and (3) there
are no nearby objects, either stationary or moving at a different
rate with respect to Earth, to which we can compare Earth’s

m FIGURE 1.22 The speed of rotation of Earth varies with the
distance from the equator.

How much faster does a point on the equator move than a point at
60°N latitude?

R
1660 kmph

Equator

Kampala

movement. Without such references, we cannot perceive the
speed of rotation.

Revolution While Earth rotates on its axis, it also orbits
around the sun in a slightly elliptical orbit (@ Fig. 1.23) at an
average distance from the sun of about 150 million kilometers
(93 million mi). Earth’s movement around the sun is called
revolution, and the time that Earth takes to make one full
orbit around the sun determines the length of 1 year. Earth
also undergoes 365 Y rotations on its axis during the time it
takes to complete one revolution of the sun; therefore, a year
is said to have 365 % days. Because of the difficulty of dealing
with a fraction of a day, it was decided that a year would have
365 days, and every fourth year, called leap year, an extra day
would be added as February 29.

On about January 3, Earth is closest to the sun, and is
said to be at perihelion (from Greek: peri, close to; helios,
sun); its distance from the sun then is approximately 147.5
million kilometers (91.5 million mi). At around July 4, Earth
is about 152.5 million kilometers (94.5 million mi) from the
sun. It is then that Earth has reached its farthest point from
the sun and is said to be at aphelion (Greek: ap, away; helios,
sun). This annual five million-kilometer distance is relatively
insignificant, with little relationship to the seasons and only a
minimal effect on the receipt of energy on Earth (a difference

of about 3.25 %).

Plane of the Ecliptic, Inclination, and
Parallelism 1In its orbit around the sun, Earth moves
in a constant plane, known as the plane of the ecliptic.
Earth’s equator is tilted at an angle of 23%2° from the plane
of the ecliptic, causing Earth’s axis to be tilted 23%%° from
a line perpendicular to the plane (m Fig. 1.24). In addition
to this constant angle of inclination, Earth’s axis main-
tains another characteristic called parallelism. As Earth
revolves around the sun, Earth’s axis remains parallel to its
former positions. That is, at every position in Earth’s orbit,
the axis remains pointed toward the same spot in the sky.
For the North Pole, that spot is close to the star that we
call the North Star, or Polaris.

The characteristics of Earth rotation and revolution
can be considered constant in our current discussion,
but over the long term, these two movements are subject
to change. Earth’s axis wobbles over time and will not
always remain at an angle of exactly 23%2° from a line per-
pendicular to the plane of the ecliptic. Moreover, Earth’s
orbit around the sun can change from more circular to
more elliptical through periods that can be accurately
determined. These and other cyclical changes were calcu-
lated and compared by Milutin Milankovitch, a Serbian
astronomer during the 1940s, as a possible explanation for
the ice ages. Since then, the Milankovitch Cycles have often
been used when climatologists attempt to explain climatic
variations. These variations will be discussed in more detail
along with other theories of climate change in Chapter 8.
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m FIGURE 1.23 An obligue view of Earth’s elliptical orbit around the sun. Earth is closest to the sun at
perihelion and farthest away at aphelion. Note that in the Northern Hemisphere summer (July), Earth is

farther from the sun than at any other time of the year.
When is Earth closest to the sun?

—————— Sun

Plane of
i Plane of
equator

Axis

m FIGURE 1.24 The plane of the ecliptic is defined by the orbit
of Earth around the sun. The 23%2° inclination of Earth’s rotational
axis causes the plane of the equator to cut across the plane of
the ecliptic.

How many degrees is Earth’s axis tilted from the vertical?

Physical Geography
and You

The physical environment affects our everyday lives. It is
apparent, then, that the study of physical geography and the
knowledge of the natural environment that it provides are
valuable to all of us. Understanding physical geography helps

us to assess environmental conditions, analyze the factors

involved, and make informed choices among possible courses
of action.

What are the environmental advantages and disadvan-
tages of a particular home site? What sort of environmental
impacts might be expected from a proposed development?
What potential impacts of natural hazards—flooding, land-
slides, earthquakes, hurricanes, and tornadoes—should you be
aware of where you live? What can you do to minimize poten-
tial damage to your household from a natural hazard? What
can you do to assure that you and your family are as prepared
as possible for the kind of natural hazard that might affect the
region where you live, and your home? The study of physical
geography will help answer these common questions.

You may be wondering how physical geography might
play a role in your future career. By applying their knowledge,
skills, and techniques to real-world problems, physical geog-
raphers make major contributions to human well-being and
to environmental stewardship. A recent publication about
geography-related jobs by the United States Department of
Labor stated that people in any career field that deals with
maps, location, spatial data, or the environment would benefit
from an educational background in geography.

Geography is a way of looking at the world and of
observing its features. It involves asking questions about the
nature of those features as well as appreciating their beauty
and complexity. Geography encourages you to seek explana-
tions, gather information, and use geographic skills, tools,
and knowledge to solve problems. Just as you see a painting
differently after an art course, after this course you should see
sunsets, waves, storms, deserts, valleys, rivers, forests, prairies,
and mountains with a geographically “educated eye.” You will
see greater variety in the landscape because you will have been
trained to observe Earth differently, with greater awareness
and a deeper understanding.
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e PHYSICAL GEOGRAPHY: EARTH ENVIRONMENTS AND SYSTEMS

i: Terms for Review

geography

spatial science
regions

physical geography
holistic approach
scientific method
absolute location
relative location
spatial distribution
spatial pattern
spatial interaction
system

Earth system
variable

subsystem
atmosphere
lithosphere

hydrosphere

biosphere

environment

ecology

ecosystem

life-support system
natural resource
pollution

model

physical model
pictorial/graphic model
mathematical/statistical model
conceptual model
mental map

systems analysis

inputs

outputs

closed system

open systems
equilibrium
dynamic equilibrium
feedback

negative feedback
positive feedback
feedback loop
threshold

rotation

circle of illumination
revolution
perihelion

aphelion

plane of the ecliptic
angle of inclination
parallelism

i+ Questions for Review

1.

Why is geography known as the spatial science? What are
some topics that illustrate the role of geography as the spa-
tial science?

Why can geography be considered both a physical and a
social science? What are some of the subfields of physical
geography, and what do geographers study in those areas
of specialization?

What does a holistic approach mean in terms of thinking
about an environmental problem?

How do physical geography’s three major perspectives
make it unique among the sciences?

What are the four major divisions of the Earth system,
and how do the divisions interact with one another?

Practical Applications

. Give examples from your local area that demonstrate each

of the five spatial science topics discussed in the text (lo-
cation, place characteristics, spatial distributions and pat-
terns, spatial interaction, and the changing Earth).

List some potential sources of pollution in your city or
town. How could pollution from these sources affect

10.

What is meant by the two-way aspect of human—environ-
ment interactions? Why are these interactive relationships
falling further out of balance?

How do open and closed systems differ? How does feed-
back affect the dynamic equilibrium of a system?

How does negative feedback maintain a tendency toward
balance in a system? What is a threshold in a system?
Describe briefly how Earth’s rotation and revolution affect
life on Earth.

If the sun is closest to Earth on January 3, why isn’t winter
in the Northern Hemisphere warmer than winter in the
Southern Hemisphere?

your life? What are some potential solutions to these
problems?

How can knowledge of physical geography be of value to
you now and in the future? What steps should you take
if you wish to seek employment as a physical geographer?
What advantages might you have when applying for a job?
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Representations of Earth

i Qutline

Maps and Location
on Earth

The Geographic Grid

Maps and Map
Projections

Modern Mapmaking

Remote Sensing of
the Environment

The San Francisco Bay Area
in a digital “false-color”
satellite image of visible and
near-infrared light. Healthy
vegetation appears red.

This image is similar to those
taken by a digital camera. The
inset is an enlargement of the
airport and shows the pixels
that make up the image.

NASA/GSFC/METI/ERSDAC/JAROS,
and U.S./Japan ASTER Science Team
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CHAPTER 2 = REPRESENTATIONS OF EARTH

:: Objectives

When you complete this chapter you should be able to:

m Explain the ways that Earth and its regions, places, and locations can
be represented on a variety of visual media—maps, aerial photo-
graphs, and other imagery.

m Assess the nature and importance of maps and map-like presenta-
tions of the planet, or parts of Earth, citing some examples.

m Find and describe the locations of places using coordinate systems,
use topographic maps to find elevations, and understand the three
types of map scales.

Perhaps as soon as people began to communicate with each
other, they began to develop a language of location, using
landscape features as directional cues. The earliest known maps
were drawn on rock surfaces, clay tablets, metal plates, papyrus,
linen or silk, or constructed of sticks. Ancient maps were fun-
damental to the beginnings of geography. Although many of
the basic principles for solving locational problems have been
known for centuries, the technologies applied to these tasks are
rapidly improving and changing. Through history, maps have
become increasingly more common as a result of the appear-
ance of paper, followed by the printing press and the computer.

Today, computer systems allow the generation of complex
maps and three-dimensional displays of geographic features
that would have been nearly impossible or extremely time-
consuming to produce two decades ago. Geographers use these
technologies to help them understand spatial relationships and
to facilitate locational problem solving. Because maps are so
frequently used to convey information, it is important to be
able to read and interpret them correctly. An informed knowl-
edge of spatial representation and the ability to communicate
locational information is important in our daily lives, and
essential in the study of physical geography.

Maps and Location
on Earth

Cartography is the science and profession of mapmaking.
Geographers who specialize in cartography design maps and
globes to ensure that mapped information and data are accu-
rate and effectively presented. Most cartographers would agree
that the primary purpose of a map is to communicate spatial
information. Maps and globes convey spatial information
through graphic symbols, which efficiently relay a vast amount
of information. Maps are an essential resource in navigation,
political science, community planning, surveying, history,
meteorology, geology, and many other career fields. On the
television news and in weather reports, maps contribute to
our understanding of current events. Think of all the places
you encounter maps throughout your daily life. In travel, rec-
reation, education, the media, entertainment, and business,
maps are used to communicate important information.

m Demonstrate a knowledge of techniques that support geographic
investigations, including mapping, spatial analysis, satellite and aerial
photo interpretation, and data analysis.

m Evaluate the advantages and limitations of different kinds of repre-
sentations of Earth and its areas.

m Understand how the proper techniques, images, and maps can be
used to best advantage in solving geographic problems.

m Recognize the benefits of spatial technologies such as the global
positioning system (GPS), geographic information systems (GIS), and
remote sensing.

Computer technology has revolutionized cartography.
Maps that once had to be hand-drawn (m Fig. 2.1) are now
produced digitally and printed in a short amount of time.
Computer-assisted mapping allows easy map revision, which
was a time-consuming process when maps were drawn by
hand. Information that was once gathered little by little from
ground observations and field surveys can now be collected
instantly by satellites that flash recorded data back to Earth
at the speed of light. Many high-tech locational and mapping
technologies are now also in widespread use by the public
employing personal computers and satellite-based systems that
display locations and directions for use in hiking, traveling,
and virtually any means of transportation.

Earth’s Shape and Size

Describing global locations and mapping both require a knowl-
edge of the form of our planet and its features. As early as
540 B.c., ancient Greeks theorized that our planet was a sphere.
In 200 B.c., Eratosthenes, a philosopher—geographer, estimated
Earth’s circumference fairly accurately. Earth can generally be
considered as a sphere, with an equatorial circumference of
39,840 kilometers (24,900 mi), but the centrifugal force caused
by Earth’s daily rozation bulges the equatorial region outward,
and slightly flattens the polar regions, forming a shape that is
called an oblate spheroid. Yet, at a planetary scale, Earth’s devia-
tions from a true sphere are relatively minor. Earth’s diameter at
the equator is 12,758 kilometers (7927 mi), while from pole to
pole it is 12,714 kilometers (7900 mi). On a 30.5-centimeter
(12-in) globe, this difference of 44 kilometers (27 mi) is about as
thick as the wire in a paperclip. This variation from a spherical
shape is less than one third of 1%, and is not noticeable in views
of Earth from space (m Fig. 2.2). Nevertheless, people working in
very precise navigation, surveying, acronautics, and cartography
must consider Earth’s deviations from a perfect sphere.
Landforms also cause departures from true sphericity.
Mount Everest in the Himalayas is Earth’s highest point at 8850
meters (29,035 ft) above sea level. The lowest point is the Chal-
lenger Deep, in the Mariana Trench of the Pacific Ocean south-
west of Guam, at 11,033 meters (36,200 ft) below sea level. The
difference between these two elevations, 19,883 meters, or just
over 12 miles, would also be insignificant on a standard globe.
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MAPS AND LOCATION ON EARTH

© Erwin J. Raisz/Raisz Landform Maps

NASA

® FIGURE 2.1

PHYSIOGRAPHIC DIAGRAM

i Bara, 1954

When maps had to be hand drawn, artistic talent was required in addition to knowledge

of the principles of cartography. Erwin Raisz, a famous and talented cartographer, drew this map of U.S.

landforms in 1954 (there were only 48 states at the time).

Are maps like this still valuable for learning about landscapes, or are they obsolete?

® FIGURE 2.2 Earth, photographed from space by Apollo

17 astronauts, showing most of Africa and Antarctica. Earth’s
spherical shape is clearly visible; the bulge of the equatorial
regions is too minor to be visible.

What does this suggest about the degree of “sphericity” of Earth?

Globes and Great Circles

Because world globes have essentially the same geometric form
as our planet, they represent geographic features and spatial re-
lationships virtually without distortion. A world globe correctly
displays the relative shapes, sizes, and comparative areas of
Earth features, landforms, water bodies, and distances between
locations. Globes also preserve true compass directions. If we
want to view the entire world, a globe provides the most accu-
rate representation. Being familiar with the characteristics of a
globe helps us understand maps and how they are constructed.
An imaginary circle drawn in any direction on Earth’s
surface and whose plane passes through the center of Earth is a
great circle (m Fig. 2.3a). It is called “great” because this is the
largest circle that can be drawn around Earth that connects any
two points on the surface. Every great circle divides Earth into
equal halves called hemispheres. An important example of a
great circle is the circle of illumination, which divides Earth into
light and dark halves—a day hemisphere and a night hemi-
sphere. Any circle on Earth’s surface that does not divide the
planet into equal halves is called a small circle (Fig. 2.3b).
Great circles are useful for navigation, because the trace
along any great circle marks the shortest travel route between
any two locations on Earth’s surface. Connect any two cit-
ies, such as Beijing and New York, San Francisco and Tokyo,
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(@ (b)

® FIGURE 2.3 (a) Animaginary geometric plane, which cuts
through Earth and divides it into two equal halves, forms a great
circle on Earth’s surface. This plane can be oriented in any
direction as long as it defines two (equal) hemispheres. (b) The
plane shown here slices the globe into unequal parts, so the line
of intersection with Earth’s surface is a small circle.

New Orleans and Paris, or Kansas City and Moscow, by
stretching a large rubber band around a globe so that it touches
both cities and divides the globe in half. The rubber band then
marks the shortest distance between these two cities. Naviga-
tors chart great circle routes for aircraft and ships because travel-
ing the shortest distance saves time and fuel. The farther away
two points are on Earth, the greater the travel distance savings
will be by following the great circle route that connects them.

Latitude and Longitude

Imagine you wish to visit the Football Hall of Fame in Canton,
Ohio. Using the Ohio road map, you look up Canton in the map
index and find that it is located at “G-6.” In box G-6, you locate
Canton (m Fig. 2.4). What you have used is a coordinate system
of intersecting lines, a system of grid cells on the map. A coor-
dinate system must be based on reference points, but defining
locations on a spherical planet is difficult because a sphere has no
natural beginning and end points. Earth’s coordinate system of
latitude and longitude is based on a set of reference lines that are
naturally defined based on its planetary rozation, and another set
that was arbitrarily defined by international agreement.

Measuring Latitude The North Pole and the South
Pole provide two natural reference points because they mark
the opposite positions of Earth’s rotational axis, around which
it turns in 24 hours. The equator, halfway between the poles,
forms a great circle that separates the Northern and Southern
Hemispheres. The equator is 0° latitude, the reference line for
measuring latitude in degrees north or degrees south. The
North Pole (90°N) and the South Pole (90°S) are at the maxi-
mum latitudes in each hemisphere.

To locate the latitude of Los Angeles, imagine two lines
radiating outward from the center of Earth. One goes straight
to Los Angeles and the other goes to the equator at a point
directly south of the city. These two lines form a 34° angle
that is the latitudinal distance (in degrees) that Los Angeles
lies north of the equator, so the latitude of Los Angeles is
about 34°N (m Fig. 2.5a). Because Earth’s circumference is
approximately 40,000 kilometers (25,000 mi) and there are

CLEVELAND

3
4
AKRON
| e i
5
6 o CANTON

°
| MANSFIELD H

71| OHIO HIGHWAY
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m FIGURE 2.4 Using a simple rectangular coordinate system

to locate a position. This map employs an alphanumeric location
system, similar to that used on many road maps and campus maps.
What are the rectangular coordinates of Mansfield? What is at
location F-3?

360 degrees in a circle, we can divide (40,000 km/360°) to
find that 1° of latitude equals about 111 kilometers (69 mi).
One degree of latitude covers a large distance, so degrees
are further divided into minutes (') and seconds (") of arc.
There are 60 minutes of arc in a degree. Actually, Los Angeles is
located at 34°03'N (34 degrees, 3 minutes north latitude). We
can get even more precise: 1 minute is equal to 60 seconds of
arc. We could locate a different position at latitude 23°34'12"S,
which we would read as 23 degrees, 34 minutes, 12 seconds
south latitude. A minute of latitude equals 1.85 kilometers
(1.15 mi), and a second is about 31 meters (102 ft). The lati-
tude of a location, however, is only half of its global address.
Los Angeles is approximately 34° north of the equator, but an
infinite number of points exist on the same latitude line.

Measuring Longitude To accurately describe the loca-
tion of Los Angeles, we must also determine where it is situ-
ated along the line of 34°N latitude. To find a location east or
west, we use longitude lines, which run from pole to pole, each
one forming half of a great circle. The global position of the
0° east—west reference line for longitude is arbitrary, but was
established by international agreement in 1884, as the longi-
tude line passing through Greenwich, England (near London).
This is the prime meridian, or 0° longitude. Longitude is the
angular distance east or west of the prime meridian.
Longitude is also measured in degrees, minutes, and
seconds. Imagine a line drawn from the center of Earth to
the point where the north—south running line of longitude
that passes through Los Angeles crosses the equator. A second
imaginary line will go from the center of Earth to the point
where the prime meridian crosses the equator (this location
is 0°E or W and 0°N or S). Figure 2.5b shows that these lines
drawn from Earth’s center define an angle, the arc of which is
the angular distance that Los Angeles lies west of the prime
meridian (118°W longitude). Figure 2.5¢ shows the latitude
and longitude of Los Angeles.
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THE GEOGRAPHIC GRID
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® FIGURE 2.5 Finding a location by latitude and longitude. (a) The geometric basis for the latitude of Los
Angeles, California. Latitude is the angular distance in degrees either north or south of the equator. (b) The
geometric basis for the longitude of Los Angeles. Longitude is the angular distance in degrees either east or
west of the prime meridian, which passes through Greenwich, England. (c) The location of Los Angeles is

34°N, 118°W.

What is the latitude of the North Pole and does it have a longitude?

Moving both east and west from the prime meridian (0°),
longitude increases to a maximum of 180° on the opposite
side of the world from Greenwich, in the middle of the Pacific
Ocean. Along the Prime Meridian (0° E-W) or the 180° me-
ridian, the E-W designation does not matter, and along the
equator (0° N-S), the N-S designation does not matter, and is
not needed for indicating location.

Decimal Degrees Instead of using minutes and seconds
of arc, decimal degrees of longitude and latitude have been
used to describe the location of a point. Decimal degrees, ex-
pressed to many decimal places, are very precise in pinpointing
a location. Also, computer systems (GPS, GIS, Google Earth)
handle decimals much more readily than degrees, minutes, and
seconds, and some systems require decimal locations. Many
computer systems use decimal degrees, without the N, S, E, W
letters to indicate cardinal directions. Instead, north latitudes
are designated as positive numbers, and south latitudes as
negative numbers (with a minus sign). For longitudes, east is
positive and west is negative. For example, the Statue of Liberty
in New York is located at 40.6894, —74.0447. Latitude is
always listed first and the degree symbol () is generally not
necessary. The practical exercises found at the end of chapters
in this book sometimes use decimal coordinates.

The Geographic Grid

Every location on Earth can be located by its latitude north or
south of the equator and its longitude east or west of the prime
meridian. Our locational reference system is the geographic
grid (m Fig. 2.6), the set of imaginary lines that run east and
west around the globe to mark latitude, and the lines that run
north and south from pole to pole to indicate longitude.

Parallels and Meridians

The east—west lines marking latitude completely circle the
globe, are evenly spaced, and are parallel to the equator and
each other. Hence, they are known as parallels. The equa-
tor is the only parallel that is a great circle; all other lines of

B FIGURE 2.6 A globe-like representation of Earth, which
shows the geographic grid with parallels of latitude and meridians
of longitude at 15° intervals.

How do parallels and meridians differ?

Earth turns
15° in one hour
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CHAPTER 2 = REPRESENTATIONS OF EARTH

latitude are small circles. One degree of latitude equals about
111 kilometers (69 mi) anywhere on Earth.

Lines of longitude, called meridians, run north and
south, converge at the poles and measure distances east and
west of the prime meridian. Because the meridians converge
on the poles, longitude lines get closer together as they run
poleward from the equator. At the equator, meridians separated
by 1° of longitude are about 111 kilometers (69 mi) apart, but
at 60°N or 60°S latitude, they are only half that distance apart,
about 56 kilometers (35 mi).

Longitude and Time

The world’s time zones were established based on the rela-
tionships between longitude, Earth’s rotation, and time. Until
about 125 years ago, each town or area used what was known
as local time. Solar noon was determined by the precise mo-
ment in a day when a vertical stake cast its shortest shadow.
This meant that the sun had reached its highest angle in the

sky for that day at that location—noon—and local clocks
were set to that time. Because of Earth’s rotation, noon occurs
earlier in a town toward the east, and towns to the west experi-
ence noon later.

The international agreement that established the prime
meridian at Greenwich (0° longitude) also set standardized
time zones. Farth was divided into 24 time zones, one for each
hour in a day. Ideally, each time zone spans 15° of longitude,
because Earth turns 15° of longitude in an hour (24 X 15° =
360°). The prime meridian is the central meridian of its time
zone, and every meridian divisible by 15° is the central merid-
ian for a time zone. The time when solar noon occurs at a
central meridian was established as noon for all places between
7.5°E and 7.5°W of that meridian. However, as shown in
m Figure 2.7, time zone boundaries do not follow meridians
exactly. In the United States, time zone boundaries commonly
follow state lines. It would be very inconvenient to divide a
city or town into two time zones—imagine the confusion that
would result!

m FIGURE 2.7 World time zones reflect the fact that Earth rotates through 15° of longitude in an hour.
Thus, time zones are approximately 15° wide. Political boundaries usually prevent the time zones from

following a meridian perfectly.

How many hours of difference are there between the time zone where you live and Greenwich, England?

Is it earlier in England or later?
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THE GEOGRAPHIC GRID

The time of day at the prime meridian, known as Green-
wich Mean Time (GMT, also called Universal Time, UTC, or
Zulu Time), is used as a worldwide reference. Times to the east
or west can be easily determined by comparing them to GMT.
A place 90°E of the prime meridian would be 6 hours later
(90° + 15° per hour), while in the Pacific Time Zone of the
United States and Canada, whose central meridian is 120°W,
the time would be 8 hours earlier than GMT.

For navigation, longitude can be determined with a chro-
nometer, an extremely accurate clock. Two chronometers are
used, one set on Greenwich time, and the other on local time.
The number of hours between them, earlier or later, deter-
mines longitude (1 hour = 15° of longitude). Well before the
chronometer was invented, a latitudinal position could easily
be determined using a sextant, an instrument that measures
the angle between the horizon and a celestial body such as the
noonday sun or the North Star (Polaris).

The International Date Line

The International Date Line is a line that generally follows
the 180th meridian, except for jogs to separate Alaska and
Siberia and to skirt some Pacific islands (m Fig. 2.8). At the
International Date Line, we turn our calendar back a full

day if we are traveling east and forward a full day if we are
traveling west. Thus, if we are going east from Tokyo to San
Francisco and it is 4:30 p.m. Monday just before we cross the
International Date Line, it will be 4:30 p.m. Sunday on the
other side. If we are traveling west from Alaska to Siberia and
it is 10:00 a.m. Wednesday when we reach the International
Date Line, it will be 10:00 a.m. Thursday once we cross it. As
a way of remembering this relationship, many world maps and
globes have Monday and Sunday (M | S) labeled in that order
on the opposite sides of the International Date Line. To find
the correct day, you just substitute the current day for Monday
or Sunday, and use the same relationship.

The need for such a line on Earth to adjust the day was
inadvertently discovered by Magellan’s crew who, from 1519
to 1521, were the first to circumnavigate the world. Sailing
westward from Spain, when they returned from their voyage,
it was noticed that one day had apparently been missed in the
ship’s log. What actually happened was that in going around
the world in a westward direction, the crew had experienced
one less sunset and one less sunrise than had occurred in Spain
during their absence.

The U.S. Public Lands
Survey System

The longitude and latitude system locates points where those
lines intersect. A different system is used in much of the
United States to define and locate land areas. This is the
U.S. Public Lands Survey System, or the Township and
Range System, developed for parceling public lands west of
Pennsylvania. The Township and Range System divides land
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B FIGURE 2.8 The International Date Line. West of the line is a
day later than east of the line. Maps and globes often have either
“Monday | Sunday” or “M | S” shown on opposite sides of the line
to indicate the direction of the day change.

Why does the International Date Line deviate from the 180°
meridian in some places?

areas into parcels based on north—south lines called principal
meridians and east—west lines called base lines. The merid-
ians are perpendicular to the base lines, but they had to be
adjusted (jogged) along their length to accommodate Earth’s
curvature. If these adjustments were not made, the north—
south lines would tend to converge and land parcels defined
by this system would be smaller in northern regions of the
United States.

The Township and Range System forms a grid of nearly
square parcels called rownships laid out in horizontal zers north
and south of the base lines and in vertical columns ranging east
and west of the principal meridians. A township is a square
plot 6 miles on a side (36 sq mi, or 93 sq km). Townships are
first labeled by their north or south position (® Fig. 2.9); thus,

a township in the third tier south of a base line will be labeled
Township 3 South, abbreviated T3S. However, we must also
name a township according to its range—its location east or west
of the principal meridian for the survey area. Thus, if Township
3 South is in the second range east of the principal meridian, its
full location can be given as T3S/R2E (Range 2 East).
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B FIGURE 2.9 The method of location for areas of land according to
Survey System.

the U.S. Public Lands

How would you describe the extreme southeastern 40 acres of section 20 in the middle diagram?

The Public Lands Survey System divides townships into
36 sections of 1 square mile, or 640 acres (2.6 sq km, or
259 ha). Sections are designated by numbers from 1 to 36
beginning in the northeastern most section with section 1,
snaking back and forth across the township, and ending in
the southeast corner with section 36. Sections are divided
into four guarter sections, named by their location within the
section—northeast, northwest, southeast, and southwest,
each with 160 acres (65 ha). Quarter sections are further sub-
divided into four guarter—quarter sections, sometimes known
as forties, each with an area of 40 acres (16.25 ha). These
quarter—quarter sections are also named after their position in

® FIGURE 2.10 Rectangular field patterns result from the U.S. Public

the quarter: the northeast, northwest, southeast, and south-
west forties. Thus, we can describe the location of the 40-acre
tract that is shaded in Figure 2.9 as being in the SW %4 of
the NE ¥4 of Sec. 14, T3S/R2E. The order is consistent from
smaller division to larger, and township location is always
listed before range (T3S/R2E).

The Township and Range System exerts an enormous
influence on landscapes in the Midwest and West, and gives
these regions a checkerboard appearance from the air or from
space (® Fig. 2.10). Road maps in states that use this survey
system strongly reflect its grid, because many roads follow the
regular and angular boundaries between square parcels of land.

Lands Survey System that is used

in the Midwest and Western United States. Note the slight jog in the field pattern to the right of the farm
buildings near the lower edge of the photo.
How do you know this photo was not taken in the Midwestern United States?
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© Ted Timmons

The Global Positioning
System

The global positioning system (GPS) is

a technology for determining locations on
Earth. This high-tech system was created for
military applications but today, it is being
adapted to many public uses, from surveying
to navigation. The global positioning system
uses radio signals, transmitted by a network
of satellites orbiting 17,700 kilometers
(11,000 mi) above Earth (m Fig. 2.11). GPS
is based on the principle of triangulation,
which means that if we can find the distance
to our position, measured from three or more
different locations (in this case, satellites) we
can determine our location. The distances
are calculated by measuring the time it takes
for a signal, broadcast at the speed of light
from a satellite, to arrive at the receiver.

A GPS receiver displays a location in lati-
tude, longitude, and elevation, or on a map
display. Small GPS receivers are useful to
travelers, hikers, and backpackers who need
to keep track of their location (m Fig. 2.12).

mFIGURE 2.12 A GPS receiver provides a readout of its
latitudinal and longitudinal position based on signals from a satellite
network. Small handheld units provide an accuracy that is acceptable
for many uses and, like this one, can also display locations on a map.
What other uses can you think of for a small GPS unit like this
that displays its longitude and latitude as it moves from place to
place?

N

GPS satellites

® FIGURE 2.11 The global positioning system (GPS) uses signals from a network
of satellites to determine a position on Earth. A GPS receiver on the ground calculates
the distances from several satellites (a minimum of three) to find its location by
longitude, latitude, and elevation. With the distance from three satellites, a position
can be located within meters, but with more satellite signals and sophisticated GPS
equipment, the position can be located very precisely.

In mountain areas, hikers can also use a GPS to understand
the relationship between changes in elevations and environ-
ments. Map-based GPS systems are becoming popular and are
widely used in vehicles, boats, and aircraft. GPS applications
also support map making from data gathered in the field.
With sophisticated GPS equipment and techniques, it is pos-
sible to find locational coordinates within small fractions of a
meter (@ Fig. 2.13).

Maps and Map
Projections

Maps are extremely versatile—they can be reproduced easily,
can depict the entire Earth or show a small area in great detail,
are easy to handle and transport, and can be displayed on a
computer monitor. Yet, it is impossible for one map to fit all
uses. The many different varieties of maps all have qualities
that can be either advantageous or problematic, depending

on the application. Knowing some basic concepts concerning
maps and cartography will greatly enhance a person’s abil-

ity to effectively use a map, and to select the right map for a
particular task.

Advantages of Maps

If a picture is worth a thousand words, then a map is worth
a million. Because they are graphic representations and

use symbolic language, maps show spatial relationships

and portray geographic information with great efficiency.
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® FIGURE 2.13 A scientist monitoring volcanoes in Washington state uses a professional GPS system
to record a precise location by longitude, latitude, and elevation. This is the view from Mt. St. Helens, with

another volcano, Mt. Adams, in the distance.

Maps supply an enormous amount of information visually
that would take many pages to describe in words (probably
less successfully). Imagine trying to tell someone about all
of the information that a map of your city, county, state, or
campus provides: sizes, areas, distances, directions, street
patterns, railroads, bus routes, hospitals, schools, libraries,
museums, highway routes, business districts, residential ar-
eas, population centers, and so forth. Maps can display the
best route from one place to another, the shapes of Earth

features, and they can be used to measure distances and
areas. Cartographers can produce maps to illustrate almost
any relationship in the environment. The potential ap-
plications of maps are practically infinite, even “out of this
world,” because our space programs have produced detailed
maps of the moon and other extraterrestrial features (m

Fig. 2.14). For many reasons, whether it is presented on
paper, on a computer screen, or as a mental concept in the
mind, the map is the geographer’s most important tool.

® FIGURE 2.14 Lunar geography. A detailed map of the moon shows a major crater that is
120 km in diameter (75 mi). Even the side of the moon that never faces Earth has been mapped in

considerable detail.
How were we able to map the moon in such detail?
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Limitations of Maps

On a globe, we can directly compare the size, shape, and
area of Earth features, and we can measure distance, direc-
tion, shortest routes, and true directions. Yet, because of the
distortion inherent in maps, we can never compare or mea-
sure all of these properties on a single map. It is impossible
to present a spherical planet on a flat (two-dimensional)
surface and accurately maintain all of its geometric proper-
ties. This process has been likened to trying to flatten out an
eggshell.

On maps that show large regions or the world, Earth’s
curvature causes apparent and pronounced distortion, but
when a map depicts only a small area, the distortion should
be negligible. If we use a state park map while hiking, the
distortion will be too small to affect us. To be skilled map
users, we must know which properties a certain map depicts
accurately, which features it distorts, and for what purpose a
map is best suited. By being aware of these map characteris-
tics, we can make accurate comparisons and measurements
on maps and better understand the information that a map
conveys.

Examples of Map Projections

Transferring a spherical grid onto a flat surface produces a
map projection. Although maps are not actually made this
way, certain projections can be demonstrated by putting a
light inside a transparent globe so that the grid lines are pro-
jected onto a flat surface (plane), a cone, a cylinder, or other
geometric forms that are flat or can be cut and flattened out
(m Fig. 2.15). Today, map projections are developed math-
ematically, using computers to fit the geographic grid to a
surface. Map projections will always distort the shape, area,
direction or distance of map features, or some combination
thereof, so it is important for mapmakers to choose the best
projection for the task.

Projecting the grid lines onto a plane, or flat surface,
produces a map called a planar projection (Fig. 2.15a). These
maps are most often used to show the polar regions, with the
pole centrally located on the circular map, which displays one
hemisphere.

Maps of middle-latitude regions, such as the contiguous
United States, are typically based on conic projections because
they portray these latitudes with minimal distortion. In a
simple conic projection, a cone is fitted over the globe with
its pointed top centered over a pole (Fig. 2.15b). Parallels of
latitude on a conic projection are arcs that become smaller
toward the pole, and meridians appear as straight lines
radiating toward the pole.

A well-known example of a cylindrical projection
(Fig. 2.15¢) is the Mercator projection, commonly used in
schools and textbooks, although less so in recent years. The
Mercator world map is a mathematically adjusted cylindrical
projection on which meridians appear as parallel lines instead
of converging at the poles. Obviously, there is enormous

(a) Planar projection

(b) Conical projection

(c) Cylindrical projection

® FIGURE 2.15 The theory behind the development of
(a) planar, (b) conic, and (c) cylindrical projections. Although
projections are not actually produced this way, they can be
demonstrated by projecting light from a transparent globe.
Why do we use different map projections?

east—west distortion of areas in the high latitudes because the
distances between meridians are stretched to the same width
that they are at the equator (# Fig. 2.16). The spacing of paral-
lels on a Mercator projection is also not equal, as they are on
Earth. This projection does not display all areas accurately, and
size distortion increases toward the poles.
Gerhardus Mercator devised this map in 1569 to provide

a property that no other world projection has. A straight line
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® FIGURE 2.16 The Mercator projection was designed for
navigation, but has often been misused as a general-purpose
world map. Its most useful property is that lines of constant
compass heading, called rhumb lines, are straight lines.
Compare the sizes of Greenland and South America on this
map to their proportional sizes on a globe. Is the distortion
great or small?

drawn anywhere on a Mercator projection is a line of true
compass direction, called a rhumb line, which was very impor-
tant in navigation (see again Fig. 2.16). On Mercator’s map,
navigators could draw a straight line between their location
and the place where they wanted to go, and then follow a con-
stant compass direction to get to their destination.

Properties of Map Projections

The geographic grid has four important geometric proper-
ties: (1) Parallels of latitude are always parallel, (2) parallels
are evenly spaced, (3) meridians of longitude converge at the
poles, and (4) meridians and parallels always cross at right
angles. Because no map projection can maintain all four of
these properties at once, cartographers must decide which
properties to preserve at the expense of others. Closely ex-
amining a map’s grid system to determine how these four
properties are affected will help you discover areas of greatest
and least distortion.

Area Cartographers are able to create a world map that
maintains correct area relationships; that is, areas on the
map have the same size proportions to each other as they
have in reality. Thus, if we cover any two parts of the map
with, for example, a quarter, no matter where the quarter is
placed it will cover equivalent areas on Earth. Maps drawn
with this property, called equal-area maps, should be used
if size comparisons are being made between two or more ar-
eas. The property of equal area is also essential when exam-
ining spatial distributions. As long as the map displays equal
area and a symbol represents the same quantity throughout
the map, we can get a good idea of the distribution of any
feature—for example—people, churches, cornfields, hog
farms, or volcanoes. However, equal-area maps distort the
shapes of mapped features (® Fig. 2.17) because it is impos-
sible to show both equal areas and correct shapes on the
same map.

Shape Flat maps cannot depict large regions of Earth with-
out distorting either their shape or their comparative sizes in
terms of area. However, using the proper map projection will
depict the true shapes of continents, regions, mountain ranges,
lakes, islands, and bays. Maps that maintain the correct shapes
of areas are conformal maps. To preserve the shapes of Earth
features on a conformal map, meridians and parallels always
cross at right angles just as they do on the globe.

The Mercator projection presents correct shapes, so it
is a conformal map, but areas away from the equator are
exaggerated in size. The Mercator projection’s distortions led
generations of students to believe incorrectly that Greenland
is about equal in size to South America (compare Fig. 2.16
to Fig. 2.17), but South America is actually about eight
times larger.

Distance No flat map can maintain a constant distance
scale over Earth’s entire surface. The scale on a map that
depicts a large area cannot be applied equally everywhere

B FIGURE 2.17 An equal-area world projection map. This map
preserves area relationships but distorts the shape of landmasses.
What world map would you prefer, one that preserves area or
one that preserves shape, and why?
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on that map. On maps of small areas, however, distance
distortions will be minor, and the accuracy will usually be
sufficient for most purposes. Maps can be made with the
property of equidistance in specific instances. That is, on a
world map, the equator may have equidistance (a constant
scale) along its length, and all meridians may have equidis-
tance, but not the parallels. On another map, all straight
lines drawn from the center may have equidistance, but the
scale will not be constant unless lines are drawn from the
center.

Direction Because longitude and latitude directions run
in straight lines, not all flat maps can show true directions as
straight lines. Thus, lines of latitude or longitude that curve
on maps are not drawn as true compass directions. An exam-
ple of a map that shows true direction is the azimuthal map
(m Fig. 2.18), one kind of planar projection. These are drawn
with a central focus, and all straight lines that pass through
that center are true compass directions.

Compromise Projections In developing a world
map, one cartographic strategy is to compromise by creat-

ing a map that shows both area and shape fairly well but is

not really correct for either property. These world maps are
compromise projections that are neither conformal nor equal
area, but an effort is made to balance distortion to produce an
“accurate looking” global map (m Fig. 2.19a). An interrupted

® FIGURE 2.18 Azimuthal map centered on the North Pole.
Although a polar view is the conventional orientation of such a
map, it could be centered anywhere on Earth. Azimuthal maps
show true directions between all points from the center, but can
only show one hemisphere.
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m FIGURE 2.19 The Robinson projection (a) is a compromise
projection because it departs from equal area to better depict
the shape of the continents, but seeks to show both area and
shape reasonably well, although not truly accurately. Distortion in
projections can be also reduced by interruption (b)—that is, by
having a central meridian for each segment of the map.

What is a disadvantage of (b) in terms of usage?

projection can also be used to reduce the distortion of land-
masses (Fig. 2.19b) by moving much of the distortion to the
oceanic regions.

Map Basics

Maps not only contain spatial information and data, but they
also display essential information about the map itself. This
information and certain graphic features (often in the mar-
gins) are intended to facilitate using the map. Among these
items are the map title, date, legend, scale, and direction.

A map should have a #itle that tells what area is depicted and
what subject the map concerns. For example, “Yellowstone
National Park: Trails and Camp Sites.” Most maps should also
indicate when they were published and the date to which its
information applies, so users know if the map information is
current or outdated, or whether the map is intended to show
historical data.

Legend A map should have a legend—a key to symbols
used on the map (see Appendix B). For example, if one dot
represents 1000 people or the symbol of a pine tree represents
a park, the legend should explain this information. If color
shading is used on the map to represent elevations, different
climatic regions, or other factors, then a key to the color-

coding should be provided.
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Verbal or One inch represents 1.58 miles
Stated Scale  One centimeter represents 1 kilometer
RF Scale
Representative 1:100,000
Fraction
0 1 2 3
. Kilometers
Graphic or i N
0 1 2
From US Geological Survey
1:100,000 Topo map
m FIGURE 2.20 Map scales. A verbal scale states the

relationship between a map measurement and the corresponding
distance that it represents on Earth. Verbal scales generally mix units
(centimeters/ kilometer or inches/mile). A representative fraction (RF)
scale is a ratio between a distance on a map (1 unit) and its actual
length on the ground (here, 100,000 units). An RF scale requires that
measurements be in the same units both on the map and on the
ground. A graphic scale is a device used for measuring distances on
the map in terms of distances on the ground.

Scale Obviously, maps depict features smaller than they actu-
ally are. If the map is used for measuring sizes or distances, or if
the size of the area represented might be unclear to a map user,
it is essential to indicate the map scale (m Fig. 2.20). A map scale
is an expression of the relationship between a distance on the
ground and the same distance as it appears on the map. Knowing
the map scale is essential for measuring distances and for deter-
mining areas. Map scales can be conveyed in three basic ways.

A verbal scale is a statement on the map that indicates,
for example, “1 centimeter to 100 kilometers” (1 cm repre-
sents 100 km) or, “1 inch to 1 mile” (1 inch on the map rep-
resents 1 mile on the ground). Stating a verbal scale tends to
be how most of us would refer to a map scale in conversation.
If written on a map, however, a verbal scale will no longer be
correct if the original map is reduced or enlarged. When stat-
ing a verbal scale it is acceptable to use different map units
(centimeters, inches) to represent another measure of true
length it represents (kilometers, miles).

A representative fraction (RF) scale is a ratio between a
unit of distance on the map to the distance that unit represents
in reality (expressed in the same units). Because a ratio is also
a fraction, units of measure, being the same in the numera-
tor and denominator, cancel each other out. An RF scale is
therefore free of units of measurement and can be used with
any unit of linear measurement—meters, centimeters, feet, or
inches—as long as the same unit is used on both sides of the
ratio. As an example, a map may have an RF scale of 1:63,360,
which can also be expressed 1/63,360. This RF scale can
mean that 1 inch on the map represents 63,360 inches on the
ground. It also means that 1 cm on the map represents 63,360
cm on the ground. Knowing that 1 inch on the map represents
63,360 inches on the ground may be difficult to conceptualize
unless we realize that 63,360 inches is equal to 1 mile. Thus,

the representative fraction 1:63,360 means the map has the
same scale as a map with a verbal scale of 1 inch to 1 mile.

A graphic scale, or bar scale, is used for making distance
measurements on a map. Graphic scales are graduated lines
(or bars) marked with map distances that are proportional to
distances on the Earth. To use a graphic scale, take a straight
edge of a piece of paper, and mark the distance between any
two points on the map. Then use the graphic scale to find the
equivalent distance on Earth’s surface. Graphic scales have two
major advantages:

1. It is easy to determine distances on the map, because the
graphic scale can be used like a ruler to make measurements.

2. Graphic scales are applicable even if the map is reduced
or enlarged, because the scale (on the map) will also
change proportionally in size. The map and the graphic
scale, however, must be enlarged or reduced together (the
same amount) for the graphic scale to be accurate.

Direction The orientation and geometry of the geo-
graphic grid give us an indication of direction because paral-
lels of latitude are east—west lines and meridians of longitude
run directly north—south. Many maps have an arrow point-
ing to north as displayed on the map. A north arrow may
indicate either true north or magnetic north—or two north
arrows may be given, one for true (geographic) north and
one for magnetic north.

Earth has a magnetic field that makes the planet act like
a giant bar magnet, with magnetic north and south poles,
each with opposite charges. Although the magnetic poles shift
position slightly over time, they are located in the Arctic and
Antarctic regions and do not coincide with the geographic
poles. A compass needle points toward the magnetic north
pole, not the geographic north pole. If we know the magnetic
declination, the angular difference between magnetic north
and true geographic north, we can compensate for this differ-
ence (m Fig. 2.21). Thus, if our compass points north and the

® FIGURE 2.21 Map symbol showing true north, symbolized
by a star representing Polaris (the North Star), and magnetic
north, symbolized by an arrow. The example indicates 20°E
magnetic declination.

In what circumstances would we need to know the magnetic
declination of our location?

¥

20°

MN
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magnetic declination for our location is 20°E, we can adjust
our course knowing that our compass is pointing 20°E of true
north. To do this, we should turn 20°W from the direction in-
dicated by our compass in order to face true north. Magnetic
declination varies from place to place and also changes over
time. For this reason, magnetic declination maps are revised
periodically, so using a recent map is very important. Despite
the existence of electronic locational systems, magnetic com-
passes remain important for direction finding in isolated areas,
because they require no batteries and have no electronic parts

that could fail.

Thematic Maps

Maps designed to focus attention on the spatial extent and
distribution of one feature (or a few related ones) are called
thematic maps. Examples include maps of climate, vegetation,
soils, earthquake epicenters, or tornadoes. There are two major
types of spatial data, discrete and continuous (m Fig. 2.22).

Discrete data means that either the feature is located at
a particular place or it is not there—for example, hot springs,
tropical rainforests, rivers, tornado paths, or earthquake faults.
Discrete data are represented on maps by point, area, or line
symbols to show their locations and distributions (Fig. 2.22a—c).
The locations, distributions, and patterns of discrete features are
of great interest in understanding spatial relationships. Regions
are areas that exhibit a common characteristic or set of charac-
teristics within their boundaries, and are typically represented by
different colors or shading. Physical geographic regions include
areas of similar soil, climate, vegetation, landforms, or other
characteristics (see the world and regional maps throughout
this book).

Continuous data means that a measurable numerical
value exists everywhere on Earth (or within the area of inter-
est displayed) for a certain characteristic; for example, every
location has a measurable elevation (or temperature, or air
pressure, or population density). The distribution of continu-
ous data is often shown using isolines—lines on a map that

B FIGURE 2.22 Discrete and continuous spatial data (variables). Discrete variables represent features that are
present at certain locations but do not exist everywhere. Discrete variables can be (a) points as shown by locations
of large earthquakes in Hawaii (or places where lightning has struck or locations of water-pollution sources),

(b) lines as in the path taken by Hurricane Rita (or river channels, tornado paths, or earthquake fault lines), (c) areas
like the land burned by a wildfire (or clear-cuts in a forest, or the area where an earthquake was felt). A continuous

NASA/JPL/NGA

variable means that every location has a certain measurable characteristic; for example, everywhere on Earth
has an elevation, even if it is zero (at sea level) or below (a negative value). The map (d) shows the continuous
distribution of temperature variation in part of eastern North America. Changes in a continuous variable over an
area can be represented by isolines, shading, colors, or with a 3-D appearance.

Can you name other environmental examples of discrete and continuous variables?
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GEOGRAPHY’S SPATIAL PERSPECTIVE

: USING VERTICAL EXAGGERATION
TO PORTRAY TOPOGRAPHY

ost maps present a landscape
as if viewed from directly over-

head, looking straight down.

This perspective is referred to as a
map view or plan view (like architec-
tural house plans). lllustrating terrain

on a flat map and showing differences
in elevation requires some sort of sym-
bol to display elevations. Topographic

Anatahan Island

sea level R,

USGS/ digital elevation model by Steve Schilling; geo-referenced by Frank Trusdell

Bla NE Anatahan Volcano

This digital elevation model (DEM) of Anatahan Island (145°40" E, 16°22" N) and the surround-
ing Pacific Ocean floor is presented in 3-D and colorized according to elevation and seafloor
depth relative to sea level. This image of Anatahan has three times vertical exaggeration. The
vertical scale has been stretched three times compared to the horizontal scale.

The vertical scale bar represents a distance of 3800 meters, so taking the vertical
exaggeration into account, what horizontal distance would the same scale bar length
represent in meters?

connect points with the same numerical value (Fig. 2.22d).
Isoline types include isotherms, which connect points of equal
temperature; isobars, which connect points of equal barometric
pressure; isobaths (also called bathymetric contours), which
connect points with equal water depth; and isohyers, which
connect points receiving equal amounts of precipitation.

Topographic Maps

Topographic maps portray the land surface and elevational
information, along with certain important natural and cul-
tural landscape features. Topographic contour lines are map
isolines, which connect points that are at the same elevation

above mean sea level (or below sea level such as in Death
Valley, California). For example, if we walk around a hill fol-
lowing the 1200-foot contour line on a map, we would always
be maintaining a constant elevation of 1200 feet and walking
on a level line. Contour lines are excellent for showing eleva-
tion changes and the land surface on a map. The spacing and
shapes of the contours give a map reader a mental image of the
terrain (w Fig. 2.23).

Figure 2.24 illustrates how contour lines portray the land
surface. The bottom portion of the diagram is a simple con-
tour map of an asymmetrical hill. Note that the elevation dif-
ference between adjacent contour lines on this map is 20 feet.
The constant difference in elevation between adjacent contour
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maps use contour lines, which can
also be enhanced by relief shading
(see the Map Interpretation feature in
Chapter 11, Volcanic Landforms, for
an example).

For many purposes, either a side
view (profile) view, or an oblique (per-
spective) view of the terrain helps
us visualize the landscape. Block
diagrams, 3-D models of Earth’s
surface, show the topography from
a perspective view and information

about the subsurface can be included.

They provide a perspective with
which most of us are familiar, similar
to looking out an airplane window or
from a high vantage point. But such
diagrams are not always intended for

making accurate measurements, and
many block diagrams represent hypo-
thetical or stylized, rather than actual,
landscapes.

A topographic profile (see again
m Fig. 2.24) illustrates the shape of a
land surface as if viewed directly from
the side. Profiles are graphs of elevation
changes over distance along a transect
line. Elevation and distance information
collected from a topographic map or
from other elevation data can be used
to draw a topographic profile to show
the terrain. If the geology of the subsur-
face is represented as well, such pro-
files are called geologic cross sections.

Block diagrams, profiles, and
Cross sections are most often drawn

with vertical exaggeration, which
enhances changes in elevation. This
makes mountains appear taller, val-
leys deeper, slopes steeper, and the
terrain appears more rugged. Vertical
exaggeration is used to make subtle
changes in the terrain more notice-
able. Most profiles and block diagrams
should indicate how much the vertical
presentation has been stretched, so
that there is no misunderstanding.
Three times vertical exaggeration
means that the features presented ap-
pear to be three times higher than they
really are, but the horizontal scale is
correct.

USGS/ digital elevation model by Steve Schilling; geo-referenced by Frank Trusdell

Anatahan Island

i .
- i -
AP A .

NE Anatahan Volcano

N —.

Compare the vertically exaggerated elevation model to this natural scale (not vertically
exaggerated) version. This is how the island and the seafloor actually look in terms of slope

steepness and relief.

lines is called the contour interval. If we hiked from point A
to point B what kind of terrain would we cover? We start from
at sea level at point A and immediately begin to climb. We
cross the 20-foot contour line, then the 40-foot, the 60-foot,
and, near the top of our hill, the 80-foot contour level. After
walking over a relatively broad summit that is above 80 feet
but not as high as 100 feet (or we would cross another contour
line), we once again cross the 80-foot contour line, which
means we must be starting down. During our descent, we
cross each lower level in turn until we arrive back at sea level
(point B).

In the top portion of Figure 2.24, a profile (side view)
helps us to visualize the topography we covered in our walk.

We can see why the trip up the mountain was more difficult
than the trip down. Closely spaced contour lines near point A
represent a steeper slope than the more widely spaced contour
lines near point B. Actually, we have discovered something
that is true of all isoline maps: The closer together the lines are
on the map, the steeper the gradient (the greater the rate of
change per unit of horizontal distance).

Topographic maps use symbols to show many other fea-
tures in addition to elevations (see Appendix B)—for instance,
water bodies such as streams, lakes, rivers, and oceans or cul-
tural features such as towns, cities, bridges, and railroads. The
USGS produces topographic maps of the United States at sev-
eral different scales (see Appendix B). Many of these maps use
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CHAPTER 2 = REPRESENTATIONS OF EARTH

m FIGURE 2.23 (Top) A view of a river valley and surrounding
hills, shown on a shaded-relief diagram. Note that a river flows
into a bay partly enclosed by a sand spit. The hill on the right
has a rounded surface form, but the one on the left forms a cliff
along the edge of an inclined but flat upland. (Bottom) The same
features represented on a contour map.

If you only had a topographic map, could you visualize the
terrain shown in the shaded-relief diagram?

® FIGURE 2.24 A topographic profile and contour map.
Topographic contours connect points of equal elevation relative

to mean sea level. The upper part of the figure shows the
topographic profile (side view) of an island. Horizontal lines mark
20-foot intervals of elevation above sea level. The lower part of the
figure shows how these contour lines look in map view.

What is the relationship between the spacing of contour lines
and steepness of slope?

80 ft —
60 ft A

20| A

20| A

Sea level

A

>

~

English units for their contour intervals, but more recent maps
use metric units. Contour maps that show undersea topogra-
phy are called bathymetric charts, which in the United States
are produced by the National Ocean Service.

Modern Mapmaking

Today, the vast majority of mapmakers employ computer
technologies. For most mapping projects, computer systems
are faster, more efficient, and less expensive than the hand-
drawn cartographic techniques they have replaced. Spatial
data representing elevations, depths, temperatures, or popula-
tions can be stored in a digital database, accessed, and dis-
played on a map. The database for a map may include infor-
mation on coastlines, political boundaries, city locations, river
systems, map projections, and coordinate systems. In digital
form, maps can be easily revised because they do not have

to be manually redrawn with each revision or major change.
Computer generated map revision is essential for updating
rapidly changing phenomena such as weather systems, air
pollution, ocean currents, volcanic eruptions, and forest fires.
Digital maps can be instantly disseminated and shared via the
Internet. However, it is still important to understand basic
cartographic principles to make a good map. A computer
mapping system will draw only what an operator instructs it
to draw.

Geographic Information Systems

A geographic information system (GIS) is a versatile inno-
vation that stores geographic databases, supports spatial data
analysis, and facilitates the production of digital maps. A GIS
is a computer-based technology that assists the user in the
entry, analysis, manipulation, and display of geographic infor-
mation derived from combining any number of digital map
layers, each composed of a specific thematic map (m Fig. 2.25).
A GIS can be used to make the scale and map projection of
these map layers identical, thus allowing the information from
several or all layers to be combined into new and more mean-
ingful composite maps. GIS is especially useful to geographers
as they work to address problems that require large amounts of
spatial data from a variety of sources.

What a GIS Does Imagine that you are in a giant map
library with hundreds of paper maps, all of the same area, but
each map shows a different aspect of the same location: one
map shows roads, another highways, another trails, another
rivers (or soils, or vegetation, or slopes, or rainfall, and so on
almost to infinity). The maps were originally produced at
different sizes, scales, and projections (including some maps
that do not preserve shape or area). These cartographic fac-
tors make it very difficult to visually overlay and compare the
spatial information among these different maps. You also have
digital terrain models and satellite images that you would
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B FIGURE 2.25 Geographic information systems store different information and data as
individual map layers. GIS technology is widely used in geographic and environmental studies in
which several different variables need to be assessed and compared spatially to solve a problem.
Can you think of other applications for geographic information systems?

like to compare to the maps. Further, because few aspects of
the environment involve only one factor or exist in spatial
isolation, you want to be able to combine a selection of these
geographic aspects on a single composite map. You have a
spatial-geographic problem, and to solve that problem, you
need a way to make several representations of a part of Earth
directly comparable. What you need is a GIS and the knowl-
edge of how to use this system.

Each map is digitally scanned and stored as a layer of
spatial information that represents an individual thematic
map layer as a separate digital file (see again Fig. 2.25).

A GIS can display any layer or any combination of layers,
geometrically registered (fitted) to any map projection and
at any scale that you specify. The maps, images, and data
sets can now be directly compared at the same size, based on
the same map projection and map scale. A GIS can digitally
overlay any set of thematic map layers that are needed. If
you want to see the locations of homes on a river floodplain,
a GIS can be used to provide an instant map by retrieving,
combining, and displaying the home and floodplain map lay-
ers simultaneously. If you want to see earthquake faulss and
artificial landfill areas in relation to locations of fire stations
and police stations, that composite map will require four
layers, but this is no problem for a GIS to display. And if

you want to display new data in
your map, such as the locations
of earthquake-related calls each
station receives, that can be done
easily by creating a new layer
using software tools.

Many geographers are em-
ployed in careers that apply GIS
technology. The capacity of a GIS
to integrate and analyze a wide
variety of geographic information,
from census data to landform char-
acteristics, makes it useful to both
human and physical geographers.
With nearly unlimited applications
in geography and other disciplines,
GIS will continue to be an impor-
tant tool for spatial analysis.

Computer-generated three-
dimensional (3-D) views of eleva-
tion data, called digital elevation
models (DEMs), are particularly
useful for displaying topography
(m Fig. 2.26a). Digital elevation
data, when input as a layer in a
GIS, can be used to make many
types of terrain displays and maps,
including shaded relief maps and
contour maps, which can also be
assigned a certain color between
contours. Created with a GIS or
other digital technology, visualization models (visualizations)
are computer-generated image models designed to illustrate
and explain complex processes and features. Many visualiza-
tions are presented as three-dimensional images and/or as
animations, based on environmental data and satellite images
or air photos. An example is shown in Figure 2.26¢ where a
DEM and a satellite image were combined in a GIS to pro-
duce a 3-D landscape model of the Rocky Mountain front at
Salt Lake City, based on actual image and elevation data. This
process is called draping (like draping cloth over some object).
These models help us understand and conceptualize many
environmental processes and features. The detail represented
by elevation change can be enhanced by stretching the height
of features, using a technique called vertical exaggeration
(illustrated in a box in this chapter).

Actually, any geographic factor represented by continu-
ous data can be displayed either as a two-dimensional con-
tour map or as a 3-D surface to illustrate and enhance the
visibility of the spatial variation that it conveys (m Fig. 2.27).
Today, the products and techniques of cartography are very
different from their beginning forms, but the goal of making
a representation of Earth remains the same—rto effectively
communicate geographic and spatial knowledge in a visual
format.
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® FIGURE 2.26 (a) A digital elevation model (DEM) of Salt Lake City, Utah, and the Rocky Mountain front
displays elevations in a grid with a three-dimensional appearance. (b) A digital satellite image of the same
area. (c) These two data “layers” can be combined in a GIS to produce a digital 3-D model of the landscape
at Salt Lake City. Digital landscape models are useful for studying many aspects of the environment. The
examples here are enlarged to show the pixel resolution.

UsGs

NASA

NASA/JPL/NIMA
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USGS

® FIGURE 2.27 Earthquake hazard in the contiguous
United States: a continuous variable displayed as a surface in
3-D perspective, making it easy to understand how potential
earthquake danger varies spatially across this part of the
United States.

Other than where you might expect to find a high level of
earthquake hazard, are there locations with a level of this
characteristic you find surprising?

Remote Sensing
of the Environment

Remote sensing is the collection of information and data
about distant objects or environments, typically from aerial
and space images, which have many map-like qualities. Using
remote sensing systems, we can detect objects and scenes that
are not visible to humans and display them as images.

Digital Imaging and Photography

In technical terms, a photograph is taken with a camera on
film. Digital cameras or image scanners produce a digital
image—an image that is converted into numerical data.

A digital image is similar to a mosaic, made up of grid cells
with varying colors or tones that form a picture. Most im-
ages returned from space are digital, because digital data can
be easily broadcast back to Earth. Digital imagery also offers
the advantages of computer-assisted data processing, image
enhancement, and image sharing, and can provide a thematic
layer in a GIS. Digital images consist of pixels, short for “pic-
ture element,” the smallest area resolved in a digital picture (as
seen in the enlarged inset of the San Francisco International
Airport in the chapter opening image). A key factor in digital
images is spatial resolution, expressed as how much area each
pixel represents. For example, the satellite image of the San
Francisco Bay Area (chapter opener) has a resolution where
each pixel side represents 15 meters on Earth. If the pixel

USDA

UsGs

size is small enough on the finished image, the mosaic effect
will be either barely noticeable or invisible to the human eye.
Satellites that image an entire hemisphere at once, or large
continental areas, use coarse resolutions to produce a more
generalized scene.

Even before the invention of the airplane, aerial photo-
graphs provided us with “birds-eye” views of our environment
via kites and balloons. Both air photos and digital images may
be oblique (m Fig. 2.28a), which means that they are taken at
an angle other than perpendicular to Earth’s surface, or verti-
cal (Fig. 2.28b), looking straight down. Image interpreters use
aerial photographs and digital imagery to analyze relation-
ships among objects on Earth’s surface. A stereoscope allows
overlapped pairs of images (typically aerial photos) taken
from different positions to allow viewing of features in three
dimensions.

m FIGURE 2.28 (a) Oblique photos provide a “natural view,”

like looking out of an airplane window. This oblique aerial
photograph shows farmland, countryside, and forest. (b) Vertical
photos provide a maplike view (as in this view of Tampa Bay,
Florida).

What are the benefits of an oblique view, compared to a vertical
view?

(b)
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USGS National Wetlands Research Center

(b)

m FIGURE 2.29 Aerial photographs to compare. (a) A natural color aerial photograph. (b) The same
scene in false color near-infrared. Red tones indicate vegetation; dark blue—clear, deep water; and light
blue—shallow or muddy water. This is a wetlands area on the coast of Louisiana.

If you were asked to make a map of vegetation or water features, which image would you prefer to use

and why?

Near-infrared (NIR) energy, light energy at wave-
lengths that are too long for our eyes to see, cuts though
atmospheric haze better than visual light does. An incorrect
but widely held notion of NIR techniques is that they im-
age heat, or temperature variations. Near-infrared energy
is actually light reflected off of surfaces, and not radiated
heat energy. Normal color photographs taken from very
high altitudes or from space tend to have low contrast and
can appear hazy (@ Fig. 2.29a). Near-infrared photographs
and digital images tend to provide very clear images when
taken from high altitude or space. Color NIR photographs
and digital images are sometimes referred to as “false
color” pictures, because on NIR, healthy grasses, trees, and
most plants will show up as bright red, rather than green
(Fig. 2.29b and see again the chapter opening satellite im-
age). Near-infrared photographs and images have many
applications for environmental study, particularly for water
resources, vegetation, and crops.

Specialized Remote Sensing

There are many different remote sensing systems, each designed
for specific imaging applications. Remote sensing may use
ultraviolet light, visible light, NIR light, thermal infrared energy
(heat), lasers, and microwaves (radar) to produce images.

Thermal Infrared Thermal infrared (TIR) images
show patterns of heat and temperature instead of light and
can be taken either day or night. Thermal sensors convert heat
patterns into a digital image. TIR images record temperature
differences—hot objects show up in light tones, and cool ob-
jects will be dark. Generally, a computer is used to emphasize
heat differences by colorizing the image. Thermal imaging is
used to find volcanic hot spots and geothermal sites, and to
locate forest fires through dense smoke.

Weather satellites use thermal infrared imaging. We have all
seen these TIR images on television when the meteorologist
says, “Let’s see what the weather satellite shows.” Clouds are
depicted in black on the original thermal image because they
are colder than the surface of Earth below. Because we don't
like to see black clouds, the image tones are reversed, like a
photo negative, so that the clouds appear white. These images
may also be colorized to show cloud heights, because clouds
are progressively colder at higher altitudes (® Fig. 2.30).

Radar Radar (from radio detection and ranging) transmits
radio waves and produces an image of the energy signals that
are reflected back. Radar systems can operate day or night.
Weather radar uses a ground-based system to monitor and
track thunderstorms, hurricanes, or tornadoes. Radar pen-
etrates most clouds (day or night) but reflects off of raindrops
and other precipitation, producing map-like images of pre-
cipitation patterns (® Fig. 2.31). There are also several kinds
of radar systems that produce a map-like image of the surface
(topography, rock, water, ice, sand dunes, etc.).

Sonar Sonar (from sound navigation and ranging) uses
the reflection of emitted sound waves to probe the ocean
depths. Much of our understanding of seafloor topogra-
phy, and mapping of the seafloor, has been a result of sonar
applications.

Multispectral Remote Sensing This type of
sensing uses and compares more than one kind of image of
the same place, for example, radar and TIR images, or NIR
and normal color photos. Common on satellites, multispectral
scanners sense many kinds of energy simultaneously and relay
them to receiving stations as separate digital images. Each part
of the energy spectrum yields different information about as-
pects of the environment. The separate images, like thematic
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NOAA/GOES Satellite Image

NWS/NOAA

m FIGURE 2.30 Thermal infrared weather images show patterns of heat and cold. This image
shows part of the Southeastern United States beamed back from a U.S. weather satellite.
Original thermal images are black and white, but here the stormy areas have been colorized.
Reds, oranges, and yellows show where the storm is most intense, and blues less intense.

Why are the storm patterns on thermal weather images important to us?

MEXICO -\

GUST
FRONT

®FIGURE 2.31 Weather radar shows a severe thunderstorm
with a hook shaped pattern that is associated with tornadoes. Colors
show rainfall intensity: green—light rainfall; yellow —moderate; and
orange-red—heavy. The radar has also picked up reflections from
huge groups of flying bats, among the millions that live in this region.
How are weather radar images helpful during hazardous
weather conditions?

map layers in a GIS, can be combined, depending on which
ones are needed for analysis.

Digital technologies for mapping, modeling, and imag-
ing our planet’s features continue to provide us with data
and information that contribute to our understanding of the
Earth system and to help us address environmental concerns.
Through continuous monitoring, global, regional, and even
local changes can be detected and mapped. Digital mapping,
GPS, GIS, and remote sensing have revolutionized the field
of geography, but the fundamental principles concerning
maps and cartography remain basically unchanged. Whether
they are on paper, displayed on a computer monitor, hand
drawn in the field, or stored as a mental image, maps and
various kinds of representations of Earth continue to be
essential tools for geographers and other scientists. Many
geographers are gainfully employed in positions that apply
spatial technologies to understanding our planet and its
environments, and their numbers are certain to increase in
the future.

Copyright 2011 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



CHAPTER 2 « REPRESENTATIONS OF EARTH

i: Terms for Review

cartography
oblate spheroid
great circle
hemisphere
small circle
coordinate system
North Pole
South Pole
equator
latitude

prime meridian
longitude
decimal degree

township

section

global positioning system (GPS)
map projection
Mercator projection
equal-area map
conformal map
equidistance

azimuthal map
compromise projection
legend

scale

verbal scale

topographic map

topographic contour line
contour interval

profile

gradient

geographic information system (GIS)
digital elevation model (DEM)
visualization model

vertical exaggeration

remote sensing

digital image

pixel

spatial resolution

near-infrared (NIR)

radar

thermal infrared (TIR)

geographic grid representative fraction (RF) scale
parallel graphic (bar) scale

meridian magnetic declination

time zone thematic map

solar noon discrete data

International Date Line
U.S. Public Lands Survey System

continuous data
isoline

i: Questions for Review

1.
2. Why were the time zones established, and why are they

Why is a great circle useful for navigation?

generally centered on even 15° meridians of longitude?

If you fly across the Pacific Ocean from the United States
to Japan, how will the International Date Line affect the
day change?

In terms of the kinds of locations they describe, how is
longitude and latitude different from the U.S. Public
Lands Survey System?

Why is it impossible for maps to provide a completely
accurate representation of Earth’s surface? What is the dif-
ference between a conformal map and an equal-area map?

Practical Applications

. Select a place within the United States that you would

most like to visit for a vacation. You have with you a high-
way map, a USGS topographic map, and a satellite image
of the area. What kinds of information could you get from
one of these sources that are not displayed on the other
two? What spatial information do they share (visible on all
three)?

If you were an applied geographer and wanted to use a
geographic information system to build an information
database about the environment of a park (pick a state or
national park near you), what are the five most important
layers of mapped information that you would want to

10.

weather radar
sonar
multispectral remote sensing

What is the difference between an RF and a verbal map
scale?

What does the concept of thematic map layers mean in a
geographic information system?

What specific advantages do computers offer to the map-
making process?

What is the difference between a photograph and a digital
image?

What does a weather radar image show in order to help us
understand weather patterns?

have? What combinations of two or more layers would be
particularly important to your purpose?

If it is 2:00 a.m. Tuesday in New York (EST), what time
and day is it in California (PST)? What time is it in
London (GMT)? What is the date and time in Sydney,
Australia (151° East)?

If 10 centimeters (3.94 in.) on a map equal 1 kilometer
(3281 ft) on the ground, what is the RF scale of the map?
You can round the answer to the nearest thousand. This
is the formula to use for scale conversions of this kind:
MD/ED = 1/RFD (Map distance/Earth distance =

1/representative fraction denominator).
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PRACTICAL APPLICATIONS

5. Using the Search window in Google Earth, fly to the heart select decimal degrees. Review: Latitude is always listed first,

of the following cities and identify the latitude and longi-
tude. Measure the latitude and longitude using decimal de-
grees with two decimal places (e.g., 41.89 N as opposed to
41°88'54" N). Make sure that you correctly note whether
the latitude is North (N) or South (S) of the equator and
whether the longitude is East (E) or West (W) of the prime
meridian.

London, England
New York City d. San Francisco, California
Buenos Aires, Argentina f. Cape Town, South Africa
Moscow, Russia h. Beijing, China

. Sydney, Australia j. Your hometown

b. Paris, France

I O S

Enter the following coordinates into Google Earth to iden-
tify the locations. Go to the Google Earth preferences and

and if there are no N, S, E, W, designations, positive num-
bers mean N or E and negative numbers mean S or W.

a. 41.89N, 12.492E b. 33.857S, 151.215E
29.975N, 31.135E d. 90.0, 0

—90.0, —90.0 f. 27.175,78.042

27.99 N, 86.92E h. 40.822N, 14.425E
48.858N, 2.295E

~oe oo
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VIAFE 1N =
TOPOGRAPHIC MAPS

The Map

A topographic map is a widely used tool for graphically de-
picting variations in elevation within an area. A contour line
connects points of equal elevation above some reference
datum, usually mean sea level. A vast storehouse of informa-
tion about the relief and the terrain can be interpreted from
these maps by understanding the spacing and configuration
of contours. For example, elevations of mountains and val-
leys, steepness of slopes, and the direction of stream flow
can be determined by studying a topographic map. In ad-
dition to contour lines, many standard symbols are used on
topographic maps to represent mapped features, data, and
information (a guide to these symbols is in Appendix B).

The elevation difference represented by adjacent contour
lines depends on the map scale and the relief in the mapped
area, and is called the contour interval. Contour intervals on
topographic maps are typically in elevation measurements

divisible by ten. In mountainous areas, wider intervals are
needed to keep the contours from crowding and visually
merging together. A flatter locality may require a smaller
contour interval to display subtle relief features. It is good
practice to note both the map scale and the contour interval
when first examining a topographic map.

Keep in mind several important rules when interpreting
contours:

e Closely spaced contours indicate a steep slope, and
widely spaced contours indicate a gentle slope.

e Evenly spaced contours indicate a uniform slope.

e Closed contour lines represent a hill or a depression.

e Contour lines never cross but may converge along a verti-
cal cliff.

e A contour line will bend upstream when it crosses a valley.

Interpreting the Map

1. What is the contour interval on this map?

2. The map scale is 1:24,000. One inch on the map repre-
sents how many feet on the Earth’s surface?

3. What is the highest elevation on the map? Where is it
located?

4. What is the lowest elevation on the map? Where is it
located?

5. Note the mountain ridge between Boat and Emerald Can-
yons (C-4). Is it steeper on its east side or its west side?
What led you to your conclusion?

6. In what direction does the stream in Boat Canyon flow?
What led you to your conclusion?

7. The aerial photograph below depicts a portion of the
topographic map on the opposite page. What area of the

© Bruce Perry, Department of Geological Sciences, CSU Long Beach

Aerial photograph of the coast at Laguna Beach, California.

air photo does the map depict? How well do the contours
represent the physical features seen on the air photo?

8. ldentify some cultural features on the map. Describe the
symbols used to depict these features. The map shown is
older than the aerial photograph. Can you identify some
cultural features on the aerial photograph not depicted on
the contour map?

You can also compare this topographic map to the Google
Earth presentation of the area. Find the map area by zoom-
ing in on these latitude and longitude coordinates:
33.565556N, 117.803839W.

Opposite:

Laguna Beach, California
Scale 1:24,000

Contour interval = 20 feet
U.S. Geological Survey

46
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Solar Energy and
Atmospheric Heating

:: Outline
The Earth-Sun System

Characteristics of the
Atmosphere

Heating the Atmosphere

Air Temperature

Our sun, the ultimate
energy source for Earth—
atmosphere systems.
Courtesy of SOHO/[instrument]
consortium. SOHO is a project of

international cooperation between ESA
and NASA.
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THE EARTH-SUN SYSTEM

am 1 H

:: Objectives

When you complete this chapter you should be able to:

m Describe how the receipt and distribution of solar energy on Earth are
affected by Earth-sun relationships.

m Recall the major gases found in the atmosphere.

m Conceptualize how Earth’s receipt of solar energy is utilized and
affected by the major atmospheric gases.

In this chapter, we study the atmospheric systems that produce
the environmental conditions known as weather and climate.
These are familiar terms, however, in physical geography, we
must carefully distinguish between them. Weather refers to
the conditions of atmospheric elements at a given time and for
a specific area. That area could be as large as the Chicago met-
ropolitan area or as small and specific as a weather observation
station. The study of the weather and changing atmospheric
conditions is the science of meteorology.

Examining weather observations that occurred at a place
over 30 years or more provides us with a good idea of its cli-
mate. Climate often describes an area’s average weather over
the seasons, but it also considers departures from the normal
or average that are likely to occur and why. Climates also
consider extreme weather events that may affect a place or
region. Average temperatures and precipitation throughout the
seasons can describe the climate of the southeastern United
States, but we would also include the likelihood of events
such as hurricanes or snowstorms and when they could occur.
Climatology is the study of the varieties of climates, both past
and present, and the processes that produce the different cli-
mates on Earth. Climatology also concerns classifying climate
types, their seasonal weather characteristics, their distribution,
and the extent of climate regions.

® FIGURE 3.1
(b) This same reaction powers the sun.
What elements drive a fusion reaction?

© US Navy/Photo Researchers, Inc.

—
L

m Discuss how solar energy that reaches Earth’s surface is transferred
to the atmosphere.

m Explain why water plays such an important role in heat energy transfer.

List the characteristics of vertical atmospheric temperature layers.

m Describe the controls on horizontal distribution of Earth’s surface
temperatures.

Five basic atmospheric elements are the “ingredients”
of weather and climate: (1) solar energy (insolation), (2) tem-
perature, (3) pressure, (4) wind, and (5) precipitation. Weather
forecasts generally include the present temperature, the prob-
able temperature range, a description of the cloud cover, the
chance of precipitation, air pressure, and the wind speed and
direction. All of these elements are important for understand-
ing and categorizing weather and climate.

Solar energy drives the atmospheric systems, so the
insolation a place receives is the most important factor, because
the other four elements depend in part on the intensity and
duration of solar energy. We will first focus our attention in
this chapter on relationships between Earth and the sun, and
on temperature, which is the initial product of insolation. The
other three elements will be examined in subsequent chapters.

The Earth-Sun System

The sun’s energy comes from fusion (thermonuclear reaction)

that takes place under extremely high pressure and at tempera-
tures exceeding 15,000,000°C (27,000,000°F). Two hydrogen
atoms fuse together to form a helium atom in a process similar

to the explosion of a hydrogen bomb (m Fig. 3.1). Energy leaves

(a) The fireball explosion of a hydrogen bomb is created by thermonuclear fusion.

NASA

(b)
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CHAPTER 3 = SOLAR ENERGY AND ATMOSPHERIC HEATING

GEOGRAPHY’S ENVIRONMENTAL PERSPECTIVE

: PASSIVE SOLAR ENERGY

hen we think of using solar
energy to heat buildings or
to generate electricity, we

often look toward complex technology.
Long before photovoltaic cells were
invented, however, people sought to
moderate temperatures in their homes
through strategies that are referred to
as passive uses of solar energy. Today
these strategies are still important to
energy conservation. For buildings,

it is essential to know which cardinal
direction each side of a structure
faces, and how the daily and season-
ally changing sun angles illuminate that
structure.

The concept is rather simple. First,
sunlight should flood your home with
solar energy in the wintertime, add-
ing more heat during the cold season.
Then, limit the amount of insolation
entering the home during the summer,
to keep the interior cooler during the

Sun’s rays at high-sun
period

Overhang

Sun’s rays at low-sun

period \

hottest months, while still allowing day-
light to illuminate the interior. Environ-
mentally-conscious home designers do
this by adjusting the number and sizes
of windows in a home, considering the
direction that each window faces, and
designing an appropriate roof overhang
on sides that face the sun. The idea is
to allow fairly direct sunlight through
the windows when the sun is lower in
the sky in winter, and to shade those
same windows when the sun is higher
in the sky in summer. In the northern
hemisphere midlatitudes, south- and
west-facing windows are the ones that
need the most shading in summer.

Knowing both the latitude of the
dwelling or building and how the sun
angle will change over the year at that
locale is a first step. Figure 1 shows
the maximum and minimum sun
angles experienced by a location at
40° N latitude.

In the Southwest, early Native
Americans, like many early cultures,
were aware of the benefits of pas-
sive solar design for their living ac-
commodations. The CIiff Palace in
Mesa Verde, Colorado, is a won-
derful example of an 800-year old
cliff-dwelling. Here the cave roof and
overhang perform the same service
as the environmentally-conscious
home design. Direct sunlight enters
the structures during winter and the
cliff overhang provides shade for the
dwelling during summer.

Using this knowledge, we can do
some simple things to save money
on heating and air conditioning costs.
Considering passive solar principles
and using window curtains, shades, or
blinds can do a lot to conserve energy
and save on energy bills.

Modern house designs take seasonal
changes in sun angles into account. The
diagram shows maximum and minimum
noon sun angles at 40° N latitude. In the
summer when the sun is at a high angle,
the window is in the shade, but direct
sunlight comes in during the window
when the noon sun is at a lower angle.

National Park Service Geologic Resources/D. Luchsinger

e Dl AR

The Cliff Palace at Mesa Verde National Park in Colorado shows that early
Native Americans understood the use of passive solar energy in locating
their cliff dwellings under natural overhangs.
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m FIGURE 3.2 Radiation from the sun travels toward Earth in a wide spectrum of
wavelengths, which are measured in micrometers (um). One um is one millionth of a meter.
Human vision sees wavelengths between 0.4-0.7 micrometers (visible light). Solar radiation is
in shortwave radiation (light), whereas terrestrial (Earth) radiation is in long wavelengths (heat, or

thermal infrared).
Are radio signals considered longwave or shortwave radiation?

the sun in the form of electromagnetic energy, which travels
through empty space at the speed of light in a spectrum of vary-
ing wavelengths (® Fig. 3.2). It takes about 8.3 minutes for the
sun’s energy to reach Earth. Approximately 9% of solar energy

is made up of gamma rays, X-rays, and ultraviolet radiation, all of
which are shorter in wavelength than visible light. These invis-
ible wavelengths can affect tissues in the human body. Absorbing
too many X-rays can be dangerous, and exposure to excessive
ultraviolet light gives us sunburn and is a primary cause of skin
cancer. About 41% of the solar spectrum comes in the form of
light that is visible to humans, and each color is distinguished by
a band of wavelengths. About 49% of the sun’s radiant energy is
in wavelengths that are longer than those of visible light; of these,
the shorter wavelengths are known as near-infrared light. Energy
emitted in much longer waves, also called thermal infrared, is felt
as heat. The last 1% of solar radiation falls into the band regions
of microwave, television, and radio wavelengths.

Collectively, gamma rays, X-rays, ultraviolet rays, visible
light, and near-infrared light are often referred to as shortwave
radiation. Starting from thermal infrared, longer wavelengths
of energy are considered longwave radiation. Through our
advances in technology, we have learned to harness some
electromagnetic wavelength bands for our own uses. In com-
munications, we employ radio waves, microwaves, and televi-
sion signals; in health care, we use X-rays. In remote sensing
and national defense, visible light is necessary for photography
and visible satellite imagery. Radar uses microwaves to detect
weather patterns, aircraft, and many other objects. Thermal
infrared sensors help us to detect differences in temperature
caused by wildfires (even through smoke), atmospheric or oce-
anic temperatures, volcanic activity, and other environmental
variations related to temperature contrasts.

The sun radiates energy into space at an almost steady
rate. At its outer edge, Earth’s atmosphere intercepts slightly
less than 2 calories per square centimeter per minute of solar

some is reflected back to space, and
some is diffused to and away from
Earth. If Earth did not have an at-
mosphere, the solar energy received
at a particular location for a particu-
lar time would be a constant value
determined by the latitude.

Sun Angle, Duration, and Insolation

Recognizing the consistency of the solar constant leads us
directly into a discussion of why the intensity of the sun’s rays
varies from place to place and during the seasons. Seasonal
variations in temperature must be due primarily to differences
in the amount and intensity of solar radiation received by
various places on Earth, known as insolation (for incoming
solar radiation). Insolation is not equal everywhere on Earth
for many reasons, but two important influences result from
our planet rotating on its axis and revolving around the sun
in the manner that it does: the duration of daylight hours
and the angle of the solar rays. The length of daylight controls
the duration of solar radiation, and the angle of the sun’s rays
affects the intensity of solar radiation received. Together, the
intensity and duration of radiation are the major factors affect-
ing the insolation received at any location on Earth’s surface.

Therefore, a location will receive more insolation if (1) the
sun shines more directly, (2) the sun shines longer, or (3) both.
The intensity of solar radiation received at any one time varies
from place to place because Earth presents a spherical surface
to insolation. Therefore, only one line of latitude on the Earth’s
rotating surface can receive radiation at right angles, while the
rest receive insolation at less than a 90° angle. As seen in
m Figure 3.3, the solar energy that strikes a location nearly verti-
cally is more intense and is spread over less area than an equal
amount that strikes the surface at an oblique angle. In addition,
atmospheric gases interact with solar energy and diminish the
insolation that arrives at the surface. Oblique rays pass through
a greater distance of atmosphere than vertical rays, so more
insolation will be lost in the process. ® Figure 3.4 shows the
intensity of total solar energy at various latitudes when the most
direct radiation (from 90° angle rays) strikes on the equator.

No insolation is received at night, and the duration of
solar energy is related to the daylight hours received at various
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Sun's oblique rays

® FIGURE 3.3 (a) The angle at which the sun'’s rays strike Earth’s surface determines the amount
of solar energy received per unit of surface area. This amount in turn affects the seasons. The diagram
represents the June condition, when solar radiation strikes the surface perpendicularly at 23%2° North
latitude, creating summer conditions in the Northern Hemisphere. In the Southern Hemisphere, the
sun’s rays are more oblique and spread over larger areas, thus receiving less energy per unit of area,
making this the winter hemisphere. The sun’s rays in summer (b) and winter (c). In summer the sun
appears high in the sky, and its rays hit Earth more directly, spreading out less. In winter, the sun is
lower in the sky, and its rays spread out over a much wider area, becoming less effective at heating

the ground.

places on Earth (Table 3.1). Obviously, the longer the period

of daylight, the greater the amount of solar radiation that will
be received at that location. Periods of daylight hours vary in

length through the seasons, as well as from place to place.

The Seasons

As we begin our discussion of seasons it is recommended that
you review the section on Plane of the Ecliptic, Inclination,
and Parallelism in Chapter 1. As we will soon see, seasons are

caused by the 23V%° tilt of Earth’s equator to the plane of the
ecliptic (see again Fig. 1.24) and the parallelism of the axis
that is maintained as Earth orbits the sun. About June 21,
Earth is in an orbital position where the north polar axis is
inclined toward the sun at an angle of 23%4°. On this date,

at noon, at 23%2°N latitude the sun’s rays will be directly
overhead, and strike the surface at 90°. In the Northern
Hemisphere, this day during Earth’s orbit is called the summer
solstice. In ® Figure 3.5 position A, note that the Northern
and Southern Hemispheres receive unequal amounts of light
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® FIGURE 3.4 The percentage of incoming solar radiation
(insolation) striking various latitudes when the direct rays strike
the equator.

How much less solar energy is received at 60° latitude than
that received at the equator?

from the sun, because as Earth rotates under these conditions,
a larger portion of the Northern Hemisphere remains in day-
light. Conversely, a larger portion of the Southern Hemisphere
remains in darkness. Thus, Repulse Bay, Canada, north of the
Arctic Circle, experiences a full 24 hours of daylight at the
June solstice. On the same day, someone in New York City
will experience a longer period of daylight than darkness.
However, Buenos Aires, Argentina, will have a longer period

TABLE 3.1
Duration of Daylight for Certain Latitudes

of darkness than daylight on that day. This day is called the
winter solstice in the Southern Hemisphere. Thus, June 21
is the longest day of the year in the Northern Hemisphere
(with the highest yearly sun angles), and in the Southern
Hemisphere it is the shortest day, with the lowest sun angles
of the year.

Imagine Earth moving from its June solstice position
toward its position a quarter of a year later, in September. As
Earth moves toward that new position, imagine the changes
that will be taking place in our three cities. In Repulse Bay,
there will be an increasing amount of darkness through July,
August, and September. In New York, sunset will be arriving
earlier. In Buenos Aires, the situation will be reversed; as Earth
moves toward its position in September, the periods of day-
light in the Southern Hemisphere will begin to get longer, the
nights shorter.

On or about September 22, Earth will reach a position
known as an equinox (Latin: zeguus, equal; nox, night). On
this date (the autumnal equinox for the Northern Hemi-
sphere), day and night will be of equal length at all locations
on Earth. Thus, on the equinox, conditions are identical for
both hemispheres. As you can see in ® Figure 3.6, position
B, Earth’s axis points neither toward nor away from the sun
(imagine the axis is pointed at the reader); the circle of illu-
mination passes through both poles, and it cuts Earth in half
along its axis.

Imagine again the revolution and rotation of Earth while
moving from around September 22 toward a new position
another quarter of a year later in December. We can see that
in Repulse Bay the nights will be getting longer until, on the
winter solstice, which occurs on or about December 21, this
northern town will experience 24 hours of darkness (Fig. 3.5,
position C). The only natural light at all in Repulse Bay will be
a faint glow at noon refracted from the sun below the horizon.

Length of Day (Northern Hemisphere) (read down)

LATITUDE (IN DEGREES) MAR. 20/SEPT. 22 JUNE 21 DEC. 21
0.0 12 hr 12 hr 12 hr
10.0 12 hr 12 hr 35 min 11 hr 25 min
20.0 12 hr 13 hr 12 min 10 hr 48 min
23.5 12 hr 13 hr 35 min 10 hr 41 min
30.0 12 hr 13 hr 56 min 10 hr 4 min
40.0 12 hr 14 hr 52 min 9 hr 8 min
50.0 12 hr 16 hr 18 min 7 hr 42 min
60.0 12 hr 18 hr 27 min 5 hr 33 min
66.5 12 hr 24 hr 0 hr
70.0 12 hr 24 hr 0 hr
80.0 12 hr 24 hr 0 hr
90.0 12 hr 24 hr 0 hr
LATITUDE MAR. 20/SEPT. 22 DEC. 21 JUNE 21

Length of Day (Southern Hemisphere) (read up)
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on the Antarctic Circle in the Southern
Hemisphere will experience a winter
solstice similar to that which Repulse

Bay had around December 21 (Fig. 3.5,
position A). There will be no daylight in
24 hours, except what appears at noon as a
glow of twilight in the sky.

Latitude Lines Delimiting
Solar Energy

Looking at the diagrams of Earth in its
various positions as it revolves around the
sun, we can see that the angle of inclina-
tion is important. On June 21, the plane of
the ecliptic is directly on 23%°N latitude.
The sun’s rays can reach 23%° beyond the
North Pole, bathing it in sunlight. The
Arctic Circle, an imaginary line drawn
around Earth 23%4° from the North Pole
(or 66%° north of the equator) marks this
limit. We can see from the diagram that all
points on or north of the Arctic Circle will
experience no darkness on the June sol-
stice and that all points south of the Arctic
Circle will have some darkness on that

day. The Antarctic Circle in the Southern
Hemisphere (23%° north of the South
Pole, or 66%2° south of the equator) marks

Buenos

a similar limit.

® FIGURE 3.5 The geometric relationships between Earth and the sun during the Furthermore, it can be seen from the
solstices in June and December. Note the differing day lengths at the summer and diagrams that the sun’s vertical (direct)

winter solstices in the Northern and Southern Hemispheres.

In New York, too, the days will get shorter, and the sun will
set earlier. Again, we can see that in Buenos Aires the situation
is reversed. Around December 21, that city will experience its
summer solstice; conditions will be much as they were in New
York City in June.

Moving from late December through another quarter of
a year to late March, Repulse Bay will have longer periods of
daylight, as will New York, while in Buenos Aires the nights
will be getting longer. Then, on or about March 21, Earth
will again be in an equinox position (the vernal equinox in
the Northern Hemisphere) similar to the one in September
(Fig. 3.6, position D). Again, days and nights will be equal all
over Earth (12 hours each).

Finally, moving through another quarter of the year
toward the June solstice where we began, Repulse Bay and
New York City are both experiencing longer periods of day-
light than darkness. The sun is setting earlier in Buenos Aires
until, on or about June 21, Repulse Bay and New York City
will have their longest day of the year and Buenos Aires its
shortest. Further, we can see that around June 21, a point

rays (rays that strike Earth’s surface at right
angles) also shift position relative to the
poles and the equator as Earth revolves
around the sun. At the time of the June solstice, the sun’s
rays are vertical, or directly overhead, at noon at 23%4° north
of the equator. This imaginary line around Earth marks
the northernmost position at which the solar rays will ever
be directly overhead during a full revolution of our planet
around the sun. The imaginary line marking this limit is
the Tropic of Cancer (23%2°N latitude). Six months later,
at the time of the December solstice, the solar rays are verti-
cal, and the noon sun is directly overhead 23%2° south of
the equator. The imaginary line marking this limit is the
Tropic of Capricorn (23'2°S latitude). During the March
and September equinoxes, the vertical solar rays will strike
directly at the equator; the noon sun is directly overhead at
all points on that line (0° latitude).

Note also that on any day of the year the sun’s rays will
strike Earth at a 90° angle at only one latitudinal position,
either on or between the two lines of the tropics. On that day,
all other positions will receive the sun’s rays at an angle of less
than 90° (or may receive no sunlight at all). The latitude at
which the noon sun is directly overhead is known as the sun’s
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Three distinct patterns occur in the lati-
tudinal distribution of the seasonal receipt
of solar energy in each hemisphere. These
patterns serve as the basis for recognizing six
latitudinal zones, or bands, of insolation and
temperature that circle Earth (w Fig. 3.8).

In the Northern Hemisphere, we take
the Tropic of Cancer and the Arctic Circle as
the dividing lines for three of these distinc-
tive zones. The area between the equator
and the Tropic of Cancer can be called the
north tropical zone. Here, insolation is always
high but is greatest at the time of the year
that the sun is directly overhead at noon.
This occurs twice a year, and these dates vary
according to latitude (see again Fig. 3.7).
The north middle-latitude zone is the wide
band between the Tropic of Cancer and the
Arctic Circle. In this belt, insolation is great-
est on the June solstice when the sun reaches
its highest noon angle and the period of
daylight is longest. Insolation is least at the
December solstice when the sun is lowest in
the sky and the period of daylight the short-
est. The north polar zone, or Arctic zone, ex-
tends from the Arctic Circle to the pole. In
this region, insolation is greatest at the June
solstice, but ceases during the period that the
sun’s rays are blocked entirely by the tilt of
Earth’s axis. This period lasts for six months

New York City

Buenos
Aires

®m FIGURE 3.6 The geometric relationships between Earth and the sun at the
March and September equinoxes. Daylight and darkness periods are 12 hours
everywhere because the circle of illumination crosses the equator at right angles

and cuts through both poles.

If Earth were not inclined on its axis, would there still be latitudinal temperature

variations? Would there be seasons?

declination. ® Figure 3.7 is an example of an analemma, a
graph shaped like a figure 8, which is often drawn on globes to
show the sun’s declination throughout the year.

Variations of Insolation
with Latitude

Neglecting for the moment the atmosphere’s influence on
variations in insolation during a 24-hour period, the amount
of energy received begins after dawn and increases as Earth
rotates toward the time of solar noon. A place will receive its
greatest insolation at solar noon when the sun has reached its
zenith, or highest point in the sky, for that day. The insola-
tion then decreases as the sun’s angle lowers toward the next
period of darkness. Obviously, at any location, no insolation is
received during the hours of darkness.

at the North Pole but is as short as a single
day directly on the Arctic Circle.

Similarly, there is a south tropical zone, a
south middle-latitude zone, and a south polar
zone, or Antarctic zone, all separated by the
Tropic of Capricorn and the Antarctic Circle
in the Southern Hemisphere. These areas get
their greatest amounts of insolation at oppo-
site times of the year from the northern zones.

Characteristics of
the Atmosphere

The atmosphere has a profound effect on the amount of solar
energy received to heat Earth and power its environmental
systems. A knowledge of the structure and composition of the
atmosphere will help us understand the relationships involved
as insolation interacts with the air and Earth’s surface.

Composition of the Atmosphere

The atmosphere extends to approximately 480 kilometers
(300 mi) above Earth’s surface. Its density decreases rapidly
with altitude; in fact, 97% of the air is concentrated in the first
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m FIGURE 3.7 Ananalemma is used to find the solar declination
(latitudinal position) of the vertical noon sun for each day of the year.
What is the declination of the sun on October 30th?

25 kilometers (16 mi) or so. The atmosphere is composed of nu-
merous gases (Table 3.2). Most of these gases remain in the same
proportions regardless of the atmospheric density. A bit more
than 78% of the atmosphere’s volume is made up of nitrogen,
and nearly 21% consists of oxygen. Argon comprises most of the
remaining 1%. The percentage of carbon dioxide in the atmo-
sphere has risen through time, but is a little less than 0.04% by
volume. There are traces of other gases as well: ozone, hydrogen,
neon, xenon, helium, methane, nitrous oxide, and others.

TABLE 3.2
Composition of the Atmosphere Near Earth’s Surface

Permanent Gases

Gas Symbol Percent (by Volume) Dry Air
Nitrogen N, 78.08

Oxygen O, 20.95

Argon Ar 0.93

Neon Ne 0.0018

Helium He 0.0005

Hydrogen H, 0.0006

Xenon X 0.000009

North polar
(Arctic) zone

Arctic Circle 66%°N

Tropic of
Cancer 23 %"N

Equator 0°

Tropic of
Capricorn 23%°S

South polar i a1
(Antarctic) Antarctic Circle 665°S

zone

m FIGURE 3.8 The equator, the Tropics of Cancer and
Capricorn, and the Arctic and Antarctic Circles define six
latitudinal zones that have distinctive insolation characteristics.
Which zone(s) would have the least annual variation in
insolation? Why?

Abundant Gases Of the gases in the atmosphere,
nitrogen (N,) makes up the largest proportion of air. Nitro-
gen is of major importance in supporting plant growth. In
addition, some of the other atmospheric gases are vital to

the development and maintenance of life. One of the most
important of these gases is oxygen (O,), which humans and
all other animals use to breathe and oxidize (burn) food that
they eat. Oxidation, the chemical combination of oxygen with
other substances to create new products, occurs in situations
outside animal life as well. Rapid oxidation takes place, for
instance, when we burn fossil fuels or wood and thus release
large amounts of heat energy. The decay of certain rocks or
organic debris and the development of rust are examples of
slow oxidation. All of these processes depend on the presence
of oxygen in the atmosphere. The third most abundant gas in
our atmosphere is Argon (Ar). It is not a chemically active gas
and therefore neither helps nor hinders life on Earth.

Variable Gases

Gas (and Particles) Symbol
Water vapor H,O
Carbon dioxide CO,
Methane CH,
Nitrous oxide N,O
Ozone O,
Particles (dust, soot, etc.)
Chlorofluorocarbons
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Water, Particulates, and Aerosols Water as water
vapor is the most variable gas in the atmosphere. It ranges from
0.02% by volume in a cold, dry climate to more than 4% in the
humid tropics. Ways of expressing the amount of water vapor in
the atmosphere will be discussed later under the topic of humid-
ity, but it is important to note that the variations in this percent-
age over time and place are an important consideration in the
examination and comparison of climates.

Water vapor also absorbs heat in the lower atmosphere,
retarding rapid heat loss from Earth. Thus, water vapor plays a
large role in the insulating action of the atmosphere. In addition
to gaseous water vapor, liquid water exists in the atmosphere as
rain and as fine droplets in clouds, mist, and fog. Solid water
exists in the atmosphere as ice crystals, snow, sleet, and hail.

Particulates are solids suspended in the atmosphere.
Aerosols are solids or liquids suspended in the atmosphere—
they include particulates, but they also include tiny liquid
droplets and/or ice crystals composed of chemicals other than
water. For example, sulfur dioxide crystals (SO,) are atmo-
spheric acrosols. Particulates can be considered as aerosols, but
all aerosols are not necessarily particulate matter. Particulates
and aerosols can be pollutants from transportation and indus-
try, but the majority are substances that exist naturally in our
atmosphere (M Fig. 3.9). Particles such as dust, smoke, pollen
and spores, volcanic emissions, bacteria, and salts from ocean
spray can all play an important role in absorption of energy
and in the formation of raindrops.

Carbon Dioxide Excluding water vapor, carbon dioxide
is the fourth most abundant atmospheric gas. The involve-
ment of carbon dioxide in the system known as the carbon
¢ycle has been studied for generations. Plants, through a pro-
cess known as photosynthesis, use sunlight (mainly ultraviolet
radiation) as the driving force to combine carbon dioxide and
water to produce carbohydrates (sugars and starches), in which
energy, derived originally from the sun, is stored and used by
vegetation (@ Fig. 3.10). Oxygen is given off as a by-product.
Animals then use the oxygen to oxidize the carbohydrates,
releasing the stored energy. A by-product of this process in
animals is the release of carbon dioxide, which completes the
cycle when it is in turn used by plants in photosynthesis.

In recent years, earth scientists have directly linked car-
bon dioxide with long-term changes in Earth’s atmospheric
temperatures and climates. Scientists are concerned with the
relationship between carbon dioxide and Earth’s temperatures

® FIGURE 3.10 The equation of photosynthesis shows how solar energy (mainly
UV radiation) is used by plants to manufacture sugars and starches from atmospheric
carbon dioxide and water, liberating oxygen in the process. The stored food energy is
then eaten by animals, which also breathe the oxygen released by photosynthesis.

NASA International Space Station
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m FIGURE 3.9 Volcanic eruptions, like this one at Mount Etna
in ltaly, add a variety of gases, particulates, aerosols, and water
vapor into our atmosphere. This image was taken by astronauts
from the orbiting International Space Station.

What other ways are particles added to the atmosphere?

because of changes in the greenhouse effect, which is also
the primary reason for the moderate temperatures on Earth.
A greenhouse (glass structure that houses plants) will behave in
a somewhat similar manner to a closed vehicle parked in the
sun (m Fig. 3.11). Insolation (shortwave radiation) goes through
the transparent glass roof and walls of the greenhouse and helps
the plants inside to thrive, even in a cold outdoor environment.
After being absorbed by the materials in the greenhouse, the
shortwave energy is re-radiated as longwave heat energy, which
cannot escape rapidly, thus warming the greenhouse interior.
Like the glass of a greenhouse, carbon
dioxide and water vapor (and other green-
house gases) in the atmosphere are largely
transparent to incoming solar radiation, but
can impede the escape of longwave radia-
tion by absorbing it and then radiating it

back to Earth. For example, carbon dioxide

. Carbon Carbohydrates
Water .
SN H.O + | dioxide | = | (sugar and starch)
(Uv) 4 Co, CH,O

Oxygen emits about half of its absorbed heat energy
GSS back to Earth’s surface. Of course, although

the results are similar, the processes involv-

ing the glass of a car or greenhouse and the
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® FIGURE 3.11  (3) Greenhouse gases in our atmosphere allow
short-wavelength solar radiation (sunlight) to penetrate Earth’s
atmosphere relatively unhampered, while some of the long-
wavelength radiation (heat) is kept from escaping into outer space.
(b) A similar sort of heat buildup occurs in a closed car. The light
energy penetrates the car windows and heats the interior, but the
glass prevents some of the longwave heat radiation from escaping.
How might you prevent your car interior from becoming so hot
on a summer day?

atmosphere are significantly different. The heat of a closed
car, or a greenhouse, increases because the air is trapped and
cannot circulate to the outside air. Our atmosphere is free to
circulate, but is selective as to which wavelengths of energy it
will transmit. The greenhouse effect in Earth’s atmosphere is
not a bad thing, for, without any greenhouse gases in the at-
mosphere, Earth’s surface would be too cold to sustain human
life. The greenhouse process helps maintain the warmth of the
planet and is a factor in Earth’s heat energy budger (discussed
later in this chapter).

However, a serious environmental issue arises when
increasing concentrations of greenhouse gases cause measur-
able increases in worldwide temperatures. Since the Industrial
Revolution, humans have been adding more and more carbon
dioxide to the atmosphere through the burning of fossil (car-
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Why do you suppose the line zigzags each year?

bon) fuels. At the same time, Earth has undergone massive
deforestation (the removal of forests) for urban, agricultural,
commercial, and industrial development. Vegetation uses large
amounts of carbon dioxide in photosynthesis, so removing the
vegetation causes more carbon dioxide to remain in the atmo-
sphere. ® Figure 3.12 shows how these two human activities
have combined to increase carbon dioxide in the atmosphere
through time. Carbon dioxide absorbs the longwave heat energy
radiated from Earth’s surface, restricting its escape to space, so
rising amounts of carbon dioxide in the atmosphere increase
the greenhouse effect and help produce a global rise in tempera-
tures. This issue will be discussed in more detail in Chapter 8.

Ozone Another vital gas in Earth’s atmosphere is ozone.
The ozone molecule (O,) is related to the oxygen molecule
(O,), except it is made up of three oxygen atoms whereas
oxygen gas consists of only two. Ozone is formed in the upper
atmosphere when an oxygen molecule is split into two oxygen
atoms (O) by the sun’s ultraviolet radiation.

In the lower atmosphere, ozone is formed by electrical dis-
charges (like high-tension power lines and lightning) as well as
by incoming shortwave solar radiation. It is a toxic pollutant and
a major component of urban smog, which can cause sore and
watery eyes, soreness in the throat and sinuses, and difficulty in
breathing. Near the surface, ozone is a menace and can hurt life
forms. However, in the upper atmosphere, ozone is essential to
living organisms because it absorbs large amounts of the sun’s
UV radiation that would otherwise reach Earth’s surface.

Without the ozone layer of the upper atmosphere, exces-
sive UV radiation reaching Earth would severely burn human
skin, increase the incidence of skin cancer and optical cata-
racts, destroy certain microscopic forms of marine life, and
damage plants. Ultraviolet radiation is also responsible for
suntans and painful sunburns, depending on an individual’s
skin tolerance and exposure.
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