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Preface

Earth, with its life-support system for humankind, is a won-
drous and complex place, yet it is also enigmatic. In many
ways our planet is robust and adaptable to environmental
change, but in others it is fragile and threatened. In our mod-
ern day-to-day lives, our use of technology tends to insulate
us from fully experiencing our environment, so we can be-
come lulled into forgetting about our direct dependence on
Earth’s natural resources. Sometimes it is hard to imagine that
as you read this you are also moving through space on a life-
giving planetary oasis surrounded by the vastness of space—
one that is empty and, as far as we know, devoid of life.Yet hav-
ing knowledge of our planet, its environments, and how they
operate is as critical as it has ever been for human society.

For as long as humans have existed, the resources pro-
vided by their physical environments have been the key to
survival. Preindustrial societies, such as those dependent on
hunting and gathering, or small-scale agriculture, tended to
have small populations and therefore exerted relatively little
impact on their natural surroundings. In contrast, today’s in-
dustrialized societies have large populations, demand huge
quantities of natural resources, and can influence or cause en-
vironmental change, not only on a local scale, but also on a
global one.

As human population has increased, so have the scales,
degrees, and cumulative effects of its impacts on the environ-
ment. Unfortunately, many of these impacts are detrimental.
‘We have polluted the air and water. We have used up tremen-
dous amounts of nonrenewable resources and have altered
many natural landscapes without fully assessing the potential
consequences. Too often, we have failed to respect the power
of Earth’s natural forces when constructing our homes and
cities or while pursuing our economic activities. In the
twenty-first century, it has become evident that if we con-
tinue to fail to comprehend Earth’s potential and respect its
limitations as a human habitat, we may be putting ourselves
and future generations at risk. Despite the many differences
between our current lifestyles and those of early humans, one
aspect has remained the same: The way we use our physical
environment is key to our survival.

Today, this important message is getting through to
many people. We understand that Earth does not offer
boundless natural resources. Broadcast and print media have

expanded their coverage of the environment and human/en-
vironment relationships. Politicians are drafting legislation
designed to address environmental problems. Scientists and
statesmen from around the world meet to discuss environ-
mental issues that increasingly cross international boundaries.
Humanitarian organizations, funded by governments as well
as private citizens, struggle to alleviate the suftering that re-
sults from natural disasters but also from mistreatment of the
environment. The more we know about our environment,
the more we can continue to strive to preserve it.

I The goal of studying physical geography is to develop a
thorough knowledge, understanding, and appreciation of
our Earth. In approaching this goal, this textbook focuses
on three perspectives that physical geography employs for
examining Earth and its environmental features and
processes. Through a spatial science perspective, physical
geography focuses on the location, distribution, and spa-
tial interactions of natural phenomena on Earth.

I Through a physical science perspective, physical geogra-
phy incorporates the techniques of models and systems
analysis, as well as the accumulated knowledge of the
companion natural and physical sciences, to examine
Earth processes and patterns.

I Through an environmental science perspective, physical
geography plays a special role because geographers con-
sider the influence and interaction of both components
in human-environment relationships.

Geography is a highly regarded subject in most nations
of the world, and in recent years it has undergone a renais-
sance in the United States. More and more Americans are
realizing the importance of knowing and respecting the peo-
ple, cultural contributions, and environmental resources of
other nations in addition to those of the United States.
National education standards that include physical geography
ensure that a high quality geography curriculum is oftered in
United States elementary, secondary, and postsecondary
schools. Employers across the nation are recognizing the
value and importance of geographic knowledge, skills, and
techniques in the workplace. Physical geography as an
applied field makes use of computer-assisted and space-age
technologies, such as geographic information systems (GIS),
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computer-assisted map-making (cartography), the global po-
sitioning system, and satellite image interpretation. At the
collegiate level, physical geography offers an introduction to
the concerns, ideas, knowledge, and tools that are necessary
for further study of our planet. More than ever before, physi-
cal geography is being recognized as an ideal science course
for general-education students—students who will make
decisions that weigh human needs and desires against envi-
ronmental limits and possibilities. It is for these students that
Essentials of Physical Geography has been written.

Features

Comprehensive View of the Earth System  Essentials of Phys-
ical Geography introduces all major aspects of the Earth system,
identifying physical phenomena and natural processes and
stressing their characteristics, relationships, interactions, and
distributions. The textbook covers a wide range of topics,
including the atmosphere, the solid Earth, oceans and other
water bodies, and the biotic environments of our planet.

Clear Explanation The text uses an easily understandable,
narrative style to explain the origins, development, signifi-
cance, and distribution of processes, physical features, and
events that occur within, on, or above the surface of Earth.
The writing style is targeted toward rapid reader comprehen-
sion and toward making the study of physical geography an
enjoyable undertaking.

Introduction to the Geographer’'s Tools
computer technologies have revolutionized the ways that we

Space-age and

can study our planet, its features, its environmental aspects,
and its natural processes. A full chapter is devoted to maps
and other forms of spatial imagery and data used by geogra-
phers. Mlustrations throughout the book include images gath-
ered from space, accompanied by interpretations of the
environmental aspects that the scenes illustrate. Also included
are introductory discussions of techniques currently used by
geographers to analyze or display location and environmen-
tal aspects of Earth, including remote sensing, geographic
information systems, computer-assisted cartography, and the
global positioning system.

Focus on Student Interaction The text uses numerous
methods to encourage continuous interaction between
students, the textbook, and the subject matter of physical ge-
ography. The Consider and Respond activities at the end of
each chapter are designed to invite students to apply their
newly acquired knowledge in different situations. Questions
following the captions of many illustrations prompt students
to think beyond the map, graph, diagram, or photograph and

give further consideration to the topic.

Map Interpretation Series Learning map-interpretation
skills is a priority in a physical geography course. To meet the
needs of students who do not have access to a laboratory
setting, this text includes map activities with accompanying

explanations, illustrations, and interpretation questions. These
maps give students an opportunity to learn and practice valu-
able map skills. In courses that have a lab section, the map
activities are a supplementary link between class lectures, the
textbook, and lab work.

Objectives

Since the first edition, the authors have sought to accomplish
four major objectives:

To Meet the Academic Needs of the Student Instructors
familiar with the style and content of Essentials of Physical
Geography know that this textbook is written specifically for
the student. It has been designed to satisfy the major pur-
poses of a liberal education by providing students with the
knowledge and understanding to make informed decisions
involving the physical environments that they will interact
with throughout their lives. The text assumes little or no
background in physical geography or other Earth sciences.
Numerous examples from throughout the world are
included to illustrate important concepts and help the non-
science major bridge the gap between scientific theory and
its practical application.

To Strongly Integrate the lllustrations with the Written Text
Numerous photographs, maps, satellite images, scientific
visualizations, block diagrams, graphs, and line drawings have
been carefully chosen to clearly illustrate each of the com-
plex concepts in physical geography addressed by the text.
The written text discussions of these concepts often contain
repeated references to the illustrations, so students are able to
examine in model form, as well as mentally visualize, the
physical processes and phenomena involved. Some examples
of complex topics that are clearly explained through the in-
tegration of visuals and text include the seasons (Chapter 3),
heat energy budget (Chapter 4), surface wind systems (Chap-
ter 5), atmospheric disturbances (Chapter 7), soils (Chapter
12), plate tectonics (Chapter 13), rivers (Chapter 17), and
glaciers (Chapter 19).

To Communicate the Nature of Geography The nature of
geography and three major perspectives of physical geogra-
phy (spatial science, physical science, and environmental sci-
ence) are discussed at length in Chapter 1. In subsequent
chapters, important topics of geography involving the spatial
science perspective are emphasized, along with those relating
to the physical and environmental sciences. For example,
location is a dominant topic in Chapter 2 and remains an
important theme throughout the text. Spatial distributions
are stressed as the climatic elements are discussed in Chapters
4 through 6.The changing Earth system is a central focus in
Chapter 8. Characteristics of places constitute Chapters 9
and 10. Spatial interactions are demonstrated in discussions
of weather systems (Chapter 7), soils (Chapter 12), and
tectonic activity (Chapters 13 and 14).



To Fulfill the Major Requirements of Introductory Physical
Science College Courses  Essentials of Physical Geography of-
fers a full chapter on the important tools and the methodolo-
gies of physical geography. Throughout the book, the Earth as
a system, and the physical processes that are responsible for the
location, distribution, and spatial relationships of physical phe-
nomena beneath, at, and above Earth’s surface are examined in
detail. Scientific method, hypothesis, theory, and explanation
are continually stressed. In addition, questions that involve
understanding and interpreting graphs of environmental data
(or graphing data for analysis), quantitative transformation or
calculation of environmental variables, and/or hands-on map-
analysis directly support science learning and are included in
sections at the end of many chapters. Models and systems are
frequently cited in the discussion of important concepts and
scientific classification is presented in several chapters—some
of these topics include air masses (Chapter 7), climates (Chap-
ters 8 and 9), biomes (Chapter 11), soils (Chapter 12), rivers
(Chapter 17), and coasts (Chapter 21).

Eighth Edition Revision

Revising Essentials of Physical Geography for an eighth edi-
tion involved considering the thoughtful input from many
reviewers with varied opinions. Several reviewers recom-
mended a reduction in the number of chapters and a few
organizational changes. As authors we seek to expand or
include coverage on physical geographic topics that will
spark student interest. Recent natural disasters such as the
extraordinary 2005 hurricane season, particularly Hurri-
cane Katrina, and the tragic South Asia tsunami merited
inclusion in this new edition. These events are addressed as
examples of Earth processes and human-environmental in-
teractions. In addition, we thoroughly revised the text;
prepared new graphs, maps, and diagrams; integrated
approximately 200 new photographs; and updated infor-
mation on numerous worldwide environmental events.
What follows is a brief review of major changes made to
this eighth edition.

New Contributing Author The authors are privileged to
welcome Dorothy Sack of Ohio University as a new con-
tributing author. Dorothy is a geomorphologist with a broad
background in physical geography and a strong interest in
coastal environments. Her expertise and fresh outlook on ge-
omorphology, particularly in arid, fluvial, and Quaternary
environments, as well as her commitment to geographic
education, have been a great asset to this edition.

Chapter Reorganization The number of chapters has been
reduced to 21, though the content itself has not been
changed. The most important aspects of the previous
edition’s summary chapter have been streamlined and placed
in other chapters, particularly Chapter 1, allowing us to
strengthen discussions without lengthening the book. The
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chapter on temperature and the heat budget was reorganized
to allow students to follow a sequence of worldwide patterns
and variations of heat, temperatures, and controls of temper-
ature. The global climates and climate change chapter re-
ceived major revision. An introduction to climate, climate
classification systems including Koppen’s, climographs, and
climate change are addressed in a single, expanded chapter.
Climate classification has moved from an appendix and been
modified into a student activity involving climate data and
climographs. The chapter on rivers and fluvial geomorphol-
ogy has been strengthened with more information and a
more strongly hydrology-oriented approach to rivers. Arid
landforms related to running water and eolian processes are
now united in a single chapter that precedes a chapter on
glacial systems, and both chapters have been improved with
new illustrations. The map and graph interpretation exercises
have been moved to the ends of chapters to avoid interrupt-
ing the flow of text discussion. These changes provide in-
creased course flexibility without significantly altering the
sequence of topics or compelling instructors to make major
changes in syllabi.

New and Revised Text New material has been added on a
variety of topics. Hurricane Katrina and its impact has been
included, as well as a section on the South Asia tsunami.
Earth systems approaches are reinforced with additional con-
tent, illustrations, and examples. A new map interpretation
activity deals with weather associated with frontal systems.
New feature boxes have been added. The concept of spatial
scale in atmospheric processes has been given a stronger
emphasis. Sections on the greenhouse effect and global
warming have been expanded. A graph interpretation activ-
ity is included that involves the analysis and classification of
climatic data and characteristics through use of climographs.
The chapter on soils has been extensively revised to include
new soil profile images for each of the twelve NCRS soil or-
ders. The chapter on Earth materials and plate tectonics has
been revised to strongly focus on evidence for plate/conti-
nental motions, and a new approach to understanding rocks
and minerals has been added. The groundwater and karst
chapter highlights aquifers as a source of fresh water and
considers the concern for their protection and their limita-
tions as a resource. Many other sections of the book contain
new material, new line art, new photographs, and new fea-
ture boxes. These include geography’s spatial, physical, and
environmental science perspectives (Chapter 1), GPS, GIS,
and remote sensing (Chapter 2), Earth-Sun relationships
(Chapter 3), upper air circulation (Chapter 5), weather sys-
tems (Chapter 7), soil-forming processes and soil classifica-
tion (Chapter 12), evidence for plate tectonics (Chapter 13),
fluvial systems (Chapter 17), arid landforms and processes
(Chapter 18), and glacial systems (Chapter 19).

Enhanced Program of lllustrations The illustration pro-
gram has undergone substantial revision. The new and
expanded topics required many new figures and updates to
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others, including numerous photographs, satellite images, and
maps. More than 200 figures have been replaced by new
photographs and new or revised line drawings.

An Increased Focus on Geography as a Discipline The
undergraduate students of today include the professional
geographers of tomorrow. Several changes in the text have
been introduced to provide students with a better apprecia-
tion of geography as a discipline worthy of continued study
and meriting serious consideration as a career choice, be-
ginning with the definition of geography, the discipline’s
tools and methodologies, selected topics to illustrate the
role of geography as a spatial science, and the practical
applications of the discipline, all topics found in Chapter 1.
In addition, there are few better ways to understand a disci-
pline than to learn firsthand from its practitioners. The
Career Vision essays provide a close look at geographers in
the workplace, how they earn their living, and what educa-
tional programs prepared them for their occupations. These
first-person reports describe some of the exciting career
opportunities available to students who choose physical
geography as their field of study.

The eighth edition also updates a popular feature illus-
trating the three major geographic perspectives among the
sciences, with two article-boxes for each chapter. Articles
titled “Geography’s Spatial Science Perspective” demon-
strate a major emphasis of geography, in comparison to
other sciences. The nature of geography mandates a study
of how phenomena are distributed in space.To this end, the
spatial point of view becomes that of the geographer. Arti-
cles in the “Geography’s Physical Science Perspective”
series emphasize geography as a synthesis and applied rep-
resentative of all the major sciences. In these articles,
physics, chemistry, biology, geology, and mathematics are
used to highlight selected aspects or questions derived from
associated chapter text, but from the point of view of sup-
porting a geographic analysis. “Geography’s Environmental
Science Perspective” reminds students that our physical
environment comprises Earth, water, vegetation, and the
atmosphere, all of which are components of physical
geography essential to life on Earth. Thus, geography plays
a central role in understanding environmental issues,
human-environmental interactions, and in the solution of
environmental problems. Spreading the message about the
importance and relevance of geography in today’s world is
essential to the viability and strength of geography in
schools and universities. Essentials of Physical Geography,
Eighth Edition, seeks to reinforce that message to our stu-
dents through appropriate examples in the text.

Ancillaries

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

For the Instructor

Class Preparation and Assessment Support

Instructor's Manual with Test Bank and Lab Pack The
downloadable manual contains suggestions concerning
teaching methodology as well as evaluation resources includ-
ing course syllabi, listings of main concepts, chapter outlines
and notes, answers to review questions, recommended read-
ings and a complete test item file. The Instructor’s Manual
also includes answers for the accompanying Lab Pack. Avail-
able exclusively for download from our password-protected
instructor’s website: http://now.brookscole.com/gabler8

ExamView® Computerized Testing Create, deliver, and cus-
tomize tests and study guides (both print and online) in min-
utes with this easy-to-use assessment and tutorial system.
Preloaded with the Essentials of Physical Geography test bank,
ExamView offers both a Quick Test Wizard and an Online Test
Wizard. You can build tests of up to 250 questions using as
many as 12 question types. ExamView’s complete word-
processing capabilities also allows you to enter an unlimited
number of new questions or edit existing questions.

Dynamic Lecture Support

Multimedia Manager: A Microsoft® PowerPoint® Link Tool
This one-stop lecture tool makes it easy for you to assemble,
edit, publish, and present custom lectures for your course,
using Microsoft PowerPoint™. Enhanced with Living Lec-
ture Tools (including all of the text illustrations, photos, and
Active Figure animations), the Multimedia Manager quickly
and easily lets you build media-enhanced lecture presenta-
tions to suit your course.

Joinln™ on TurningPoint® for Response Systems Using or
considering an audience response system? Book-specific
JoinIn™ content for Response Systems tailored to physical
geography allows you to transform your classroom and assess
your students’ progress with instant in-class quizzes and polls.
A Thomson exclusive agreement to offer TurningPoint® soft-
ware lets you pose book-specific questions and display
students’ answers seamlessly within the Microsoft® Power-
Point® slides of your own lecture, in conjunction with the
infrared or radio frequency “clicker” hardware of your
choice. Enhance how your students interact with you, your
lecture, and each other. For college and university adopters
only. Contact your local Thomson Brooks/Cole representa-
tive to learn more about Joinln, as well as our infrared and
radio-frequency transmitter solutions.

Transparency Acetates An updated collection of 100
acetates that include full-color images from the text.

WebCT and Blackboard Support

Physical GeolographyNow, integrated with Web CT and
Blackboard Now present the interactive testing and
tutorial features of Physical GeographyNow with all the



sophisticated functionality of a WebCT or Blackboard prod-
uct. Contact your Thomson Brooks/Cole representative for
more information on our solutions for your WebCT or
Blackboard-enhanced courses.

Laboratory and GIS Support

Lab Pack ISBN: 0495011916

The perfect lab complement to the text, this Lab Pack con-
tains over 50 exercises, varying in length and difficulty, de-
signed to help students achieve a greater understanding and
appreciation of physical geography.

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

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: 0-534-39138-9

Exploring Tropical Cyclones:
GIS Investigations for the Earth Sciences
ISBN: 0-534-39147-8

Exploring Water Resources:
GIS Investigations for the Earth Sciences
ISBN: 0-534-39156-7

Exploring The Ocean Environment:
GIS Investigations for the Earth Sciences
ISBN 0-534-42350-7

For the Student

Physical GeographyNow What do you need to learn
NOW? Physical GeographyNow " is a powerful, personal-
ized online learning companion designed to help you gauge
your own learning needs and identify the concepts on which
you most need to focus your study time. How does it work?
After you read the chapter, log on using the 1Pass™ access
code packaged with most versions of this text and take the
diagnostic Pre-Test (““What Do I Know?”) for a quick assess-
ment of how well you already understand the material. Your
Personalized Learning Plan (“What Do I Need to Learn?”)
outlines the interactive animations, tutorials, and exercises
you need to review. The Post-Test (“What Have I Learned?”)

PREFACE ix

helps you measure how well you have mastered the core
concepts from the chapter. Study smarter—and make every
minute count!
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Foreword to the Student

Why Study Geography?

In this global age, the study of geography is absolutely essen-
tial to an educated citizenry of a nation whose influence ex-
tends throughout the world. Geography deals with location,
and a good sense of where things are, especially in relation to
other things in the world, is an invaluable asset whether you
are traveling, conducting international business, or sitting at
home reading the newspaper.

Geography examines the characteristics of all the vari-
ous places on Earth and their relationships. Most important
in this regard, geography provides special insights into the re-
lationships between humans and their environments. If all the
world’s people could have one goal in common, it should be
to better understand the physical environment and protect it
for the generations to come.

Geography provides essential information about the dis-
tribution of things and the interconnections of places. The
distribution pattern of Earth’s volcanoes, for example,
provides an excellent indication of where Earth’s great crustal
plates come in contact with one another; and the violent
thunderstorms that plague Illinois on a given day may be di-
rectly associated with the low pressure system spawned in
Texas two days before. Geography, through a study of regions,
provides a focus and a level of generalization that allows peo-
ple to examine and understand the immensely varied charac-
teristics of Earth.

As you will note when reading Chapter 1, there are
many approaches to the study of geography. Some courses
are regional in nature; they may include an examination of
one or all of the world’s political, cultural, economic, or phys-
ical regions. Some courses are topical or systematic in nature,
dealing with human geography, physical geography, or one of’
the major subfields of the two.

The great advantage to the study of a general course in
physical geography is the permanence of the knowledge
learned. Although change is constant and is often sudden
and dramatic in the human aspects of geography, alterations
of the physical environment on a global scale are exceed-
ingly slow when not influenced by human intervention.
Theories and explanations may differ, but the broad pat-
terns of atmospheric and oceanic circulation and of world

climates, landforms, soils, natural vegetation, and physical
landscapes will be the same tomorrow as they are today.

Keys to Successful Study

Good study habits are essential if you are to master science
courses such as physical geography, where the topics, expla-
nations, and terminology are often complex and unfamiliar.
To help you succeed in the course in which you are cur-
rently enrolled, we offer the following suggestions.

Reading Assignments

I Read the assignments before the material contained
therein is covered in class by the instructor.

I Compare what you have read with the instructor’s pres-
entation in class. Pay particular attention if the instructor
introduces new examples or course content not included
in the reading assignment.

I Do not be afraid to ask questions in class and seek a full
understanding of material that may have been a problem
during your first reading of the assignment.

I Reread the assignment as soon after class as possible,
concentrating on those areas that were emphasized in
class. Highlight only those items or phrases that you now
consider to be important, and skim those sections
already mastered.

I Add to your class notes important terms, your own
comments, and summarized information from each
reading assignment.

Understanding Vocabulary

Mastery of the basic vocabulary often becomes a critical issue
in the success or failure of the student in a beginning science
course.

I Focus on the terms that appear in boldface type in your
reading assignments. Do not overlook any additional
terms that the instructor may introduce in class.

I Develop your own definition of each term or phrase and
associate it with other terms in physical geography.

xi
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B Identify any physical processes associated with the term.
Knowing the process helps to define the term.

I Whenever possible, associate terms with location.

I Consider the significance to humans of terms you are
defining. Recognizing the significance of terms and
phrases can make them relevant and easier to recall.

Learning Earth Locations

A good knowledge of place names and of the relative loca-
tions of physical and cultural phenomena on Earth is funda-
mental to the study of geography.

I Take personal responsibility for learning locations on
Earth. Your instructor may identify important physical
features and place names, but you must learn their loca-
tions for yourself.

I Thoroughly understand latitude, longitude, and the
Earth grid. They are fundamental to location on maps as
well as on a globe. Practice locating features by their lat-
itude and longitude until you are entirely comfortable
using the system.

I Develop a general knowledge of the world political
map. The most common way of expressing the location
of physical features is by identifying the political unit
(state, country, or region) in which it can be found.

I Make liberal use of outline maps. They are the key to
learning the names of states and countries and they can
be used to learn the locations of specific physical fea-
tures. Personally placing features correctly on an outline
map is often the best way to learn location.

I Cultivate the atlas habit. The atlas does for the individual
who encounters place names or the features they repre-
sent what the dictionary does for the individual who
encounters a new vocabulary word.

Utilizing Textbook lllustrations

The secret to making good use of maps, diagrams, and pho-
tographs lies in understanding why the illustration has been
included in the text or incorporated as part of your instruc-
tor’s presentation.

I Concentrate on the instructor’s discussion. Taking notes
on slides, overhead transparencies, and illustrations will
allow you to follow the same line of thought at a later
date.

I Study all textbook illustrations on your own. Be sure to
note which were the focus of considerable classroom at-
tention. Do not quit your examination of an illustration
until it makes sense to you, until you can read the map
or graph, or until you can recognize what a diagram or
photograph has been selected to explain.

I Hand-copy important diagrams and graphs. Few of us
are graphic artists, but you might be surprised at how

much better you understand a graph or line drawing af-
ter you reproduce it yourself.

I Read the captions of photos and illustrations thoroughly
and thoughtfully. If the information is included, be cer-
tain to note where a photograph was taken and in what
way it is representative. What does it tell you about the
region or site being illustrated?

I Attempt to place the principle being illustrated in new
situations. Seek other opportunities to test your skills at
interpreting similar maps, graphs, and photographs and
think of other examples that support the text being il-
lustrated.

I Remember that all illustrations are reference tools, par-
ticularly tables, graphs, and diagrams. Refer to them as
often as you need to.

Taking Class Notes

The password to a good set of class notes is selectivity. You
simply cannot and, indeed, you should not try to write down
every word uttered by your classroom instructor.

I Learn to paraphrase. With the exception of specific
quotations or definitions, put the instructor’s ideas,
explanations, and comments into your own words. You
will understand them better when you read them over
at a later time.

I Be succinct. Never use a sentence when a phrase will do,
and never use a phrase when a word will do. Start your
recall process with your note-taking by forcing yourself
to rebuild an image, an explanation, or a concept from a
few words.

I Outline where possible. Preparing an outline helps you
to discern the logical organization of information. As
you take notes, organize them under main headings and
subheadings.

I Take the instructor at his or her word. If the instructor
takes the time to make a list, then you should do so too.
If he or she writes something on the board, it should be
in your notes. If the instructor’s voice indicates special
concern, take special notes.

I Come to class and take your own notes. Notes trigger
the memory, but only if they are your notes.

Doing Well on Tests

Follow these important study techniques to make the most
of your time and effort preparing for tests.

I Practice distillation. Do not try to reread but skim the
assignments carefully, taking notes in your own words
that record as economically as possible the important
definitions, descriptions, and explanations. Do the same
with any supplementary readings, handouts, and labora-
tory exercises. It takes practice to use this technique, but



it is a lot easier to remember a few key phrases that lead
to ever increasing amounts of organized information
than it is to memorize all of your notes. And the act of
distillation in itself is a splendid memory device.

I Combine and reorganize. Merge all your notes into a
coherent study outline.

I Become familiar with the type of questions that will be
asked. Knowing whether the questions will be objective,
short-answer, essay, or related to diagrams and other
illustrations can help in your preparation. Some instructors
place old tests on file where you can examine them or will
forewarn you of their evaluation styles if you inquire. If
not, then turn to former students; there are usually some
around the department or residence halls who have already
experienced the instructor’s tests.

I Anticipate the actual question that will likely be on the
test. The really successful students almost seem to be able
to predict the test items before they appear. Take your
educated guesses and turn them into real questions.

I Try cooperative study. This can best be described as role
playing and consists very simply of serving temporarily
as the instructor. So go ahead and teach. If you can
demonstrate a technique, illustrate an idea, or explain a
process or theory to another student so that he or she
can understand it, there is little doubt that you can
answer test questions over the same material.

I Avoid the “all-nighter.” Use the early evening hours the
night before the test for a final unhurried review of your
study outline. Then get a good night’s sleep.

The Importance of Maps

Like graphs, tables, and diagrams, maps are an excellent refer-
ence tool. Familiarize yourself with the maps in your text-
book in order to better judge when it is appropriate to seek
information from these important sources.

Maps are especially useful for comparison purposes and
to illustrate relationships or possible associations of things.
But the map reader must beware. Only a small portion of the
apparent associations of phenomena in space (areal associa-
tions) are actually cause-and-effect relationships. In some in-
stances the similarities in distribution are a result of a third
factor that has not been mapped. For instance, a map of
worldwide volcano distribution is almost exactly congruent
with one of incidence of earthquakes, yet volcanoes are not
the cause of earthquakes, nor is the obverse true. A third fac-
tor, the location of tectonic plate boundaries, explains the
first two phenomena.

Finally, remember that the map is the most important
statement of the professional geographer. It is useful to all
natural and social scientists, engineers, politicians, military
planners, road builders, farmers, and countless others, but it is
the essential expression of the geographer’s primary concern
with location, distribution, and spatial interaction.
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About Your Texthook

This textbook has been written for you, the student. It has
been written so that the text can be read and understood
easily. Explanations are as clear, concise, and uncomplicated
as possible. Illustrations have been designed to complement
the text and to help you visualize the processes, places, and
phenomena being discussed. In addition, the authors do not
believe it is sufficient to offer you a textbook that simply
provides information to pass a course. We urge you to think
critically about what you read in the textbook and hear in
class.

As you learn about the physical aspects of Earth envi-
ronments, ask yourself what they mean to you and to your
fellow human beings throughout the world. Make an honest
attempt to consider how what you are learning in your
course relates to the problems and issues of today and tomor-
row. Practice using your geographic skills and knowledge in
new situations so that you will continue to use them in the
years ahead. Your textbook includes several special features
that will encourage you to go beyond memorization and rea-
son geographically.

Consider and Respond At the end of each chapter, Con-
sider and Respond questions require you to go well beyond
routine chapter review. The questions are designed specifi-
cally so that you may apply your knowledge of physical ge-
ography and on occasion personally respond to critical issues
in society today. Check with your instructor for answers to
the problems.

Caption Questions With almost every illustration and
photo in your textbook a caption links the image with the
chapter text it supports. Read each caption carefully because
it explains the illustration and may also contain new infor-
mation. Wherever appropriate, questions at the ends of cap-
tions have been designed to help you seize the opportunity
to consider your own personal reaction to the subject under
consideration.

Map Interpretation Series It is a major goal of your text-
book to help you become an adept map reader, and the Map
Interpretation Series in your text has been designed to help
you reach that goal.

Environmental Systems Diagrams Viewing Earth as a sys-
tem comprising many subsystems is a fundamental concept
in physical geography for researchers and instructors alike.
The concept is introduced in Chapter 1 and reappears fre-
quently throughout your textbook. The interrelationships
and dependencies among the variables or components of
Earth systems are so important that a series of special
diagrams (see, for example, Figure 7.8) have been included
with the text to help you visualize how the systems work.
Each diagram depicts the system and its variables and also
demonstrates their interdependence and the movement or
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exchanges that occur within each system. The diagrams
are designed to help you understand how human activity
can affect the delicate balance that exists within many Earth
systems.

Physical GeographyNow Most new editions of this text
come with access to Physical GeographyNow, an online
learning tool that helps you create a personalized learning
plan for exam review. Each chapter on the Physical Geogra-
phyNow website allows you to review for exams by using
the Pre-Test web quizzes.Your responses on these quizzes are

then used to create a personalized learning plan. As part of
this learning plan, you can explore Active Figures from the
text (each of these animated figures also contains additional
review questions). Finally, a Chapter Post-Test allows you to
further check your understanding of core concepts after you
have worked through your personalized learning plan.

As authors of your textbook, we wish you well in your
studies. It is our fond hope that you will become better in-
formed about Earth and its varied environments and that you
will enjoy the study of physical geography.
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CHAPTER PREVIEW

iewed from space, far enough away to see an

entire hemisphere, Earth is both beautiful
and intriguing. From here we can begin to appre-
ciate “the big picture,” a global view of our planet’s
physical geography through its display of environ-
mental diversity. Characteristics of the oceans, the
atmosphere, the landmasses, and evidence of life, as
presented by vegetated regions, are all apparent.
Looking carefully, we can recognize geographic
patterns in these features, shaped by the processes
that make our world dynamic and ever changing.
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. From the
perspective of humans living on its surface, Earth
may seem immense and almost limitless. In con-
trast, viewing the “big picture” reveals its conspicu-
ous limits and fragility—a spherical island of life
surrounded by the vast, dark emptiness of space.
These distant images of Earth display the basic
aspects of our planet that make our existence pos-
sible, but they only hint at the complexity of our

planet. From a vantage point in space, we cannot

A major role of physical geography among the sciences is to
investigate and attempt to explain the spatial aspects of
Earth’s physical phenomena.

I Why is geography often called the spatial science?

I In what ways are locations and places fundamental in the
science of geography?

I Why are the topics of spatial interaction and change so
important in physical geography?

Although physical geography is closely related to many
other sciences, it is unique both in its focus and in its sub-
jects of study.

I How do physical geographers differ from other physical
scientists in the topics or phenomena they study?

I What three major perspectives describe physical
geography?

I What distinguishes physical geography from human or
regional geography?

The use of models and the analysis of various Earth systems
are important research and educational techniques used by
scientists who emphasize geography as a physical science.

I What is a system?

I What kinds of models may be used to portray Earth and its
physical processes?

I In what ways can systems analysis lead to an understand-
ing of complex environments?

Unlike some other physical sciences, physical geography
places a special emphasis on human-environment relation-
ships.

I How does the nature of geography explain the role of
geographers as environmental scientists?

I Why is this role of geography so important in the study of
the environmental sciences today?

I Why does the study of ecosystems provide such an excel-
lent opportunity for physical geographers to observe the
interactions between humans and the natural environment?

Every physical environment offers an array of advantages as
well as challenges or hazards to the human residents of that
location.

I What adaptations are necessary for humans to live in your
area?

I What environmental advantages do you enjoy where you
live?

I What impacts do humans have on the environment where
you live?
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comprehend the details of how air, water, land, and living
things combine to create a diverse array of landscapes and en-
vironmental conditions on Earth’s surface. This generalized
global view, “the big picture,” must be bolstered by a more de-
tailed understanding of how Earth’s features and processes in-
teract to develop the extraordinary variety of environments
that exist on our planet. Developing this understanding is the
goal of a course in physical geography.

The Study of Geography

Geography is a word that comes from two Greek roots. Geo-
refers to “Earth,” and -graphy means “picture or writing.”
Geography is distinctive among the sciences by virtue of its
definition and central purpose. The primary objective of geog-
raphy is the examination, description, and explanation of
Earth—its variation from place to place and how places and
features change over time. Geography is often called the spa-
tial science because it includes recognizing, analyzing, and

PHYSICAL SCIENCE

Geology

Climatology

Soils
Geography

Mathematical
Geography

Environment

explaining the variations, similarities, or differences in phenom-
ena located (or distributed) on Earth’s surface (through Earth
space). The major geography organizations in the United States
have provided us with a good description of geography.

Where is something located? Why is it there? How did it get
there? How does it interact with other things? Geography is
not a collection of arcane information. Rather it is the study
of spatial aspects of human existence.

People everywhere need to know about the nature of their
world and their place in it. Geography has much more to do
with asking questions and solving problems than it does with
rote memorization of facts.

So what exactly is geography? It is an integrative discipline
that brings together the physical and human dimensions of the
world in the study of people, places, and environments. Its sub-
ject matter is the Earth’s surface and the processes that shape it,
the relationships between people and environments, and the
connections between people and places.

Geography Education Standards Project, 1994
Geagraphy for Life

Geography is distinctive among the sciences by virtue
of its definition and central purpose. Unlike most sci-
entists in related disciplines (for example, biologists,
geologists, chemists, economists), who are bounded
by the phenomena they study, geographers may focus
their research on nearly any topic or subject related to
the scientific analysis of human or natural processes
on Earth (N Fig. 1.1). Geographers generally consider
and examine all phenomena that are relevant to a
given problem or issue; in other words, they often
take a holistic approach to research.

<

Q

%; Geographers study the physical and/or human
¢

characteristics of places, attempting to identify and ex-
plain the aspects that two or more locations may have
in common as well as why places vary in their geo-
graphic characteristics. Geographers gather, organize,

Geography

Social Political

Geography

Cultural
Geography

Economic
Geography

Historical
Geography

History
SOCIAL SCIENCE

I FIGURE 1.1

Geography

and analyze many kinds of geographic information, yet
a unifying factor among them is a focus on explaining
spatial locations, distributions, and relationships. They
apply a variety of skills, techniques, and tools to the task
of answering geographic questions. Geographers also
study the processes that influenced Earth’s landscapes
in the past, how they continue to affect them today,
how a landscape may change in the future, and the sig-
nificance or impact of these changes.

Because geography embraces the study of virtu-
ally any global phenomena, it is not surprising that the
subject has many subdivisions and it is common for
geographers to specialize in one or more subfields of’
the discipline. Geography is also subdivided along aca-
demic lines; some geographers are social scientists,
some are natural scientists, but most are involved in

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 study.
What advantage might a geographer have when working with other physical
scientists seeking a solution to a problem?

studying the human or natural processes that affect
our planet, and the interactions among these
processes. The main subdivision that deals with human
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Vancouver, British Columbia’s magnificent physical setting strongly influences the human geography of
this urban area. Settlement patterns, economic activities, recreational opportunities, and many aspects
of human activities are a function of interactions among geographic factors, both human and physical.
What human geographic characteristics can you interpret from this scene?

activities and the results of these activities is called cultural or
human geography. Human geographers are concerned with
such subjects as population distributions, cultural patterns,
cities and urbanization, industrial and commercial location,
natural resource utilization, and transportation networks
( B Fig. 1.2). Geographers are interested in how to divide and
synthesize areas into meaningful divisions called regions,
which are areas identified by certain characteristics they
contain that make them distinctive and separates them from
surrounding areas. Geographic study that concentrates on the
general physical and human characteristics of a region, such as
Canada, the Great Plains, the Caribbean, or the Sahara, is
termed regional geography.

Physical Geography

Physical geography, the focus of this textbook, encom-
passes the processes and features that make up Earth, includ-
ing human activities where they interface with the physical
environment. In fact, physical geographers are concerned
with nearly all aspects of Earth and can be considered

generalists because they are trained to view a natural envi-
ronment in its entirety, functioning as a unit ( | Fig. 1.3).
However, after completing a broad education in basic
physical geography, most physical geographers focus their
expertise on advanced study in one or two specialties. For
example, meteorologists and climatologists consider the atmos-
pheric components that interact to influence weather and
climate. Meteorologists are interested in the atmospheric
processes that affect daily weather, and they use current data
to forecast weather conditions. Climatologists are interested
in the averages and extremes of long-term weather data, re-
gional classification of climates, monitoring and understand-
ing climatic change and climatic hazards, and the long-range
impact of atmospheric conditions on human activities and
the environment.

The study of the nature, development, and modification
of landforms is a specialty called geomorphology, a major sub-
field of physical geography. Geomorphologists are interested
in understanding and explaining variation in landforms, the
processes that produce physical landscapes, and the nature
and geometry of Earth’s surface features. The factors involved



Bruce Heinemann/Getty Images

6 CHAPTER 1 PHYSICAL GEOGRAPHY: EARTH ENVIRONMENTS AND SYSTEMS

I FIGURE 1.3
The Colorado Rocky Mountains in autumn. Physical geographers study the elements and processes that
affect natural environments. These include rock structures, landforms, soils, vegetation, climate,

weather, and human impacts.
What physical geography characteristics can you interpret from this scene?

in landform development are as varied as the environments
on Earth and include, for example, gravity, running water in
streams, stresses in the Earth’s crust, the flow of ice in gla-
ciers, volcanic activity, and the erosion or deposition of
Earth’s surface materials. Biogeographers examine natural and
human-modified environments and the ecological processes
that influence their nature and distribution, including vege-
tation change over time. They also study the ranges and
patterns of vegetation and animal species, seeking to dis-
cover the environmental factors that limit or facilitate their
distributions. Many soil scientists are geographers, and these
individuals are often involved in the mapping and analysis
of soil types, determining the suitability of a soil for certain
uses, such as agriculture, and working to conserve soil as a
natural resource. Finally, because of the critical importance
of water to the existence of life on Earth, geographers
are widely involved in the study of water bodies and
their processes, movements, impact, quality, and other char-
acteristics. They may serve as hydrologists, oceanographers, or
glaciologists.

Many geographers involved with water studies also func-
tion as water resource managers to ensure that lakes, watersheds,
springs, and groundwater sources are suitable for human use,
provide an adequate supply of water, and are as free of pollu-
tion as possible.

Technology, Tools, and Methods

The technologies used by physical geographers in their
efforts to learn more about Earth are rapidly changing. The
abilities of computer systems to capture, process, model,
and display spatial data—functions that can 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. The amounts of data, infor-
mation, and imagery available for studying Earth and its
environments have exploded. Graphic displays of environ-
mental data and information are becoming more vivid
and striking as a result of sophisticated methods of data
processing and visual representation. Increased computer
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power allows the presentation of
high-resolution images, three-dimen-
sional scenes, and animated images of
Earth features, changes, and processes
(¥ Fig. 1.4).

Continuous satellite imaging of
Earth has been ongoing for more than
30 years, which has given us a better
perspective on environmental changes
as they occur. Using satellite imagery it
is possible to monitor changes in a sin-
gle place over time or to compare two
different places at a point in time.
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 that
are invisible to the naked eye. Satellite
technology is being used to determine
the precise location of a positioning re-
ceiver on Earth’s surface, a capability that
has many useful applications for geogra-
phy and mapping. Today, mapmaking
(cartography) and the analysis of maps
are typically digital, computer-assisted
operations.

Making observations and gather-
ing data in the field are important

skills for most physical geographers,

but they must also keep up with new FIGURE 1.4
technologies that support and facilitate ~ Complex computer-generated model of Earth, based on data gathered from satellites.

traditional fieldwork. Technology may How does this image compare to the Earth image in the chapter opening?

provide maps, images, and data, but a

person who is knowledgeable about

the subject being studied is essential to the processes of
analysis and problem solving ( B Fig. 1.5). Many geogra-
phers are gainfully employed in positions that apply tech-
nology to the problems of understanding our planet and its
environments, and their numbers are certain to increase in
the future.

Major Perspectives in

Physical Geography

Your textbook has been designed to demonstrate three major
perspectives that physical geography emphasizes: spatial sci-
ence, physical science, and environmental science. Although
the emphasis on each of these perspectives may vary from

chapter to chapter, the contributions of all three perspectives
to scientific study will be apparent throughout the book. As

Courtesy of ESRI © 2005, all rights reserved

you read through the remainder of this chapter, take note of
how directly each perspective in the sciences relates to the FIGURE 1.5
unique nature of the geographic discipline. A geographer uses computer technology to analyze maps and imagery.

Image by R. B. Husar. Complete credit appears on copyright page.
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The Regional Cbn»cept: Natural and EnVironrﬁentaI Regions

The term region is familiar to us all, but it has

a precise meaning and special significance to
geographers. Simply stated, a region is an area
that shares a certain characteristic (or a set of
characteristics) within its boundaries. Regions
are spatial models, just as systems are opera-
tional models. Systems help us understand how
things work, and regions help us make spatial
sense of our world. The concept of a region is a
tool for thinking about and analyzing logical divi-
sions of areas based on their geographic charac-
teristics. Just as it helps us to understand Earth
by considering smaller parts of its overall sys-
tem, dividing space into coherent regions helps
us understand the arrangement and nature of
areas on our planet. Regions can be described
based on either human or natural characteris-
tics, or a combination of the two.

Regions can also be divided into subre-
gions. For example, North America is a region,
but it can be subdivided into many subregions.
Examples of subregions based on natural
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characteristics include the Atlantic Coastal
Plain (similarity of landforms, geology, and lo-
cality), the Prairies (ecological type), the Sono-
ran Desert (climate type and locality), the Pa-
cific Northwest (general locality), and Tornado
Alley (region of high potential for these
storms).

Physical geographers are mainly interested
in natural regions and human—environmental
regions. The term natural, as used here, means
primarily related to natural processes and fea-
tures involved in the four major spheres of the
Earth system. However, we recognize that to-
day human activities have an impact on virtu-
ally every natural process, and human—environ-
mental regions offer significant opportunities
for geographic analysis. Geographers not only
study and explain regions, their locations and
characteristics but also strive to delimit
them—to outline their boundaries on a map.
An unlimited number of regions can be derived
for each of the four major Earth subsystems.
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Change in the Amazonian rainforest due to logging operations.

There are three important points to remem-
ber about natural and environmental regions.
Each of these points has endless applications
and adds considerably to the questions that
the process of defining regions based on spa-
tial characteristics seeks to answer.

* Natural regions can change in size and
shape over time in response to envi-
ronmental changes. These changes can
be fast enough to observe as they occur, or
so gradual that they require intensive study
to detect. An example is the change in the
Amazonian rainforest, a natural region de-
fined by vegetation associations, caused by
deforestation. Using images from space,
we can see and monitor changes in the
area covered by the rainforests, as well as
other natural regions.

* Boundaries separating different natu-
ral or environmental regions tend to be
indistinct or transitional, rather than

The Spatial Science Perspective

of Earth phenomena. Even though physical geographers may
have many divergent interests, they share a common goal of
understanding and explaining the spatial variation displayed
on Earth’s surface.

The central role of geography among the sciences is best
illustrated by its definition as the spatial science (the science of
Earth space). No other discipline has the specific responsibility
for investigating and attempting to explain the spatial aspects



sharp. For example, on a climate map,
lines separating desert from nondesert re-
gions do not imply that extremely arid con-
ditions instantly appear when the line is
crossed; rather, 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. Natural or
environmental regions, like all regions, are
conceptual models that are specifically de-
signed to help us comprehend and

MAJOR PERSPECTIVES IN PHYSICAL GEOGRAPHY

organize spatial relationships and geo-
graphic distributions. Learning geography
is an invitation to think spatially, and re-
gions provide an essential, extremely use-
ful, conceptual framework in that process.

The rainforests form one of the most
biologically diverse regions on Earth and pro-
vide excellent examples of natural regions.
Over the last 30 years, Brazil, home to the
largest rainforest region, has lost between
12 and 15% of its forest cover through defor-
estation. Since the late 1970s, an average of

1 Northern mostly heating

[ Central heating and cooling
[ Southern mostly cooling

5.6 million acres (8800 mi2 or 22,800 km?) of
rainforest have been destroyed—each year.
These are not global statistics, however, be-
cause they describe what has been happen-
ing to only the Brazilian rainforest region. A
wide variety of processes can result in the
change in the size of a region, and in this
case, human activities are the responsible
factor. Yet, the rainforest regions are impor-
tant for many reasons including their great
biodiversity and the interactions that these
vast forests have with Earth’s atmosphere
and climate.

This human—environmental map divides the United States into three regions based on annual heating
and cooling needs. Red means that heating is required more often than cooling. The pink region repre-
sents roughly equal heating and cooling needs. Blue represents a stronger or greater demand for cool-
ing than for heating. The map is clearly related to climate regions. Do you think that the boundaries
between these regions are as sharply defined in reality as they are on this map? Can you recognize the
spatial patterns that you see? Do the shapes of these regions, and the ways that they are related to
each other, seem spatially logical?

9

How do physical geographers examine Earth from a

geographers, we have chosen five that clearly illustrate the

spatial point of view? What are the spatial questions that
physical geographers raise, and what are some of the prob-
lems they seek to understand and solve? From among the
almost unlimited number of topics available to physical

role of geography as the spatial science. In keeping with the
quote from Geography for Life, that geography is about asking
questions and solving problems, common study questions
have been included for each topic.
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Location Geographic knowledge and studies often begin
with locational information. The location of a feature is usu-
ally expressed by one of two methods: absolute location,
expressed by a coordinate system (or address), or relative
location, which identifies where something is in relation to
something else, usually a fairly well-known location. For
example, Pikes Peak, in the Rocky Mountains of Colorado,
with an elevation of 4301 meters (14,110 feet), has a location
of latitude 38°51" north and longitude 105°03' west. A global
address like this is an absolute location. However, another way
to report its location would be to state that it 1s 36 kilometers
(22 miles) west of Colorado Springs. This is an example of
relative location (relative to Colorado Springs). Typical spatial
questions involving location include the following: Where is a
certain type of Earth feature found, and where is it not_found? Why
is a certain feature located where it is? What methods can we use to
locate a feature on Earth? How can we describe its location? What is
the most likely or least likely location for a certain Earth feature?

Characteristics of Places Physical geographers are in-
terested in the environmental features and processes that
combine to make a place unique, and they are also interested
in shared characteristics between places. For example, what

I FIGURE 1.6
This view of North America by night provides several good illustrations of distribution and pattern. Spatial
distribution is where features are located (or, perhaps, where they are absent), and spatial pattern refers to
their arrangement. Geographers attempt to explain these spatial relationships.

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

Data Courtesy Marc Imhoff, NASA/GSFC, and Christopher Elvidge, NOAA/NGDC. Image by Craig Mayhew and Robert Simmon, NASA/GSFC

physical geographic features make the Rocky Mountains
appear as they do? Further, how are the Appalachian Moun-
tains different from the Rockies, and what characteristics are
common to both of these mountain ranges? Another aspect
of the characteristics of places is analyzing the environmen-
tal advantages and challenges that exist in a place. Other ex-
amples might include: How does an Australian desert compare to
the Sonoran desert of the southwestern United States? How do the
grasslands of the Great Plains of the United States compare to the
grasslands of Argentina? What are the environmental conditions at
a particular site? How do places on Earth vary in their environ-
ments, and why? In what ways are places unique, and in what ways
do they share similar characteristics with other places?

Spatial Distributions and Spatial Patterns When
studying how features are arranged in space, geographers are
usually interested in two spatial factors ( I Fig. 1.6). Spatial
distribution means the extent of the area or areas where a
feature exists. For example, where on Earth do we find the
tropical rainforests? What is the distribution of rainfall in the
United States on a particular day? Where on Earth do major
earthquakes occur? Spatial pattern refers to the arrange-
ment of features in space—are they regular or random,




NASA

clustered together or widely spaced? From the window seat
of an airplane on a clear day, it is obvious that the population
distribution can be either dense or sparse. The spatial pattern
of earthquakes may be linear on a map because earthquake
faults display similar linear patterns. Where are certain features
abundant, and where are they rare? How are particular factors or
elements of physical geography arranged in space, and what spatial
patterns exist, if any? What processes are responsible for these pat-
terns? If a pattern exists, what does it signify?

Spatial Interaction Few processes on Earth operate in
isolation; areas on our planet are interconnected, which means
linked to conditions elsewhere on Earth. A condition, an oc-
currence, or a process in one place generally has an impact on
other places. Unfortunately, the exact nature of this spatial
interaction is often difficult to establish with certainty ex-
cept after years of study. A cause—effect relationship can often
only be suspected because a direct relationship is often diffi-
cult to prove. It is much easier to observe that changes seem
to be associated with each other, without knowing if one
event causes the other or if this result is coincidental.

For example, the presence of abnormally warm ocean
waters off South America’s west coast, a condition called El
Nino, seems to be related to unusual weather in other parts
of the world. Clearing the tropical rainforest may have an
impact on world climates. Interconnections are one reason
for considering Earth as a whole. What are the relationships

I FIGURE 1.7
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among places and features on Earth? How do they affect one an-
other? What important interconnections link the oceans to the atmos-
phere and the atmosphere to the land surface?

Ever-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. A future Hawaiian
island is now forming beneath the waters of the Pacific Ocean.
Storms, earthquakes, landslides, and stream processes modify
the landscape (B Fig. 1.7). Coastlines may change position be-
cause of storm waves, tsunamis, or changes in sea level. Areas
that were once forested have been clear-cut, changing the na-
ture of the environment there.Vegetation and wildlife are be-
coming reestablished in areas that were devastated by recent
volcanic eruptions or wildfires. Desertlike conditions seem to
be expanding in many arid regions of the world.

World climates have changed throughout Earth’s history,
with attendant shifts in the distributions of plant and animal
life. Earth and its environments are always changing, but not all
of this change can be directly monitored. How are Earth features
changing in ways that can be recorded in a spatial sense? What
processes contribute to the change? What is the rate of change? Does
change occur in a cycle? Can humans witness this change as it is tak-
ing place, or is a long-term study required to recognize the change? Do
all places on Earth experience the same levels of change, or is there spa-
tial variation?

Natural changes in a landscape can be either beneficial or detrimental to human existence. An under-
sea earthquake triggered a tsunami wave that hit coastal areas along the Indian Ocean with great de-
structive force. The effect on the people living there was devastating. The better we understand an en-
vironment's characteristics and the processes that affect it, the more able we are to avoid situations
such as this scene in Thailand: before the tsunami (left), and after the tsunami (right).

NASA
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Science . . . is the systematic and organized
inquiry into the natural world and its phenom-
ena. Science is about gaining a deeper and
often useful understanding of the world.
Multicultural History of Science web page,
Vanderbilt University

The real purpose of the scientific method is to
make sure nature hasn't misled you into think-
ing you know something you don't actually
know.

Robert M. Pirsig,

Zen and the Art of Motorcycle Maintenance

Physical geography is a science that focuses
on the Earth system, how its components and
processes interact, and how and why aspects
that affect Earth's surface are spatially
arranged, as well as how humans and their en-
vironments are interrelated.

To wonder about your environment and at-
tempt to understand it is a fundamental basis
of human life. Increasing our awareness, satis-
fying our curiosity, learning how our world
works, and determining how we can best func-
tion within it are all parts of a satisfying but
never-ending quest for understanding. Without
curiosity about the world, supported by making
observations, noting relationships and pat-
terns, and applying the knowledge discovered,
humans would not have survived beyond their
earliest beginnings. Science gives us a method
for answering questions and testing ideas by
examining evidence, drawing conclusions, and
making new discoveries.

The sciences search for new knowledge
using a strategy that minimizes the possibility
of erroneous conclusions. This highly adaptable
process is called the scientific method. The sci-
entific method is a general framework for re-
search, but it can accommodate an infinite
number of topics and strategies for deriving
conclusions.

Scientific method generally involves the fol-
lowing steps:

1. Making an observation that requires
an explanation. \We may wonder if the
observation represents a general pattern or
is a “fluke” occurrence. For example, on a
trip to the mountains, you notice that it
gets colder as you go up in elevation. Is

that just a result of conditions on the
day you were there, or just the condi-
tions at the location where you were, or
is it a relationship that generally occurs
everywhere?

2. Restating the observation as a hy-
pothesis. Here is an example: As we
go higher in elevation, the temperature
gets cooler (or, as a question, Does it
get cooler as we go up in elevation?).
The answer may seem obvious, yet it is
generally but not always true, depend-
ing on environmental conditions that
will be discussed in later chapters.

Many scientists recommend a strategy
called multiple working hypotheses,
which means that we consider and test
many possible hypotheses to discover
which one best answers the questions
while eliminating other possibilities.

3. Determining a technique for testing
the hypothesis and collecting nec-
essary data. The next step is finding a
technique for evaluating data (numerical
information) and or facts that concern
that hypothesis. In our example, we
would gather temperature and elevation
data (taken at about the same time for
all data points) for the area we are
studying.

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 sim-
ilar conditions to minimize bias. The tech-
nique will recommend either acceptance or
rejection of the hypothesis.

If the hypothesis is rejected, we can test an al-
ternate hypothesis or modify our existing one
and try again, until all of the conceivable hy-
potheses are rejected or we discover one that
is supported by the data. If the test supports
the hypothesis, we have confirmed our obser-
vation, at least for the location and environ-
mental conditions in which our data and infor-
mation were gathered.

After similar tests are conducted and the
hypothesis is supported in many places and
under other conditions, then the hypothesis
may become a theory. Theories are well-tested

Make observation
that requires
explanation

Propose
hypothesis to
explain the
observation

Determine a
technique and
collect data to
test hypothesis

Go to
alternate
hypothesis

Use technique to
test hypothesis

Test supports
hypothesis

Test rejects
hypothesis

Accept hypothesis
(explanation for
observation)

Steps in the scientific method

concepts or relationships that, given specified
circumstances, can be used to explain and pre-
dict outcomes.

The processes of asking questions, seeking
answers, and finding solutions through the
scientific method have contributed greatly to
human existence, our technologies, and our
quality of life. Obviously, there are many more
questions to be answered and problems yet to
be solved. In fact, new findings typically yield
new questions.

Human curiosity, along with an intrinsic
need for knowledge through observation and
experience, has formed the basis for scientific
method, an objective, structured approach that
leads us toward the primary goal of physical
geography—understanding how our world
waorks.




The previous five topics illustrate geography’s strong em-
phasis on the spatial perspective. Learning what questions to
ask is the first step toward finding answers and explanations,
and it is a major objective of your physical geography course.

The Physical Science Perspective

As geographers apply their expertise to the study of Earth, it is
clear that physical geographers will be observing phenomena,
compiling data, and seeking solutions to problems that are also
of interest to researchers in one or more of the other physical
sciences. Physical geographers, as climatologists, share ideas and
information with atmospheric physicists. Soil geographers
study the same elements and compounds analyzed by chemists.
Biogeographers are concerned about the environments of the
same plants and animals that are classified by biologists. How-
ever, to whatever question is raised and whichever problem re-
quires a solution, the physical geographer brings a unique
point of view—a spatial perspective and a mandate to carefully
consider all Earth phenomena that may be involved. This is
why an introductory course in physical geography and your
textbook are so often focused on a global scale, although local
and regional processes are important as well. Physical geogra-
phers are concerned with the processes that affect the Earth’s
physical environments. By examining the factors, features, and
processes that influence the environment and learning how
these elements work together, we can better understand the
ever-changing physical geography of our planet. We can also
appreciate the importance of viewing Earth in its entirety as a
constantly functioning system—as a whole greater than but
dependent upon each of its parts.

The Earth System Examining Earth as a system made up
of an almost unlimited number of smaller subsystems consti-
tutes a major contribution to the physical sciences. A system
may be thought of as a set of parts or components that are in-
terrelated, and the analysis of systems provides physical geogra-
phers with ideal opportunities to study these relationships as
they aftect Earth’s features and environments. The individual
components of a system, termed variables, are studied or
grouped together because these variables interact with one
another as parts of a functioning unit. Earth certainly fits this
definition because many continuously changing variables
combine to make our home planet, the Earth system, func-
tion the way that it does.Virtually no part of a system operates
in isolation from another.

A change in one aspect of the Earth system aftects other
parts, and the impact of these changes can be significant
enough to appear in worldwide patterns, clearly demonstrat-
ing the interconnections among these variables. 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 the kind of soil that forms in an area. Characteris-
tics of vegetation and soils influence the runoff of water from
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the land, leading to completion of the circle, because the
amount of runoft is a major factor in stream erosion, which
eventually can reduce the height of mountains. Many cycles
such as this operate to change our planet, but the Earth sys-
tem is complex, and these cycles and processes operate at
widely varying rates and over widely varying time spans.

Earth’s Major Subsystems Four major divisions of
our planet comprise the Earth system. The atmosphere is
the gaseous blanket of air that envelops, shields, and insu-
lates Earth. The movements and processes of the atmos-
phere create the changing conditions that we know as
weather and climate. The solid Earth—landforms, rocks,
soils, and minerals—makes up the lithosphere. The waters
of the Earth system—oceans, lakes, rivers, and glaciers—
constitute the hydrosphere. The fourth major division, the
biosphere, is composed of all living things: people, other
animals, and plants.

It is the nature of these four major subsystems and the
interactions among them that create and nurture the condi-
tions necessary for life on Earth ( I Fig. 1.8). For example, the
hydrosphere serves as the water supply for all life, including
humans, and provides a home environment for many types of’
aquatic plants and animals. The hydrosphere directly affects
the lithosphere as the moving water in streams, waves, and
currents shapes landforms. It also influences the atmosphere
through evaporation, condensation, and the effects of ocean
temperatures on climate. The impact or intensity of interac-
tions among Earth’s subsystems is not identical everywhere
on the planet, and it is this variation that leads to the geo-
graphic patterns of environmental diversity.

Many other examples of overlap exist among the four di-
visions. Soil can be examined as part of the biosphere, the hy-
drosphere, or the lithosphere. The water stored in plants and
animals is part of both the biosphere and the hydrosphere, and
the water in clouds is a component of the atmosphere as well
as the hydrosphere. The fact that we cannot draw sharp
boundaries between these divisions underscores the interre-
latedness among various parts of the Earth system. However,
like 2 machine, a computer, or the human body, planet Earth
is a system that functions well only when all of its parts (and
its subsystems) work together harmoniously.

We do know that the Earth system as well as its four ma-
jor subsystems are dynamic (ever changing) and that we can di-
rectly observe some of these changes—the seasons, the ocean
tides, earthquakes, floods, volcanic eruptions. Other aspects of’
our planet may take years, or even more than a lifetime, to
accumulate enough total change to be directly noticed by hu-
mans. Such long-term changes in our planet are often difficult
to understand or predict with certainty, so they must be care-
fully and scientifically studied to determine what is really hap-
pening and what the consequences might be. Changes of this
type include shifts in world climates, drought cycles, the spread
of deserts, worldwide rise or fall in sea level, erosion of coast-
lines, and major changes in river systems. Yet understanding
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I FIGURE 1.8

Earth’s 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 intercon-

nected subsystems.

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

hydrosphere, or the biosphere?

changes in our planet is critical to human existence. We are, af-
ter all, a part of the Earth system. Changes in the system may
be naturally caused or human induced, or they may result from
a combination of these factors. To understand our planet,
therefore, we must learn about its components and the
processes that operate to change or regulate the Earth system.
Such knowledge is in the best interest of not only humankind
but also Earth, as a habitat for all living things.

The Environmental Science Perspective

Today, we regularly hear talk about the environment and
ecology and worry about damage to ecosystems caused by
human activity. We also hear news reports of disasters
caused by humans being exposed to such violent natural
processes as earthquakes, floods, tornadoes, or the South
Asia tsunami of 2004 with its terrible consequences. News-
papers and magazines often devote entire sections to discus-
sions of these and other environmental issues. But what are
we really talking about when we use words like environment,

Biosphere

ecology, or ecosystem? In the broadest
sense, our environment can be de-
fined 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 liv-
ing ( I Fig. 1.9).

Environments are also systems be-
cause they function through the inter-
relationships among many variables.
Environmental understanding involves
giving consideration to a wide variety
of factors, characteristics, and processes
involving weather, climate, soils, rocks,
terrain, plants, animals, water, humans,
and how they interact with each other
to produce an environment. The holis-
tic approach of physical geography is an
advantage in this understanding, as the
potential influence of each of these
factors must not only be considered in-
dividually, but also as they affect one
another in an environmental system.

Physical geographers are keenly in-
terested in environmental processes and
interactions, and they pay special atten-
tion to the relationships that involve
humans and their activities. Much of
human existence throughout time has
been a product of the adaptations that
various cultures have made to and the
modifications they have imposed on
their natural surroundings. Primitive
skills and technology generally require
people to make greater adjustments in
adapting to their environment. The
more sophisticated a culture’s technology is, the greater
the amount of environmental modification. Thus, human—
environment interaction is a two-way relationship, with the
environment influencing human behavior and humans im-
pacting the environment.

Just as humans interact with their environment, so do
other living things. The study of relationships between or-
ganisms, whether animal or plant, and their environments is a
science known as ecology. Ecological relationships are com-
plex but naturally balanced “webs of life.” Disrupting the nat-
ural ecology of a community of organisms may have negative
results (although this is not always so). For example, filling in
or polluting coastal marshlands may disrupt the natural ecol-
ogy of those wetlands. As a result, fish spawning grounds may
be destroyed, and the food supply of some marine animals
and migratory birds could be depleted. The end product may
be the destruction of valuable plant and animal life.

The word ecosystem is a contraction of ecological system. An
ecosystem is a community of organisms and the relationships
of those organisms to their environment ( I Fig. 1.10). An
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ecosystem is dynamic in that its various parts are always in flux.
For instance, plants grow, rain falls, animals eat, and soil ma-
tures—all changing the environment of a particular ecosystem.
Because each member of the ecosystem belongs to the envi-
ronment of every other part of that system, a change in one
alters the environment for the others. As those components
react to the alteration, they in turn continue to transform the
environment for the others. A change in the weather, from
sunshine to rain, affects plants, soils, and animals. Heavy rain
may carry away soils and plant nutrients so that plants may not
be able to grow as well and animals, in turn, may not have as
much to eat. In contrast, the addition of moisture to the soil
may help some plants grow, increasing the amount of shade
beneath them and thus keeping other plants from growing.
The ecosystem concept (like other systems models) can
be applied on almost any scale from local to global, in a wide
variety of geographic locations, and under all environmental
conditions in which life is possible. Hence, 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. Ecosystems are
found wherever there is an exchange of materials among liv-
ing organisms and where there are functional relationships

between the organisms and their natural surroundings.
Ecosystems are open systems, as both energy and material
I FIGURE 1.9 move across their boundaries. Although some ecosystems,

The physica| and cultural attributes of a site combine to form a Unique such as a small lake or a desert Oasis’ have clear-cut bound-
geographic environment.

What can you learn about human-environment relationships by
studying this photograph?

aries, the limits of many others are not as precisely defined.
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Ecosystems are an important aspect of natural environments.
How do ecosystems illustrate the interactions in the environment?
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Human—Environment Interactions

As the world population has grown, the effects
of human activities on the environment, as well
as the impacts of environmental processes on
humans, have become topics of increasing
concern. There are many circumstances where
human—environment relationships have been
mutually beneficial, yet two negative aspects of
those interactions have gained serious attention
in recent years. Certain environmental
processes, with little or no warning, can be-
come dangerous to human life and property,
and certain human activities threaten to cause
major, and possibly irrevocable, damage to
Earth environments.

The environment becomes a hazard to
humans and other life-forms when relatively
uncommon and extraordinary natural events oc-
cur that are associated most directly with the
atmosphere, hydrosphere, or lithosphere. Living
under the conditions provided by these three
subsystems, it is elements of the biosphere,
including humans, which suffer the damag-
ing consequences of sporadic natural
events of extraordinary intensity. The rou-
tine processes of these three subsystems
become a problem and spawn environmental
hazards for two reasons. First, on occasion and
often unpredictably, they operate in an unusually
intense or violent fashion. Summer showers may
become torrential rains that occur repeatedly for
days or even weeks. Ordinary tropical storms
gain momentum as they travel over warm ocean
waters, and they reach coastlines as full-blown
hurricanes. Molten rock and associated gases
from deep beneath Earth move slowly toward
the surface and suddenly trigger massive erup-
tions that literally blow apart volcanic mountains.

U.S. Environmental Protection Agency

1
3

;om
.‘\.

Human activities affect the natural environment. Pollution of water resources and our atmosphere at an

industrial complex.

The 2004 tsunami wave that devastated coastal
areas along the Indian Ocean provided an exam-
ple of the potential for the occasional occur-
rences of natural processes that far exceed our
expectable “norm.”

Each of these examples of Earth systems
operating in sudden or extraordinary fashion is
a noteworthy environmental event, but it does
not become an environmental hazard unless
people or their property are affected. Thus, the
second reason environmental hazards exist is
because people live where potentially cata-
strophic environmental events may occur. The
greater the number of people and the greater

the value of the property involved, the greater
the catastrophe.

\Why do people live where environmental
hazards pose a major threat? Actually, there
are many reasons. Some people have no
choice. The land they live on is their land by
birthright; it was their family’s land for genera-
tions. Especially in densely populated develop-
ing nations, there may be no other place to go.
Other people choose to live in hazardous areas
because they believe the advantages outweigh
the potential for natural disaster. They are at-
tracted by productive farmland, the natural
beauty of a region or building site, or by the

Often the change from one ecosystem to another is obscure
and transitional, occurring gradually over distance.

A Life-Support System Certainly the most important
attribute of Earth is that it is a life-support system. Like
space vehicles that support astronauts, the Earth system
provides the necessary environmental constituents and con-
ditions to permit life, as we know it to exist ( I Fig. 1.11).
If a critical part of a life-support system is significantly

changed or fails to operate properly, living organisms may
no longer be able to survive. For instance, if all the oxygen
in a spacecraft is used up, the crew inside will die. If a
spacecraft cannot control the proper temperature range, its
occupants may burn or freeze. If food supplies run out, the
astronauts will starve. On Earth, natural processes must pro-
vide an adequate supply of oxygen; the sun must interact
with the atmosphere, oceans, and land to maintain tolerable
temperatures; and photosynthesis or other continuous



economic possibilities available at a location.
In addition, few populated areas of the world
are not associated with an environmental
hazard or perhaps several hazards. Forested
regions are subject to fire; earthquake, land-
slide, and volcanic activities plague mountain
regions; violent storms threaten interior
plains; and many coastal regions experience
periodic hurricanes or typhoons (the Pacific
Ocean equivalent).

Just as the environment can pose an
ever-present danger to humans, through
their activities, humans can constitute a seri-
ous threat to the environment. Issues such
as global warming, acid precipitation, defor-
estation 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 international confer-
ences are held. Environmental concerns are
recurring subjects of magazine and newspaper
articles, books, and television programs.

Much environmental damage has resulted
from atmospheric pollution associated with in-
dustrialization, particularly in support of the
wealthy, developed nations. But as population
pressures mount and developing nations
struggle to industrialize, human activities are
exacting an increasing toll on the soils,
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 successful. As citizens of the world's
wealthiest nation, Americans must seriously
consider what steps can be taken to counter
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Natural processes affect the human environment. Destruction of property by a tornado that struck near

Tuscaloosa, Alabama.

major environmental threats related to human
activities. What are the causes of these
threats? Are the threats real and well docu-
mented? What can | personally do to help
solve environmental problems?

Examining environmental issues from the
physical geographer’s perspective requires
that characteristics of both the environment
and the humans involved in those issues be
given strong consideration. As will become
apparent in this study of geography, physical
environments are changing constantly, and all
too frequently, human activities result in
negative environmental consequences. In

addition, throughout Earth, humans live in
constant threat from various and spatially dis-
tributed environmental hazards such as earth-
quake, fire, flood, and storm. The natural
processes involved are directly related to the
physical environment, but causes and solu-
tions are imbedded in human—environmental
interactions that include the economic, politi-
cal, and social characteristics of the cultures
involved. The recognition 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.
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cycles of creation must provide new food supplies for liv-
ing things.

Earth, then, is made up of a set of interrelated compo-
nents that are vital and necessary for the existence of all living
creatures. About 40 years ago, Buckminster Fuller, a distin-
guished scientist, philosopher, and inventor, coined the notion
of Spaceship Earth—the idea that our planet is a life-support
system, transporting us through space. Fuller also thought
that knowing how Earth works is important—indeed this

knowledge may be required for human survival—but that
humans are only slowly learning the processes involved. He
compared this information to an operating manual, like the
owner’s manual for an automobile.

One of the most interesting things to me about our spaceship
is that it is a mechanical vehicle, just as is an automobile. If you
own an automobile, you realize that you must put oil and gas
into it, and you must put water in the radiator and take care of
the car as a whole. You know that you are going to have to
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I FIGURE 1.11

Earth and space vehicles operate as life-support systems. Astronauts orbit in the lunar lander above
the moon’s lifeless surface, with a rising Earth above the horizon.

keep the machine in good order or it’s going to be in trouble urban centers throughout the world ( | Fig. 1.13). What

and fail to function.

some people do not realize, however, is that pollutants are of-

We have not been seeing our Spaceship Earth as an inte- ten transported by winds and waterways hundreds or even

grally designed machine which to be persistently successful
must be comprehended and serviced in total . . . there is one

outstandingly important fact regarding Space-
ship Earth, and that is that no instruction book
came with it.

R. Buckminster Fuller

Operating Manual for Spaceship Earth

Today, we realize that critical parts of our life-
support system, natural resources, can be
abused, wasted, or exhausted, potentially threat-
ening the function of planet Earth as a human
life-support system. One such abuse is pollu-
tion, an undesirable or unhealthy contamina-
tion in an environment resulting from human
activities ( M Fig. 1.12).We are aware that some
of Earth’s resources, such as air and water, can
be polluted to the point where they become
unusable or even lethal to some life-forms. By
polluting the oceans, we may be killing oft im-
portant fish species, perhaps allowing less desir-
able species to increase in number. Acid rain,
caused by atmospheric pollutants from indus-
tries and power plants, is damaging forests and
killing fish in freshwater lakes. Air pollution has
become a serious environmental problem for

thousands of kilometers from their source. Lead from auto-
mobile exhausts has been found in the snow of Antarctica, as

I FIGURE 1.12

Toxic chemicals, such as the ones discovered in this solid-waste dump, pose a serious
health hazard and threaten local water supplies.

What pollutants form the major threat to the air and water supply in your community?

Lee Malis
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I 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 or a major
city, would pollution affect your decision?

has the insecticide DDT. Pollution is a worldwide problem
that does not stop at political boundaries.

Another concern is that humans may be rapidly depleting
critical natural resources, especially those needed for fuel. Many
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natural resources on our planet are nonrenewable, meaning that
nature will not replace them once they are exhausted. Coal and
oil are nonrenewable resources. When nonrenewable resources
such as these mineral fuels are gone, the alternative resources
may be less desirable or more expensive.

‘We are learning that, much like life on a spaceship, there
are limits to the suitable living space on Earth, and we must
use our lands wisely. In our search for livable space, we occa-
sionally construct buildings in locations that are not environ-
mentally safe. Also, we sometimes plant crops in areas that are
ill suited to agriculture while at the same time paving over
prime farmland for other uses.

In modern times, the ability of humans to alter the land-
scape has been increasing. For example, a century ago the in-
terconnected Kissimmee River—-Lake Okeechobee—Everglades
ecosystem constituted one of the most productive wetland re-
gions on Earth. But sawgrass marsh and slow-moving water
stood in the way of urban and agricultural development. Intri-
cate systems of ditches and canals were built, and since 1900,
half of the original 4 million acres (1.6 million hectares) of the
Everglades has disappeared (} Fig. 1.14). The Kissimmee River
was channelized into an arrow-straight ditch, and wetlands
along the river were drained. Levees have prevented water in
Lake Okeechobee from contributing water flow to the Ever-
glades, and highway construction further disrupted the natural
drainage patterns.

Fires have been more frequent and destructive, and entire
biotic communities have been eliminated by lowered water
levels. During excessively wet periods, portions of the Ever-
glades are deliberately flooded to prevent drainage canals from
overflowing. As a result, animals drown and birds cannot rest
and reproduce. South Florida’s wading bird population has de-
creased by 95% in the last hundred years. Without the natural
purifying effects of wetland systems, water quality in south
Florida has deteriorated; with lower water levels, saltwater en-
croachment is a serious problem in coastal areas.

Today, backed by government agencies, scientists are
struggling to restore south Florida’s ailing ecosystems. There
are extensive plans to allow the Kissimmee River to flow
naturally across its former flood plain, to return agricultural
land to wetlands, and to restore water-flow patterns through
the Everglades. The problems of south Florida should serve
as a useful lesson. Alterations of the natural environment
should not be undertaken without serious consideration of
all consequences.

The Human-Environment Equation Despite the wealth
of resources available in the air, water, soil, minerals, vegetation,
and animal life on Earth, the capacity of our planet to support
the growing numbers of humans may have an ultimate limit, a
threshold population. Dangerous signs indicate that such a limit
may someday be reached. The world population has passed the
6.5 billion mark, and United Nations’ estimates indicate more
than 9 billion people by 2050 if current growth rates continue.
Today, more than half the worlds people must tolerate
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R. Gabler

EPA, South Florida Water Management Division
EPA, South Florida Water Management Division

(b) (©)

I FIGURE 1.14

(a) The mixed tree and grass vegetation of the Florida Everglades. Large areas of this valuable ecosystem
have been lost to farmland, industry, and housing developments. Drainage ditches and highways have
altered the region at the expense of plants, animals, and human water supplies. (b) As a natural stream
channel, the Kissimmee River meandered (flowed in broad, sweeping bends) on its floodplain for a 100-
mile stretch from Lake Kissimmee downstream to Lake Okeechobee. (c) In the 1960s and early 1970s,
the river was “channelized” (artificially straightened), disrupting the previously existing ecosystem. As
part of a project to restore this riparian (river bank) habitat, the Kissimmee is today reestablishing its
flood plain, associated wetland environments, and its meandering channel. The intent is to restore, as
much as is possible, the natural environment of the Kissimmee River and its floodplain habitat.

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



substandard living conditions and insufficient food. A major
problem today is the distribution of food supplies, but ulti-
mately, over the long term, the size of the human population
cannot exceed the environmental resources needed to sustain
them.

Although our current objective is to study physical ge-
ography, we should not ignore the information shown in the
World Map of Population Density (inside textbook back
cover). The map shows the distribution of people over the
land areas of Earth and illustrates an important aspect of the
human—environment equation.

World population distributions are highly irregular; peo-
ple have chosen to live and have multiplied rapidly in some
places but not in others. One reason for this uneven distribu-
tion is the differing capacities of Earth’s varied environments
to support humans in large numbers. Usable land is a limited
resource (I Fig. 1.15).

The relationships between humans and the environ-
ments in which they live will be emphasized throughout
this book. Geographers are keenly aware that, as in most re-
lationships, the nature or behavior of each of the parties in
the relationship may have direct effects on the other. How-
ever, when considering the human—environment equation
and the sustaining of humans at acceptable living standards
for generations to come, it is important to note that envi-
ronments do not change their nature to accommodate hu-
mans. Humans should make greater attempts to alter their
behavior to accommodate the limitations and potentials of
Earth environments. It has been said that humans are not
passengers on Spaceship Earth; rather, they are the crew. This
means we have the responsibility to maintain our own habi-
tat. Poised at the interface between Earth and human exis-
tence, geography has much to offer in helping us understand
the factors involved in meeting this responsibility. Scientific
studies directed toward environmental monitoring are help-
ing us learn more about the changes on Earth’s surface that
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I FIGURE 1.15
The percentages of land and water areas on Earth. Habitable land is a limited
resource on our planet.
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are associated with human activities. All citizens of Earth
must understand the impact of their actions on the complex
environmental systems of our planet.

Models and Systems

As physical geographers work to describe, understand, and
explain the often-complex features of planet Earth and its
environments, they support these efforts, as other scientists
do, by developing representations of the real world called
models. A model is a useful simplification of a more com-
plex reality that permits prediction, and each model is de-
signed with a specific purpose in mind. As examples, maps
and globes are models—representations that provide us
with useful information required to meet specific needs.
Models are simplified versions of what they depict, devised
to convey the most important information about a feature
or process without an overwhelming amount of detail.
Models are essential to understanding and predicting the
way that nature operates, and they vary greatly in their lev-
els of complexity. Today, many models are computer gener-
ated because computers can handle great amounts of data
and perform the mathematical calculations that are often
necessary to construct and display certain types of models.

There are many kinds of models ( ¥ Fig. 1.16). 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 possi-
bilities such as the flooding of rivers or changes in weather con-
ditions that may result from global warming. 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 surround-
ings and experiences. Imagine for a minute (perhaps with
your eyes closed) the image that the word mountain (or
waterfall, cloud, tornado, beach, forest, desert) generates in
your mind. Can you describe this feature’s characteris-
tics in detail? Most likely what you “see” (conceptual-
ize) in your mind is sketchy rather than detailed, but
enough information is there to convey a mental idea
of a mountain. This image is a conceptual model. For
geographers, a particularly important type of concep-
tual model is the mental map, which we use to think
about places, travel routes, and the distribution of fea-
tures in space. Psychologists have shown in many stud-
ies that such maps are very efficient in conveying a
great amount of spatial information that the brain can
recognize, store, and access. Try to think of other con-
ceptual models that represent our planet’s environ-
ments or one of its features. How could we even be-
gin to understand our world without conceptual
models, and in terms of spatial understanding, without
mental maps?
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I FIGURE 1.16

By simplifying a complex reality, models help us understand the Earth sys-
tem, its subsystems, and how they operate. Models focus our attention on
major features or processes, without unnecessary and distracting detail.
(Top) Globes are physical models that demonstrate many terrestrial char-
acteristics—planetary shape, configuration and distributions of land-
masses and oceans, and spatial relationships. (Center) A digital landscape
model of the big island of Hawaii shows the environment of Hawaii Volca-
noes National Park. Computer-generated clouds, shadows, and reflections
were added to add “realism” to the scene and to produce an aesthetically
pleasing image. The terrain is faithfully rendered. (Bottom) This working
physical model of the Kissimmee River in Florida was constructed to inves-
tigate ways to restore the river. Proposed modifications could be analyzed
on this model before work was done on the actual river (see Figure 1.14).
Similar models exist of the Mississippi River and San Francisco Bay.

Systems Theory

If you try to think about Earth in its entirety, or to under-
stand how a part of the Earth system works, often there are
just too many factors to envision. Our planet is too complex
to permit a single model to explain all of its environmental
components and how they affect one another. Yet it is often
said that to be responsible citizens of Earth, we should “think
globally, but act locally”” To begin to comprehend Earth as a
whole or to understand most of its environmental compo-
nents, physical geographers use a powerful strategy for analy-
sis called systems theory. Systems theory suggests that the
way to understand how anything works is to use the follow-
ing strategy ( § Fig. 1.17):

1. Clearly define the system that you are studying.
What are the boundaries (limits) of the system?

2. Break the defined system down into its component parts
(variables). The variables in a system are either matter or
energy.

What important parts and processes are involved in this system?

3. Attempt to understand how these variables are related to
(or affect, react with, or impact) one another. How do the
parts interact with one another to make the system work? What
will happen in the system if a part changes?

The systems approach is a beneficial tool for studying any
level of environmental condition on Earth, from global to mi-
croscopic. Systems can be divided into subsystems, or units
that demonstrate strong internal connections. For example,
the Earth system consists of the atmosphere, hydrosphere, lith-
osphere, and biosphere, each a subsystem of the whole. The
human body is a system that is composed of many subsystems
(for example, the respiratory system, circulatory system, and
digestive system). Subsystems can also be divided into subsys-
tems, and so on.

Geographers often divide the Earth system into smaller
subsystems in order to focus their attention on a particular part
of the whole. Examples of subsystems examined by physical
geographers include the water cycle, climatic systems, storm
systems, stream systems, the systematic heating of the atmos-
phere, and ecosystems. A great advantage of systems analysis is
that it can be applied to environments at virtually any scale.

How Systems Work

Basically, the world “works” by the movement (or transfer) of
matter and energy and the processes attending these transfers.
For example, as shown in Figure 1.18, sunlight (energy) warms
(process) a body of water (matter), and the water evaporates
(process) into the atmosphere. Later, the water condenses
(process) back into a liquid, and the rain (matter) falls (process) on
the land and runs off (process) downslope back to the sea. In a
systems model, geographers can trace the movement of energy
or matter into the system (inputs), their storage in the system
and their movements out of the system (outputs), as well as
the interactions between components within the system.
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The human body is an example of a system, with inputs of energy and matter.
What characteristics of the human body as a system are similar to the Earth as a system?

A closed system is one in which no substantial
amount of matter crosses its boundaries, although energy
can go in and out of a closed system ( § Fig. 1.19). Planet
Earth, or the Earth system as a whole, is essentially a closed
system. Except for meteorites that reach Earth’s surface, the
escape of gas molecules or spacecraft 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.
The hydrosphere is another good example of a closed sys-
tem. Water may exist in the system in all three of its states—
liquid, gas, or solid ice—and may be transformed from one
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I FIGURE 1.18
An example of environmental interactions: energy, matter, process. Being aware of energy and matter
and the interactive processes that link them is an important part of understanding how environmental
systems operate.
Can you think of another environmental system and break it down into its components of
energy, matter, and process?
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state to another many times, but there
is virtually no gain or loss of water (no
output of matter) in the system.

Most Earth subsystems, however, are
open systems because both energy and
matter move freely across subsystem
boundaries as inputs and outputs. A
stream is an excellent illustration of an
open subsystem, in which matter and
energy in the form of soil, rock frag-

Outputs

ments, solar energy, and precipitation en-
ter the stream while heat energy dissi-
pates into the atmosphere and the stream
bed. Water and sediments leave the
stream where it empties into the ocean
or some other standing body of water,
and precipitation provides an input of water to the stream
system.

When we describe Earth as a system or as a complex set
of interrelated systems, we are using models to help us organ-
ize what we are observing. Models also assist us in explaining
the processes involved in changing, maintaining, or regulat-
ing our planet’s life-support systems. Throughout the chap-
ters that follow, we will use the systems concept, as well as
many other kinds of models, to help us simplify complex fea-
tures of the physical environment.

(process)

J Raln
(matter)
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Closed and open systems. Closed systems allow only energy to pass in and out of the system, and
open systems involve the inputs and outputs of both energy and matter. Earth is basically a closed sys-
tem. 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 moon rock samples. Ex-
cept for outgoing space vehicles, equipment, or space “junk,” virtually no matter is output from the
Earth system. Because Earth is a closed system, humans and other life on the planet face limits to their
available natural resources. Most subsystems on the planet, however, are open systems, involving the
movement of matter and energy into and out of the subsystems. Processes are driven by energy.
Think of an example of an open system. Can you outline some of the matter-energy inputs

and outputs involved in such a system?

Equilibrium in Earth Systems

The parts, or variables, of a system have a tendency to reach a
balance with one another and with the external factors that
influence that system. If the inputs entering the system are
balanced by outputs, the system is said to have reached a state
of equilibrium. Most natural systems have a tendency to-
ward stability (equilibrium) regarding environmental systems,
and we often hear this called the “balance of nature.” What
this means is that natural systems have built-in mechanisms
that tend to counterbalance, or accommodate, change with-
out changing the system dramatically. Animal populations—
deer, for example—will adjust naturally to the food supply of
their habitats. If the vegetation on which they browse is sparse
because of drought, fire, overpopulation, or human impact,
deer may starve, reducing the population. The smaller deer
population may enable the vegetation to recover, and in the
next season the deer may increase in numbers. Most systems
are continually shifting slightly one way or another as a reac-
tion to external conditions. This change within a range of
tolerance is called dynamic equilibrium; that is, a balance
exists but maintaining it requires adjustment to changing con-
ditions, much as tightrope walkers sway back and forth and
move their hands up and down to keep their balance. Dy-
namic equilibrium means that 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 dynamic equilibrium
( ¥ Fig. 1.20).

The interactions that cause change or adjustment be-
tween parts of a system are called feedback. Two kinds of
feedback are possible in a system. Negative feedback,
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. Earth subsystems can
also exhibit positive feedback sequences for a while—that is,
changes that reinforce the direction of an initial change. For
example, several times in the past 2 million years, Earth has ex-
perienced significant decreases in global temperatures. This
cooling of the atmospheric system led to the growth of great
ice sheets, glaciers that covered large portions of Earth’s sur-
face. The massive ice sheets increased the amount of solar en-
ergy that was reflected back to space from Earth’s surface, thus
increasing the cooling trend and the further growth of the gla-
ciers. The result over a considerable period of time was posi-
tive feedback. But ultimately the climate got so cold that evap-
oration from the oceans decreased, cutting off the supply of
moisture to storms that fed snow to the glaciers. The reduction
of moisture is an example of what is called a threshold, a
condition that causes a system to change dramatically, in this
case bringing the positive feedback to a halt. The decrease in
snowfall caused the glaciers to shrink and the climate began to
warm, thus beginning another cycle.

Thresholds are conditions that, if met or exceeded, can
cause a fundamental change in a system and the way that it
behaves. For example, earthquakes will not occur until the
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Evaporation loss

I FIGURE 1.20
A reservoir serves as an 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 this input—output balance is not maintained, the lake will get larger or smaller as the reser-
voir system adjusts to hold more or less water in storage. A state of equilibrium (balance) will always
exist between inputs, outputs, and storage in the system.

built-up stress reaches a threshold level that overcomes the
strength of the rocks to resist breaking. Thresholds are com-
mon regulators of systems processes. As another example,
fertilizing a plant will help it to grow larger and faster. But
if more and more fertilizer is added, will this positive feed-
back relationship continue forever? Too much fertilizer may
actually poison the plant and cause it to die. Either exceed-
ing or not meeting certain critical conditions (thresholds)
can change a system dramatically. With environmental sys-
tems, 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.

To further illustrate how feedback works, let’s consider
a simplified example—a hypothetical scenario of what
might happen if human-caused damage to the atmosphere’s
ozone layer continues unimpeded by human counteraction.
Figure 1.21 shows a feedback loop—a circular set of feed-
back operations that can be repeated as a cycle. Generally
in natural systems, the overall result of a feedback loop is

negative feedback because the sequence of changes serves to
counteract the direction of change in the initial element.
The example is intended to show you how to think about
Earth processes as a system.

Let’s look at our example of a feedback loop and exam-
ine how the factors are related. First, we must start with some
facts:

1. We know that the ozone layer in the upper atmosphere
protects us by blocking harmful ultraviolet (UV) radia-
tion from space, radiation that could otherwise cause
harmful skin cancers and cell mutations.

2. We also know that chlorofluorocarbons (CFCs), chemi-
cals widely used in air conditioners (as Freon), can mi-
grate to the upper atmosphere and cause chemical reac-
tions that destroy ozone.

Knowing these facts, keep in mind that the following systems
example is simplified and, like all models, is based on assump-
tions that may or may not be scientifically verified. In fact,
efforts have been undertaken in the last 25 years or so to
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Nature's Controlling Mechanism-
A Negative Feedback Loop
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I FIGURE 1.21

A negative feedback loop: nature’s controlling mechanism. The ozone layer absorbs UV radiation from
the sun. If ozone diminishes, in this case because of human activities, more UV radiation will reach the
surface. A feedback loop illustrates how negative feedback moderates change and adds stability to a
system. Relationships between two variables (one link to the next in the loop) can be either direct or in-
verse. A direct relationship means that either an increase or a decrease in the first variable will lead to
the same effect on the next. For example, a decrease in o0zone leads to a decrease in ozone layer
screening of UV radiation. An inverse relationship means that the change in the first variable will result
in an opposite change in the next. For example, an increase in CFCs leads to a decrease in ozone in the
ozone layer. After one pass through a negative-feedback loop, a shift will occur: The first effect on the
first variable reverses, which will reverse all subsequent changes in the next cycle. The variables will
maintain the same relationship to each other, either direct or inverse. Follow a second pass through the
feedback loop (reversing the increase or decrease interactions) to understand how this works. Human
decision making plays a role in many environmental systems. The last link between skin cancer and hu-
man use of CFCs would likely result in people taking actions to reduce the problem.

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

minimize the use of CFCs in the United States. Today, new
automobiles and trucks are sold with air conditioners that
use an “‘ozone-friendly,” non-CFC unit to cool the vehicles’
interiors.

The feedback loop in Figure 1.21 shows six of the most
important factors related to ozone-layer damage by CFCs.
Each of these factors is linked by an interaction to the next
variable in the loop. Systems analysis allows us to see how



these processes will affect the variables and helps us answer
“what if?” questions. For example, if CFCs continue to
erode the ozone layer, what will happen?

Follow Figure 1.21, starting with the human use of
CFCs at the top of the diagram, and trace the feedback links
outlined below.

1. If the amount of CFCs used by humans increases, the
amount of CFCs in the atmosphere will also increase. An
increase leads to an increase in the next factor, so this is
a direct (positive) relationship.

2. Increasing the CFCs in the atmosphere will lead to a de-
crease of ozone in the ozone layer. Here an increase leads
to a decrease in the next factor, so this is an inverse (neg-
ative) relationship between atmospheric CFCs and
ozone.

3. Decreasing the ozone in the upper atmosphere will de-
crease the amount of harmful ultraviolet (UV) radiation
that is blocked by the ozone layer. Here a decrease leads
to a decrease; this is a direct relationship because the de-
creasing effect is reinforced.

4. Decreasing the blocking of harmful UV radiation will
cause an increased amount of harmful UV radiation at
Earth’s surface. A decrease leads to an increase, so this is
an inverse relationship.

5. Increasing the level of UV radiation at Earth’s surface will
cause an increased amount of skin cancer in humans,
which can be fatal. An increase leads to an increase, so
this is a direct relationship.

6. Increasing skin cancer in humans could lead to policy
changes that decrease the release of CFCs into the atmos-
phere, producing negative feedback relative to the initial
variable (item 1 above) in the feedback loop.

Finally, there remains an important question: What is likely
to happen to the human use of CFCs if the occurrence of
skin cancer continues to increase? Will humans act to cor-
rect the problem, or will they do nothing? What would be
the potential consequences in either case? Ironically, nega-
tive feedback loop operations are beneficial because they
regulate a system through a tendency . .. toward balance.
Feedback loops in nature normally do not operate for ex-
tended periods on positive feedback because environmental
limiting factors act to return the process to a state of equi-
librium. What are some other examples of feedback opera-
tions in natural systems?

It is essential to remember that systems are models,
and so they are not the same as reality. They are products
of the human mind and are only one way of looking at the
real world. Examining various Earth subsystems helps us
understand the natural processes involved in the develop-
ment of the atmosphere, lithosphere, hydrosphere, and
biosphere. Models may even help us simulate past events or
predict future change. But we must be careful not to con-
fuse simplified models with the complexities of the real
world.
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Physical Geography and You

Many aspects of the physical environment affect our every-
day lives. The principles, processes, and perspectives of physi-
cal geography provide keys that help us be environmentally
aware, assess environmental situations, analyze the factors in-
volved, and make informed choices among possible courses
of action.

What are the environmental advantages and disadvan-
tages of a particular home site? Should you plant a new lawn
before or after the spring rains? What sort of environmental
impacts might be expected from a proposed shopping center?
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 po-
tential damage to your household from a natural hazard?
‘What can you do to assure that both you and your family are
as prepared as possible for the kind of natural hazard that
might affect your home?

It is apparent, then, that the study of physical geography
and the understanding of our natural environment that it
provides are valuable to all of us. Perhaps you have wondered,
however, what do those people who call themselves physical
geographers do in the workplace? What kinds of jobs do they
hold? Physical geography sounds interesting and exciting, but
can I make a living at it?

By applying their knowledge, skills, and techniques to
real-world problems, physical geographers make major
contributions to human well-being, environmental stew-
ardship, and the economic development of society. Physical
geographers emphasize the Earth system, but they do not
ignore the effect of people on that system or the impact
that our environment may have on people and the way
they live. A knowledge of physical geography can help us
analyze and solve environmental problems, such as whether
we should continue to build nuclear power plants, allow
offshore oil development, or drain coastal marshlands. Each
of these questions may generate a different answer depend-
ing on the physical geography of the location in question.
Intelligence efforts by the U.S. Department of Defense
must predict the effects that weather and terrain may have
on military or naval operations. Industries must evaluate
how a proposed plant site may alter the surrounding
environment.

Applied physical geography takes many forms, and the
Career Vision Series in this book will introduce you to phys-
ical geographers in the workplace. The geographers pre-
sented in these brief biographies share a common experience
with you—each began their geographic education as a stu-
dent in an introductory geography course like the one that
you are now taking.

Finally, knowledge of physical geography provides not
only opportunities for personal enrichment and possible
employment but also a source of perpetual enjoyment. Ge-
ography is a visual science, and it is really more than just a
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subject. Geography is a way of looking at the world and of
observing its features. It involves asking questions about
the nature of those features and appreciating their beauty
and complexity. It encourages you to seek explanations,
gather information, and use geographic skills, tools, and
knowledge to solve problems. Even if you forget many of
the facts discussed in this book, you will have been shown
new ways to consider, see, and evaluate the world around

Define & Recall

geography atmosphere
spatial science lithosphere
holistic approach hydrosphere
human geography biosphere
region environment
regional geography ecology
physical geography ecosystem

absolute location life-support system

relative location natural resource

you. Just as you see a painting differently after an art
course, so too will you see sunsets, waves, storms, deserts,
rivers, forests, prairies, and mountains with an “educated
eye.” You should retain knowledge of geography for life.
You will see greater variety in the landscape, not because
there is any more variety there but because you will have
been trained to observe Earth differently and with deeper
understanding.

mental map

systems theory
subsystem

input

output

closed system

open system
equilibrium
dynamic equilibrium

spatial distribution pollution feedback

spatial pattern model negative feedback
spatial interaction physical model positive feedback
system pictorial/graphic model threshold

variable mathematical/statistical model feedback loop

Earth system conceptual model

Discuss & Review

1. What does a holistic approach mean in terms of think-
ing about an environmental problem?

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

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

4. Why is geography known as the spatial science? What
are some topics that illustrate the role of geography as
the spatial science?

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

6. How does the study of systems relate to the role of
geography as a physical science?

7. How does the examination of human—environment re-
lationships in ecosystems serve to illustrate the role of
geography as an environmental science?

8. What is meant by the human—environment equation?
Why is the equation falling further out of balance?

9. How do open and closed systems differ? How does
feedback affect the dynamic equilibrium of a system?

10. How does negative feedback maintain a tendency
toward balance in a system? What is a threshold in a
system?



Consider & Respond

1.

2.

Give examples from your local area that demonstrate
each of the five topics listed concerning spatial science.
How have various kinds of pollution affected your life?
List some potential sources of pollution in your city or
town.

Give one example of an ecosystem in your local area
that has been affected by human activity. In your opin-
ion, was the change good or bad? What values are you
using in making such a judgment?
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4. There are advantages and disadvantages to the use of

models and the study of systems by scientists. List and
compare the advantages and disadvantages from the
point of view of a physical geographer.

. How can a 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 geog-
rapher? What advantages might you have when applying
for a job?
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CHAPTER PREVIEW

nowing where something is located and

being able to convey that information to
others is essential to geographers as they describe
and analyze aspects of the Earth system. Although
many basic principles used in dealing with loca-
tional problems have been known for centuries,
the technologies applied to these tasks are ever
changing. Today, the tools that geographers
and other scientists use to find, describe, record,
and display locations are becoming more precise
and accurate through the application of comput-

ers and space-age technologies.

Maps and other graphic representations of Earth are essen-
tial to understanding geography.

I In what ways are maps important in daily life or in the
workplace?

I Why are geographers major users of maps?

I Why are maps an important means of communication?

The Earth’s shape is generally referred to as spherical.

I How does the shape of Earth deviate from a sphere? Why
and by how much?

I Why is a world globe the only representation of the entire
Earth with little or no distortion?

I What does this statement imply about maps?

The geographic grid is an arbitrary coordinate system for
describing locations on Earth.

I In what ways is it an arbitrary system of location?

I How was the geographic grid developed?

I How is the Earth grid associated with navigation and time
zones?

I How is the Public Lands Survey System different from and
similar to the geographic grid?

All maps, projections, and images of Earth have beneficial
and detrimental properties that affect the accuracy of the
spatial or environmental information they portray.

I What does this mean?

I What does this suggest in relation to the development of a
"perfect” map?

I Why should representations of Earth be carefully selected
to fit an intended purpose?

Maps, global positioning systems, and remotely sensed im-
ages are useful tools for the physical geographer.

I Why? What are they?
I How can maps, aerial photographs, and remotely sensed
images provide complementary information about a place?

Geographic information systems (GIS) allow the direct com-
parison and combination of many map information layers.

I How can GIS help us understand spatial relationships in
complex environmental systems?

I Why is it useful to be able to simultaneously compare the
locations and distributions of two or more environmental
variables?

31
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Location on Earth

Perhaps as soon as people began to communicate with lan-
guage, they also began to develop a language of location, us-
ing landscape features as directional cues. Today, we still use
familiar landmarks to help us find our way. When ancient
peoples began to sail the ocean, they recognized the need for
ways of finding directions and describing locations. Long be-
fore the first compass was developed, they discovered that
positions of the sun and stars—rising, setting, or circling in
the heavens—could provide accurate directions. Observing
relationships between the sun and the stars to a position on
Earth is a basic skill in navigation, the science of location
and wayfinding. Navigation has been called the process of
getting from where you are to where you want to go.

Maps and Mapmaking

No one knows where or when the first map was made
because its origin is lost in antiquity. Early humans certainly
drew locational diagrams on rock surfaces and in the soil.
Some of the earliest known maps were constructed of sticks or
drawn on clay tablets, stone slabs, metal plates, papyrus, linen,
or silk. Ancient maps were fundamental to the beginnings of
geography because they helped humans communicate spatial
thinking and were useful in finding directions (I Fig. 2.1).
Maps and globes fulfill the same functions today by
conveying spatial information through graphic symbols, a

I FIGURE 2.1

When did humans make the first map? Cave paintings by Cro-Magnon people in France depict the
animals that they were hunting, sometime between 17,000 and 35,000 years ago. Although this
view shows detail of stags crossing a river, experts suggest that some of the artwork represents a
rudimentary map. The paintings include lines that apparently represent migration routes, and other
marks appear to represent locational information. If so, this is the earliest known example of

humans recording their spatial knowledge.

Why would these prehistoric humans want to record locational information?

“language of location,” that must be understood to compre-
hend the rich store of information that they display.
Although we typically think of maps as being visual repre-
sentations of Earth or a part of its surface, maps and globes
have now been made to show extraterrestrial features such
as the surface of the moon or Mars.

Cartography is the science and profession of map-
making. Geographers who specialize in cartography super-
vise the development of maps and globes to ensure that
mapped information and data are accurate and effectively
presented. Most cartographers would agree that the primary
purpose of a map is to communicate spatial information.
In recent years, computer technology has revolutionized
cartography.

The changes in map data collection and display that have oc-
curred in the 20th century are comparable to the change from
pedestrian to astronaut. Information that used to be collected
little by little from ground observations can now be collected in-
stantly by satellites hurtling through space, and recorded data can
be flashed back to Earth at the speed of light.

Cartographers can now gather spatial data and make maps
faster than ever before—within hours—and the accuracy of
these maps is excellent. Moreover, digital mapping enables map-
makers to experiment with a map’s basic characteristics (for ex-
ample, scale or projections), to combine and manipulate map
data, to transmit entire maps electronically, and to produce
unique maps on demand.

United States Geological Survey (USGS)
Exploring Maps, page 1

Maps are everywhere. We can all think of
applications in navigation, political science,
community planning, surveying, history,
meteorology, and geology, in which maps
are vital. We experience maps in our every-
day lives, through education, travel, televi-
sion, recreation, and reading. The maps in
your daily newspaper provide excellent ex-
amples. How do they contribute to your
understanding of the news? How many are
there? How many would that equal in a
year (365 daily papers)?

Size and Shape of Earth

Although it was not until the 1960s that we
were able to image Earth’s shape from space,
as early as in 540 B.C. ancient Greeks theo-
rized that our planet was a sphere. In
200 B.C. a philosopher-geographer named
Eratosthenes estimated the circumference of
Earth within a few hundred miles of its ac-
tual size. Earth can generally be considered a
sphere, with an equatorial circumference of
39,840 kilometers (24,900 mi), but the
forces associated with Earth rotation bulge
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the equatorial region outward, and slightly flatten the polar
regions. Earth’s shape is basically an oblate spheroid, yet its
deviations from being 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 globe with a 12-inch diameter (30.5 cm), this dif-
ference of 44 kilometers (27 mi) would be about as thick as
the wire in a paperclip. This deviation is less than one third of
1 percent; and while viewing Earth from space it would not
be noticeable to the unaided eye ( § Fig. 2.2a). Nevertheless,
people working in navigation, surveying, aeronautics, and car-
tography require precise calculations of Earth’s deviations
from a perfect sphere.

Landforms also cause deviations from true sphericity.
Mount Everest in the Himalayas is the highest point on Earth
at 8850 meters (29,035 ft) above sea level. The lowest point is
the Challenger Deep, in the Mariana Trench of the Pacific
Ocean southwest of Guam, at 11,033 meters (36,200 ft) be-
low sea level. The difference between these two elevations,
19,883 meters, or just over 12 miles (19.2 km), would also be
insignificant when reduced in scale on a 12-inch (30.5 cm)

globe.

Globes and Great Circles

A world globe is a nearly perfect model of our planet
( W Fig. 2.2b). It shows Earth’s spherical shape and accurately
displays spatial relationships between landforms and water
bodies, comparative distances between locations, relative sizes

I FIGURE 2.2
(a) Earth as photographed from space by Apollo astronauts, showing most of Africa, the surrounding
oceans, storm systems in the Southern Hemisphere, and the relative thinness of the atmosphere.

(b) A world globe oriented to represent the same general viewpoint.
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and shapes of Earth’s features, and true compass directions.
Having essentially the same shape as Earth, a globe represents
geographic features and relationships associated with our
planet virtually without distortion.

Yet, globes also have limitations. A world globe would
not help us find our way on a hiking trail. It would be awk-
ward to carry, and our location would appear as a tiny pin-
point, with little, if any, local information. We would need a
map that clearly showed elevations, trails, and rivers and that
could be folded to carry in a pocket or pack. However, if we
want to view the entire world, a globe provides the most
accurate representation, despite its limitations. Being familiar
with the characteristics of a globe helps us understand maps
and how they are constructed.

An imaginary circle drawn in any direction around its
surface and whose plane passes through the center of Earth is
called a great circle (l Fig. 2.3a,b). It is “great” because this
is the largest circle that can be drawn around Earth through
two particular points. Great circles have several useful charac-
teristics: (1) Every great circle divides Earth into equal halves
called hemispheres; (2) every great circle is a circumference
of Earth; and, perhaps most important, (3) great circles mark
the shortest travel routes between locations on Earth’s surface.
An important example of a great circle is the circle of illumina-
tion, which divides Earth into light and dark halves—a day
hemisphere and a night hemisphere. Circles whose planes do
not pass through the center of Earth are called small circles
( W Fig. 2.3¢). Any circle on Earth’s surface that does not di-
vide the planet into equal halves is a small circle.

NASA
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(@)
I FIGURE 2.3

Geometric planes slicing through a globe’s center (a) at the equator and (b) obliquely. In either case,
the globe is divided into equal halves, and the line where the plane intersects the surface of the globe
is a great circle with the same circumference as the globe itself. In (c), the plane slices the globe into
unequal parts. The line of intersection of such a plane with the globe is a small circle.

The shortest route between two places can be located by
finding the great circle that connects them. Put a rubber
band (or string) around a globe to visualize this spatial
relationship. Connect any two cities, such as Moscow and
New York, San Francisco and Tokyo, New Orleans and Paris,
or Kansas City and Singapore, by stretching a rubber band
around the globe so that it touches both cities and divides
the globe in half. The rubber band then marks the shortest
route between these two cities. Navigators chart great circle
routes for aircraft and ships because traveling the shortest dis-
tance saves time and fuel. The farther away two points are on
Earth, the larger the distance savings will be by following the
great circle route that connects them.

Latitude and Longitude

Imagine you are traveling by car and you want 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."The letter G and the number 6 meet in a box
marked on the map. Scanning the area within box G-6, you lo-
cate Canton ( I Fig. 2.4). What you have used is a coordinate
system of intersecting lines, a system of grid cells on the map.
Without a locational coordinate system, it would be difficult to
describe a location. The problem is deciding where the starting
points should be for a grid system on a sphere. Without points
of reference, either natural or arbitrary, a sphere is a geometric
form that looks the same from any direction.

Measuring Latitude The North Pole and the South
Pole provide two natural reference points because they mark
the opposite positions of Earth’s axis, around which it turns in
24 hours. The equator, halfway between the poles, forms a
great circle that divides the planet into the Northern
and Southern Hemispheres. The equator is designated as
0° latitude, forming the reference line for measuring latitude
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I 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.

What are the rectangular coordinates of Mansfield? What is at
location F-3?

in degrees north or degrees south. North or south of the
equator, the angles and their arcs increase until we reach the
North or South Pole at the maximum latitudes of 90° north
or 90° south.

To locate the latitude of Los Angeles, imagine two lines
that go outward from the center of Earth. One goes straight
to Los Angeles and the other goes to a point on the equator
directly south of the city. These two lines form an angle that
is the latitudinal distance (in degrees) that Los Angeles lies
north of the equator ( ¥ Fig. 2.5a2). The angle made by these
two imaginary lines is just over 34°—so the latitude of Los
Angeles is about 34°N (north of the equator). Because
Earth’s circumference is approximately 40,000 kilometers
(25,000 mi) and there are 360 degrees in a circle, we can
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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 geo-
metric 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?

divide (40,000 km/360°) to find that 1° of latitude equals
about 111 kilometers (69 mi).

A single degree of latitude covers a relatively large dis-
tance, 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 dif-
ferent 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).

A sextant can be used to determine latitude by celestial
navigation ( I Fig. 2.6). This instrument measures the angle
between our horizon, the visual boundary line between the
sky and Earth, and a celestial body such as the noonday sun
or the North Star (Polaris). The latitude of a location, how-
ever, is only half of its global address. Los Angeles is located
approximately 34° north of the equator, but an infinite num-
ber of points exist on the same line of latitude.

Measuring Longitude To accurately describe the location
of Los Angeles, we must also determine where it is situated
along the line of 34°N latitude. However, to describe an east
or west position, we must have a starting line, just as the equa-
tor provides our reference line for latitude. Actually, any half
of a great circle, running from pole to pole, could serve as
0° longitude. The global position of the 0° east—west reference
line for longitude is arbitrary, and in the past some countries
designated their own zero line, passing through that country’s

U.S. Navy

I FIGURE 2.6

Finding latitude by celestial navigation. A traditional way to determine lat-
itude is by measuring the angle between the horizon and a celestial body
with a sextant. Today, most air and sea navigation (as well as certain land
travel) is supported by a satellite-assisted technology called the global
positioning system (GPS).

With high-tech location systems like GPS available, why might
understanding how to use a sextant still be important?
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capital. This practice caused confusion because the longitudes
on maps could vary with a map’s country of origin. This diffi-
culty was resolved by international agreement in 1884, when
the longitude line passing through Greenwich, England (near
London), was accepted as the prime meridian, or 0° longi-
tude. Longitude is the angular distance east or west of the
prime meridian.

Like latitude, longitude is also measured in degrees, min-
utes, 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 O°E or W and 0°N or S). Figure 2.5b shows that
these two 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¢
provides the global address of Los Angeles by latitude and
longitude.

As we go farther east or west from 0° at the prime merid-
ian, our longitude increases. Traveling eastward from the prime
meridian, we will eventually be halfway around the world
from Greenwich, in the middle of the Pacific Ocean at 180°E.
This line is also 180°W. Longitude is measured in degrees up
to a maximum of 180° east or west of the prime meridian.

The Geographic Grid

Any point on Earth’s surface can be located by its latitude
north or south of the equator, measured in degrees, and its
longitude east or west of the prime meridian, measured in de-
grees. Lines that run east and west around the globe to mark
latitude and lines that run north and south from pole to pole
to indicate longitude form the geographic grid (I Fig. 2.7).

Parallels and Meridians

The east—west lines marking latitude circle the globe, are
evenly spaced, and are parallel to the equator and each other.
Hence, they are known as parallels. The equator is the only
parallel that is a great circle; all other lines of latitude are
small circles. One degree of latitude equals about 111 kilo-
meters (69 mi) anywhere on Earth.

Lines of longitude, called meridians, run north and
south, converge at the poles, and measure longitudinal dis-
tances east or west of the prime meridian. Each meridian of
longitude, when joined with its mate on the opposite side of
Earth, forms a great circle. Meridians at any given latitude are
evenly spaced, although meridians get closer together as they
move 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).

Earth turns
15° in one hour

I FIGURE 2.7

A globelike representation of Earth, which shows the geographic grid
with parallels and meridians at 15° intervals.

How do parallels and meridians differ?

Longitude and Time

Time zones were established based on the relationship
between longitude 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 moment in a day when a verti-
cal 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 on its axis, noon in a town toward
the east occurred earlier, and towns to the west experienced
noon later.

By the late 1800s, advances in travel and communication
made the use of local time by each community impractical. In
1884 the International Meridian Conference in Washington,
D.C., set standardized time zones and established the longi-
tude passing through Greenwich as the prime meridian
(0° longitude). Earth was divided into 24 time zones, one for
each hour of the day, because Earth turns 15° of longitude in
an hour (360° divided by 24 hours). Ideally, each time zone
spans 15° of longitude. The prime meridian is the central
meridian of its time zone, and the time when solar noon
occurs at the prime meridian was established as noon for all
places between 7.5°E and 7.5°W of that meridian. The same
pattern was followed around Earth. Every line of longitude
evenly divisible by 15° is the central meridian for a time zone
of 7.5° of longitude on either side. However, as shown in



THE GEOGRAPHIC GRID 37

Prime Meridian

London
D45 § +4  (Greenwich)

Y Montreal +33
icago o /TN 2
- Halifax
~ # Washington D.C. ]

Atlanta  Casablanca /1
New Orleans <

Honolulu

.

+10

o Rio de Janeiro
+83

Cape Town

. Ir}yernati;)nal Date Line

.
-11

P Auckland
dney

v

180°W [150°W|[135°W/[120°W[105°W| 90°W | 75°W | 60°W [45°W [30°W [15°W [ 0
+11 |+10 | +9 +7 | +6 | +5 | +4 | 43 +1 [ 0

30°E | 45°E | 60°E | 75°E | 90°E |105°E [120°E [135°E | 150°E|165°E | 180°E
-2 | -3 5| -6|-7|-8|-9 =11 [£12

I FIGURE 2.8

World time zones reflect the fact that Earth turns through 15° of longitude each hour. Thus, time zones
are approximately 15° wide. Political boundaries usually prevent the time zones from following a merid-

ian perfectly.

What is the time difference between the time zone where you live and Greenwich, England?

Figure 2.8, time zone boundaries do not follow meridians ex-
actly. In the United States, time zone boundaries commonly
follow state lines. It would be very inconvenient to have a
time zone boundary dividing a city or town into two time
zones, so jogs in the lines were established to avoid most of
these problems. Imagine the confusion that would result if a
city was divided into two time zones.

The time of day at the prime meridian, known as Green-
wich Mean Time (sometimes called GMT, 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 merid-
ian is 120°W, the time would be 8 hours earlier than GMT.

For navigation, longitude can be determined with a
chronometer, 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, de-
termines longitude (1 hour equals 15° of longitude). Until
the advent of electronic navigation by ground- and satellite-
based systems, the sextant and chronometer were a naviga-
tor’s basic tools for determining location.

The International Date Line

On the opposite side of Earth from the prime meridian is
the International Date Line. It is a line that generally
follows the 180th meridian, except for jogs to separate
Alaska and Siberia and to skirt some Pacific island groups
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The International Date Line. The new day officially begins at
the International Date Line (IDL) and then sweeps west-
ward around the Earth to disappear when it again reaches
the IDL. Thus, west of the line is always 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?

(W Fig. 2.9). At the International Date Line,
we turn our calendar back a full day if we are
traveling east and a full day forward 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 International Date Line was not established offi-
cially until the 1880s, but the need for such a line on Earth
70° to adjust the day was inadvertently discovered by Magellan’s
crew who, from 1519 to 1521, first circumnavigated Earth.
Sailing westward from Spain around the world, the crew no-
60° ticed when they returned that one day had apparently been
missed in the ship’s log. What had actually happened is that
in going around the world in a westward direction, the crew
450 had experienced one less sunset and one less sunrise than had
occurred in Spain during their absence.

30°
The U.S. Public Lands Survey System
15° The geographic grid of longitude and latitude was designed
to locate the points where these lines intersect. A different
0° system 1s used in much of the United States to define and
locate land areas. This is the U.S. Public Lands Survey
15° System, or the Township and Range System, developed for
parceling public lands west of Pennsylvania. The Township
30° and Range System divides land areas into parcels based on
north—south lines called principal meridians and east—west
a5 lines called base lines ( } Fig. 2.10). Base lines were surveyed

along parallels of latitude. The north—south meridians,
though perpendicular to the base lines, had to be adjusted
(jogged) along their length to counteract Earth’s curvature. If
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 townships laid out in horizontal fiers
north and south of the base lines and in vertical columns

I FIGURE 2.10

Principal meridians and base lines of the U.S. Public Lands Survey System (Township and
Range System).

Why wasn’t the Township and Range System applied throughout the eastern
United States?

—— Base line
------ Principal meridian
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ranging east and west of the principal meridians. A town-
ship is a square plot 6 miles on a side (36 sq mi, or 93 sq
km). As illustrated in Figure 2.11, townships are first labeled
by their position north or south of a base line; thus, a town-
ship in the third tier south of a base line will be labeled
Township 3 South, which is abbreviated T3S. However, we
must also name a township according to its range—its loca-
tion east or west of the principal meridian for the survey
area. Thus, it 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).

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 northeasternmost section with section
1, snaking back and forth across the township, and ending
in the southeast corner with section 36. Sections are di-
vided into four quarter sections, named by their location
within the section—northeast, northwest, southeast, and
southwest, each with 160 acres (65 ha). Quarter sections are
also subdivided into four quarter-quarter sections, sometimes
known as forties, each with an area of 40 acres (16.25 ha).
These quarter quarter-sections, or 40-acre plots, are named
after their position in the quarter: the northeast, northwest,
southeast, and southwest forties. Thus, we can describe the
location of the 40-acre tract that is shaded in Figure 2.11 as
being in the SW 4 of the NE Y of Sec. 14, T3S/R2E,
which we can find if we locate the principal meridian and
the base line. The order is consistent from smaller division
to larger, and township location is always listed before
range (T3S/R2E).

The Township and Range system has exerted an enor-
mous influence on landscapes in many areas of the United
States and gives most of the Midwest and West a checkerboard
appearance from the air or from space ( I Fig. 2.12). Road
maps in states that use this survey system strongly reflect its

Sec 14 (1 sq mi) SW "4 of NE "4 (40 acres)

grid, and many roads follow the regular and angular bound-
aries between square parcels of land.

The Global Positioning System

A modern technology for determining a location employs
the global positioning system (GPS). The GPS uses a
network of satellites orbiting 17,700 kilometers (11,000 mi)
above Earth. This high-tech locational system was origi-
nally created for military applications but also has a host of’
civilian uses, from surveying to navigation. GPS can mea-
sure precise distances from a location on Earth to several
orbiting satellites. The satellites transmit radio signals that
are detected by a ground receiver. GPS receivers vary in
size, and handheld units are common ( B Fig. 2.13).The dis-
tance from receiver to satellite is calculated by measuring
the time it takes for radio signals, traveling at the speed of
light, to arrive. A GPS receiver performs these calculations
and displays a locational readout in latitude, longitude, and
elevation. Many receivers also display a digital map that
marks the position of the receiver. GPS is based on the
principle of triangulation. In other words, knowing the
distance to our location, measured from three or more dif-
ferent satellites will determine our position ( § Fig. 2.14).
With sophisticated GPS equipment and techniques, it is
possible to find locational coordinates within small frac-
tions of a meter.

Maps and Map Projections

It has been said that if a picture is worth a thousand words,
then a map is worth a million. Maps can be reproduced eas-
ily, 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. There are many different varieties of
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I FIGURE 2.12

Rectangular field patterns resulting from the Public Lands Survey System in the western United States.
Note the slight jog in the field pattern to the right of the farm buildings in the center of the photo.
How do you know this photo was not taken in the Midwestern United States?

maps, and they all have qualities that can
be either advantageous or problematic,

depending on the application. No map
SITE 131"*1:298523 s fits all possible uses, and a key to effec-
+00287n ALT . T S tively using them is knowing some basic
. . ) concepts concerning maps and cartog-
raphy. This knowledge can help us select

the right map for a particular task.

Advantages of Maps

Maps are useful to people in every walk
of life. They are valuable to tourists, po-
litical scientists, historians, geologists,
pilots, soldiers, sailors, and hikers, among
many others. As visual representations

of Earth, maps supply an enormous
amount of information that would take
pages and pages to describe—probably
less successfully—in words. Because they

I FIGURE 2.13

Global positioning system (GPS). A GPS receiver provides a readout of its latitudinal and longitudinal po-
sition based on signals from a satellite network. Handheld units provide an accuracy that is acceptable : ;
for many uses. Precise land surveying, however, requires equipment and techniques that are more bolic language, maps show spatial rela-
sophisticated. tionships with great efficiency. Imagine
What uses can you think of for a small unit like this that displays its longitude, latitude, and  trying to verbally explain all the infor-
elevation as it moves from place to place? mation that a map of your city, county,

are graphic representations and use sym-
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The global positioning system uses signals from a network of satellites to determine a position on
Earth. The GPS receiver 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; with more satellite signals and sophisticated GPS equipment, the position can

be located very precisely.

state, or campus provides: sizes, areas, distances, directions, street
patterns, railroads, bus routes, hospitals, schools, libraries, muse-
ums, highway routes, business districts, residential areas, popu-
lation centers, and so forth. Maps can show true courses for
navigation and true shapes of Earth features. They can be used
to measure areas or distances, and they can show the best route
from one place to another. The potential applications of maps
are practically infinite, even “out of this world,” because our
space programs have produced maps of the moon, Mars, and
other extraterrestrial features.

Geographers can produce maps to illustrate almost any re-
lationship in the environment. For many reasons, whether it is
presented on paper, on a computer screen, or in the mind, the
map is the geographer’s most important tool.

Limitations of Maps

On a globe, we can compare the size, shape, and area of Earth
features, and we can measure distance, direction, shortest routes,
and true directions. Yet, because of the distortion inherent in
maps, we can never compare or measure all 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 properties. This process has been likened to trying
to flatten out an eggshell. There is no such thing as a perfect
map, at least not the perfect map for all uses.

Distortion is an unavoidable problem of representing a
sphere on a flat map, but when a map depicts only a small
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area, the distortion should be negligible.
If we use a map of a state park for hik-
ing, this distortion will be too small to
affect us. On maps that show large re-
gions or the world, Earth’s curvature
causes apparent and pronounced distor-
tion. To be skilled map users, we must
know which properties a certain map
depicts accurately, which features it dis-
torts, and for what purpose a map is best
suited. If we are aware of these map
characteristics, we can make accurate
comparisons and measurements on
maps and better understand the infor-
mation that the map conveys.

Properties of

Map Projections

The geometry of the geographic grid
has four important properties: (1) Paral-
lels of latitude are always parallel, (2) par-
allels are evenly spaced, (3) meridians
of longitude converge at the poles, and
(4) meridians and parallels always cross at
right angles. There are thousands of ways
to transfer a spherical grid onto a flat
surface to make a map projection, but no map projection
can maintain all four of these properties at once. Because it is
impossible to have all these properties on the same map, car-
tographers must decide which properties to preserve at the ex-
pense of others. Closely examining a map’s grid system for
how these four properties are aftected will help us discover ar-
eas of greatest and least distortion.

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 projected onto a
plane or flat surface (planar projection), a cylinder (cylindrical
projection), or a cone (conic projection), geometric forms that
can be cut and then flattened out ( B Fig. 2.15a—c). Today,
map projections are developed mathematically, using com-
puters to fit the geographic grid to a surface. The distortions
in the geographic grid that are required to make a map can
affect the geometry of several characteristics of the areas and
features that a map portrays.

Shape Flat maps cannot depict large Earth features without
distorting either their shape or their area. However, areas—
continents, regions, mountain ranges, lakes, islands, and bays—
can be depicted in their true shape by using the proper map
projection. Maps that maintain the true shapes of areas are
known as 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.
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(a) Planar projection

(c) Conical projection

I FIGURE 2.15

The theory behind the development of (a) planar, (b) cylindrical, and (c)
conic 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?

Most of us are familiar with the Mercator projection
( B Fig. 2.16), commonly used in schools and textbooks,
although less so in recent years. The Mercator projection pres-
ents the correct shape of areas, so it is a conformal map, but
areas away from the equator are exaggerated in size. Because
of its widespread use, the Mercator projection’s distortions led

generations of students to believe incorrectly that Greenland
is as large as South America. On Mercator’s projection,
Greenland is shown as being about equal in size to South
America (see again Fig. 2.16), but South America is actually
about eight times larger.

Area Cartographers are able to create a world map that
maintains true-area relationships; that is, areas on the map
have the same proportions to each other as they have in real-
ity. Thus, if we cover any two parts of the map with, say, a
nickel, no matter where the nickel is placed it will cover
equivalent areas on Earth. Maps drawn with this property,
called equal-area maps, should be used if comparisons are
being made between two or more areas shown on the map.
The property of equal area is also essential when examining
spatial distributions. As long as the map displays equal area and
a symbol represents the same quantity throughout the map,
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I FIGURE 2.16

The Mercator projection, often misused as a general-purpose world map,
was designed for navigation. Its most useful property is that lines of con-
stant compass heading, called rhumb lines, are straight lines. The Merca-
tor is developed from a cylindrical projection.

Compare the sizes of Greenland and South America on this map

t

o their proportional sizes on a globe. Is the distortion great or

small?
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I FIGURE 2.17

An equal-area world projection map. This map preserves area relationships but distorts the shape of

landmasses.

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 map features
(B Fig. 2.17) because it is impossible to show both equal areas
and correct shapes on the same map.

Distance No 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 on that
map. On maps of small areas, however, distance distortions
will be minor, and the accuracy will usually be sufficient for
most purposes. It is possible for a map to have the property
of equidistance in specific instances. That is, on a world
map, the equator may have equidistance (a constant scale)
along its length, or all meridians, but not the parallels, may
have equidistance. 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 the compass directions on Earth curve
around the sphere, not all flat maps can show true compass
directions as straight lines. A given map may be able to show
true north, south, east, and west, but the directions between
those points may not be accurate in terms of the angle
between them. So, if we are sailing toward an island, its

location may be shown correctly according to its longitude
and latitude, but the direction in which we must sail to get
there may not be accurately displayed, and we may pass right
by it. Maps that show true directions as straight lines are
called azimuthal map projections. These are drawn with a
central focus, and all straight lines drawn from that center
are true compass directions ( I Fig. 2.18).

Examples of Map Projections

All map projections maintain one aspect of Earth—the
property of location. Every place shown on a map must be
in its proper location with respect to latitude and longitude.
No matter how the arrangement of the global grid is
changed by projecting it onto a flat surface, all places must
still have their proper location—they must display their ac-
curate latitude and longitude.

The NMercator Projection As previously mentioned, one
of the best-known world maps is the Mercator projection, a
mathematically adjusted cylindrical projection (see again Fig.
2.15b). Meridians appear as parallel lines instead of converg-
ing at the poles. Obviously, there is enormous east—west dis-
tortion of the high latitudes because the distances between
meridians are stretched to the same width that they are at the
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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 paints, and can
only show half of Earth on a single map.

equator (see again Fig. 2.16). The spacing of parallels on a
Mercator projection is also not equal, in contrast to their
arrangement on a globe. The resulting grid consists of rectan-
gles that become larger toward the poles. Obviously, this
projection does not display equal area, and size distortion
increases toward the poles.

Gerhardus Mercator, who devised this map in 1569,
developed it to provide a property that no other world pro-
jection has. A straight line drawn anywhere on a Mercator
projection is a true compass heading. A line of constant di-
rection, called a rhumb line, has great value to navigators
(see again Fig. 2.16). By connecting their location to where
they wanted to go with a straight line on Mercator’s map,
navigators could follow a constant compass direction to get
to their destination.

Gnomonic Projections Gnomonic projections are
planar projections, made by projecting the grid lines onto a
plane, or flat surface (see again Fig. 2.15a). If we put a flat
sheet of paper tangent to (touching) the globe at the equa-
tor, the grid will be projected with great distortion. Despite
their distortion, gnomonic projections (Figure 2.19) have a
valuable characteristic: they are the only maps that display all
arcs of great circles as straight lines. Navigators can draw a
straight line between their location and where they want to
go, and this line will be a great circle route—the shortest
route between the two places.
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The gnomonic projection produces extreme distortion of distances,
shapes, and areas. Yet it is valuable for navigation because it is the only
projection that shows all great circles as straight lines. It is developed
from a planar projection.

Compare this figure with Figure 2.16. How do these two
projections differ?

An interesting relationship exists between gnomonic and
Mercator projections. Great circles on the Mercator projec-
tion appear as curved lines, and rthumb lines appear straight.
On the gnomonic projection the situation is reversed—great
circles appear as straight lines, and rhumb lines are curves.

Conic Projections Conic projections are commonly used
to map middle-latitude regions, such as the United States (other
than Alaska and Hawaii), 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
(see again Fig. 2.15¢). Parallels of latitude on a conic projection
are concentric arcs that become smaller toward the pole, and
meridians appear as straight lines radiating from the pole.

Compromise Projections In developing a world map,
one cartographic strategy is to compromise by creating a map
that shows both area and shape fairly well but is not really
correct for either property. These world maps are compro-
mise projections that are neither conformal nor equal area,
but an effort is made to balance distortion to produce an
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The Robinson projection (a) is considered a compromise projection because it departs from equal area
to better depict the shape of the continents. Distortion in projections can be also reduced by interrup-
tion (b)—that is, by having a central meridian for each segment of the map.

Compare the distortion of these maps with the Mercator projection (Fig. 2.16). What is a

disadvantage of (b) in terms of usage?

“accurate looking” global map ( ¥ Fig. 2.20a). An interrupted
projection can also be used to reduce the distortion of land-
masses (B Fig. 2.20b) by moving much of the distortion to
the oceanic regions. If our interest was centered on the world
ocean, however, the projection could be interrupted in the
continental areas to minimize distortion of the ocean basins.

Map Basics

Maps not only contain spatial information and data that the
map was designed to illustrate but also display essential in-
formation about the map itself. This information and cer-
tain graphic features (often in the margins) are intended to
facilitate understanding and using the map. Among these
items are title, date, legend, scale, and direction.

Title A map should have a title that tells what area is depicted
and what subject the map concerns. For example, a hiking and
camping map for Yellowstone National Park should have a title
like “Yellowstone National Park: Trails and Camp Sites”” Most
maps should also indicate when they were published or the
date to which its information applies. For instance, a population
map of the United States should tell when the census was
taken, to let us know if the map information is current, or out-
dated, or whether the map is intended to show historical data.

Legend A map should also have a legend—a key to sym-
bols used on the map. For example, if one dot represents
1000 people or the symbol of a pine tree represents a road-
side park, the legend should explain this information. If color
shading is used on the map to represent elevations, different
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climatic regions, or other factors, then a key to the color
coding should be provided. Map symbols can be designed to
represent virtually any feature (see Appendix B).

Scale Obviously, maps depict features smaller than they ac-
tually are. To measure size or distance, we need to know the
map scale that we are using ( | Fig. 2.21). The scale of a map
is an expression of the relationship between a distance on
Earth and the same distance as it appears on the map. Most
maps indicate the scale and to what parts of the map that scale
is applicable. Knowing the map scale is essential to accurately
measure distances and determine areas. Map scales can be
conveyed in three basic ways.

A verbal scale is a statement on the map that says
something like “1 inch to 1 mile” (1 inch on the map repre-
sents 1 mile on the ground), or “1 centimeter to 100 kilome-
ters” (1 cm represents 100 km). Making a statement that
includes a verbal scale tends to be the way that most of us
would refer to a map scale in conversation. A verbal scale will
no longer be correct if the original map is reduced or en-
larged, but with verbal scales it is acceptable to use different
map units (centimeters, inches) to represent another measure
of true length on Earth (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). Be-
cause a ratio is also a fraction, units of measure, being the
same in the numerator and denominator, cancel each other

I FIGURE 2.21

Kinds of map scales. A verbal scale is a statement of the relationship be-
tween a measurement on a map and the corresponding distance that it
represents on the map. Verbal scales generally mix units (centimeter/
kilometer or inches/mile). A representative fraction (RF) scale is a ratio
between a distance as represented on a map (1 unit) and its actual
length on the ground (here, 100,000 units). An RF scale requires that the
measurements must be in the same units of measure on the map and on
the ground. A graphic scale is a device used for making distance meas-
urements on the map in terms of distances on the ground.

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 8
crapicor T Kiometers
Bar Scale

T —
0 1 2

From US Geological Survey
1:100,000 Topo map

out. An RF scale is therefore free of units of measurement
and can be used with any unit of linear measurement—feet,
inches, meters, or centimeters—as long as the same unit is
used on both sides of the ratio. As an example, 2 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. Know-
ing 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 the same as 1 mile. Thus, the represen-
tative 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 useful for making
distance measurements on a map. A graphic scale is a grad-
uated line (or bar) marked with map distances that are pro-
portional to distances on Earth. To use a graphic scale, take
a straight edge, such as the edge of a piece of paper, and
mark the distance between any two points on the map.
Then use the graphic scale to measure the equivalent dis-
tance on Earth’s surface. Graphic scales have two major
advantages:

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

2. They are applicable even if the map is reduced or en-
larged, because the graphic scale will also change pro-
portionally in size. This is particularly useful because of
the ease with which maps can be reproduced or copied
in a reduced or enlarged scale using computers or
photocopiers.

Maps are often described as being of small, medium, or large
scale ( W Fig. 2.22). Small-scale maps show large areas in a
relatively small size, include little detail, and have large denomi-
nators in their representative fractions. Large-scale maps show
small areas of Earth’s surface in greater detail and have smaller
denominators in their representative fractions. To avoid confu-
sion, remember that % is a lagger fraction than 1/100. Maps
with representative fractions larger than 1:25,000 are large
scale. Medium-scale maps have representative fractions be-
tween 1:25,000 and 1:250,000. Small-scale maps have repre-
sentative fractions less than 1:250,000.This classification follows
the guidelines of the U.S Geological Survey (USGS), publisher
of many maps for the federal government and the public.

Direction The orientation and geometry of the geographic
grid give us an indication of direction because parallels of lati-
tude are east—west lines and meridians of longitude run
directly north-south. Many maps also have an arrow pointing
to north as displayed on the map. A north arrow may indicate
either frue north or magnetic north—or two north arrows may
be given, one for true north and one for magnetic north.
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USGS

(b) 1:100,000 small-scale map

I FIGURE 2.22

Map scales: Larger versus smaller. The designations small scale and large scale are related to a map's
representative fraction scale (RF). Which of these maps of Stone Mountain has the smaller scale, (a) at
1:24,000 or (b) at 1:100,0007 It is important to remember that an RF scale is a fraction that represents
the proportion between a length on the map and the true distance it represents on the ground. One cen-
timeter on the map would equal the number of centimeters in the denominator of the RF on the ground.
Which number is smaller 1/24,000 or 1/100,000? Which scale map shows more land
area—the larger-scale map or the smaller-scale map?
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-

et B

\We use remote-sensing technology and high-
resolution imagery, marketing them to utility
companies. The mapping data that we provide
enable these companies to run their busi-
nesses more effectively. I'm in charge of rail-
roads, electrical transmission corridors, and
floodplains. My knowledge of geomorphology,
GIS, surveying, and statistics helps me provide
solutions, documented via a GIS.

Things that | learned in school that helped
me succeed include

* Research skills

e Writing and communication skills, espe-
cially presentations

 Statistics

(IS and spatial theories

 Surveying theory

After 2 years off to travel, | completed a community college degree and then earned a
bachelor of science (BS) degree in Physical Geography from the University of Toronto. In
addition, | have taken CAD, MS Project, and management courses. | liked math, that
geography could be both science and humanities, and fieldwork. | love the outdoors, and
opportunity to travel was very attractive. | chose geography because it was all encompass-
ing in geosciences, and physical geography offered opportunities for fieldwork.

Two months before | graduated, | got a position with a company that was building an
80,000-mile global fiber-optic network. | was brought on board to oversee the GPS data col-
lection, in order to locate the conduit, splice locations, and cable routing on a section of this

network in southern Ontario.

I now work for Terra Remote Sensing. We specialize in marine geophysics, hydrography,
photogrammetry, LIDAR, and GIS. | market technology to economic sectors that still use old
ways of gathering geo-referenced data. | also research new ways for applying our technology.
| travel extensively, doing presentations at conferences and to industries. People skills, presenta-
tion skills, and written and oral communication skills have helped me succeed in this position.

Statistics has everyday applications. Students
interested in this field should take a GIS course
and as many field courses as possible. | was
able to use communication, research, and GIS
skills to provide solutions that were cost effec-
tive, accurate, detailed, and met everyone's
needs.

Physical geography helps people think on a
broad scale and encourages them to examine
the forces with which they interact, whether
spatially or in business. It helped me look at
processes, as opposed to cause and effect.
Physical geography is the study of all physical
processes on Earth and their interactions. \We
study features at various scales, from a sand
grain, to a mountain, to an entire mountain
range, to figure out why and how they have
developed into what we see today and what

we might see in the future. Physical geography
helps us look at the big and small picture and
recognize how different processes throughout
time influence what we see today. In life,
these skills of looking for and identifying
processes and recognizing their interactions
can be applied to many everyday social and
business problems. The processes and the
interactions may be different, but researching
and studying them are the same.

My experience has been that a master’s or
a doctorate degree may put you outside the
trainable scope that interests most employers.
With a BS, you're more trainable in the em-
ployer's eyes. You're more adaptable. If you do
some follow-up—specialized education and
training with a BS— you're very marketable in
a business environment.

Earth has a magnetic field that makes the planet act like a
giant bar magnet, with a magnetic north pole and a magnetic
south pole, 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 geo-
graphic poles. Aligning itself with Earth’s magnetic field, the
north-seeking end of a compass needle points toward the mag-
netic north pole. If we know the magnetic declination, the
angular difference between magnetic north and true geographic
north, we can compensate for this difference (I Fig. 2.23).Thus,

if our compass points north and we know that the 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 indicated by our
compass in order to face true north. Magnetic declination varies
from place to place and also changes through time. For this rea-
son, magnetic declination maps are revised periodically, and us-
ing a recent map is very important. A map of magnetic declina-
tion is called an isogonic map (N Fig. 2.24), and isogonic lines
connect locations that have equal declination.



MN

20°

I FIGURE 2.23

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

In what circumstances would we need to know the magnetic
declination of our location?
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I FIGURE 2.24

Isogonic map of North America, showing the magnetic declination that
must be added (west declination) or subtracted (east declination) from a
compass reading to determine true directions.

What is the magnetic declination of your hometown to the
nearest degree?
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Compass directions can be given by either the azimuth
system or the bearing system. In the azimuth system,
direction is given in degrees of a full circle (360°) clockwise
from north. That is, if we imagine the 360° of a circle with
north at 0° (and at 360°) and read the degrees clockwise, we
can describe a direction by its number of degrees away from
north. For instance, straight east would have an azimuth of
90°, and due south would be 180°. The bearing system
divides compass directions into four quadrants of 90° (N, E,
S, W), each numbered by directions in degrees away from
either north or south. Using this system, an azimuth of 20°
would be north, 20° east (20° east of due north), and an
azimuth of 210° would be south, 30° west (30° west of due
south). Both azimuths and bearings are used for mapping,
surveying, and navigation for both military and civilian pur-
poses (see Appendix B).

Displaying Spatial Data and
Information on Maps

Any information or data that vary spatially can be shown on
a map. Thematic maps are designed to focus attention on
the distribution of one feature (or a few related ones). Exam-
ples include maps of climate, vegetation, soils, earthquake
epicenters, or tornadoes.

Discrete and Continuous Data

There are two major types of spatial data, discrete and
continuous ( B Fig. 2.25). Discrete data means that the
phenomenon is either located at a particular place or it is
not—for example, hot springs, tropical rainforests, rivers, or
earthquake faults. Discrete data are represented on maps by
point, area, or line symbols to show their locations and dis-
tributions (Fig. 2.25a—c). Regions, discrete areas that exhibit
a common characteristic or set of characteristics within their
boundaries, are represented by different colors or shading to
differentiate one from another. This kind of representation is
used to show distribution of soil, climate, and vegetation re-
gions (see the world maps throughout this book).

Continuous data means that a measurable numerical
value for a certain characteristic exists everywhere on Earth
(or within the area of interest displayed); for example, every
location on Earth has an elevation (or air pressure value or
population density). The distribution of continuous data is
often shown using isolines—lines on a map that connect
points with the same numerical value (Fig. 2.25d). Isolines
that we will be using later on include isotherms, which con-
nect points of equal temperature; isobars, which connect
points of equal barometric pressure; isobaths (also called ba-
thymetric contours), which connect points with equal water
depth; and isohyets, which connect points receiving equal
amounts of precipitation.
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(c) Areas

I FIGURE 2.25

\

(d) Continuous variable

Discrete and continuous spatial data (variables). Discrete variables represent features that are present
at certain locations but not found everywhere. The locations, distributions, and patterns of discrete fea-
tures are of great interest in understanding spatial relationships. 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) /ines as in the path taken by Hurricane Andrew (or river channels or fault
lines), (c) areas like the lands burned by wildfire (or clear-cuts in a forest or the area where an earth-
quake was felt). Continuous variables mean that every location possesses a measurable characteristic;
for example, everywhere on Earth has an elevation, even if it is zero (at sea level) or below (a negative
value). Changes in a continuous variable over an area can be represented in many ways, but isolines,
shading, and colors can be used. The map (d) shows the continuous distribution of temperature varia-
tion for a day in part of eastern North America.

Can you name other environmental examples of discrete and continuous variables?

Topographic Maps

Topographic contour lines are isolines connecting points
on a map 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 along the 1200-foot
contour line shown on the map, we would be 1200 feet
above sea level at all times, walking on a level line, and
maintaining a constant elevation. Contour lines are an
excellent means for showing the land surface configuration
on a map (see Appendix B). The arrangement, spacing,

and shapes of the contours give a map reader a mental im-
age of what the topography (the “lay of the land”) is like
( I Fig. 2.20).

Figure 2.27 illustrates how contour lines show the
character of the land surface. The bottom portion of the
diagram is a simple contour map of an asymmetrical hill.
Note that the elevation difference between adjacent con-
tour lines on this map is 20 feet. The constant difference in
elevation between adjacent contour lines is called the
contour interval.
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I FIGURE 2.26

(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 had only a contour map, could you visualize the terrain shown in the shaded-

relief diagram?

‘What kind of terrain would we cover by hik-
ing from point A to point B? We start from point A
at sea level and immediately begin to climb. We
soon cross the 20-foot contour line, then the 40-
foot, the 60-foot, and, near the top of our hill, the
80-foot 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 de-
scent, we cross each lower level in turn until we ar-
rive back at sea level (point B).

In the top portion of Figure 2.27, 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
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distance). When studying a contour map, we
should understand that the slope in between
contours almost always changes gradually, and
it 1s unlikely that the land drops oft in steps
downslope as the contour lines might suggest.
Topographic maps show other features in
addition to elevations (see Appendix B)—for
instance, water bodies such as streams, lakes,
rivers, and oceans or cultural features such as
towns, cities, bridges, and railroads. The USGS
produces topographic maps of the United
States at several different scales. Some of these
maps—1:24,000, 1:62,500, and 1:250,000—use
English units for their contour intervals. Many
recent maps are produced at scales of 1:25,000
and 1:100,000 and use metric units. Contour
maps that show undersea topography are called
bathymetric charts. In the United States, they are
produced by the National Ocean Service.

Modern Mapping
Technology

Cartography has undergone a technological
revolution, from slow and sometimes tedious
manual methods to an automated process, using
computer systems to store, analyze, and retrieve
data and to draw the final map. For most map-
ping projects, computer systems are faster, more

80 ft

60 ft

40 ft A

20 ft /
Sea level /i

A

I FIGURE 2.27

40 ft
20 ft
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A topographic profile and contour map. Topographic contours connect points of equal ele-
vation 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.

Study this figure and the maps in Figure 2.22. What is the relationship between
the spacing of contour lines and steepness of slope?
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Most maps present a landscape as if viewed
from directly overhead, looking straight down.
This perspective is sometimes referred to as a
map view or plan view (like architectural house
plans). Measurements of length and distance
are accurate, as long as the area depicted is
not so large that Earth’s curvature becomes a
major factor. Topographic maps, for example,
show spatial relationships in two dimensions
(length and width on the map, called x and y
coordinates in mathematical Cartesian terms).
Illustrating terrain, as represented by differ-
ences in elevation, requires some sort of sym-
bol to display elevational data on the map.
Topographic maps use contour lines, which can
also be enhanced by relief shading (see the
Map Interpretation, Volcanic Landforms, in
Chapter 14 for an example).

For many purposes, though, a side view or
an oblique view of what the terrain looks like
(also called perspective) helps us visualize the
landscape. Block diagrams, 3-D models of
Earth’s surface, are very useful for showing the
general layout of topography from a perspective
view. They provide a perspective with which
most of us are familiar, similar to looking out an
airplane window or from a high vantage point.
Block diagrams are excellent for illustrating 3-D

relationships in a landscape scene, and infor-
mation about the subsurface can be included.
But such diagrams are not intended for making
accurate measurements, and many block dia-
grams represent hypothetical or stylized, rather
than actual, landscapes.

A topographic profile illustrates the shape
of a land surface as if viewed directly from
the side. It is basically a graph of elevation
changes over distance along a transect line.
Elevation and distance information collected
from a topographic map or from other eleva-
tion data in spatial form can be used to draw a
topographic profile. Topographic profiles show
the terrain. If the geology of the subsurface is
represented as well, such profiles are called
geolagic cross sections.

Block diagrams, profiles, and cross sec-
tions are typically drawn in a manner that
stretches the vertical presentation of the fea-
tures being depicted. This makes mountains
appear taller than they are in comparison to
the landscape, the valleys deeper, the terrain
more rugged, and the slopes steeper. The
main reason why vertical exaggeration is
used is that it helps make subtle changes in
the terrain more noticeable. In addition, land
surfaces are really much flatter than most

people think they are. In fact, cartographers
have worked with psychologists to determine
what degree of vertical exaggeration makes a
profile or block diagram appear most “natural”
to people viewing a presentation of elevation
differences in a landscape. For technical ap-
plications, most profiles and block diagrams
will indicate how much the vertical presenta-
tion has been stretched, so that there is no
misunderstanding. Two times vertical exag-
geration means that the feature is presented
two times higher than it really is, but the hori-
zontal scale is correct. Note that the image of
Capetown, in the chapter-opening photo, has
two times vertical exaggeration; that is, the
mountains appear to be twice as steep as
they really are.

To illustrate why vertical exaggeration is
used, look at the three profiles of a volcano in
the Hawaiian Islands. Which do you think
shows the true, natural-scale profile of this vol-
canic mountain? Which one “looks” the most
natural to you? What is the true shape of this
volcano? After making a guess, check below
for the answer and the degree of vertical exag-
geration in each of the three profiles. Note that
this is a huge volcano—the profile extends
horizontally for 100 kilometers.

precise, more efficient, and less expensive than the manual
cartographic techniques they have replaced. 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.

Digital Mapmaking

A great advantage that computers offer is that maps can be
revised without manually redrawing them. Map data dis-
played on a computer screen can be corrected, changed, or
improved until the cartographer decides that the final map
is ready to be produced. Hundreds of millions of data bits,
representing elevations, depths, temperatures, or populations,
can be stored in a digital database. A typical USGS topo-
graphic map has more than 100 million bits of information
to be stored and thousands of bits of data to be plotted on

the finished map. A database for a map may include informa-
tion on coastlines, political boundaries, city locations, river
systems, map projections, and coordinate systems.

The cartographer may tile together adjacent maps to
cover a large area or zoom in to a small area of the map. In
addition to scale changes, computer map revision allows
easy metric conversion as well as changes in projections,
contour intervals, symbols, colors, and directions of view
(orientation). Computer map revision is essential for rapidly
changing phenomena such as weather systems, air pollution,
ocean currents, volcanic eruptions, and forest fires. Weather
maps require continual revision.

Of particular interest to physical geographers, geologists,
and engineers are digital terrain models, three-dimensional
(3-D) views of topography ( I Fig.2.28). A 3-D model is par-
ticularly useful for visualizing topography and land surface
features. Digital terrain models may be designed to show
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Profiles of Mauna Kea, Hawaii (data from NASA)

(a) 4X vertical exaggeration (b) 2X vertical exaggeration (c) natural-scale profile—no vertical exaggeration

vertical exaggeration by stretching the vertical part of the
display to enhance the relief of an area. Digital elevation data
can be translated into many types of terrain displays and maps,
including color-scaled contour maps (in which areas between
assigned contours are a certain color), conventional contour
maps, and shaded relief maps.

Any factor represented by continuous data can be dis-
played either as a two-dimensional contour map or as a
3-D surface to enhance the visibility of its spatial variation
( W Fig. 2.29). Visualization refers to the products of
computer techniques used to generate three-dimensional,
sometimes animated, image-models designed for illustrat-
ing and explaining complex processes and features. For
example, the Earth image shown in the first chapter
(Fig. 1.4) and the image at the beginning of this chapter
are visualization models that present several components

of the Earth system in stunning 3-D views, based on
environmental data and remotely sensed images. Visualiza-
tion models help us understand and conceptualize many
environmental processes and features. Although the prod-
ucts and techniques of cartography are now very different
from their beginnings and continue to be improved, the
goal of making a representation of Earth remains the
same—to effectively communicate geographic and spatial
knowledge in a visual format.

Geographic Information Systems

A versatile innovation in the handling of maps and spatial
data is called a geographic information system (GIS).
A GIS is a computer-based technology that assists the user in
the entry, analysis, manipulation, and display of geographic
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I FIGURE 2.28

Colorized elevation model of the Grand Canyon in Arizona. A digital terrain model is a computer-generated,
3-D view of a land surface. Many different kinds of terrain displays can be generated from digital elevation
data, and the models can be rotated on a computer screen to be viewed from any angle or direction.

I FIGURE 2.29

Earthquake hazard in the conterminous United States: a continuous vari-
able displayed in 3-D perspective. Here it is easy to develop a mental
map of how potential earthquake danger varies across this part of the
United States.

Other than where you might expect to find a high level of earth-
quake hazard, are there locations with a level of this character-
istic you find surprising?

information derived from map layers ( I Fig. 2.30). A GIS can
also make the scale and map projection of these layers identi-
cal, thus allowing several or all layers to be integrated into new
and more meaningful composite maps. GIS is especially useful
to geographers because they often address problems that re-
quire large amounts of spatial data from a variety of sources.

What a GIS Does Imagine you are in a giant map library
with thousands of maps, all of the same area but each showing
a different aspect of the same place: one map shows roads, an-
other highways, another trails, another rivers (or soils, or veg-
etation, or slopes, or rainfall, and on almost to infinity). Each
map is at a different scale, and there are many difterent projec-
tions (some that do not even preserve shape or area). These
factors will make it very difficult to compare the information
among these different maps.You also have digital terrain mod-
els and satellite images that you would like to compare to the
maps. Further, you want to be able to put some of this infor-
mation together because few aspects of the environment in-
volve only one factor or exist in spatial isolation.You have a
geographic problem, and to solve that problem, you need a
way to make these representations of a part of Earth directly
comparable. What you need is a GIS and the knowledge of
how to use this system.



SCANNER

Scanners transform hard-
copy maps and documents
into digital format.

GPS RECEIVER

Global Positioning System
receivers calculate exact
position from satellite
transmissions. This has
revolutionized data
collection for GIS use.

WORKSTATION/
COMPUTER
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GPS SATELLITE

A series of satellites, 11,000
miles above Earth, provide
the signals that GPS
receivers translate.

MASS STORAGE
DEVICE

Various devices are
used to store high-
volume data and
programs.

LASER PRINTER

text and graphics.

| |
PLOTTER
Electrostatic Plotters are able to
print large copies of maps, images,
and diagrams.

I FIGURE 2.30

Laser printers are used for
high-quality high-volume

MANUAL DIGITIZING

Manual digitizing is done with a
digitizing table and cursor (inset).
Lines are traced and cursor buttons
pushed to indicate various commands.

Four basic subsystems of a geographic information system (GIS). (1) Input systems provide spatial data
in digital form through scanning of maps and images, manual digitizing, and access of digital data files.
The global positioning system can input locational coordinates directly from the field. (2) Data storage
systems include disks, tapes, and hard drives. (3) Hardware and software systems for managing, ac-
cessing, analyzing, and updating the database. (4) Output systems include plotters for generating hard
copies of maps and images. Access to many kinds of spatial data (maps, photographs, satellite im-
agery, digital elevations, and any data that can be mapped) is important in using a GIS. The technology

is powerful, but people are the most important part of a GIS.

How can computer technology help us to store, retrieve, and update maps?

Data and Attribute Entry The first step in solving this
problem is to enter the map and image data into a computer
system. Each map is digitally entered and stored as a separate
data file that represents an individual thematic map with a
separate layer of information for each theme ( I Fig. 2.31).
Another step is geocoding, locating all spatial data and in-
formation in relation to grid coordinates such as latitude
and longitude. Further, a list of attributes (information) about
each mapped feature can be stored and easily accessed.

Registration and Display Each map layer is geometri-
cally registered to the same set of geographic coordinates. The

GIS can now display any layer that you wish, stretched to fit
any map projection that you specify, at a scale that you specify.
The maps, images, and data sets can now be directly compared
at the same size and on the same configuration of grid coordi-
nates. It 1s also possible to combine any set of thematic layers
that you wish. If you want to see the locations of homes on a
river floodplain, a GIS can overlay these two thematic layers,
giving you an instant map by retrieving, combining, and dis-
playing the home and floodplain map layers. If you want to see
earthquake faults and artificially filled areas in relation to locations
of fire stations and police stations, that composite map will re-
quire four layers, but this is no problem for a GIS to display.
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I FIGURE 2.31

Geographic information systems store different information and data as individual map layers. GIS tech-
nology 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?

GIS in the Workplace Suppose you are a geographer
working for the Natural Resources Conservation Service.
Your current problem is to control erosion along the banks of
a newly constructed reservoir. You know that erosion is a
function of many environmental variables, including soil
types, slopes, vegetation characteristics, and others. Using a
GIS, you would enter map data for each of these variables as a
separate layer. These variables could be analyzed individually;
however, by integrating information from individual layers
(soils, slope, vegetation, and so on), you could identify the lo-
cations most susceptible to erosion.Your resources and per-
sonnel could then be directed toward controlling erosion in
those target areas.

Many geographers are employed in career fields that ap-
ply GIS technology. The capacity of a GIS to integrate and an-
alyze a wide variety of geographic information, from census
data to landform characteristics, makes it useful to both human
and physical geographers. With nearly unlimited applications
in geography and other disciplines, GIS is now and will con-
tinue to be an important tool for spatial analysis.

Remote Sensing
of the Environment

Remote sensing is the collection of information and data
about distant objects or environments. Remote sensing
involves the gathering and interpretation of aerial and
space imagery, images that have many maplike qualities.
Using remote sensing systems, we can generate images of
objects and scenes that would not be visible to humans and
can display these scenes as images that we can visually
interpret.

Remote sensing is commonly divided into photo-
graphic techniques (using film and cameras to record images
of light) and digital imaging (which can record images from
light or many other forms of energy). Photographs are made
by using cameras to record a picture on film. Digital tech-
niques use image scanners or digital cameras to produce a
digital image—an image derived from numerical data
(B Fig. 2.32). Digital images consist of pixels, a term that is
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I FIGURE 2.32

Digital images beamed from satellites allow us to monitor environmental changes over time and as
they occur. The spatial resolution of a digital image refers to how much area each pixel represents.

In general, the smaller the area we are imaging, the greater the resolution we require. Coarse reso-
lution is typically used in regional or global imaging (pixel inset). These images show changes in the
cover of growing vegetation that occurs between (a) winter (early January) and (b) spring (late

May—early June).

What other environmental change can you see by comparing these images?

short for “picture element,” the smallest area resolved in a
digital picture. A digital image is similar to a mosaic, made up
of grid cells with varying colors or tones that form a picture.
Each cell (pixel) has a locational address within the grid and
a value that represents the brightness of the picture area that
the pixel represents. The digital values in the array of grid
cells are translated into an image.

Most images returned from space are digital because
digital data can be easily broadcast back to Earth. Digital im-
agery taken by a camera or scanner also offers the advantage

REMOTE SENSING OF THE ENVIRONMENT 57

of computer-assisted data processing, image
enhancement, and interpretation. A key fac-
tor in digital images is resolution, ex-
pressed as how small an area (on the Earth)
a pixel represents—for example, 15-30 me-
ters for a satellite image of a city or small re-
gion. Satellites that image large continental
areas or an entire hemisphere at once use
resolution that is much more coarse, to pro-
duce a more generalized scene (see again
Fig. 2.32). Digital cameras for personal use
express resolution in megapixels, or how
many million pixels make an image. The
more megapixels a camera or digital scanner
can image, the better the resolution and the
sharper the image will be (compare Fig.
2.32 to Fig 2.38).

Aerial Photography

Aerial photographs have long provided us
with important perspectives on our envi-
ronment ( B Fig. 2.33). Air photos and dig-
ital images may be vertical (looking straight
down) or oblique (taken at an acute angle to
Earth’s surface). Image interpreters use aer-
ial photographs and other kinds of imagery
to examine and describe relationships
among objects on Earth’s surface. A device
called a stereoscope allows overlapped pairs
of images (typically aerial photos) taken
from different positions to show features in
three dimensions.

Near-infrared (NIR) energy, basically
light energy at wavelengths that are too
long for our eyes to see, cuts though at-
mospheric haze better than visual light
does. Photographs and digital images that
use NIR tend to provide very clear images
when taken from high altitude or space.
Color NIR photographs and 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 (M Fig. 2.34). A widely held but incorrect notion of
NIR techniques is that they image heat.

Specialized Remote Sensing Techniques

A variety of remote sensing systems are designed for spe-
cific imaging applications. Remote sensing may use UV
light, visible light, NIR light, thermal infrared energy
(heat), and microwaves (radar) to produce images.
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I FIGURE 2.33
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(a) Obligue photos provide a “natural view,” like looking out of an airplane window. This oblique aerial pho-
tograph in natural color shows farmland, countryside, and forest. (b) Vertical photos provide a maplike
view that is more useful for mapping and making measurements (as in this view of Tampa Bay, Florida).

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

(a) Natural color

I FIGURE 2.34

USGS National Wetlands Research Center

(b) Near-infrared (red tones)

A comparison of a natural color photograph (a) to the same scene in false color near-infrared
(b). 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?

Thermal infrared (TIR) images show patterns of heat
energy and can be taken either day or night by TIR sensors.
Spatially recorded heat data are digitally converted into a
visual image. TIR images record contrasts in temperature,
whether they are cold or hot. How well an object will show
up on a thermal image depends on how different its tempera-
ture is from that of its surroundings. Hot objects show up in
light tones, and cool objects will be dark, but a computer may
be used to colorize the gray tones to emphasize heat differ-
ences. Some applications include finding leaks in pipelines,
detecting thermal pollution, finding volcanic hot spots and
geothermal sites, finding leaks in building insulation, and
locating forest fires through dense smoke.

Weather satellites also use TIR to image atmospheric
conditions. We have all seen these 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 their background, 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 col-
orized to show cloud heights ( I Fig. 2.35).

Radar (RAdio Detection And Ranging) transmits radio
waves and produces an image by reading the energy signals
that are reflected back. Radar systems can operate day or
night and can see through clouds.
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I FIGURE 2.35

Thermal infrared images such as this one show heat differences with gray
tones (darker meaning warmer) or with colors. These images are like a
“map” of heat (or cold) patterns. This is North America as beamed back
from a U.S. weather satellite called GOES (Geostationary Operational
Environmental Satellite). The whiter the cloud tops, the colder (and higher)
they are, but here the highest cloud tops have been colorized for emphasis
(the darker the colors, the higher the cloud tops).

What other details can you see in this heat image? The season is
spring (April 16).

There are several kinds of imaging radar systems
that sense the ground (topography, rock, water, ice,
sand dunes, and so forth) by converting radar reflections
into a maplike image. Side-Looking Airborne Radar
(SLAR) was designed to image areas located to the side
of an aircraft. Other imaging radar systems are mounted
on satellites and the space shuttle. Imaging radar generally
does not “see” trees (depending on the system), so it
makes an image of the land surface rather than a crown
of trees. SLAR 1is excellent for mapping terrain and
water features ( I Fig. 2.36) and is used most often to map
remote, inhospitable, inaccessible, cloudy, or heavily
forested regions.

Radar is also used to monitor and track thunderstorms,
hurricanes, and tornadoes ( I Fig. 2.37). Weather radar sys-
tems produce maplike images of precipitation. Radar pene-
trates clouds (day or night) but reflects back oft of raindrops
and other precipitation, producing a signal on the radar
screen. Precipitation patterns are typically the kind of weather
radar image that we see on television. The latest systems
include Doppler radar, which can determine precipitation pat-
terns, direction of movement, and how fast a storm is ap-
proaching (much as police radar measures vehicle speed).

NASA Jet Propulsion Laboratory
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Sonar (SOund NAvigation and
Ranging) uses the reflection of emitted
sound waves to probe the ocean depths.
Much of our understanding of sea floor
topography, and mapping of the sea
floor, has been a result of sonar
applications.

Multispectral Remote
Sensing Applications

Multispectral remote sensing means
using and comparing more than one
type of image of the same place,
whether taken from space or not (for
example, radar and TIR images, or NIR
and normal photos). Common on satel-
lites, multispectral scanners produce digital
images by sensing many kinds of energy
simultaneously but in separate data files
that are relayed to receiving stations.

I FIGURE 2.36

Imaging radar reflections produce an image of a landscape. Radar reflec-
tions are affected by many factors, particularly the surface materials, as
well as steepness and orientation of the terrain. This radar scene taken
from Earth orbit, shows the topography near Sunbury, Pennsylvania,
where the West Branch River flows into the Susquehanna River. Parallel
ridges, separated by linear valleys, form the Appalachian Mountains in
Pennsylvania. River bridges provide a sense of scale, and north is at the
top of the image.
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Satellite systems that return images from orbit
are designed to produce many different kinds
of Earth imagery. Some of these differences
are related to the type of orbit the satellite sys-
tem is using while scanning the surface. There
are two distinctively different types of orbits:
the polar orbit and the geostationary orbit
(sometimes called a geasynchronous orbit),
each with a different purpose.

The polar orbit was developed first; as its
name implies, the satellite orbits Earth from pole
to pole. This orbit has some distinct advantages.
It is typically a low orbit for a satellite, usually
varying in altitude from 700 kilometers (435 mi)
to 900 kilometers (560 mi). At this height, but
also depending on the equipment used, a polar-
orbiting satellite can produce clear, close-up im-
ages of Earth. However, at this distance the
satellite must move at a fast orbital velocity to
overcome the gravitational pull of Earth. This ve-
locity can vary, but for polar orbiters it averages
around 27,400 kilometers/hour (17,000 mph),

Images N
small part R
of Earth

Polar orbits circle Earth approximately from pole to pole and use the
movement of Earth as it turns on its axis to image small areas (per-
haps 100 X 100 kilometers) to gain good detail of the surface. This or-
bital technique yields nearly full Earth coverage in a mosaic of images,
and the satellite travels over the same region every few days, always

at the same local time. (Not to scale.)

traveling completely around Earth in about 90
minutes. While the satellite orbits from pole to
pole, Earth rotates on its axis below, so each
orbit views a different path along the surface.
Thus, polar orbits will at times cover the dark
side of the planet. To adjust for this, a slightly
modified polar orbit was developed, called a sun
synchronous orbit. If the polar orbit is tilted a
few degrees off the vertical, then it can remain
over the sunlit part of the globe at all times.
Most modern polar-orbiting satellites are sun
synchronous (a near-polar orbit).

The geostationary orbit, developed later,
offered some innovations in satellite image
gathering. A geostationary orbit must have
three characteristics: (1) It must move in the
same direction as Earth’s rotation. (2) It must
orbit exactly over the equator. (3) The orbit
must be perfectly circular. The altitude of the
orbit must be also exact, at 35,900 kilometers
(22,300 mi). At this greater height, the orbital
velocity is less than that for a polar orbit—

Near polar orbit

11,120 kilometers/hour (6900 mph). When
these conditions are met, the satellite’s orbit
is perfectly synchronized with Earth’s rotation,
and the satellite is always located over the
same spot above Earth. This orbit offers some
advantages. First, at its great distance, a geo-
stationary satellite can view an entire Earth
hemisphere in one image (that is, the half it is
always facing—a companion satellite images
the other hemisphere). Another great advan-
tage is that geostationary satellites can send
back a continuous stream of images for moni-
toring changes in our atmosphere and oceans.
A film loop of successive geostationary im-
ages is what we see on TV weather broad-
casts when we see motion in the atmosphere.
Geostationary satellite images give us broad
regional presentations of an entire hemisphere
at once. Near polar—orbiting satellites take im-
age after image in a swath and rely on Earth’s
rotation to cover much of the planet, over a
timespan of about a week and a half.

Subsatellite
point

35,600 km
22,300 mi

Geostationary orbit

Geostationary orbits are used with satellites orbiting above the
equator at a speed that is synchronized with Earth rotation so that
the satellite can image the same location continuously. Many
weather satellites use this orbit at a height that will permit imaging
an entire hemisphere of Earth. (Not to scale.)
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NOAA, National Weather Service, Austin, San Antonio, Texas

of the Earth system. Remote sensing provides rapid,
worldwide coverage of environmental conditions.
Through continuous monitoring of the Earth sys-
tem, global, regional, and even local changes can be
detected and mapped. Geographic information sys-
tems offer the ability to match and combine the-
matic layers of any sort, instantly accessing any com-
bination of these that we need to solve complex
spatial problems.

Maps and various kinds of representations of
Earth continue to be essential tools for geographers
and other Earth scientists whether they are on paper,
displayed on a computer monitor, or stored as a men-
tal image. Digital mapping, GPS, GIS, and remote
sensing have revolutionized the field of geography,
but the principles concerning maps and cartography
remain basically unchanged.

I FIGURE 2.37

NEXRAD radar image of thunderstorms associated with a storm front
shows detail of the storm (124-nautical-mile circle). Blue represents
clouds with no precipitation (except in the very center, where blue indi-
cates stray reflections called ground clutter). Other colors show rainfall in-
tensity: green—Iight rainfall, yellow—moderate, and orange-red—heavy.
The storm is moving to the east-southeast.

How are weather and imaging radar scenes different in terms of
what they record about the environment?

Each part of the energy spectrum yields different information
about aspects of the environment.

Many types of images can be generated from multispec-
tral data, but the most familiar is the color composite im-
age (Il Fig. 2.38). Blending three images of the same location,
by overlaying pixel data from three different wavelengths, cre-
ates a digital color composite. The most common color com-
posite image resembles a false-color NIR photograph, with
the same color assignment as color NIR photos. On a standard
NIR color composite, red is healthy vegetation; barren areas
show up as white or brown; clear, deep water bodies are dark
blue; and muddy water appears light blue. Clouds and snow
are bright white. Urbanized areas are blue-gray. Although the
colors are visually important, the greatest benefit of digital
multispectral imagery is that computers can be used to
identify, classify, and map (in a first approximation) these kinds
of areas automatically. These digital images can be input as
thematic layers for integration into a GIS, and geographic
information systems will play a strong role in this kind of
analysis.

The use of digital technologies in mapping and imag-
ing our planet and its features continues to provide us with
data and information that contribute to our understanding

NASA/GSFC/METI/ERSDAC/JAROS, and U.S/ JAPAN ASTER Science Team

I FIGURE 2.38

This satellite scene of San Francisco Bay and environs is a near-infrared color
composite image. Digital data, beamed back from an orbiting satellite, were
computer processed to produce the image. The enlarged inset shows the
city’s airport with pixel details.

What features can you recognize on this false color image?
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Define & Recall

navigation
cartography
oblate spheroid
great circle

township

section

global positioning system (GPS)
map projection

isoline

topographic contour line
contour interval

profile

gradient

digital terrain model
vertical exaggeration
visualization

geographic information system (GIS)
geocoding

remote sensing

digital image

pixel

resolution

near-infrared (NIR)
thermal infrared (TIR)
radar

imaging radar

hemisphere conformal map

small circle Mercator projection
coordinate system equal-area map

North Pole equidistance

South Pole azimuthal map

equator rhumb line

latitude gnomonic projection
sextant compromise projection
prime meridian legend

longitude scale

geographic grid verbal scale

parallel representative fraction (RF scale)
meridian graphic (bar) scale
time zone magnetic declination
solar noon azimuth

International Date Line bearing

U.S Public Lands Survey System
principal meridian
base line

thematic map
discrete data
continuous data

Discuss & Review

o=

10.

Why is a great circle useful for navigation?

What great circle determines the zero point for latitude?
What are the latitude and longitude coordinates of your
city?

Approximately how precise in meters could you be if
you tried to locate a building in your city to the nearest
second of latitude and longitude? Using a GPS?

. What time zone are you in? What is the time difference

between Greenwich time and your time zone?

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)?

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

How has the use of the Public Lands Survey System
affected the landscape of the United States? Has your
local area been affected by its use? How?

Why can’t maps give an accurate representation of
Earth’s surface? What is the difference between a con-
formal map and an equal-area map?

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

11.

12.

13.

14.

15.

16.

17.

18.

side-looking airborne radar
weather radar

sonar

multispectral remote sensing
color composite image

Why is the scale of a map so important? What does a small-
scale map show in comparison with a large-scale map?
Why is the date of publication of a map important? List
several reasons, including one related to Earth’s
magnetic field.

Why are topographic maps so important to physical geog-
raphers? What specific information can be obtained from
a contour map that cannot be obtained from other maps?
What does the concept of thematic map layers mean in a
geographic information system?

How have computers revolutionized cartography and
the handling of spatial data? What specific advantages do
computers offer to the mapmaking process?

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

In what ways would a standard color composite image
taken from a satellite resemble an NIR photograph
taken of the same place from the same position in orbit?
How do they differ?

What does a weather radar image show in order to help
us understand weather patterns?
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Use an atlas and globe to determine what cities are lo-
cated at the following grid coordinates: 40°N, 75°W/;
34°S, 151°E; and 41°N, 112°W.

. What are the grid coordinates of the following cities:
Portland, Oregon; Rio de Janeiro, Brazil; your hometown?
. You are located at 10°S latitude, 10°E longitude; you
travel 30° north and 30° east. What are your new
geographic coordinates?

. You are located at 40°N latitude, 90°W longitude. You
travel due north 40°, then due east 60°. What are your
new geographic coordinates?

. Using an atlas and Figure 2.24, identify a city in North
America with each of the following magnetic declina-
tions: 20°E; 20°W; 25°E; 0°.

. Select a place within the United States that you would
most like to visit for a vacation. You have with you a
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highway 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 is 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 informa-
tion 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 have? What combinations of two or
more layers would be particularly important to your
purpose?

. GIS has been called a “power tool” for spatial (geo-

graphic) analysis. Why are people so important to its
effective application?



Map Interpretation
Topographic Maps

The Map

A topographic map is the most widely used tool for graphically depict-
ing elevational variation within an area. A contour line connects points
of equal elevation above some reference datum, usually mean sea
level. A vast storehouse of information 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
valleys, steepness of slopes, and the direction of stream flow can be
determined by studying a topographic map. In addition 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 de-
pends on the map scale and the relief in the mapped area, and is

S
-
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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:

* (losely spaced contours indicate a steep slope, and widely spaced
contours indicate a gentle slope.

» Evenly spaced contours indicate a uniform slope.

* Closed contour lines represent a hill or a depression.

» Contour lines never cross but may converge along a vertical 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 represents 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 Canyons (C-4).
Is it steeper on its east side or its west side? What led you to your
conclusion?

Aerial photograph of the coast at Laguna Beach, California

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

7. The aerial photograph at left depicts a portion of the topographic
map on the opposite page. What area of the air photo does the
map depict? How well do the contours represent the physical fea-
tures seen on the air photo?

Identify 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?

oo

Aerial Eye, Inc., Irvine, California

Opposite:

Laguna Beach, Calfornia
Scale 1:24,000

Contour interval = 20 feet
U.S. Geological Survey
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The sun affects Earth systems in myriad ways.  Courtesy of NASA/Marshall Space Flight Center

Earth in Space and
Solar Energy

PHYSICAL

‘@ ™ This icon, appearing throughout the book, indicates an opportunity to explore
interactive tutorials, animations, or practice problems at now.brookscole.com/gabler8




CHAPTER PREVIEW

ith a radius 110 times that of Earth and

a mass 330,000 times greater, the sun
reigns as the center of our solar system. The gravi-
tational pull of this fierce, stormy ball of gas holds
Earth in orbit, and its emissions power the Earth—
atmosphere systems on which our lives depend. As
the source of almost all the energy in our world, it
holds the key to many of our questions about
Earth and sky.

Everyone has wondered about environmental
changes that take place throughout the year and
from place to place over Earth’s surface. Perhaps
when you were young, you wondered why it got
so much warmer in summer than in winter and
why some days were long whereas those in other
seasons were much shorter. These questions and
many like them are probably as old as the earliest
human thoughts, and the answers to them help
provide us with an understanding of the physical
geography of our world.

Physical geographers’ concerns take them be-
yond planet Earth to a consideration of the sun
and Earth’s position in the solar system. Geogra-
phers examine the relationship between the sun

and Earth to explain such earthly phenomena as

The universe is made up of billions of galaxies, each contain-
ing so many stars that the mathematical possibility of other
planets containing life as we know it seems unlimited.

I What is a galaxy, and what is its relationship to the
universe?

I How is distance involved in the determination of whether
life beyond our solar system does exist in the universe?

Earth is one of nine planets that, together with the sun,
comprise the major components of our solar system.

I In what ways is the sun of most importance to life on
Earth?

I What are the chief characteristics of the other planets?

I What are the other components of our solar system?

The regular movements of Earth, termed rotation and
revolution, are the fundamental elements of Earth-sun
relationships, which initially control the dynamics of our
atmosphere and the phenomena related to it.

I Why is this one of the most important understandings in
physical geography?
I What other understandings follow from this concept?

The sun is the original and ultimate source of the energy
that drives the various components of the Earth system.

I How does the sun's energy reach Earth?
I How does this energy affect the Earth system?

The types of energy emitted by the sun are represented in
the electromagnetic spectrum.

I What bands of this spectrum control heating and cooling
in the Earth energy system?
I What bands of this spectrum affect humans directly?

The relationship of Earth’s axis to the plane of Earth’s orbit
is the key to an explanation of seasons on Earth.

I What is the relationship?

I How does it operate in conjunction with Earth’s revolution
to produce seasons?

I How does it influence variations in the amounts of insola-
tion reaching different portions of Earth’s surface?
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the alternating periods of light and dark that we know as day
and night. Other relationships between Earth and sun also help
explain seasonal variations in climate. Although the universe

and solar system are not strictly within the province of physical

I FIGURE 3.1
Looking at one of the billions of galaxies that make up our universe.

I FIGURE 3.2

The solar system, showing the sun and planets in their proper order. The
approximate size relationships between the individual planets is shown.
Howeuver, the planetary orbits are much condensed, and the scale of the
sun and planets is greatly exaggerated. The planets would be much too
small to be visible at the scale of the orbits shown.

geography, an acquaintance with each can be helpful in an ex-
amination of Earth as an environment for life as we know it.

The Solar System and Beyond

If you look at the sky on a clear night, all the stars that you
see are part of a single collection of stars called the Milky
Way Galaxy. A galaxy (I Fig.3.1) is an enormous island in
the universe—an almost incomprehensible cluster of stars,
dust, and gases. Our sun is one of hundreds of billions of stars
that compose the Milky Way Galaxy. In turn, the observable
universe appears to contain billions of other galaxies.

Distances within the universe are so vast that it is neces-
sary to use a large unit of measure termed a light-year—the
distance that light travels in 1 year. A light-year is equal to
6 trillion miles. Light travels at the amazing speed of 298,000
kilometers per second (186,000 mi/sec).

Thus, in 1 second, light could travel seven times around
the circumference of Earth. Although that may seem like a
great distance, the closest star to Earth, other than the sun, is
4.3 light-years away, and the closest galaxy to our galaxy is
75,000 light-years away.

The Solar System

The sun is the center of our solar system. A solar system
can be defined as all the heavenly bodies surrounding a
particular star because of the star’s dominant mass and gravi-
tational attraction ( ¥ Fig. 3.2). The principal celestial bodies

. Mercury
Venus

Earth o)
Mars

Jupiter
Saturn
Uranus

. Neptune
Pluto

10. Halley's comet
11. Asteroid belt
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Solar Energy

In the United States today, a growing number
of dedicated scientists, environmentalists,
government administrators, politicians, and
business executives are convinced that solar
energy provides the best alternative to fossil
fuels as a power source. Power from solar
radiation is nonpolluting and limitless. Earth
receives, in just 2 weeks’ time, an amount of
solar energy that would equal our entire known
global supply of fossil fuels.

However, a number of serious obstacles
stand in the way of those who see solar en-
ergy as the power source of the future. Solar
radiation is intermittent (no radiation at night,
cloud cover), so a means of storing the power
produced or of linking the power to an existing
grid system that can accommodate large

fire to paper, this device is already operating
at several sites. In California, Solar One in the
Mojave Desert is the world's largest solar
thermal electric power plant of this kind. How-
ever, development is slow because additional
solar thermal towers must be considered in
terms of economic feasibility.

The other major type of solar technology
depends on photovoltaic (PV) cells that con-
vert sunlight directly into electrical power (not
unlike a camera'’s light meter). Although with
PV technology the production of power is lim-
ited to daylight hours, this type of solar energy
conversion is being given serious considera-
tion as a supplementary source of energy for
overtaxed power grids in high-pollution areas.
For example, in Las Vegas, Nevada, there are

THE SOLAR SYSTEM AND BEYOND

plans to construct a major PV facility on the
roof of the Las Vegas Convention Center. The
solar PV system will cost between $.17 and
$.25 per killowatt-hour, which is two to three
times as much as the Convention Center cur-
rently pays for electricity but about the same
as a customer pays in Marin County in energy-
starved California. Although the cost will be
high, there is a special reason for considering
the project. Nevada law requires that, starting
in 2003, a certain percentage of all energy
sold in the state must come from solar energy.
Nevada is not alone. Twelve other states have
enacted such provisions in their laws. Solar
energy may never fully replace fossil fuel as a
source of power, but clearly the process has
already begun.

69

swings in production must be identified. In ad-
dition, while the cost of producing energy from
solar radiation is reduced by new technolo-
gies, additional incentives must be provided
for a switch to solar energy.

Two major types of solar technology are
being actively developed in various parts of
the world, especially in the United States,
France, Israel, and Australia. One type involves
solar thermal towers, in which racks of track-
ing mirrors (a heliostat field) follow the sun
and focus its heat on a steam boiler perched
on a high tower. Temperatures in the boiler
may be raised more than 500°C (900°F).

No different in principle from our youthful
experiments with a magnifying glass to set

© Roger Ressmeyer/ CORBIS

One of three solar energy complexes in the Mojave Desert of California
that together produce 90% of the world's grid-connected solar energy.

in our sun’s system are the nine major planets (celestial
bodies that revolve around a star and reflect the star’s light
rather than producing their own). Our solar system also in-
cludes no less than 130 satellites (like Earth’s moon, these
bodies orbit the planets) and numerous asteroids (very
small planets, usually with a diameter of less than 500 miles),
as well as comets and meteors. A comet is made up of a
head—a collection of solid fragments held together by ice—
and a tail, sometimes millions of miles long, composed of
gases (I Fig. 3.3). Meteors are small, stonelike or metallic
bodies that, when entering Earth’s atmosphere, burn and of-
ten appear as a streak of light, or “shooting star.”” A meteor
that survives the fall through the atmosphere and strikes
Earth’s surface is called a meteorite (I Fig 3.4).

The Sun and Its Energy

The sun, like all other stars in the universe, is a self-luminous
sphere of gases that emits radiant energy. A slightly less than
average-sized star, our sun is the only self-luminous body in our
solar system and is the source of almost all the light and heat for
the surfaces of the various celestial bodies in our planetary sys-
tem. It has an estimated surface temperature of between
5500°C and 6100°C (10,000°F and 11,000°F). The energy
emitted by the sun comes from fusion (thermonuclear)
reactions that take place in its interior. There, under high pres-
sure, two hydrogen atoms fuse together to form one helium
atom in a process with impact similar to that of a hydrogen
bomb explosion ( I Fig. 3.5). This nuclear reaction releases
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Dr. Richard Hackney, Western Kentucky University.
Dr. Richard Hackney, Western Kentucky University.

I FIGURE 3.3

The comet Hale—Bopp shows a split tail because two different types of icy material are emitting

different jets of gasses.

I FIGURE 3.4
Barringer (meteor) Crater in Arizona displays some of the same character-
istics as those found on the moon and other planets.

tremendous amounts of energy that radiate out from the sun in
all directions at the speed of light.

Earth receives about 1/2,000,000,000 (one-two bil-
lionth) of the radiation given off by the sun, but even this
tiny amount affects the biological and physical characteristics
of Earth’s surface. Other bodies in the solar system receive
some of the remainder of the sun’s radiant energy, but the
vast proportion of it travels out through space unimpeded.

From the outermost layer of the sun, ionized gases ac-
quire enough velocity to escape the gravitational pull of the
sun and become solar wind. Solar wind is produced by
streams of extremely hot protons and electrons that travel out
at the speed of light. Occasionally, these solar winds approach
Earth but are prevented from reaching the surface by Earth’s

magnetic field and are confined to the atmosphere. During
these times, they can disrupt radio and television communi-
cation, may disable orbiting satellites, and intensify the auro-
ras. The Aurora Borealis, known as the northern lights, and the
Aurora Australis, called the southern lights, are caused by the
interaction between incoming solar wind and the ions in our
upper atmosphere ( I Fig 3.6).

The intensity of solar winds is influenced by the best-
known solar feature, sunspots. These dark regions are about
1500°C-2000°C cooler than the surrounding surface
temperature. Galileo began recording sunspots back in the
1600s, and for many years they have been used to indicate
solar activity. Sunspots seem to observe an 11-year cycle from
one maximum (where 100 or so may be visible) to the next.
An individual sunspot may last from a few days to a few
months. Just how sunspots might affect Earth’s atmosphere is
still a matter of controversy. Proving the exact connections
between sunspot numbers and weather and climate is diffi-
cult ( ¥ Fig. 3.7).

The sun’s energy is the most important factor determin-
ing environmental conditions on Earth. With the exception
of geothermal heat sources (such as volcanic eruptions and
geyser springs) and heat emitted by radioactive minerals, the
sun remains the source of all the energy for Earth and atmos-
pheric systems.

The intimate and life-producing relationship between
Earth and sun is the result of the amount and distribution of
radiant energy received from the sun. Such factors as our
planet’s size, its distance from the sun, its atmosphere, the
movement of Earth around the sun, and the planet’s rotation
on an axis all affect the amount of radiant energy that Earth
receives. Though some processes of our physical environment
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I FIGURE 3.5

THE SOLAR SYSTEM AND BEYOND VAl

M. Aschwanden et al.(LMSAL), TRACE, NASA.

The fireball explosion of a hydrogen bomb is created by thermonuclear fusion. This same reaction

powers the sun.

(@)

NOAA

I FIGURE 3.6

DrRichard Hackney, Western Kentucky University

(a) Solar wind and the ions in Earth’s atmosphere interact to produce the Aurora Borealis. (b) The
record-setting solar activity of November 2004 causes the Aurora Borealis to be seen as far south as
Houston, Texas. This photo was taken near Bowling Green, Kentucky, at 37°N latitude.

result from Earth forces not related to the sun, these processes
would have little relevance were it not for the life-giving,
life-sustaining energy of the sun.

Earth revolves around the sun at an average distance of
150 million kilometers (93 million mi). The sun’s size and
its distance from us challenge our comprehension. About
130 million Earths could fit inside the sun, and a plane
flying at 500 miles per hour would take 21 years to reach
the sun.

As far as we know with certainty, within our solar sys-
tem, only on Earth has the energy from the sun been used
to create life—to create something that can grow, develop,
reproduce, and eventually die.Yet there remains a possibility
of life, or at least the basic organic building blocks, on Mars
and perhaps even on one or two of the moons of Saturn or
Jupiter. What fascinates scientists, geographers, and philoso-
phers alike, however, is the likelihood that millions of planets

like Earth in the universe may have developed life-forms
that might be more sophisticated than humans.

The Planets

The four planets closest to the sun (Mercury, Venus, Earth,
and Mars) are called the terrestrial planets. They are rela-
tively small, warmed by their proximity to the sun, and
composed of rock and metal. They all have solid surfaces
that exhibit records of geological forces in the form of
craters, mountains, and volcanoes. The next four planets
(Jupiter, Saturn, Uranus, and Neptune) are much larger
and composed primarily of lighter ices, liquids, and gases.
These planets are termed the giant planets, or gas plan-
ets. Although they have solid cores at their centers, they are
more like huge balls of gas and liquid with no solid surface
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National Solar Observatory/AURA/NSF and NASA.

I FIGURE 3.7
Sunspots as they appear on the solar surface. Inset shows relative size of
Earth.

on which to walk. Finally, at the outer edge of the solar
system 1s Pluto, which is neither a terrestrial nor a giant
planet ( B Fig. 3.8). Through the years, controversy has arisen
as to whether Pluto is officially one of our planets or a large
body captured from the Kuiper Belt (a disk-shaped region
containing small icy bodies that lies past the orbit of Nep-
tune) by the gravitational pull of the sun.The question has
been, Is Pluto a small outermost planet or a large captured
member of the Kuiper Belt? For now it has been decided to
keep Pluto as one of our family of planets.

The nine major planets that are known to revolve
around the sun have several phenomena in common. From
a point far out in space above the sun’s “north pole,” they
would all appear to move around the sun in the same coun-
terclockwise direction. Their orbits follow an elliptical, al-
most circular, path. All planets also rotate, or spin, on their
own axes. With the exception of Venus and Uranus, all ro-
tate in the same direction. All but Pluto lie close to the
same plane (the plane of the ecliptic) passing through
the sun’s equator. All planets have an atmospheric layer of
gases with the exception of Pluto and Mercury, which are
not dense or heavy enough to hold any appreciable
amounts of gases.

Life beyond Earth?

Although the planets are similar in many ways, they differ
in a number of vital characteristics, and the existence of life,
as we know it, beyond Earth in our solar system seems
highly unlikely (Table 3.1). Mercury, the smallest terrestrial
planet, has a diameter less than half that of Earth, and its

mass (the total amount of material in the planet) is only
5% of Earth’s. This means that Mercury does not have sufti-
cient mass and gravitational pull to hold onto a meaningful
atmosphere. (Gravitation is the attractive force one body
has for another. The greater the mass or amount of matter a
body has, the greater the gravitational pull it will exert on
other bodies.)

Also, partly because of the extremely thin atmosphere
around Mercury, surface temperatures on that planet reach
over 425°C (800°F) on the side facing the sun.As we will see
later, Earth’s atmosphere protects our planet’s surface from
much of the sun’s radiation, which can be dangerous to life,
and keeps temperatures on Earth within a livable range.

Further, because Mercury rotates on its axis only once
every 59 days, the same side of the planet is exposed to the sun
for long periods, while the opposite side receives none of the
sun’s energy. This situation compounds the problem of Mer-
cury’s surface temperatures. The side facing the sun is much
too hot, and the opposite side is much too cold —183°C
(—297°F) to support life.

Uranus, Neptune, and Pluto, the three planets farthest
from the sun, are too distant to receive enough solar energy
to have surface temperatures conducive to life, as we know
it. In addition, though Uranus and Neptune are large
enough to have atmospheres, theirs are made up primarily
of hydrogen and helium; they apparently have no free oxy-
gen, a factor necessary for the development of life like that
on Earth.

Jupiter and Saturn are the two largest planets; yet, be-
cause significant parts of their masses are gaseous, both have
very low densities. For instance, Saturn’s density is less than
that of water, whereas Earth’s density is more than five times
as great. The atmospheres of Jupiter and Saturn also have a
high proportion of hydrogen and helium and no free oxy-
gen. Even though Jupiter and Saturn are closer to the sun
than Uranus, Neptune, and Pluto, they still do not receive
enough solar energy to produce livable surface temperatures;
their temperatures are down around —95°C to —150°C
(—200°F to —300°F). It is unlikely that life exists on the two
largest planets, and scientists have begun to look instead at
the moons of Saturn and Jupiter for that possibility. The
spacecraft Cassini launched by the United States in 1997 be-
gan orbiting Saturn in July 2004. In January 2005, it released
its piggybacked Huygens probe for descent through the thick
atmosphere of Titan, one of Saturn’s moons. Planetary
scientists are now receiving the data from Titan.

Venus and Mars, in the orbits closest to that of Earth,
are the planets most similar to our own.Venus, in fact, has
been called Earth’s twin because it is most like Earth in size,
density, and mass. However, we cannot see the surface of
Venus because it is hidden by a permanent layer of thick
clouds. Through information gathered by the orbiting
spacecraft Magellan (from 1990 until it was destroyed in
1995), we have a much better understanding of surface con-
ditions on Venus. The surface consists primarily of lowland
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FIGURE 3.8
The planets in our solar system: Mercury, Venus, Earth, and Mars (the terrestrial planets); Jupiter,
Saturn, Uranus, and Neptune (the giant gas planets). Pluto is not shown here.

THE SOLAR SYSTEM AND BEYOND
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TABLE 3.1

Comparison of the Planets
Name Distance from Sun Revolution Period

(AU)* (vr)

Mercury 0.39 0.24
Venus 0.72 0.62
Earth 1.00 1.00
Mars 1.52 1.88
Jupiter 5.20 11.86
Satumn 9.54 29.46
Uranus 19.18 84.07
Neptune 30.06 164.82
Pluto 39.44 248.60

*An AU (or astronomical unit) is the distance from Earth to the sun.

I FIGURE 3.9
This image taken by Mars Global Surveyor shows a surface cut by ancient stream flow.
Where on Earth might you find dried river beds like those shown here?

lava plains, much like the basaltic ocean basins of Earth, with
two continents rising above the lowlands. The planet has no
liquid or frozen water. The atmosphere of Venus is 96% car-
bon dioxide. This thick layer of carbon dioxide allows very
little energy to escape from the planet. As a result, the sur-
face temperature of Venus is greater than 450°C (850°F).

Diameter Mass Density

(km) (10% kg) (g/em?)
4,878 33 5.4
12,102 48.7 5.3
12,756 59.8 5.5
6,787 6.4 34
142,984 18,991 1.3
120,536 5,686 0.7
51,118 866 1.2
49,660 1,030 1.6
2,200 0.01 2.1

Mars is more familiar to us because thou-
sands of images have been taken by numerous
spacecraft. The more recent orbiter, Mars Global
Surveyor, and the two robotic Mars rovers, Op-
portunity and Spirit, have provided exceptional
images of surface features ( I Fig. 3.9). Like that
of Venus, the atmosphere of Mars is dominantly
carbon dioxide. However, it is so thin that energy
is not trapped as it is on Venus. Thus, surface
temperatures range from —125°C (—190°F) at
the poles to 25°C (77°F) at the equator. Mars has
seasonal polar ice caps of frozen carbon dioxide
(dry ice), and the various orbiters have detected
some water at the Martian South Pole. Evidence
has been found in many locations that suggest
rain once fell and rivers once flowed on Mars.
Recent data show water also exists below the
Martian soil. If life has existed on Mars, it is most
likely that it existed at a time when water was
more abundantly available on the surface.

The Earth—Sun System

The color views of Earth transmitted by the Apollo space-
craft on their lunar missions gave us some unforgettable
views of our planet. The cameras showed Earth as a sphere
of blue oceans, green and brown landmasses, and swirls of
white clouds. One astronaut has described Earth as it ap-
pears to someone who has traveled close to the moon:



Earth looked so tiny in the heavens that there were times dur-
ing the Apollo 8 mission when I had trouble finding it. If you
can imagine yourself in a darkened room with only one clearly
visible object, a small blue-green sphere about the size of a
Christmas tree ornament, then you can begin to grasp what
Earth looks like from space. I think that all of us subcon-
sciously think that Earth is flat or at least almost infinite. Let
me assure you that, rather than a massive giant, it should be
thought of as the fragile Christmas tree ball which we should
handle with considerable care.

This Island Earth

Edited by Ovan W. Nicks

NASA, SP = 250, 1970

As we begin the study of our planet, we should not lose sight
of the image of Earth as an exceedingly isolated island in a
seemingly endless sea. Scientists have always speculated that
there could be a planet in another galaxy that has intelligent
life. However, it was not until 1995 that scientists finally
proved that other planets exist outside our solar system. The
fact remains that we have not actually seen other planets but
only proved their existence through mathematical modeling.
Thus, we should learn as much as we can about our planet
and treat it with exceptional care because, in all likelihood,
Earth is the only home the human race will ever know.

Solar Energy and
Atmospheric Dynamics

As we have previously noted, our sun is the major source of
energy, either directly or indirectly, for the entire Earth sys-
tem. Earth does receive very small proportions of energy
from other stars and from the interior of Earth itself (volca-
noes and geysers provide certain amounts of heat energy);
however, when compared with the amount received from
the sun, these other sources are insignificant.

Energy is emitted by the sun in the
form of electromagnetic energy,
which travels at the speed of light in §FIGURE 3.10
aspectrum of varying wavelengths
( B Fig. 3.10). It takes about 8.3 minutes
for these waves to reach Earth. About
41% of this spectrum comes in the form
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in wavelength than visible light. These also cannot be seen
but can affect other tissues of the human body (thus, absorb-
ing too many X-rays can be dangerous, and excessive ultra-
violet waves gives us sunburned skin). Collectively, visible
light, ultraviolet rays, X-rays, and gamma rays are known as
shortwave radiation. We have learned to harness some
energy waves for communications (radio, microwave trans-
mission, television), health (X-rays), and use in the field of
remote sensing (photography, radar, visible and infrared
imagery).

The sun radiates energy into space at a steady rate. At its
outer edge, Earth’s atmosphere intercepts an amount of en-
ergy slightly less than 2 calories per square centimeter per
minute. (A calorie is the amount of energy required to raise
the temperature of 1 gram of water 1°C.) This can also be
expressed in units of power—in this case, around 1370 watts
per square meter. The rate of a planet’s receipt of solar energy
is known as the solar constant and has been measured with
great precision outside Earth’s atmosphere by orbiting satel-
lites. The atmosphere affects the amount of solar radiation
received on the surface of Earth because some energy is ab-
sorbed by clouds, some is reflected (bounced off), and some
is refracted (bent). If we could remove the atmosphere from
Earth, we would find that the solar energy striking the sur-
face at a particular location for a particular time would be a
constant value determined by the latitude of the location.

Of course, the measured value of the solar constant varies
with distance from the sun as the same amount of energy ra-
diates out into larger areas. For example, if we measured the
solar constant for the planet Mercury, it would be much
higher than that for Earth. When Earth is closest to the sun in
its orbit, its solar constant is slightly higher than the yearly av-
erage, and when it is farthest away, the solar constant is slightly
lower than average. However, this difference does not have a
significant effect on Earth’s temperatures. When Earth is

Radiation from the sun travels toward Earth in a wide spectrum of wavelengths, which are measured

in micrometers (wm) (1 wm equals 1/10,000 of a centimeter). Visible light occurs at wavelengths of
approximately 0.4—0.7 micrometers. Solar radiation is shortwave radiation (less than 4.0 wm), whereas
terrestrial (Earth) radiation is of long wavelengths (more than 4.0 um).

of visible light rays, but much of the Shortwave solar radiation Longwave terrestrial radiation
sun’s energy cannot be seen by the hu- - -
man eye. About half of the sun’s radiant 0.01 0.1 1,0 10 100 1000
energy is in wavelengths that are longer é I 3
than visible light rays, including some § = X-rays __ Ultraviolet g ~ Near | Infrared Microwaves N
infrared waves. Although these wave- g Gamma rays % Infrared i Radio waves
lengths cannot be seen, they can I
sometimes be sensed by human skin. 0.01 oi1 1I_0 1Io 100 10I00
The longer waves in the infrared part of’ )
Wavelength (micrometers)

the spectrum are felt as heat.

The remaining 9% of solar energy
is made up of X-rays, gamma rays, and Blaly \o
ultraviolet rays, all of which are shorter 04 0.7
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farthest from the sun in July and the solar constant is lowest
because of the distance from the sun, the Northern Hemi-
sphere is in the midst of a summer with temperatures that are
not significantly different from those in the Southern Hemi-
sphere 6 months later. The solar constant also varies slightly
with changes in activity on the sun; during intense sunspot or
solar storm activity, for example, the solar constant will be
slightly higher than usual. However, these variations are not
even as great as those caused by Earth’s elliptical orbit.

Movements of Earth

Earth has three basic movements: galactic movement, ro-
tation, and revolution. The first of these 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 rather than
geographers. The other two movements of Earth, rotation on
its axis and revolution around the sun, are of vital interest to
the physical geographer. The consequences of these move-
ments are the phenomena of day and night, variations in the
length of day, and the changing seasons.

Rotation Rotation refers to the spin of Earth on its axis, an
imaginary line extending from the North Pole to the South
Pole. Earth 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 ( I Fig. 3.11). The
sun “rises” in the east and appears to move westward across
the sky, but it is actually Earth, not the sun, that is moving,
rotating toward the morning sun (that is, toward the east).

Earth, then, rotates in a direction opposite to the ap-
parent movement of the sun, moon, and stars across the sky.
If we look down on a globe from above the North Pole, the
direction of rotation is counterclockwise. This eastward di-
rection of rotation not only defines the movement of the
zone of daylight on Earth’s surface but also helps define the
circulatory movements of the atmosphere and oceans.

The velocity of rotation at the Earth’s surface varies
with the distance of a given place from the equator (the
imaginary circle around Earth halfway between the two
poles). All points on the globe take 24 hours to make one
complete rotation (360°). Thus, the angular velocity for all
locations on Earth’s surface is the same—360° per 24 hours,
or 15° per hour. However, the linear velocity depends on the
distance (not the angle) covered in 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 measur-
able distance during one rotation of the globe. The greatest
linear velocity is found at the equator, where the distance
traveled by a point in 24 hours is largest. At Kampala,
Uganda, near the equator, the velocity is about 460 meters

North

West

East

South
I FIGURE 3.11

Earth spins 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.
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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?

(1500 ft) per second, or approximately 1660 kilometers
(1038 mi) per hour ( I Fig. 3.12). In comparison, at St.
Petersburg, Russia (60°N latitude), where the distance trav-
eled during one complete rotation of Earth is about half that
at the equator, Earth rotates about 830 kilometers per hour.
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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
movement. Without such references, we cannot perceive the
speed of rotation.

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’
the sphere 1s always illuminated while the other half is not and

FIGURE 3.13
The circle of illumination, which separates day from night, is clearly seen
on this image of Earth.

FIGURE 3.14
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that new points are continually moving into the illuminated
section of the globe while others are moving into the dark-
ened sector. 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.
As noted in Chapter 2, the great circle separating day from

night is known as the circle of illumination ( ! Fig. 3.13).

Revolution While Earth rotates on its axis, it also revolves
around the sun in a slightly elliptical orbit at an average
distance from the sun of about 150 million kilometers (93
Fig. 3.14). On about January 3, Earth is closest
to the sun and is said to be at perihelion (from Greek: peri,

million mi) (

close to; helios, sun); its distance from the sun then is approxi-
mately 147 million kilometers. At around July 4, Earth is about
152 million kilometers 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). Five million kilometers
1s insignificant in space, and these varying distances from Earth
to the sun only minimally (about 3.5%) affect the receipt
of energy on Earth. Hence, they have no relationship to the
seasons.

The period of time that Earth takes to make one revo-
lution around the sun determines the length of 1 year. Earth
makes 365/ 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.

Plane of the Ecliptic, Inclination, and Parallelism 1n
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 234° from the plane of the ecliptic, causing Earth’s
axis to be tilted 23)5° from a line perpendicular to the plane
(¥ Fig 3.15). In addition to this constant angle of inclination,
Earth’s axis maintains another characteristic called parallelism.
As Earth revolves around the sun, Earth’s axis remains parallel

Oblique view of the elliptical orbit of Earth 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.

Aphelion O > 152,500,000 km

July 4 94,500,000 mi

Focus of ellipse

147,500,000 km _ O Perihelion
91,500,000 mi January 3
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I FIGURE 3.15

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

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. Thus, Earth’s axis is fixed with respect to
the stars outside our solar system but not with respect to the
sun (see the axis representation in Fig. 3.11).

Before continuing, it should be noted that, although
the patterns of Earth rotation and revolution are consid-
ered constant in our current discussion, the two move-
ments are subject to change. Earth’s axis wobbles through
time and will not always remain at an angle of exactly 23/4°
from perpendicular to the plane of the ecliptic. Moreover,
Earth’s orbit around the sun will change from more circu-
lar to more elliptical through periods that can be accu-
rately determined. These and other cyclical changes were
calculated and compared by Milutin Milankovitch, a Ser-
bian astronomer during the 1940s, as a possible explana-
tion for the ice ages. Since then the Milankovitch Cycles
have often been used when climatologists attempt to
explain climatic variations. These variations will be dis-
cussed in more detail along with other theories of climatic
change in Chapter 8.

Sun Angle, Duration,
and Insolation

Understanding Earth’s relationships with the sun leads us
directly into a discussion of how the intensity of the sun’s
rays varies from place to place throughout the year and
into an examination of the seasonal changes on Earth.
Solar radiation received by the Earth system, known as
insolation (for incoming solar radiation), is the main

source of energy on our planet. The seasonal variations in
temperature that we experience are due primarily to fluc-
tuations in insolation.

What causes these variations in insolation and brings
about seasonal changes? It is true that Earth’s atmosphere
affects the amount of insolation received. Heavy cloud
cover, for instance, will keep more solar radiation from
reaching Earth’s surface than will a clear sky. However,
cloud cover is irregular and unpredictable, and it affects
total insolation to only a minor degree over long periods
of time.

The real answer to the question of what causes variations
in insolation lies with two major phenomena that vary regu-
larly for a given position on Earth as our planet rotates on its
axis and revolves around the sun: the duration of daylight and
the angle of the solar rays. The amount of daylight controls
the duration of solar radiation, and the angle of the sun’s rays
directly affects the intensity of the solar radiation received. To-
gether, the intensity and the duration of radiation are the ma-
jor factors that affect the amount of insolation available at any
location on Earth’s surface (Table 3.2).

Therefore, a location on Earth will receive more inso-
lation 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 on the Earth’s rotating surface can receive
radiation at right angles while the rest receive varying
oblique (sharp) angles (  Fig. 3.16a). As we can see from
Figure 3.16b and c, solar energy that strikes Earth at a
nearly vertical angle covers less area than an equal amount
striking Earth at an oblique angle.

The intensity of insolation received at any given latitude
can be found using Lambert’s Law, named for Johann Lambert,
an 18th-century German scientist. Lambert developed a
formula by which the intensity of insolation can be calculated
using the sun’s zenith angle (that is, the sun angle deviating
from 90° directly overhead). Using Lambert’s Law, one can
identify, based on latitude, where greater or lesser solar radia-
tion is received on Earth’s surface. Figure 3.17 shows the in-
tensity of total solar energy received at various latitudes, when
the most direct radiation (from 90° angle rays) strikes directly
on the equator.

In addition, the atmospheric gases act to diminish, to
some extent, the amount of insolation that reaches Earth’s
surface. Because oblique rays must pass through a greater dis-
tance of atmosphere than vertical rays, more insolation will
be lost in the process.

Since no insolation is received at night, the duration of
solar energy is related to the length of daylight received at a
particular point on Earth (Table 3.3). Obviously, the longer
the period of daylight, the greater the amount of solar radia-
tion that will be received at that location. As we will see in
our next section, periods of daylight vary in length through
the seasons of the year as well as from place to place on
Earth’s surface.
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TABLE 3.2
Radiation Intensity for Certain Solar Angles Expressed as a Percentage of the Maximum Possible
(perpendicular beam)

m
m
m
m

" Sun's oblique rays

PHYSICAL

Eeography@ Now™ WACTIVE FIGURE 3.16

Watch this Active Figure at http://now.brookscole.com/gabler8.

(a) The angle at which the sun’s rays strike Earth determines the amount of solar energy received per
unit of surface area. This amount in turn controls the seasons. The diagram represents the June condi-
tion, in which solar radiation strikes the surface perpendicularly only in the Northern Hemisphere, creat-
ing summer conditions there. In the Southern Hemisphere, oblique rays are spread over large areas,
producing less receipt of energy per unit of area and making this the winter hemisphere. How would
this figure differ in December? The sun’s rays in summer (b) and winter (c). In summer the sun ap-
pears high in the sky, and its rays hit Earth more directly, spreading out less. In winter the sun is low in
the sky, and its rays spread out over a much wider area, becoming less effective at heating the ground.
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TABLE 3.3
Duration of Daylight for Certain Latitudes

Length of Day (Northern Hemisphere) (read down)

LATITUDE (IN DEGREES) MAR. 21/SEPT. 22 JUNE 21 DEC. 21
0.0 12 hr 12 hr O min 12 hr 0O min
10.0 12 hr 12 hr 35 min 11 hr 25 min
20.0 12 hr 13 hr 12 min 10 hr 48 min
235 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 9hr 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. 21/SEPT. 22 DEC. 21 JUNE 21

Length of Day (Southern Hemisphere) (read up)

The Seasons

Many people assume that the seasons must be caused by
the changing distance between Earth and the sun during
Earth’s yearly revolution. As noted earlier, the change in
this distance is very small. Further, for people in the
Northern Hemisphere, Earth is actually closest to the sun
in January and farthest away in July (see again Fig. 3.14).
This is exactly opposite of that hemisphere’s seasonal vari-
ations. As we will see, seasons are caused by the 23/4° tilt
of Earth’s equator to the plane of the ecliptic (see Fig.
3.15) and the parallelism of the axis that is maintained as
Earth orbits the sun. About June 21, Earth is in a position
in its orbit so that the northern tip of its axis is inclined
toward the sun at an angle of 23%°. In other words, the
plane of the ecliptic (the 90° sun angle) is directly on
23/°N latitude. This time in Earth’s orbit is called the
summer solstice (from Latin: sol, sun; sistere, to stand) in
the Northern Hemisphere. We can best see what is
happening if we refer to Figure 3.18, position A. In that
diagram, we can see that the Northern and Southern
Hemispheres receive unequal amounts of light from the  § FIGURE 3.17

sun. That is, as we imagine rotating Earth under these  Thg percent of incoming solar radiation (insolation) striking various latitudes
conditions, a larger portion of the Northern Hemisphere  quring an equinox date according to Lambert’s Law.

than the Southern Hemisphere remains in daylight. Con-  How much less solar energy is received at 60° latitude than that
versely, a larger portion of the Southern Hemisphere than  received at the equator?




About 240 B.C. in Egypt, Eratosthenes, a
Greek philosopher and geographer, observed
that the noonday sun’s angle above the hori-
zon changed along with the seasons. Know-
ing that our planet was spherical, he used
geometry and solar observations to make

a remarkably accurate estimate of Earth’s
circumference.

The distance between Syene and Alexan-
dria was 5000 stades, with a stade being the
distance around the running track at a
stadium. Therefore, 5000 stades times 50
meant that Earth must be 250,000 stades in
circumference.

Unfortunately in ancient times, stades of
different lengths were being used in different

SUN ANGLE, DURATION, AND INSOLATION

regions, and it is not certain which distance
Eratosthenes used. A commonly cited stade
length is about 0.157 kilometers (515 ft), and
in using this measure, the resulting distance
estimate would be 39,250 kilometers (24,388
mi). This distance is very close to the actual
circumference of the great circle that would
connect Alexandria and Syene.

81

A librarian in Alexandria, he read an ac-

count of a water well in Syene (today Aswan,
Egypt), located to the south about 800 kilome-
ters (500 mi) on the Nile River. On June 21
(summer solstice), this account stated, the
sun’s rays reached the bottom of the well and
illuminated the water. Because the well was
vertical, this meant that the sun was directly
overhead on that day. Syene was also located
very near the Tropic of Cancer, the latitude of
the subsolar point on that date.

Eratosthenes had made many observations
of the sun’s angle over the year, so he knew
that the sun’s rays were never vertical in
Alexandria, and at noon on that day in June a
vertical column near the library formed a
shadow. Measuring the angle between the col-
umn and a line from the column top to the
shadow's edge, he found that the sun’s angle
was 7.2° away from vertical.

Assuming that the sun's rays strike Earth’s
spherical surface in a parallel fashion, Erathos-
thenes knew that Alexandria was located 7.2°

Column’s
shadow

7.2° angle

Column of
Alexandria

90°
Vertical
sun rays

Well at
Syene

north of Syene. Dividing the number of degrees
in a circle (360°) by 7.2° he calculated that the
twa cities were separated by 1/50 of Earth's
circumference.

By observing the noon sun angle cast by a column where he lived and knowing that no shadow was cast
on that same day in Syene to the south, Eratosthenes used geometry to estimate the Earth’s circumfer-
ence. On a spherical Earth, a 7.2° difference in angle also meant that Syene was 7.2° south in latitude
from Alexandria, or 1/50 of Earth’s circumference.

the Northern Hemisphere remains in darkness. Thus, a per-
son living at Repulse Bay, Canada, north of the Arctic Circle,
experiences a full 24 hours of daylight at the June solstice.
On the same day, someone living in New York City will ex-
perience a longer period of daylight than of darkness. How-
ever, someone living in Buenos Aires, Argentina, will have a
longer period 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 and the shortest day of the year in the Southern
Hemisphere.

Now let’s imagine the movement of Earth from its posi-
tion at the June solstice toward a position a quarter of a year

later, in September. As Earth moves toward that new posi-
tion, we can 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 daylight in the Southern Hemi-
sphere will begin to get longer, the nights shorter.

Finally, on or about September 22, Earth will reach a
position known as an equinox (Latin: aequus, equal; nox,
night). On this date (the autumnal equinox in the North-
ern Hemisphere), day and night will be of equal length at
all locations on Earth. Thus, on the equinox, conditions are



82 CHAPTER 3 EARTH IN SPACE AND SOLAR ENERGY
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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) sim-
ilar to the one in September (Fig. 3.19, po-
sition 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 daylight
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
on June 21, a point on the Antarctic Circle
in the Southern Hemisphere will experi-
ence a winter solstice similar to that which
Repulse Bay had on December 21 (Fig.
3.18). There will be no daylight in 24 hours,
except what appears at noon as a glow of
twilight in the sky.

Buenos

Lines on Earth Delimiting

PHYSICAL

Geography@Now™ 0 ACTIVE FIGURE 3.18

Watch this Active Figure at http://now.brookscole.com/gabler8.

Geometric relationships between Earth and the sun at the solstices. Note the differing day
lengths at the summer and winter solstices in the Northern and Southern Hemispheres.

identical for both hemispheres. As you can see in Figure
3.19, position B, Earth’s axis points neither toward nor away
from the sun (imagine the axis is pointed at the reader); the
circle of illumination passes through both poles, and it cuts
Earth in half along its axis.

Imagine again the revolution and rotation of Earth
while moving from September 22 toward a new position an-
other 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. 3.18, position C).The only natural light at all in Re-
pulse Bay will be a faint glow at noon refracted from the sun
below the horizon. 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. On December 21, that
city will experience its summer solstice; conditions will be
much as they were in New York City in June.

Solar Energy

Looking at the diagrams of Earth in its vari-
ous positions as it revolves around the sun,
we can see that the angle of inclination is im-
portant. 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 sun-
light. The Arctic Circle, an imaginary line drawn around
Earth 23%° from the North Pole (or 66%° north of the equa-
tor) 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 solstice 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 66/5° south of the equator) marks a
similar limit.

Furthermore, it can be seen from the diagrams that the
sun’s vertical (direct) rays (rays that strike Earth’s surface
at right angles) also shift position in relation 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 di-
rectly overhead, at noon at 23%° north of the equator. This
imaginary line around Earth marks the northernmost posi-
tion at which the solar rays will ever be directly overhead
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The Analemma

The latitude at which the noon sun is directly
overhead is also known as the sun’s declina-
tion. Thus, if the sun appears directly over-
head at 18°S latitude, the sun’s declination is
18°S. A figure called an analemma, which is
often drawn on globes as a big-bottomed
“figure 8,” shows the declination of the sun
throughout the year. A modified analemma is
presented in Figure 3.20.Thus, if you would
like to know where the sun will be directly
overhead on April 25, you can look on the
analemma and see that it will be at 13°N.The
analemma actually charts the passage of the
direct rays of the sun over the 47° of latitude
that they cover during a year.

Variations of Insolation
with Latitude

Neglecting for the moment the influence of

D
March 21

the atmosphere on variations in insolation dur-
ing a 24-hour period, the amount of energy re-
New York City ceived by the surface begins after daybreak and
increases as Earth rotates toward the time of
solar noon. A place will receive its greatest in-
solation at solar noon when the sun has reached
its zenith, or highest point in the sky, for that

Buenos

s day. The amount of insolation then decreases as
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the sun angle lowers toward the next period of
darkness. Obviously, at any location, no insola-
tion is received during the darkness hours.

Geometric relationships between Earth and the sun at the equinoxes. Day length is 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

We also know that the amount of daily
insolation received at any one location on
Earth varies with latitude (see again Fig. 3.17).
The seasonal limits of the most direct insolation

variations? Would there be seasons?

during a full revolution of our planet around the sun. The
imaginary line marking this limit is called the Tropic of
Cancer. Six months later, at the time of the December
solstice, the solar rays are vertical, and the noon sun is di-
rectly overhead 23/4° south of the equator. The imaginary
line marking this limit is known as the Tropic of Capri-
corn. At the times of 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.

Note also that on any day of the year the sun’s rays will
strike Earth at a 90° angle at only one position, either on or
between the two tropics. All other positions that day will
receive the sun’s rays at an angle of less than 90° (or will
receive no sunlight at all).

are used to determine recognizable zones on

Earth. Three distinct patterns occur in the

distribution of the seasonal receipt of solar en-
ergy in each hemisphere. These patterns serve as the basis for
recognizing six latitudinal zones, or bands, of insolation and
temperature that circle Earth (I Fig. 3.21).

If we look first at the Northern Hemisphere, we may
take the Tropic of Cancer and the Arctic Circle as the divid-
ing lines for three of these distinctive zones. The area be-
tween 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 over-
head at noon. This occurs twice a year, and these dates vary
according to latitude (see again Fig. 3.20). The north middle-
latitude zone is the wide band between the Tropic of Cancer
and the Arctic Circle. In this belt, insolation is greatest on
the June solstice when the sun reaches its highest noon
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I FIGURE 3.20
An analemma shows the location of the vertical noon sun throughout
the year.

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 shortest. The north polar zone,
or Arctic zone, extends from the Arctic Circle to the pole. In
this region, as in the middle-latitude zone, insolation is
greatest at the June solstice, but it ceases during the period
that the sun’s rays are blocked entirely by the tilt of Earth’s
axis. This period lasts for 6 months at the North Pole but is
as short as 1 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 Cir-
cle in the Southern Hemisphere. These areas get their great-
est amounts of insolation at opposite times of the year from
the northern zones.

Despite various patterns in the amount of insolation re-
ceived in these zones, we can make some generalizations. For
example, total annual insolation at the top of the atmosphere
over a particular latitude remains nearly constant from year

North polar
(Arctic) zone

._".
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Q/
1 zO/;e 4 1
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“lag; 7
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I FIGURE 3.21

The line of 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?

to year (the solar constant). Furthermore, annual insolation
tends to decrease from lower latitudes to higher latitudes
(Lambert’s Law). The closer to the poles a place is located, the
greater will be its seasonal variations caused by fluctuations
in insolation.

The amount of insolation received by Earth systems is
an important concept in understanding atmospheric dy-
namics and the distribution of climate and vegetation.
Such climatic elements as temperature, precipitation, and
winds are controlled in part by the amount of insolation
received by Earth. People depend on certain levels of inso-
lation for physical comfort, and plant life is especially sen-
sitive to the amount of available insolation. You may have
noticed plants that have wilted in too much sunlight or
that have grown brown in a dark corner away from a win-
dow. Over a longer period of time, deciduous plants have
an annual cycle of budding, flowering, leafing, and losing
their leaves. This cycle is apparently determined by the
fluctuations of increasing and decreasing solar radiation
that mark the changing seasons. Even animals respond to
seasonal changes. Some animals hibernate; many North
American birds fly south toward warmer weather as winter
approaches; and many animals breed at such a time that
their offspring will be born in the spring, when warm
weather is approaching.



Define & Recall

galaxy glant planet (gas planet)
light-year mass
solar system gravitation

planet electromagnetic energy
satellite shortwave radiation
asteroid calorie

comet solar constant

meteor galactic movement
meteorite rotation

fusion (thermonuclear) reaction revolution

solar wind circle of illumination
aurora perihelion
sunspot aphelion

terrestrial planet

plane of the ecliptic

Discuss & Review

1. What 1s a solar system? What bodies constitute our solar
system?

2. How is the energy emitted from the sun produced?

3. Name the terrestrial planets. What do they have in com-

mon? Name the giant planets. What do they have in
common?
Give a unique characteristic for each of the nine planets.

. The electromagnetic spectrum displays various types of

energy by their wavelengths. Where is the division be-
tween longwave and shortwave energy? In what ways do
humans use electromagnetic energy?

Consider & Respond

1.

2.

Do you think that we have discovered all the galaxies in
the universe? Why?

Given what you know of the sun’s relation to life on
Earth, explain why the solstices and equinoxes have been
so important to cultures all over the world. What are
some of the major festivals associated with these times of
the year?

. Use the discussion of solar angle, including Figure 3.16,

to explain why we can look directly at the sun at sunrise
and sunset but not at the noon hour.

Imagine you are at the equator on March 21.The noon
sun would be directly overhead. However, for every de-
gree of latitude that you travel to the north or south, the
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angle of inclination
parallelism
insolation

solstice

equinox

Arctic Circle
Antarctic Circle
vertical (direct) rays
Tropic of Cancer
Tropic of Capricorn
declination
analemma

. Is the amount of solar energy reaching Earth’s outer at-

mosphere constant? What might make it change?

. Describe briefly how Earth’s rotation and revolution af-

fect life on Earth.

. If the sun is closest to Earth on January 3, why isn’t win-

ter in the Northern Hemisphere warmer than winter in
the Southern Hemisphere?

. Identify the two major factors that cause regular varia-

tion in insolation throughout the year. How do they
combine to cause the seasons?

noon solar angle would decrease by the same amount.
For example, if you travel to 40°N latitude, the solar an-
gle would be 50°. Can you explain this relationship?
Can you develop a formula or set of instructions to gen-
eralize this relationship? What would be the solar angle
at 40°N on June 21?2 On December 21?

. Describe in your own words the relationship between

insolation and latitude.

. Use the analemma presented in Figure 3.20 to determine

the latitude where the noon sun will be directly overhead
on February 12, July 30, November 2, December 30.
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CHAPTER PREVIEW

ater and oxygen are vital for animals and

humans to survive. Plant life requires
carbon dioxide as well as a sufficient water supply.
Most living things we know cannot survive ex-
treme temperatures, nor can they live long if
exposed to large doses of harmful radiation. It is
the atmosphere, the envelope of air that surrounds
Earth, that supplies most of the oxygen and carbon
dioxide and that helps maintain a constant level of
water and radiation in the Earth system.

Though actually a thin film of air, the atmos-
phere serves as an insulator, maintaining the viable
temperatures we find on Earth. Without the atmos-
phere, Earth would experience temperature ex-
tremes of as much as 260°C (500°F) between day
and night. The atmosphere also serves as a shield,
blocking out much of the sun’s ultraviolet (UV)
radiation and protecting us from meteor showers.
The atmosphere is also described as an ocean of air
surrounding Earth. This description reminds us of
the currents and circulation of the atmosphere—its
dynamic movements—which create the changing

conditions on Earth that we know as weather.

Our planet’s atmosphere is essential to life as we know it
here on Earth.

I How is this true?
I What is the significance of this statement for humans?
I How should this fact affect human behavior?

Earth has an energy budget with a multiplicity of inputs and
outputs (exchanges) that ultimately remains in balance de-
spite recurring deficits and surpluses from time to time and
from place to place.

I How is the budget concept useful to an understanding of
atmospheric heating and cooling?
I How can we tell that the budget remains in balance?

Water plays a very important role in the exchanges of en-
ergy that fuel atmospheric dynamics.

I What characteristics of water are responsible for its impor-
tance in energy exchange?

I In what ways is water involved in the heating of the
atmosphere?

As a direct result of differences in insolation and the me-
chanics of atmospheric heating, air temperature varies over
time and both horizontally and vertically through space.

I What are the most obvious variations?

I Why do they occur?

I How do temperatures stay within the ranges suitable for
life if there are such great differences in the amounts of in-
solation received?

Atmospheric elements are affected by atmospheric controls
to produce weather and climate.

I How do the elements differ from the controls?
I How does weather differ from climate?

87
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For comparison, we can look at our moon—a celestial
body with virtually no atmosphere—in order to see the im-
portance of our own atmosphere. Most obviously, a person
standing on the moon without a space suit would immedi-
ately die for lack of oxygen. Our lunar astronauts recorded
temperatures of up to 204°C (400°F) on the hot, sunlit side
of the moon and, on the dark side, temperatures approaching
—121°C (—250°F). These temperature extremes would
certainly kill an unprotected human.

The next thing any astronaut on the moon would no-
tice is the “unearthly” silence. On Earth, we hear sounds be-
cause sound waves move by vibrating the molecules in the
air. Because the moon has no atmosphere and no molecules
to carry the sound waves, the lunar visitor cannot hear any
sounds; only radio communications are possible. Also, because
there is no atmosphere, an astronaut cannot fly aircraft or
helicopters, and it would be fatal to try to use a parachute. In
addition, lack of atmosphere means no protection from the
bombardment of meteors that fly through space and collide
with the moon. Nearing Earth, most meteors burn up before
reaching the surface because of friction within the atmo-
sphere. Without an atmosphere for protection, the ultraviolet
rays of the sun would also burn a visitor to the moon. On
Earth, we are protected to a large degree from UV radiation
because the ozone layer of the upper atmosphere absorbs the
major portion of this harmful radiation.

We can see that, in contrast to our stark, lifeless moon,
Earth presents a hospitable environment for life almost solely
because of its atmosphere. All living things are adapted to its
presence. For example, many plants reproduce by pollen and
spores that are carried by winds. Birds can fly only because of
the air. The water cycle of Earth is maintained through the
atmosphere, as are the heat and radiation “budgets.” The at-
mosphere diffuses sunlight as well, giving us our blue skies
and the fantastic reds, pinks, oranges, and purples of sunrise
and sunset. Without this diffusion, the sky would appear
black, as it does from the moon (I Fig. 4.1)

Further, the atmosphere provides a means by which the
systems of Earth attempt to reach equilibrium. Changes in
weather are ultimately the result of the atmospheric effects
that equalize temperature and pressure differences on Earth’s
surface by transferring heat and moisture through atmo-
spheric and oceanic circulation systems.

Characteristics 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 25 kilometers (16 mi) or so. Because air has mass, the
atmosphere exerts pressure on Earth’s surface. At sea level,
this pressure is about 1034 grams per square centimeter
(14.7 Ib/sq in.), but the higher the elevation, the lower is
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Without an atmosphere, the moon'’s environment would be deadly to an
unprotected astronaut.

How do astronauts communicate with each other on the moon?

the atmospheric pressure. In Chapter 5, we will examine
the relationship between atmospheric pressure and eleva-
tion in more detail.

Composition of the Atmosphere

The atmosphere is composed of numerous gases (Table 4.1).
Most of these gases remain in the same proportions regardless
of the density of the atmosphere. 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 atmosphere 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, krypton, and
others.

Nitrogen, Oxygen, Argon, and Carbon Dioxide Of
these four most abundant gases that make up the atmosphere,
nitrogen gas (N,) makes up the largest proportion of air. It is
a very important element supporting plant growth and will
be discussed in more detail in Chapter 11. In addition, some
of the other gases in the atmosphere are vital to the develop-
ment and maintenance of life on Earth. One of the most
important of the atmospheric gases is of course oxygen (O,),
which humans and all other animals use to breathe and
oxidize (burn) the food that they eat. Oxidation, which is
technically the chemical combination of oxygen with other
materials 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 or-
ganic debris and the development of rust are examples of



TABLE 4.1
Composition of the Atmosphere Near the Earth’s Surface

Permanent Gases
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Variable Gases

PERCENT (BY VOLUME) PERCENT PARTS PER
GAS SYMBOL DRY AIR GAS (AND PARTICLES) SYMBOL (BY VOLUME) MILLION (PPM)*
Nitrogen N, 78.08 Wiater vapor H,0 Oto4
Oxygen 0, 20.95 Carbon dioxide Co, 0.037 368™
Argon Ar 0.93 Methane CH, 0.00017 1.7
Neon Ne 0.0018 Nitrous oxide N,0 0.00003 0.3
Helium He 0.0005 Ozone 0, 0.000004 0.04t
Hydrogen H, 0.00006 Particles (dust, soot, etc.) 0.000001 0.01-0.15
Xenon Xe 0.000009 Chlorofluorocarbons (CFCs) 0.00000002 0.0002

*For CO,, 368 parts per million means that out of every million air molecules, 368 are CO, molecules.

"Stratospheric values at altitudes between 11 km and 50 km are about 5 to 12 ppm.

I FIGURE 4.2

The equation of photosynthesis shows how solar energy (light) 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.

cold, dry climate to more than 4% in the hu-
mid tropics. The percentage of water vapor
in the air will be discussed later under the
broad topic of humidity, but it is important
to note here that the variations in this per-

centage over time and place are an impor-

) Carbon Carbohydrates
Water
Light + + | dioxide | = | (sugar and starch)
uv H.0 COo, ,

tant consideration in the examination and

Free
oxygen comparison of climates.
2 Water vapor also absorbs heat in the lower

atmosphere and so prevents its rapid escape

slow oxidation. All 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.

Carbon dioxide (CO,), the fourth most abundant gas, is
involved in the system known as the carbon cycle. Plants,
through a process known as photosynthesis, use carbon
dioxide and water to produce carbohydrates (sugars and
starches), in which amounts of energy, derived originally
from the sun, are stored and used by vegetation (| Fig. 4.2).
Oxygen is given oft as a by-product. Animals then use the
oxygen to oxidize the carbohydrates, releasing the stored en-
ergy. 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.

Water Vapor, Liquids, and Particulates Water vapor
is always mixed in some proportion with the dry air of the
lower part of the atmosphere; it is the most variable of the
atmospheric gases and can range from 0.02% by volume in a

from Earth.Thus, like carbon dioxide, water
vapor plays a large role in the insulating action of the atmos-
phere. In addition to gaseous water vapor, liquid water also
exists in the atmosphere as rain and as fine droplets in clouds,
mist, and fog. Solid water is found in the atmosphere in the
form of ice crystals, snow, sleet, and hail.

Particulates are solids suspended in the atmosphere. These
can be pollutants from transportation and industry, but the
majority are natural particles that have always existed in our
atmosphere (B Fig. 4.3). Particles such as dust, smoke, pollen
and spores, volcanic ash, bacteria, and salts from ocean spray
can all play an important role in absorption of energy and in
the formation of raindrops.

Atmospheric Environmental Issues

Two gases in our atmosphere play significant roles in impor-
tant environmental issues. One is carbon dioxide, a gas that is
directly involved in an apparent slow but steady rise in global
temperatures. The other is ozone, which comprises a layer in
the upper atmosphere, that protects Earth from excessive UV
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I FIGURE 4.3

Volcanic eruptions add a variety of gases, particulates, and water va-
por into our atmosphere.

What other ways are particles added to the atmosphere?

radiation but is endangered by other gases associated with
industrialization.

Carbon Dioxide and the Greenhouse Effect we
are all familiar with what happens to the inside of a parked
car on a sunny street if all the windows are left closed.
Shortwave radiation (mainly visible light) from the sun can
penetrate the glass windows with ease (I Fig. 4.4). When
the insolation strikes the interior of the car, it is absorbed
and heats the exposed surfaces. Energy, emitted from the
surfaces as longwave radiation (mainly heat), cannot escape
through the glass as freely. The result is that the interior of
the vehicle gets hotter throughout the day. Many drivers
recognize this as a blast of hot air as the car door opens. In
extreme cases, windows in some cars have cracked under
the heat as a result of thermal expansion (the property of all
materials to expand when heated). What is more serious,
temperatures have become so great in automobiles with
closed windows as to pose a deadly threat to small children
and pets left behind.

A similar phenomenon also occurs in the atmos-
phere. Like glass, carbon dioxide and water vapor (and other
so-called greenhouse gases) can impede the escape of long-
wave radiation by absorbing it and then radiating it back to
Earth. For example, carbon dioxide emits about half of its ab-
sorbed heat energy back to Earth’s surface. Termed the
greenhouse effect, this is the primary reason for the mod-
erate temperatures observed on Earth. A greenhouse (plant
beds surrounded by glass) will behave like the closed vehicle
parked in the sun. Heat from the sun can flow through the
glass roof and walls of the greenhouse, but the heat cannot
escape as rapidly as insolation comes in and the greenhouse
becomes warmer. The greenhouse effect in Earth’s atmos-
phere is not necessarily a bad thing, for, without any green-

Some long wavelength
radiation absorbed by water,
carbon dioxide, and

other greenhouse gases

Short wavelength
solar radiation

Some long
wavelength
radiation
escapes
into space

Selected
Long waves waves
S, heat car escape

interior

(b)

I FIGURE 4.4

(a) Greenhouse gasses 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) The
same sort of heat buildup occurs in a closed car. The penetration of shortwave radia-
tion through the car windows is plentiful, but the glass prevents some of the long-
wave radiation to escape.

How do you handle it when your car interior becomes so hot?

house gases in the atmosphere, 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 budget (discussed later in this chapter). However, a
serious environmental issue arises when increasing concen-
trations of greenhouse gases cause measurable increases in
worldwide temperatures.

Since the Industrial Revolution, human beings have
been adding more and more carbon dioxide to the atmos-
phere through their burning of fossil (carbon) fuels. At the
same time, Earth has undergone massive deforestation (the re-
moval of forests and other vegetation for agriculture and ur-
ban development). Vegetation uses large amounts of carbon
dioxide in photosynthesis (see again Fig. 4.2), and removal of
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Since 1958 these measurements of carbon dioxide taken at Mauna Loa,
Hawaii, have shown an upward trend.

Why do you suppose the line does a zigzag each year?

the vegetation permits more carbon dioxide to remain in the
atmosphere. Figure 4.5 shows how these two human activities
have worked together to increase the amount of carbon diox-
ide in the atmosphere through time. Because carbon dioxide
absorbs the longwave radiation from Earth’s surface, restrict-
ing its escape to space, the rising amounts of carbon dioxide
in the atmosphere increase the greenhouse effect and produce
a global rise in temperatures.

The effects of greenhouse warming on Earth environ-
ments are many and varied. It is feared that such warming will
raise sea levels around the world in at least two ways. First,
ocean water will expand with increased temperature because
of thermal expansion. Second, the higher average temperatures
will cause the melting of major ice sheets and mountain gla-
ciers worldwide, and the meltwater will add to the rising sea
levels. Rising sea levels are of great concern to coastal regions
around the globe and even more so to areas that lie below sea
level, like the coastal Netherlands and such cities as New Or-
leans. The shifting temperature structure of the atmosphere
can cause shifts in vegetation regions as plants begin to grow
in new locations that previously lacked suitable growing con-
ditions. With shifts in temperatures, scientists also expect vari-
ation in migration patterns of birds and other animals and the
movement of insect-borne diseases to new areas. Last, but not
least, with shifts in temperatures, it is anticipated that there
will be a parallel shift in weather systems. Temperature and
rainfall patterns may change throughout the globe.

At the present time, numerous researchers are closely
monitoring the trends and amounts of change associated
with Earth’s temperatures and are watching for physical man-
ifestations of greenhouse warming. This issue will be dis-
cussed in more detail in Chapter 8.

The Ozone Layer 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
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the upper atmosphere when an oxygen molecule is split into
two oxygen atoms (O7) by shortwave solar radiation. Then
the free unstable atoms join two other oxygen molecules to
form two molecules of ozone gas consisting of three oxygen
atoms each:

20, + 20~ — 20,

In the lower atmosphere, ozone is formed by electrical
discharges (like high-tension power lines and lightning
strikes) as well as 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 si-
nuses, and difficulty in breathing. Near the surface of Earth,
ozone is a menace and can only hurt life-forms. However, in
the upper atmosphere, ozone is vital to both terrestrial and
marine life. Ozone is vital to life-forms because it is capable
of absorbing large amounts of the sun’s UV radiation.

In the upper atmosphere, UV radiation is consumed as it
breaks the chemical bonds of ozone (O,) to form oxygen gas
(O,) and an oxygen ion (O7).Then more UV radiation is
consumed to recombine the oxygen gas and the oxygen ion
back into ozone.This process is repeated over and over again,
thereby involving large amounts of UV energy that would
otherwise reach Earth’s surface.

Without the ozone layer of the upper atmosphere, ex-
cessive UV radiation reaching Earth would severely burn hu-
man skin, increase the incidence of skin cancer and optical
cataracts, destroy certain microscopic forms of marine life,
and damage plants. Throughout the globe, UV radiation is
responsible for painful sunburns or sensible suntans, depend-
ing on individual skin tolerance and exposure time.

For many years, there has been concern that human ac-
tivity, especially the addition of chlorofluorocarbons (CFCs)
and nitrogen oxides (NO ) to the atmosphere, may perma-
nently damage Earth’s fragile ozone layer. CFCs, known
commercially as Freon, have been used extensively in refrig-
eration and air conditioning. As refrigeration has become
common in most parts of the world, CFCs have entered the
upper atmosphere and, by removing ozone through chemical
combination with the gas, have become a serious threat to
our natural UV filter. Nitrogen oxide compounds, emitted
along with automobile and jet engine exhaust, also have the
ability to enter and destroy our ozone shield. Figure 4.6
shows an area of ozone depletion over the South Polar
region, where the ozone layer is weakest.

The small proportion of UV radiation that the ozone
layer allows to reach Earth does serve useful purposes. For in-
stance, it is important in the production of certain vitamins
(especially Vitamin D), it can help treat certain types of skin
disorders, and it helps the growth of some beneficial viruses
and bacteria. It also has a vital function in the process of pho-
tosynthesis. However, increasing amounts of UV radiation
reaching Earth can become a serious problem for Earth en-
vironments, and the ozone layer must be protected from the
industrial pollutants that threaten its existence.
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Many questions exist concerning the depleted
region of our ozone layer, dubbed the “ozone
hole.” The first being, Is there indeed a hole in
our protective ozone layer? The correct an-
swer is no. From Earth’s surface to the outer
reaches of the atmosphere, there is always
some ozone present (keeping in mind, of
course, that ozone is only a trace gas). There
have been years when all the o0zone was miss-
ing from specific levels above the ground, but
there is always some ozone above us. If all the
ozone in our atmosphere were forced down to
sea level, the atmospheric pressure there
would compress the ozone into a worldwide
layer of about 3—4 millimeters in thickness.

So the ozone hole in reality is an area where
the amount of ozone is considerably less than
it should be.

\When we see a satellite image of the infa-
mous ozone hole, we see an elliptical area cen-
tered on the polar regions (especially the South
Pole). The color pattern of the images corre-
sponds to the amount of 0zone in the atmo-
sphere using Dobson units (du). Dobson units in
the 300-du to 400-du range indicates a suffi-
cient amount of ozone to prevent damage to
Earth life-forms. G.M.B. Dobson developed
these units, along with the instrument (spec-
trophotometer) used to measure atmospheric
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ozone, in the late 1920s. To understand these
units better, consider that 100 Dobson units
translate to 1 millimeter of thickness that the
ozone would have at sea level. Ozone mea-
sured inside the hole has dropped as low as 95
Dobson units in recent years, and the areal
extent of this 0zone-deficient region (a more
accurate description) has exceeded that of the
North American continent.

People have also asked why ozone holes
form at the South Pole (and to a lesser extent,
the North Pole). Ozone in the upper atmo-
sphere is destroyed by chemical reaction to
chlorofluorocarbons (CFCs) and other gases
that are products of pollution by industrial na-
tions. With the exception of scientific research
bases, no one lives near the South Pole. There
are certainly no big cities or any widespread
industrial activity present. Why should the
hole appear there instead of over major urban-
ized countries?

Research through the decades has shown
three factors necessary for ozone destruction
and the creation of the “holes.” First, there are
circulation patterns in the stratosphere, which
move from the tropics to the poles and back
again. This slow, conveyor-belt-like movement
transports pollution from the tropics, through
populated middle latitudes, and on to the

poles. Therefore, it is quite possible to bring
pollutants to polar regions.

Second, during the austral winter (June, July,
and August), the South Pole experiences total
darkness and becomes the coldest place on
Earth. A closed circulation pattern of extremely
cold air, called the circumpolar vortex, forms
above the dark pole. Ozone is trapped, along
with destructive pollutants (like CFCs and NO,),
within this vortex. During the austral spring (Sep-
tember, October, and November), the incoming
solar radiation starts to dissolve the vortex and
powers the ozone-destroying process. Usually,
the ozone hole reaches its greatest extent each
year within the first 2 weeks of October.

The third factor involves stratospheric ice
clouds (SIC) found many miles above the poles.
These clouds, located in the stratosphere, do
not affect the weather, but they act as the
perfect laboratory for the ozone-destructive
reaction to take place.

Cl+ 0, —C0 + 0,

This ozone-destructive reaction takes place
most efficiently on an ice crystal surface.

In light of these three factors, it becomes
clear that if an 0zone hole were going to
appear in our atmosphere, it would necessarily
appear first at the poles.

NASA

I FIGURE 4.6

For decades, satellite sensors have produced images of the ozone hole
(shaded in purple) over Antarctica.

Are there any populated areas within the area of the ozone hole?

Sap I 2004

Vertical Layers of the Atmosphere

Though people function primarily in the lowest level of the
atmosphere, there are times, such as when we fly in aircraft
or climb a mountain, when we leave our normal altitude.
The thinner atmosphere at these higher altitudes may aftect
us if we are not accustomed to it.Visitors to Inca ruins in
the Andes or high-altitude Himalayan climbers may experi-
ence altitude sickness, and even skiers in the Rockies near
mile-high Denver may need time to adjust. The air at these
levels is much thinner than most of us are used to; by this we
mean there is more empty space between air molecules and
thus less oxygen and other gases in each breath of air.

As one travels from the surface to outer space, the at-
mosphere undergoes various changes, and it is necessary to
look at the vertical layers that exist with Earth’s atmospheric
envelope. There are several systems used to divide the atmo-
sphere into vertical layers. One system uses temperature and
rates of temperature changes. Another uses the changes in
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Areas of ozone depletion are found in both the Antarctic (a) and the Arctic (b).
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the content of the gases in the atmosphere, and yet a third
deals with the functions of these various layers.

System of Layering by Temperature Characteris-
tics The atmosphere can be divided into four layers
according to differences in temperature and rates of temper-
ature change ( I Fig. 4.7). The first of these layers, lying
closest to Earth’s surface, is the troposphere (from Greek:
tropo, turn—the turning or mixing zone), which extends
about 8-16 kilometers (5—10 mi) above Earth. Its thickness,
which tends to vary seasonally, is least at the poles and great-
est at the equator. It is within the troposphere that people
live and work, plants grow, and virtually all Earth’s weather
and climate take place.

The troposphere has two distinct characteristics that dif-
ferentiate it from other layers of the atmosphere. One is that
the water vapor and particulates of the atmosphere are con-
centrated in this one layer; they are rarely found in the atmos-
pheric layers above the troposphere. The other characteristic

of this layer is that temperature normally decreases with in-
creased altitude. The average rate at which temperatures
within the troposphere decrease with altitude is called the
normal lapse rate (or the environmental lapse rate); it
amounts to 6.5°C per 1000 meters (3.6°F/1000 ft).

The altitude at which the temperature ceases to drop
with increased altitude is called the tropopause. It is the
boundary that separates the troposphere from the strato-
sphere—the second layer of the atmosphere. The temper-
ature of the lower part of the stratosphere remains fairly
constant (about —57°C, or —70°F) to an altitude of about
32 kilometers (20 mi). It is in the stratosphere that we find
the ozone layer that does so much to protect life on Earth
from the sun’s UV radiation. As the ozone layer absorbs
UV radiation, this absorbed energy results in the release of
heat, and thus temperatures increase in the upper parts of
the stratosphere. Some water is available in the strato-
sphere, but it appears as stratospheric ice clouds. These
thin veils of ice clouds have no effect on weather as we
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I FIGURE 4.7

Vertical temperature changes in Earth’s atmosphere are the basis for its subdivision into the

troposphere, stratosphere, mesosphere, and thermosphere.
At what altitude is our atmosphere the coldest?

experience it. Temperatures at the stratopause (another
boundary), which is about 50 kilometers (30 mi) above
Earth, are about the same as temperatures found on Earth’s
surface, although little of that heat can be transferred
because the air is so thin.

Above the stratopause is the mesosphere, in which
temperatures tend to drop with increased altitude; the
mesopause (the last boundary) separates the mesosphere from
the thermosphere, where temperatures increase until they
approach 1100°C (2000°F) at noon. Again, the air is so thin
at this altitude that there is practically a vacuum and little
heat can be transferred.

System of Layering by Functional Characteristics
Astronomers, geographers, and communications experts
sometimes use a different method of layering the atmos-
phere, one based on the protective function these layers
provide. In this system, the atmosphere is divided into two
distinct layers, the lowest of which is the ozonosphere. This
layer lies approximately between 15 and 50 kilometers
(10-30 mi) above the surface. The ozonosphere is another
name for the ozone layer mentioned previously. Here, ozone
effectively filters the UV energy from the sun and gives

interplanetary space (B Fig. 4.8).

System of Layering by Chemical
Composition Atmospheric chemists
and physicists are at times concerned
with the actual chemical makeup of the
atmosphere. To this end, there is one
more system to divide the atmosphere
into two vertical layers. The first is termed the homosphere
(from Greek: homo, same throughout). This layer begins on the
surface and extends to an altitude of 80 kilometers (50 mi). In
this layer, the gases in our atmosphere maintain the same per-
cent by volume as those listed in Table 4.1.There are a few ar-
eas of concentration of specific gases, like the water vapor near
Earth’s surface and the ozone layer aloft, but for the most part
the mixture is homogeneous. Other than rapid decreases in
pressure and density while ascending through this layer, this is
essentially the same air that we breathe on the surface. From
an altitude of about 80 kilometers (50 mi) and reaching into
the vacuum of outer space lies the heterosphere (from
Greek: hetero, difterent). In this layer, atmospheric gases are no
longer evenly mixed but begin to separate out into distinct
sublayers of concentration. This separation of gases is caused by
Earth’s gravity in which heavier gases are pulled closer to the
surface and the lighter gases drift farther outward. The regions
of concentration and their corresponding gases occur in
the following order: nitrogen gas (N,) is the heaviest and
therefore the lowermost, followed by atomic oxygen (O),
then by helium (He), and finally atomic hydrogen (H)—
the lightest element that concentrates at the outermost region

(1 Fig.4.9).
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Vertical changes in Earth’s atmosphere based on functions of the gases
cause the atmosphere to be subdivided into the ozonosphere and the
ionosphere.

How do these layers protect life on Earth?

It is interesting to note that, when watching television
news reports from the International Space Station or NASA
shuttle missions, the astronauts who we see are still in the
atmosphere. The background appears black, making it look
like interplanetary space, but in reality these missions still
take place within the realm of the outer atmosphere. One
should also keep in mind that these different layering systems
can focus on the same regions. For example, note that the
thermosphere, the ionosphere, and the heterosphere all oc-
cupy the same altitudes above Earth—that is, from 80 kilo-
meters (50 mi) and outward. The names are different because
of the criteria used in the differing systems.

Effects of the Atmosphere on
Solar Radiation

As the sun’s energy passes through Earth’s atmosphere, more
than half of its intensity is lost through various processes. In
addition, as discussed in Chapter 3, the amount of insolation
actually received at a particular location depends on not only
the processes involved but also latitude, time of day, and time
of year (all of which are related to the angle at which the
sun’s rays strike Earth).The transparency of the atmosphere
(or the amount of cloud cover, moisture, carbon dioxide, and
solid particles in the air) also plays a vital role.

When the sun’s energy passes through the atmosphere,
several things happen to it (the following figures represent ap-
proximate averages for entire Earth; at any one location or
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The changes in chemical composition of the gases allow for the subdivi-
sion of the atmosphere into the homosphere and the heterosphere.
What gas in the atmosphere is the last to reach out into outer
space?

time, they may differ): (1) 26% of the energy is reflected di-
rectly back to space by clouds and the ground; (2) 8% is scat-
tered by minute atmospheric particles and returned to space as
diffuse radiation; (3) 19% is absorbed by the ozone layer and wa-
ter vapor in the clouds of the atmosphere; (4) 20% reaches
Earth’s surface as diffuse radiation after being scattered; (5) 27%
reaches Earth’s surface as direct radiation ( I Fig. 4.10).
In other words, on a worldwide average, 47% of the incoming
solar radiation eventually reaches the surface, 19% is retained
in the atmosphere, and 34% is returned to space. Because
Earth’s energy budget is in equilibrium, the 47% received at
the surface is ultimately returned to the atmosphere by
processes that we now examine.

Water as Heat Energy

As it penetrates our atmosphere, some of the incoming solar
radiation is involved in energy exchanges. One such ex-
change involves how water in the Earth system is altered
from one state to another. Water is the only substance that
can exist in all three states of matter—as a solid, a liquid, and
a gas—within the normal temperature range of Earth’s sur-
face. In the atmosphere, water exists as a clear, odorless gas
called water vapor. It is also a liquid in the atmosphere, in the
oceans, and in other water bodies on and beneath the sur-
face of Earth. Water is also found within vegetation and ani-
mals. Water is a solid in snow and ice in the atmosphere, as
well as on and under the surface of the colder parts of Earth.
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Earth radiation

Environmental Systems: Earth’s Radiation Budget From one year to the next, Earth’s overall aver-
age temperature varies very little. This fact indicates that a long-term global balance, or equilibrium,
must exist between the energy received and emitted by the Earth system. Note in the diagram that only
47% of the incoming solar energy reaches and is absorbed by Earth’s surface. Eventually, all the energy
gained by the atmosphere is lost to space. However, the radiation budget is a dynamic one. In other
words, alterations to one element affect the other elements. As a result, there is growing concern that
one of the elements, human activity, will cause the atmosphere to absorb more Earth-emitted energy,

thus raising global temperatures.
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I FIGURE 4.11

The three physical states of water and the energy exchanges between them.

Why do you suppose that some of the energy in these exchanges is referred to as
“Latent Heat?"

Not only does water exist in all
three states of matter, but it can change
from one state to another, as illustrated in
Figure 4.11. In doing so, it is involved in
the heat energy system of Earth.The
molecules of a gas move faster than do
those of a liquid. Thus, during the pro-
cess of condensation, when water vapor
changes to liquid water, its molecules
slow down and some of their energy is
released (about 590 cal/g). The molecules
of a solid move even more slowly than
those of a liquid, so during the process of
freezing, when water changes to ice, addi-
tional energy is released (80 cal/g). When
the process is reversed, heat must be
added. Thus, melting requires the addition
of 80 calories per gram, and evaporation
requires the addition of 590 calories per
gram. This added energy is stored in the
water as latent (or hidden) heat.
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When we look to the skies, we are used to and translated into the colors. In other words, clouds, we are actually seeing white clouds
seeing certain colors: the brilliant blue of a the wavelengths that are scattered are the plus shadows cast by the height and thickness
clear day, the vibrant reds and oranges of a colors that we see. of these massive clouds.)
sunset, clouds ranging from pure white to omi- In 1871, Lord Rayleigh, a radiation scien- Rainbows are much more complicated,
nous gray-black, and sometimes even a color- tist, explained that our atmospheric gases and their full explanation involves a number of
ful rainbow. These are wondrous colors, and tend to scatter the shorter wavelengths of vis-  trigonometric functions. Rainbows are caused
we sometimes take them for granted. Why ible light. In other words, Rayleigh scattering by water droplets suspended in the atmo-
they exist, however, can be explained by the makes a clear sky appear blue. In 1908, an- sphere. The droplets act like tiny glass prisms,
concept of atmospheric scattering. This other radiation specialist, Gustav Mie, ex- which take the incoming white sunlight and
process is explained in the text, but let's plained that oblique (or sharp) sun angles project the colors of the spectrum. Key ele-
examine how it affects the colors of our coming through the atmosphere tend to cause ~ ments necessary to observe a rainbow involve
atmosphere. the scattering of the longer wavelengths of the sun angle, water droplet density and orien-
It is important to first realize that as sun- visible light. In other words, Mie scattering tation, and the observer angle. When you see
light is scattered in our atmosphere, certain explains why sunsets bring about a red sky. a rainbow from a moving vehicle, it is only a
wavelengths are scattered more than others. Another form of scattering, called indiscrimi- matter of time until the angles change and the
Each wavelength of visible light corresponds to  nant scattering, is caused by tiny water rainbow disappears.
one of the colars of the visible light spectrum. droplets and ice crystals in our atmosphere Incidentally, the colors described above are
For example, a wavelength of 0.45-0.50 that tend to scatter all the wavelengths of those distinguishable by the human eye in re-
micrometers (1 micrometer = 1/1000 of a visible light with equal intensity. When all the gard to Earth’s atmosphere. Humans visiting
millimeter) corresponds to the color blue, and wavelengths are scattered equally, white light ~ another planet with an atmosphere may never
0.66-0.70 micrometers to the color red. The emerges, and this explains the white clouds see the color blue at all. Furthermore, animals
wavelengths that are scattered, then enter the we see. (Keep in mind that all clouds are (those that are not color-blind) may see colors

human eye, are transmitted to the human brain  white. When we see dark gray to black storm other than those described here.

© Dave Houseknecht/USGS

M. Trapasso

Sunset over the Antarctic Ocean Rainbow

Some of these energy exchanges can be easily demon- Heating the Atmosphere

strated. For example, if you hold an ice cube in your hand,

your hand feels cold because it is giving off the heat needed to The 19% of direct solar radiation that is retained by the at-
melt the ice. We are cooled by evaporating perspiration from mosphere is “locked up” in the clouds and the ozone layer
our skin because heat must be absorbed both from our skin and thus is not available to heat the troposphere. Other
and from the remaining perspiration, thereby lowering the sources must be found to explain the creation of atmospheric

temperature of both. warmth. The explanation lies in the 47% of incoming solar
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energy reaching Earth’s surface (on both land and water) and
in the transfer of heat energy from Earth back to the atmos-
phere. This is accomplished through such physical processes as
(1) radiation, (2) conduction, (3) convection (along with the
related phenomenon, advection), and (4) the latent heat of
condensation.

Processes of Heat Energy Transfer

Radiation The process by which electromagnetic energy is
transferred from the sun to Earth is called radiation. We
should be aware that all objects emit electromagnetic radia-
tion. The characteristics of that radiation depend on the tem-
perature of the radiating body. In general, the warmer the
object, the more energy it will emit, and the shorter are the
wavelengths of peak emission. Because the sun’s absolute
temperature 1s 20 times that of Earth, we can predict that the
sun will emit more energy, and at shorter wavelengths, than
Earth. This is borne out by the facts: The energy output per
square meter by the sun is approximately 160,000 times that
of Earth! Further, the majority of solar energy is emitted at
wavelengths shorter than 4.0 micrometers, whereas most of
Earth’s energy is radiated at wavelengths much longer than
4.0 micrometers (see again Fig. 3.10).Thus, shortwave radiation
from the sun reaches Earth and heats its surface, which, being
cooler than the sun, gives off energy in the form of long-
waves. It is this longwave radiation from Earth’s surface that
heats the lower layers of the atmosphere and accounts for the
heat of the day.

Conduction The means by which heat is transferred from
one part of a body to another or between two touching ob-
jects 1s called conduction. Heat flows from the warmer to
the cooler part of a body in order to equalize temperature.
Conduction actually occurs as heat is passed from one mol-
ecule to another in chainlike fashion. It is conduction that
makes the bottom of your soup bowl too hot to touch.
Atmospheric conduction occurs at the interface of
(zone of contact between) the atmosphere and Earth’s sur-
face. However, it is actually a minor method of heat transfer
in terms of warming the atmosphere because it affects only
the layers of air closest to the surface.This is because air is a
poor conductor of heat. In fact, air is just the opposite of a
good conductor; it is a good insulator. This property of air is
why a layer of air is sometimes put between two panes
of glass to help insulate the window. Air is also used as a
layer of insulation in sleeping bags and ski parkas. In fact, if
air were a good conductor of heat, our kitchens would be-
come unbearable every time we turned on the stove or oven.

Convection In the atmosphere, as pockets of air near the
surface are heated, they expand in volume, become less dense
than the surrounding air, and therefore rise. This vertical trans-
fer of heat through the atmosphere is called convection; it is
the same type of process by which boiling water circulates in a

pot on the stove. The water near the bottom is heated first, be-
coming lighter and less dense as it is heated. As this water tends
to rise, colder, denser surface water flows down to replace it.
As this new water is warmed, it too flows upward while addi-
tional colder water moves downward. This movement within
the fluid is called a convective current. These currents set into
motion by the heating of a fluid (liquid or gas) make up a con-
vectional system. Such systems account for much of the vertical
transfer of heat within the atmosphere and the oceans and are
a major cause of clouds and precipitation.

Advection Advection is the term applied to horizontal
heat transfer. There are two major advection agents within
the Earth—atmosphere system: winds and ocean currents.
Both agents help transfer energy horizontally between the
equatorial and polar regions, thus maintaining the energy
balance in the Earth—atmosphere system.

Latent Heat of Condensation As we have seen, when
water evaporates, a significant amount of energy is stored in
the water vapor as latent heat (see again Fig. 4.11). This water
vapor is then transported by advection or convection to new
locations where condensation takes place and the stored en-
ergy is released. This process plays a major role in the transfer
of energy within the Earth system: The latent heat of evap-
oration helps cool the atmosphere while the latent heat of
condensation helps warm the atmosphere and, in addition,
is a source of energy for storm activity. The power of all severe
weather is supplied by the latent heat of condensation.

The Heat Energy Budget
The Heat Energy Budget at Earth’s Surface Now

that we know the various means of heat transfer, we are in a
position to examine what happens to the 47% of solar energy
that reaches Earth’s surface (see again Fig. 4.10). Approxi-
mately 14% of this energy is emitted by the Earth in the form
of longwave radiation. This 14% includes a net loss of 6%
(of the total originally received by the atmosphere) directly to
outer space; the other 8% is captured by the atmosphere.
In addition, there is a net transfer back to the atmosphere (by
conduction and convection) of 10 of the 47% that reached
Earth. The remaining 23% returns to the atmosphere through
the release of latent heat of condensation. Thus, 47% of the
sun’s original insolation that reached Earth’s surface is all re-
turned to other segments of the system. There has been no
long-term gain or loss. Therefore, at Earth’s surface, the heat
energy budget is in balance.

Examination of the heat energy budget of Earth’s surface
helps us understand the open energy system that is involved in the
heating of the atmosphere. The input in the system is the in-
coming shortwave solar radiation that reaches Earth’s surface;
this is balanced by the output of longwave terrestrial (Earth’) ra-
diation back to the atmosphere and to space. As these functions
adjust to remain in balance, we can say that the overall heat
budget of Earth’s surface is in a state of dynamic equilibrium.



Of course, it should be noted that the percentages men-
tioned earlier represent an oversimplification in that they re-
fer to net losses that occur over a long period of time. In the
shorter term, heat may be passed from Earth to the atmos-
phere and then back to Earth in a chain of cycles before it is
finally released into space.

The Heat Energy Budget in the Atmosphere At
one time or another, about 60% of the solar energy inter-
cepted by the Earth system is temporarily retained by the
atmosphere. This includes 19% of direct solar radiation ab-
sorbed by the clouds and the ozone layer, 8% emitted by
longwave radiation from the Earth’s surface, 10% transferred
from the surface by conduction and convection, and 23% re-
leased by the latent heat of condensation. Some of this energy
is recycled back to the surface for short periods of time, but
eventually all of it is lost into outer space as more solar en-
ergy is received. Hence, just as was the case at Earth’s sur-
face, the heat energy budget in the atmosphere is in balance
over long periods of time—a dynamically stable system.
However, many scientists believe that an imbalance in the
heat energy budget, with possible negative effects, could
develop due to greenhouse warming.

Variations in the Heat Energy Budget Remember
that the figures we have seen for the heat energy budget are
averages for the whole Earth over many years. For any partic-
ular location, the heat energy budget is most likely not bal-
anced. Some places have a surplus of incoming solar energy
over outgoing energy loss, and others have a deficit. The
main causes of these variations are differences in latitude and
seasonal fluctuations.

As we have noted previously, the amount of insolation
received is directly related to latitude ( B Fig. 4.12). In the
tropical zones, where insolation is high throughout the year,
more solar energy is received at Earth’s surface and in the at-
mosphere than can be emitted back into space. In the Arctic
and Antarctic zones, on the other hand, there is so little

I FIGURE 4.12

Latitudinal variation in the energy budget. Low latitudes receive more insolation
than they lose by reradiation and have an energy surplus. High latitudes receive
less energy than they lose outward and therefore have an energy deficit.

How do you think the surplus energy in the low latitudes is transferred
to higher latitudes?

Equator Pole

AIR TEMPERATURE 929

insolation during the winter, when Earth is still emitting
longwave radiation, that there is a large deficit for the year.
Locations in the middle-latitude zones have lower deficits or
surpluses, but only at about latitude 38° is the budget bal-
anced. If it were not for the heat transfers within the atmos-
phere and the oceans, the tropical zones would get hotter
and the polar zones would get colder through time.

At any location, the heat energy budget varies throughout
the year according to the seasons, with a tendency toward a
surplus in the summer or high-sun season and a tendency to-
ward a deficit 6 months later. Seasonal differences may be small
near the equator, but they are great in the middle-latitude and
polar zones.

Air Temperature

Temperature and Heat

Although heat and temperature are highly related, they are not
the same. Heat is a form of energy—the total kinetic energy
of all the atoms that make up a substance. All substances are
made up of molecules that are constantly in motion (vibrating
and colliding) and therefore possess kinetic energy—the en-
ergy of motion. This energy is manifested as heat. Tempera-
ture, on the other hand, is the average kinetic energy of
the individual molecules of a substance. When something is
heated, its atoms vibrate faster, and its temperature increases.
It 1s important to remember that the amount of heat energy
depends on the mass of the substance under discussion,
whereas the temperature refers to the energy of individual
molecules. Thus, a burning match has a high temperature but
minimal heat energy; the oceans have moderate temperatures
but high—heat energy content.

Temperature Scales

Three different scales are generally used in measuring tem-

perature. The one with which Americans are most familiar is
the Fahrenheit scale, devised in 1714 by Daniel
Fahrenheit, a German scientist. On this scale, the temper-
ature at which water boils at sea level is 212°F and the
temperature at which water freezes is 32°F This scale is
used in the English system of measurements.

The Celsius scale (also called the centigrade
scale) was devised in 1742 by Anders Celsius, a Swedish
astronomer. It is part of the metric system. The tempera-
ture at which water freezes at sea level on this scale was

| Emitted
radiation

| Insolation
| | | | | |

arbitrarily set at 0°C, and the temperature at which water
boils was designated as 100°C.

The Celsius scale is used nearly everywhere but in the
United States, and even in the United States, the Celsius
scale is used by the majority of the scientific community.
By this time, you have undoubtedly noticed that through-
out this book comparable figures in both the Celsius

0° 38° 90°
Latitude

(centigrade) and Fahrenheit scales are given side by side for
temperatures. Similarly, whenever important figures for
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I FIGURE 4.13

The Fahrenheit and Celsius temperature scales. The scales are aligned to
permit direct conversion of readings from one to the other.

When it is 70°F, what is the temperature in Celsius degrees?
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distance, area, weight, or speed are given, we use the metric
system followed by the English system. Appendix A at the back
of your text may be used for comparison and conversion be-
tween the two systems.

Figure 4.13 can help you compare the Fahrenheit and
Celsius systems as you encounter temperature figures outside
this book. In addition, the following formulas can be used for
conversion from Fahrenheit to Celsius or vice versa:

C=(F—32)+18
F=(CX18) + 32

The third temperature scale, used primarily by scien-
tists, is the Kelvin scale. Lord Kelvin, a British radiation
scientist, felt that negative temperatures were not proper and
should not be used. In his mind, no temperature should ever
go below zero. This scale is based on the fact that the tem-
perature of a gas is related to the molecular movement
within the gas. As the temperature of a gas is reduced, the
molecular motion within the gas slows. There is a tempera-
ture at which all molecular motion stops and no further
cooling 1s possible. This temperature, approximately
—273°C, is termed absolute zero. The Kelvin scale uses ab-
solute zero as its starting point.

Thus, 0°K equals —273°C. Conversion of Celsius to
Kelvin 1s expressed by the following formula:

K=C+273

Short-Term Variations in Temperature

Local changes in atmospheric temperature can have a num-
ber of causes. These are related to the mechanics of the re-
ceipt and dissipation of energy from the sun and to various
properties of Earth’s surface and the atmosphere.

The Daily Effects of Insolation
As we noted earlier, the amount of in-
solation at any particular location varies
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peratures usually do not reach their
Noon maximum until 2—4 p.m. (I Fig. 4.14).
I FIGURE 4.14 This is because the insolation received

Diurnal changes in insolation and temperature in mid-April for Macomb, lllinois.

Why does temperature rise even after solar energy declines?

by Earth from shortly after sunrise until
the afternoon hours exceeds the energy



being lost through Earth radiation. Hence, during that pe-
riod, as Earth and atmosphere continue to gain energy,
temperatures normally show a gradual increase. Sometime
around 3—4 p.m., when outgoing Earth radiation begins to
exceed insolation, temperatures start to fall. The daily lag of
Earth radiation and temperature behind insolation is ac-
counted for by the time it takes for Earth’s surface to be
heated to its maximum and for this energy to be radiated
to the atmosphere.

Insolation receipt ends at sunset, but energy that has
been stored in Earth’s surface layer during the day contin-
ues to be lost throughout the night and the ability to heat
the atmosphere decreases. The lowest temperatures occur
just before dawn, when the maximum amount of energy
has been emitted and before replenishment from the sun

can occur. Thus, if we disregard other factors for the mo-
ment, we can see that there is a predictable hourly change
in temperature called the daily march of temperature.
There is a gentle decline from midafternoon until dawn
and a rapid increase in the 8 hours or so from dawn until
the next maximum is reached.

Cloud Cover The extent of cloud cover is another fac-
tor that affects the temperature of Earth’s surface and the
atmosphere (I Fig. 4.15). Weather satellites have shown
that, at any time, about 50% of Earth is covered by clouds
(B Fig. 4.16). This is important because a heavy cloud
cover can reduce the amount of insolation a place receives,
thereby causing daytime temperatures to be lower on a
cloudy day. On the other hand, we also have the green-
house effect, in which clouds, composed in large part of
water droplets, are capable of absorbing heat energy radiat-
ing from Earth. Clouds therefore keep temperatures near
Earth’s surface warmer than they would otherwise be, es-
pecially at night. The general effect of cloud cover, then, is
to moderate temperature by lowering the potential maxi-
mum and raising the potential minimum temperatures.
In other words, cloud cover makes for cooler days and
warmer nights.

Differential Heating of Land and Water For rea-
sons we will later explain in detail, bodies of water heat
and cool more slowly than the land. The air above
Earth’s surface is heated or cooled in part by what is be-
neath it. Therefore, temperatures over bodies of water or on
land subjected to ocean winds (maritime locations) tend
to be more moderate than those of land-locked places at
the same latitude. Thus, the greater the continentality of a
location (the distance removed from a large body of water),
the less its temperature pattern will be modified.

Reflection The capacity of a surface to reflect the sun’s
energy is called its albedo; a surface with a high albedo has
a high percentage of reflection. The more solar energy that
is reflected back into space by Earth’s surface, the less that is
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(b) Night

I FIGURE 4.15

The effect of cloud cover on temperatures. (a) By intercepting insolation, clouds
produce lower air temperatures during the day. (b) By trapping longwave radia-
tion from Earth, clouds increase air temperatures at night. The overall effect is a

great reduction in the diurnal temperature range.
Desert regions have large diurnal variations in temperature. Why is
this so?

absorbed for heating the atmosphere. Temperatures will be
higher at a given location if its surface has a low albedo
rather than a high albedo.

As you may know from experience, snow and ice are
good reflectors; they have an albedo of 90-95%.This is one
reason why glaciers on high mountains do not melt away
in the summer or why there may still be snow on the
ground on a sunny day in the spring: Solar energy is re-
flected away. A forest, on the other hand, has an albedo of
only 10-12%, which is good for the trees because they
need solar energy for photosynthesis. The albedo of cloud
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I FIGURE 4.16

This composite satellite image shows a variety of cloud cover across the
globe on this particular day.

Is there any cloud cover over the Arabian Peninsula? Over the
Amazon? Over Australia?

CHAPTER 4 THE ATMOSPHERE, TEMPERATURE, AND THE HEAT BUDGET

Michael Trapasso

I FIGURE 4.17

At low sun angles, water reflects most of the solar radiation that strikes it.
Why is it so difficult to assign one albedo value to a water
surface?
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the high albedo of sand causes the sides of sun-
bathers’ legs to burn faster when they lie on the
beach.

Horizontal Air Movement We have already seen that ad-
vection is the major mode of horizontal transfer of heat and
energy over Earth’s surface. Any movement of air due to the
wind, whether on a large or small scale, can have a significant
short-term effect on the temperatures of a given location.
Thus, wind blowing from an ocean to land will generally
bring cooler temperatures in summer and warmer tempera-
tures in winter. Large quantities of air moving from polar
regions into the middle latitudes can cause sharp drops in
temperature, whereas air moving poleward will usually bring
warmer temperatures.

Steep, normal, and low atmospheric lapse rates

Vertical Distribution of Temperature

Normal Lapse Rates We have learned that Earth’s
atmosphere is primarily heated from the ground up as a re-
sult of longwave terrestrial radiation, conduction, and con-
vection. Thus, temperatures in the troposphere are usually
highest at ground level and decrease with increasing alti-
tude. As noted earlier in the chapter, this decrease in the
free air of approximately 6.5°C per 1000 meters
(3.6°F/1000 ft) is known as the normal lapse rate.

The lapse rate at a particular place can vary for a variety
of reasons (I Fig. 4.18). Low lapse rates can exist if denser
and colder air 1s drained into a valley from a higher elevation



or if advectional winds bring air in from a cooler region at
the same altitude. In each case, the surface is cooled so that
its temperature is closer to that at higher elevations directly
above it. On the other hand, if the surface is heated strongly
by the sun’s rays on a hot summer afternoon, the air near
Earth will be disproportionately warm, and the lapse rate will
be steep. Fluctuations in lapse rates due to abnormal temper-
ature conditions at various altitudes can play an important
role in the weather a place may have on a given day.

Temperature Inversions Under certain circumstances,
the normal observed decrease of temperature with increased
altitude might be reversed; temperature may actually increase
for several hundred meters. This is called a temperature
inversion.

Some inversions take place 1000 or 2000 meters above
the surface of Earth where a layer of warmer air interrupts the
normal decrease in temperature with altitude (B Fig. 4.19).
Such inversions tend to stabilize the air, causing less turbulence
and discouraging both precipitation and the development of
storms. Upper air inversions may occur when air settles slowly
from the upper atmosphere. Such air is compressed as it sinks
and rises in temperature, becoming more stable and less buoy-
ant. Inversions caused by descending air are common at about
30-35° north and south latitudes.

An upper air inversion common to the coastal area of
California results when cool marine air blowing in from the
Pacific Ocean moves under stable, warmer, and lighter air aloft
created by subsidence and compression. Such an inversion layer
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tends to maintain itself; that is, the cold underlying air is heavier
and cannot rise through the warmer air above. Not only does
the cold air resist rising or moving, but pollutants, such as
smoke, dust particles, and automobile exhaust, created at Earth’s
surface also fail to disperse. They therefore accumulate in the
lower atmosphere. This situation is particularly acute in the Los
Angeles area, which is a basin surrounded by higher mountain-
ous areas ( B Fig. 4.20). Cooler air blows into the basin from
the ocean and then cannot escape either horizontally, because
of the landform barriers, or vertically, because of the inversion.

Some of the most noticeable temperature inversions are
those that occur near the surface when Earth cools the lowest
layer of air through conduction and radiation ( I Fig. 4.21). In
this situation, the coldest air is nearest the surface and the tem-
perature rises with altitude. Inversions near the surface most
often occur on clear nights in the middle latitudes. They may
be enhanced by snow cover or the recent advection of cool,
dry air into the area. Such conditions produce extremely rapid
cooling of Earth’s surface at night as it loses the day’s insolation
through radiation. Then the layers of the atmosphere that are
closest to Earth are cooled by radiation and conduction more
than those at higher altitudes. Calm air conditions near the
surface help produce and partially result from these tempera-
ture inversions.

Surface Inversions: Fog and Frost Fog and frost of-
ten occur as the result of a surface inversion. Especially
where Earth’s surface is hilly, cold, dense surface air will tend
to flow down slope and accumulate in the lower valleys. The

Temperature
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o .
= Temperature increase
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(Left) Temperature inversion caused by subsidence of air. (Right) Lapse rate associated with the col-
umn of air (A) in the left-hand drawing.
Why is the pattern (to the right) called a temperature inversion?
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I FIGURE 4.20
Conditions producing smog-trapping inversion in the Los Angeles area.
Why is the air clear above the inversion?

colder air on the valley floors and other low-lying areas
sometimes produces fog or, in more extreme cases, a killing
frost. Farmers use a variety of methods to prevent such frosts
from destroying their crops. For example, fruit trees in
California are often planted on the warmer hillsides instead
of in the valleys. Farmers may also put blankets of straw,
cloth, or some other poor conductor over their plants. This
prevents the escape of Earth’s heat radiation to outer space
and thereby keeps the plants warmer. Large fans and heli-
copters are sometimes used in an effort to mix surface layers
and disturb the inversion ( B Fig. 4.22). Huge orchard
heaters that warm the air can also be used to disturb the
temperature layers. Smudge pots, an older method of pre-
venting frost, pour smoke into the air, which provides a
blanket of insulation much like blankets of cloth or straw.
However, smudge pots have declined in favor because of
their air-pollution potential.

Controls of Earth’s Surface Temperatures

Variations in temperatures over Earth’s surface are caused
by several controls. The major controls are (1) latitude, (2)
land and water distribution, (3) ocean currents, (4) altitude,
(5) landform barriers, and (6) human activity.

Latitude Latitude is the most important control of tem-
perature variation involved in weather and climate. Recall
that, because of the inclination and parallelism of Earth’s
axis as it revolves around the sun (Chapter 3), there are dis-
tinct patterns in the latitudinal distribution of the seasonal
and annual receipt of solar energy over Earth’s surface. This
has a direct effect on temperatures. In general, annual inso-
lation tends to decrease from lower latitudes to higher lati-
tudes (see again Figs. 3.16 and 3.17). Table 4.2 shows the
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Temperature inversion caused by the rapid cooling of the air above the
cold surface of Earth at night.
What is the significance of an inversion?

average annual temperatures for several locations in the
Northern Hemisphere. We can see that, responding to inso-
lation (with one exception), a poleward decrease in temper-
ature is true for these locations. The exception is near the
equator itself. Because of the heavy cloud cover in equato-
rial regions, annual temperatures there tend to be lower
than at places slightly to the north or south, where skies are
clearer.

Another very simple way to see this general trend of de-
creasing temperatures as we move toward the poles is to
think about the kinds of clothes we would take along for
1 month—say, January—if we were to visit Ciudad Bolivar,
Venezuela; Raleigh, North Carolina; or Point Barrow, Alaska.

Land and Water Distribution Not only do the oceans
and seas of Earth serve as storehouses of water for the whole
system, but they also store tremendous amounts of heat en-
ergy. Their widespread distribution makes them an important
atmospheric control that does much to modify the atmos-
pheric elements. All things heat and cool at different rates.
This is especially true when comparing land to water, in that
land heats and cools faster than water. There are three reasons
for this phenomenon. First, the specific heat of water is greater
than that of land. Specific heat refers to the amount of heat
necessary to raise the temperature of 1 gram of any substance
1°C. Water, with a specific heat of 1 calorie/gram degree C,
must absorb more heat energy than land with specific heat
values of about .2 calories/gram degree C, to be raised the
same number of degrees in temperature.

Second, water is fransparent and solar energy passes
through the surface into the layers below, whereas in opaque
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(Left) Fans (propellers) are used to protect Washington apple orchards from frost. (Right) Smudge pots

were an older method of trying to keep surface temperatures above freezing.

materials like soil and rock the energy is concentrated on the
surface. Thus, a given unit of heat energy will spread through
a greater volume of water than land. Third, because liquid
water circulates and mixes, it can transfer heat to deeper lay-
ers within its mass. The result is that as summer changes to
winter, the land cools more rapidly than bodies of water, and
as winter becomes summer, the land heats more rapidly. Be-
cause the air gets much of its heat from the surface with
which it is in contact, the differential heating of land and wa-
ter surfaces produces inequalities in the temperature of the
atmosphere above these two surfaces.

The mean temperature in Seattle, Washington, in July is
18°C (64°F), while the mean temperature during the same
month in Minneapolis, Minnesota, is 21°C (70°F). Because
the two cities are at similar latitudes, their annual pattern and
receipt of solar energy are also similar. Therefore, their differ-
ent temperatures in July must be related to a control other
than latitude. Much of this difference in temperature can be
attributed to the fact that Seattle is near the Pacific coast,
whereas Minneapolis is in the heart of a large continent, far
from the moderating influence of an ocean. Seattle stays

cooler than Minneapolis in the summer because the sur-
rounding water warms up slowly, keeping the air relatively
cool. Minneapolis, on the other hand, is in the center of a
large landmass that warms very quickly. In the winter, the
opposite is true. Seattle is warmed by the water while Min-
neapolis is not. The mean temperature in January is 4.5°C
(40°F) 1n Seattle and —15.5°C (4°F) in Minneapolis.

Not only do water and land heat and cool at different
rates, but so do various land surface materials. Soil, forest,
grass, and rock surfaces all heat and cool differentially and
thus vary the temperatures of the overlying air.

Ocean Currents Surface ocean currents are large move-
ments of water pushed by the winds. They may flow from a
place of warm temperatures to one of cooler temperatures
and vice versa. These movements result, as we saw in Chap-
ter 1, from the attempt of Earth systems to reach a balance—
in this instance, a balance of temperature and density.

The rotation of Earth affects the movements of the winds,
which in turn affect the movement of the ocean currents. In
general, the currents move in a clockwise direction in the
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TABLE 4.2
Temperatures in the Northern Hemisphere

LOCATION LATITUDE
Libreville, Gabon 0°23'N
Ciudad Bolivar, Venezuela 8°19'N
Bombay, India 18°58'N
Amoy, China 24°26'N
Raleigh, North Carolina 35°50'N
Bordeaux, France 44°50'N
Goose Bay, Labrador, Canada 53°19'N
Markova, Russia 64°45'N
Point Barrow, Alaska 71°18'N
Mould Bay, NWT, Canada 76°17'N
FIGURE 4.23

A highly simplified map of currents in the Pacific Ocean to show their basic rotary pattern. The major
currents move clockwise in the Northern Hemisphere and counterclockwise in the Southern Hemi-

sphere. A similar pattern exists in the Atlantic.

What path would a hurricane forming off western Africa take as it approached the United
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Northern Hemisphere and in a counterclockwise direction in
the Southern Hemisphere ( § Fig. 4.23). Because the tempera-
ture of the ocean greatly affects the temperature of the air

Average Annual Temperature
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above it, an ocean current that moves
warm equatorial water toward the poles
(a warm current) or cold polar water to-
ward the equator (a cold current) can
significantly modify the air temperatures
of those locations. If the currents pass
close to land and are accompanied by
onshore winds, they can have a signifi-
cant impact on the coastal climate.

The Gulf Stream, with its exten-
sion, the North Atlantic Drift, is an
example of an ocean current that moves
warm water poleward. This warm water
keeps the coasts of Great Britain, Ice-
land, and Norway ice free in wintertime
and moderates the climates of nearby
land areas ( B Fig. 4.24). We can see the
effects of the Gulf Stream if we compare
the winter conditions of the British Isles
with those of Labrador in northeastern
Canada. Though both are at the same
latitude, the average temperature in
Glasgow, Scotland, in January is 4°C
(39°F), while during the same month it
is —21.5°C (—7°F) in Nain, Labrador.

The California Current off the
west coast of the United States helps
moderate the climate of that coast as it

brings cold water south. As the current swings southwest
away from the coast of central California, cold bottom water
is drawn to the surface, causing further chilling of the air
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The Gulf Stream (the North Atlantic Drift farther eastward) is a warm current that greatly moderates
the climate of northern Europe.

Use this figure and the information gained in Figure 4.23 to discuss the route sailing ships
would follow from the United States to England and back.

@) ™ Log on to Physical GeographyNow
and select this chapter to work through a Geography Inter-
active activity on “World Currents” (click Waves, Tides &
Current, World Currents).

above. San Francisco’s cool summers (July average: 14°C, or
58°F) show the effect of this current.

Altitude As we have seen, temperatures within the tropo-
sphere decrease with increasing altitude. In Southern
California, you can find snow for skiing if you go to an alti-
tude of 2400-3000 meters (8000—10,000 ft). Mount Kenya,
5199 meters (17,058 ft) high and located at the equator, is cold
enough to have glaciers. Anyone who has hiked upward 500,

I FIGURE 4.25
Snow-capped mountains show the visual evidence that temperatures
decrease with altitude.

How fast do temperatures decrease with height in the
troposphere?

1000, or 1500 meters in midsummer has experienced a decline
in temperature with increasing altitude. Even if it is hot on the
valley floor, you may need a sweater once you climb a few
thousand meters. The city of Quito, Ecuador, only 1° south of
the equator, has an average temperature of only 13°C (55°F)
because it is located at an altitude of about 2900 meters (9500
ft) (B Fig. 4.25).This concept will be discussed again when
dealing with highland climates in Chapter 10.

Landform Barriers Landform barriers, especially large
mountain ranges, can block movements of air from one
place to another and thus aftect the temperatures of an area.
For example, the Himalayas keep cold, wintertime Asiatic air
out of India, giving the Indian subcontinent a year-round
tropical climate. Mountain orientation can create some sig-

o
2
3
©
o
o

=
]
©

=
S

nificant differences as well. In North America, for example,
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southern slopes face the sun and tend
to be warmer than the shady north-
facing slopes. Snowcaps on the south-
facing slopes may have less snow and
may exist at a higher elevation. North-
facing slopes usually have more snow,
and it extends to lower elevations.

Human Activities Human beings,
too, may be considered “controls” of
temperature. The likelihood that they
will be attracted to a large city can result
in an wurban heat island. This is a measur-
able pocket of warm air produced by a
large urban area. Cities represent areas
where human activity is concentrated,
large densities of population live and
work in temperature-controlled envi-
ronments (utilizing heating and air con-
ditioning units), and people develop
industries that burn fossil fuels. Rural
areas lack the concentration of human
population and have no large heat-pro-
ducing industries. In cities, many thou-
sands of automobiles can add heat to the
air, whereas rural areas may experience
only limited numbers of farm vehicles.
Even the building material of cities
(concrete, asphalt, glass, and metal) can
heat up quickly (with low specific heat
and low albedo values) during the day,
as opposed to the grass, trees, and crop-
land of the surrounding countryside,
which react more slowly to insolation.
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For these reasons and others, cities are generally warmer than
the surrounding countryside ( I Fig. 4.26). In addition, hu-
man activities like destroying forests, draining swamps, or cre-
ating large reservoirs can significantly affect local climatic pat-
terns and, possibly, world temperature patterns as well.

I FIGURE 4.26

This image shows heat emitted from Salt Lake City, Utah. The bright
orange/red colors display the hotter temperatures. By comparison look at
the cooler Wasatch Mountains to the east.

Where does the heat seem to be concentrated?

I FIGURE 4.27
Average sea-level temperatures in January (°C).
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Temperature Distribution at
Earth’s Surface

Displaying the distribution of temperatures over the surface
of the Earth requires a mapping device called isotherms.
Isotherms (from Greek: isos, equal; therm, heat) are defined as
lines that connect points of equal temperature. When con-
structing isothermal maps showing temperature distribution,
we need to account for elevation by adjusting temperature
readings to what they would be at sea level. This adjustment
means adding 6.5°C for every 1000 meters of elevation (the
normal lapse rate). The rate of temperature change on an
isothermal map is called the temperature gradient.
Closely spaced isotherms indicate a steep temperature gradi-
ent (a rapid temperature change over a shorter distance), and
widely spaced lines indicate a weak one (a slight temperature
change over a longer distance).

Figures 4.27 and 4.28 show the horizontal distribution
of temperatures for Earth at two critical times, during
January and July, when the seasonal extremes of high and low
temperatures are most obvious in the Northern and South-
ern Hemispheres. The easiest feature to recognize on both
maps is the general orientation of the isotherms; they run
nearly east-west around Earth, as do the parallels of latitude.

A more detailed study of Figures 4.27 and 4.28 and a
comparison of the two maps reveal some additional important
features. The highest temperatures in January are in the South-
ern Hemisphere; in July, they are in the Northern Hemisphere.
Comparing the latitudes of Portugal and Southern Australia
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Latitude

80° 100° 120° 140° 160° 180° 160° 140°

I FIGURE 4.28
Average sea-level temperatures in July (°C).
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Observe the temperature gradients between the equator and northern Canada in January

and July. Which is greater? Why?

can demonstrate this point. Note on the July map that Portu-
gal in the Northern Hemisphere is nearly on the 20°C
isotherm, whereas in Southern Australia in the Southern
Hemisphere the average July temperature is around 10°C, even
though the two locations are approximately the same distance
from the equator. The temperature differences between the
two hemispheres are again a product of insolation, this time
changing as the sun shifts north and south across the equator
between its positions at the two solstices.

Note that the greatest deviation from the east—west
trend of temperatures occurs where the isotherms leave
large landmasses to cross the oceans. As the isotherms leave
the land, they usually bend rather sharply toward the pole
in the hemisphere experiencing winter and toward the
equator in the summer hemisphere. This behavior of the
isotherms is a direct reaction to the differential heating and
cooling of land and water. The continents are hotter than
the oceans in the summer and colder in the winter. Other
interesting features on the January and July maps can
be mentioned briefly. Note that the isotherms poleward of
40° latitude are much more regular in their east—west ori-
entation in the Southern than in the Northern Hemi-
sphere. This is because in the Southern Hemisphere (often
called the “water hemisphere”) there is little land south of
40°S latitude to produce land and water contrasts. Note also
that the temperature gradients are much steeper in winter
than in summer in both hemispheres. The reason for this

can be understood when you recall that the tropical zones
have high temperatures throughout the year, whereas the
polar zones have large seasonal differences. Hence, the dif-
ference in temperature between tropical and polar zones is
much greater in winter than in summer.

As a final point, observe the especially sharp swing of the
isotherms off the coasts of eastern North America, south-
western South America, and southwestern Africa in January
and off Southern California in July. In these locations, the
normal bending of the isotherms due to land—water differ-
ences is augmented by the presence of warm or cool ocean
currents.

Annual March of Temperature

Isothermal maps are commonly plotted for January and July
because there is a lag of about 30—40 days from the solstices,
when the amount of insolation is at a minimum or maxi-
mum (depending on the hemisphere), to the time minimum
or maximum temperatures are reached. This annual lag of
temperature behind insolation is similar to the daily lag of
temperature explained previously. It is a result of the chang-
ing relationship between incoming insolation and outgoing
Earth radiation.

Temperatures continue to rise for a month or more after
the summer solstice because insolation continues to exceed
radiation loss. Temperatures continue to fall after the winter
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solstice until the increase in insolation finally matches Earth’s
radiation. In short, the lag exists because it takes time for
Earth to heat or cool and for those temperature changes to
be transferred to the atmosphere.

The annual changes of temperature for a location can be
plotted in a graph ( B Fig. 4.29). The mean temperature for
each month in a place such as Peoria, [llinois, is recorded and
a line drawn connecting the 12 temperatures. The mean
monthly temperature is the average of the daily mean tem-
peratures recorded at a weather station during a month. The
daily mean temperature is the average of the temperatures for
a 24-hour period. Such a temperature graph, depicting the
annual march of temperature, shows both the decrease
in solar radiation, as reflected by a decrease in temperature,
from midsummer to midwinter and the increase in tempera-
ture from midwinter to midsummer caused by the increase
in solar radiation.

Weather and Climate

We frequently use the words weather and climate in general
conversation, but it is important in a science course to care-
fully distinguish between the terms. Weather refers to the
condition of atmospheric elements at a given time and for a
specific area. That area could be as large as the New York

I FIGURE 4.29
The annual march of temperature at Peoria, lllinois, and Sydney, Australia.
Why do these two locations have opposite temperature curves?

Station: Peoria Type: Humid cont. (Dfa)
Latitude: 41°N Longitude: 90°W.

Average Annual Prec: 88.6 cm (34.9 in)
Mean Annual Temp: 10.6°C (51°F)  Range: 29°C (52°F)
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metropolitan area or as small and specific as a weather obser-
vation station. It is the lowest layer, the troposphere, that
exhibits Earth’s weather and is of the greatest interest to
physical geographers and weather forecasters who survey the
changing conditions of the atmosphere in the field of study
known as meteorology.

Many observations of the weather of a place over a pe-
riod of at least 30 years provide us with a description of its
climate. Climate describes an area’s average weather, but it
also includes those common deviations from the normal or
average that are likely to occur and the processes that make
them so. Climates also include extreme situations, which can
be very significant. Thus, we could describe the climate of
the southeastern United States in terms of average tempera-
tures and precipitation through a year, but we would also
have to include mention of the likelihood of events such as
hurricanes and snowstorms during certain periods of the
year. Climatology is the study of the varieties of climates,
both past and present, found on our planet and their distri-
bution over its surface.

Weather and climate are of prime interest to the physi-
cal geographer because they affect and are interrelated with
all of Earth’s environments. The changing conditions of at-
mospheric elements such as temperature, rainfall, and wind
affect soils and vegetation, modify landforms, cause flood-
ing of towns and farms, and in a multitude of other ways,
influence the function of systems in each aspect of Earth’s
physical environments.

Station: Sydney Type: Humid subtr. (Cfa)
Latitude: 34°S Longitude: 151°E

Average Annual Prec: 121.2 cm (47.7 in)
Mean Annual Temp: 17°C (63°F) Range: 11°C (20°F)
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I FIGURE 4.30

COMPLEXITY OF EARTH'S ENERGY SYSTEMS
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M. Trapasso

(b)

(a) Weather, such as, a rainy day, is a short-term meteorological event. (b) This tropical rainforest in

Peru, however, comes about as the result of a long-term rainy climate.

Can you make the same weather versus climate comparisons with snow?

Five basic elements of the atmosphere serve as the
“ingredients” of weather and climate: (1) solar energy (or
insolation), (2) temperature, (3) pressure, (4) wind, and
(5) precipitation. We must examine these elements in order
to understand and categorize weather and climate. Thus, a
weather forecast will generally include the present tempera-
ture, the probable temperature range, a description of the
cloud cover, the chance of precipitation, the speed and direc-
tion of the winds, and air pressure.

In Chapter 3, we noted that the amount of solar energy
received at one place on Earth’s surface varies during a day
and throughout the year. The amount of insolation a place
receives is the most important weather element; the other
four elements depend in part on the intensity and duration
of solar energy.

The temperature of the atmosphere at a given place on
or near the surface of Earth is largely a function of the insola-
tion received at that location. It is also influenced by many
other factors, such as land and water distribution and altitude.
Unless there is some form of precipitation occurring, the
temperature of the air may be the first element of weather
that we describe when someone asks us what it is like outside.

However, if it is raining or foggy or snowing, we will
probably notice and mention that condition first. We are less
aware of the amount of water vapor or moisture in the air
(except in very arid or humid areas). However, moisture in
the air is a vital weather element in the atmosphere, and its
variations play an important role in the likelihood of precipi-
tation (I Fig. 4.30).

We all know that weather varies. Because it is the mo-
mentary state of the atmosphere at a given location, it varies

in both time and place. There are even variations in the
amount that weather varies. In some places and at some times
of the year, the weather changes almost daily. In other places,
there may be weeks of uninterrupted sunshine, blue skies,
and moderate temperatures followed by weeks of persistent
rain. A few places experience only minor differences in the
weather throughout the year. The language of the original
people of Hawnaii is said to have no word for weather be-
cause conditions there varied so little.

Complexity of Earth’s
Energy Systems

This chapter was designed to show the variations of Earth’s
energy systems and dynamic balances. These variations are
the result of complex interrelationships between the charac-
teristics of Earth and its atmosphere and the energy gained
and lost by Earth’s environments. The variations are both
horizontal across the surface and vertical through our atmos-
phere. Further, they vary on both daily and seasonal time
frames.

Variations of Earth’s energy systems impose both diurnal
and annual rhythms on our agricultural activities, recreational
pursuits, clothing styles, architecture, and energy bills. Human
activities are constantly influenced by temperature changes,
which reflect the input—output patterns of Earth’s energy
systems.
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Define & Recall

photosynthesis conduction

greenhouse effect convection

ozone advection

troposphere latent heat of evaporation
normal lapse rate latent heat of condensation
stratosphere heat

mesosphere temperature

thermosphere Fahrenheit scale
ozonosphere Celsius (centigrade) scale
ionosphere Kelvin scale

homosphere daily march of temperature
heterosphere maritime

radiation continentality

Discuss & Review

1.

Why is it useful to think of the atmosphere as a thin film
of air? As an ocean of air?

Name the gases of which the atmosphere is com-
posed and give the percentage of the total that each
supplies.

‘What function does ozone play in the support of life on
Earth? Where and how is ozone formed?

How is the atmosphere subdivided? In what levels do
you live? Have you been in any of the other levels?
How does Earth’s atmosphere affect incoming solar ra-
diation (insolation)? By what processes is insolation pre-
vented from reaching Earth’s surface? What percentages
are involved in a generalized situation? What percentages
reach the surface, and by what processes?

Discuss the role of water in energy exchange. What
characteristics of water make it so important?

How is the atmosphere heated from Earth’s surface?
‘What processes and percentages are involved in a gener-
alized situation?

What is meant by Earth’s heat energy budget? List and
define the important energy exchanges that keep it in
balance.

‘What is the temperature in Fahrenheit degrees today in
your area? In Celsius degrees?

11.

12.

13.

14.

15.

16.

17.

18.

albedo

temperature inversion
control (temperature)
isotherm

temperature gradient
annual lag of temperature
annual march of temperature
weather

meteorology

climate

climatology

element (atmosphere)

. At what time of day does insolation reach its maximum?

Its minimum? Compare this to the daily temperature
maximum and minimum

How is albedo a factor in your selection of outdoor
clothes on a hot, sunny day? On a cold, clear winter
day?

What is a temperature inversion? Give several reasons
why temperature inversions occur.

‘Why do citrus growers use wind machines and heaters?
Describe any techniques that you are familiar with to
prevent frost damage to plants in your area.

Would you expect an area like Seattle to have a milder
or a harsher winter than Grand Forks, North Dakota?
Why?

Describe the behavior of the isotherms in Figures 4.27
and 4.28. What factors cause the greatest deviation from
an east—west trend? What factors cause the greatest
differences between the January and July maps?

What is the difference between meteorology and
climatology?

‘What are the basic characteristics that we call atmospheric
elements of weather and climate?

‘What factors cause variation in the elements of weather
and climate?



Consider & Respond

1.

Convert the following temperatures to Fahrenheit:
20°C, 30°C, and 15°C.

. Convert the following temperatures to Celsius: 60°F

15°F and 90°E

Convert the temperatures in items 1 and 2 to Kelvin.
Refer to Figure 4.10. List the major means by which the
atmosphere gains heat and loses heat.

. What are the major weather and climate controls that

operate in your area?
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. The normal lapse rate is 6.5°C/1000 meters. If the sur-

face temperature is 25°C, what is the air temperature
at 10,000 meters above Earth’s surface? Convert your
answer to degrees Fahrenheit.

. Refer to Figures 4.27 and 4.28.What location on Earth’s

surface exhibits the greatest annual range of tempera-
ture? Why?
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CHAPTER PREVIEW

n individual gas molecule weighs almost

nothing; however, the atmosphere as a
whole has considerable weight and exerts an aver-
age pressure of 1034 grams per square centimeter
(14.7 Ib/sq in.) on Earth’s surface. The reason why
people are not crushed by this atmospheric pres-
sure is that we have air and water inside us—in
our blood, tissues, and cells—exerting an equal
outward pressure that balances the inward pressure
of the atmosphere. Atmospheric pressure is impor-
tant because variation in pressure within the
Earth—atmosphere system creates our atmospheric
circulation and thus plays a major role in deter-
mining our weather and climate.

In 1643, Evangelista Torricelli, a student of
Galileo, performed an experiment that was the
basis for the invention of the mercury barometer, an
instrument that measures atmospheric (also called
barometric) pressure. Torricelli took a tube filled
with mercury and inverted it in an open pan of
mercury. The mercury inside the tube fell until it
was at a height of about 76 centimeters (29.92 in.)

above the mercury in the pan, leaving a vacuum

Latitudinal differences in temperature (as a result of differ-
ential receipt of insolation) provide a partial explanation for
latitudinal differences in pressure.

I What is the relation between temperature and pressure?
I Why is this only a partial explanation?

The fact that land heats and cools more rapidly than water is
of significance not only to world patterns of temperature but
also to world patterns of pressure, winds, and precipitation.

I How can you explain this fact?
I What effect does this fact have on world patterns?
I In what ways can it affect human beings?

The horizontal transfer of air (wind) is a direct result of at-
mospheric movement to adjust for pressure inequalities.

I How do these inequalities develop?
I How does wind adjust for high and low pressure?

Convergent and divergent wind systems (cyclones and anti-
cyclones) in the Northern Hemisphere are characterized by
air systems spiraling in opposite directions from one an-
other and in opposite directions from their counterparts in
the Southern Hemisphere.

I In what directions (clockwise or counterclockwise) do
these systems spiral in the Northern and Southern
Hemispheres?

Planetary (global) wind systems in association with global
pressure patterns play a major role in global circulation.

I What are the primary sources of the planetary (global)
winds?

I What are the six major planetary (global) wind belts or
zones, and what are their chief characteristics?

I Why do the wind belts migrate with the seasons?

Upper air winds and atmospheric circulation play a major
role in controlling surface weather and climatic conditions.

I What is upper air circulation like?
I How does it affect surface conditions?
I How are human beings affected?

Ocean currents constitute a system of global circulation that
can exert significant influence on the atmospheric condi-
tions of nearby land areas.

I What is the driving force behind the ocean current circula-
tion patterns?

I How do ocean currents affect atmospheric conditions of
land areas?

El Ninos can have a devastating impact on our global
weather.

I What is an El Nifo?

I How does it influence global weather?

I Why have scientists recently become better able to predict
the onset of an El Nifio?
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I FIGURE 5.1

A simple mercury barometer. Standard sea-level pressure of 1013.2 mil-
libars will cause the mercury to rise 76 centimeters (29.92 in.) in the tube.
When air pressure increases, what happens to the mercury in
the tube?

bubble at the closed end of the tube ( B Fig. 5.1). At this
point, the pressure exerted by the atmosphere on the open
pan of mercury was equal to the pressure from the mercury
trying to drain from the tube. Torricelli observed that as the
air pressure increased, it pushed the mercury up higher into
the tube, increasing the height of the mercury until the pres-
sure exerted by the mercury (under the pull of gravity)
would equal the pressure of the air. On the other hand, as
the air pressure decreased, the mercury level in the column
dropped.

In the strictest sense, a mercury barometer does not actu-
ally measure the pressure exerted by the atmosphere on Earth’s
surface, but instead measures the response to that pressure. That
is, when the atmosphere exerts a specific pressure, the mercury
will respond by rising to a specific height ( I Fig. 5.2). Meteo-
rologists usually prefer to work with actual pressure units. The
unit most often used is the millibar (mb). Standard sea-level
pressure of 1013.2 millibars will cause the mercury to rise
76 centimeters (29.92 in.).

Our study of the atmospheric elements that combine to
produce weather and climate has to this point focused on the
fundamental influence of solar energy on the global distribu-
tional patterns of temperature. The unequal receipt of insola-
tion by latitude over Earth’s surface produces temperature
patterns that vary from the equator to the poles. In this chap-
ter, we learn that these temperature differences are one of the
major causes of the development of patterns of higher and
lower pressure that also vary with latitude. In addition, we
examine patterns of another kind—patterns of movement or,

Scott Dobler

I FIGURE 5.2

This mercury barometer is bolted to the wall of the College Heights
\Weather Station in Bowling Green, Kentucky.

Why must this instrument be so tall to work properly?

more properly, circulation, in which both energy and matter
travel cyclically through Earth subsystems.

Geographers are particularly interested in circulation
patterns because they illustrate spatial interaction, one of ge-
ography’s major themes introduced in Chapter 1. Patterns of
movement between one place and another reveal that the
two places have a relationship and prompt geographers to
seek both the nature and effect of that relationship. It is also
important to understand the causes of the spatial interaction
taking place. As we examine the circulation patterns featured
later in this chapter, you should make a special effort once
again to trace each pattern back to the fundamental influence
of solar energy.



Variations in Atmospheric
Pressure

Vertical Variations in Pressure

Imagine a pileup of football players during a game. The
player on the bottom gets squeezed more than a player near
the top because he has the weight of all the others on top of
him. Similarly, air pressure decreases with elevation, for the
higher we go, the more diftused the air molecules become.
The increased intermolecular space results in less pressure. In
fact, at the top of Mount Everest (elevation 8848 m, or
29,028 ft), the air pressure is only about one third the pres-
sure at sea level.

Humans are usually not sensitive to small, everyday
variations in air pressure. However, when we climb or fly to
altitudes significantly above sea level, we become aware of
the effects of air pressure on our system. When jet aircraft
fly at 10,000 meters (33,000 ft), they have to be pressurized
and nearly airtight so that a near-sea-level pressure can be
maintained. Even then, the pressurization may not work
perfectly, so our ears may pop as they adjust to a rapid
change in pressure when ascending or descending. Hiking
or skiing at heights that are a few thousand meters in eleva-
tion will affect us if we are used to the air pressure at sea
level. The reduced air pressure means less oxygen is con-
tained in each breath of air. Thus, we sometimes find that
we get out of breath far more easily at high elevations until
our bodies adjust to the reduced air pressure and corre-
sponding drop in oxygen level.

Changes in air pressure are not solely related to altitude.
At Earth’s surface, small but important variations in pressure
are related to the intensity of insolation, the general move-
ment of global circulation, and local humidity and precipita-
tion. Consequently, a change in air pressure at a given locality
often indicates a change in the weather. Weather systems
themselves can be classified by the structure and tendency
toward change of their pressure.

Horizontal Variations in Pressure

The causes of horizontal variation in air pressure are grouped
into two types: thermal (determined by temperature) and dy-
namic (related to motion of the atmosphere).

We look at the simpler thermal type first. In Chapter 4,
we saw that Earth is heated unevenly because of unequal dis-
tribution of insolation, differential heating of land and water
surfaces, and different albedos of surfaces. One of the basic laws
of gases is that the pressure and density of a given gas vary in-
versely with temperature. Thus, during the day, as Earth’s sur-
face heats the air in contact with it, the air expands in volume
and decreases in density. Such air has a tendency to rise as its
density decreases. When the warmed air rises, there is less air
near the surface, with a consequent decrease in surface pres-
sure. The equator is an area where such low pressure occurs.
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In an area with cold air, there is an increase in density and
a decrease in volume. This causes the air to sink and pressure
to increase. The poles are areas where such high pressures
occur. Thus, the constant low pressure in the equatorial zone
and the high pressure at the poles are thermally induced.

From this we might expect a gradual increase in pres-
sure from the equator to the poles to accompany the grad-
ual decrease in average annual temperature. However, actual
readings taken at Earth’s surface indicate that pressure does
not increase in a regular fashion poleward from the equator.
Instead, there are regions of high pressure in the subtropics
and regions of low pressure in the subpolar regions. The dy-
namic causes of these zones, or belfs, of high and low pres-
sure are more complex than the thermal causes.

These dynamic causes are related to the rotation of
Earth and the broad patterns of circulation. For example, as
air rises steadily at the equator, it moves toward the poles.
Earth’s rotation, however, causes the poleward-flowing air to
drift to the east. In fact, by the time it is over the subtropical
regions, the air is flowing from west to east. This bending of
the flow as it moves poleward impedes movement and causes
the air to pile up over the subtropics, which results in in-
creased pressure at Earth’s surface there.

With high pressure over the polar and subtropical regions,
dynamically induced areas of low pressure are created between
them, in the subpolar region. As a result, air flows from the
highs to the lows, where it rises. Thus, both the subtropical and
subpolar pressure regions are dynamically induced. This exam-
ple describes horizontal pressure variations on a global scale.
We concentrate on this scale later in this chapter.

Basic Pressure Systems

Before we begin our discussion of circulation patterns lead-
ing up to the global scale, we must start by describing the
two basic types of pressure systems: the low, or cyclone, and
the high, or anticyclone. These are represented by the cap-
ital letters L and H that we commonly see on TV, newspaper,
and official weather maps.

A low, or cyclone, is an area where air is ascending. As air
moves upward away from the surface, it relieves pressure from
that surface. In this case, barometer readings will begin to fall.
A high, or anticyclone, is just the opposite. In a high, air is
descending toward the surface and thus barometer readings
will begin to rise, indicating an increased pressure on the sur-
face. Lows and highs are illustrated in Figure 5.3.

Convergent and Divergent Circulation

As we have just seen, winds blow toward the center of a cy-
clone and can be said to converge toward it. Hence, a cyclone
is a closed pressure system whose center serves as the focus
for convergent wind circulation. The winds of an anticy-
clone blow away from the center of high pressure and are
said to be diverging. In the case of an anticyclone, the center
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Winds converge and ascend in cyclones (low pressure centers) and descend and diverge from

anticyclones (high pressure centers).
How is temperature related to the density of air?

of the system serves as the source for divergent wind cir-
culation. Figure 5.3 shows converging and diverging winds
moving in straight paths. This is not a true picture of reality.
In fact, winds moving out of a high and into a low do so in a
spiraling motion created by another force, which we cover in
the chapter section on wind.

Mapping Pressure Distribution

Geographers and meteorologists can best study pressure sys-
tems when they are mapped. In mapping air pressure, we re-
duce all pressures to what they would be at sea level, just as
we changed temperature to sea level in order to eliminate
altitude as a factor. The adjustment to sea level is especially
important for atmospheric pressure because the variations
due to altitude are far greater than those due to atmospheric
dynamics and would tend to mask the more meteorologi-
cally important regional differences.

Isobars (from Greek: isos, equal; baros, weight) are lines
drawn on maps to connect places of equal pressure. When
the isobars appear close together, they portray a significant
difference in pressure between places, hence a strong pres-
sure gradient. When the isobars are far apart, a weak pres-
sure gradient is indicated. When depicted on a map, high
and low pressure cells are outlined by concentric isobars
that form a closed system around centers of high or low
pressure.

Wind

Wind is the horizontal movement of air in response to dif-
ferences in pressure. Winds are the means by which the at-
mosphere attempts to balance the uneven distribution of
pressure over Earth’s surface. The movements of the wind
also play a major role in correcting the imbalances in radia-
tional heating and cooling that occur over Earth’s surface.

On average, locations below 38° latitude receive more radi-
ant energy than they lose, whereas locations poleward of
38° lose more than they gain (see again Fig. 4.12). Our
global wind system transports energy poleward to help
maintain an energy balance. The global wind system also
gives rise to the ocean currents, which are another signi-
ficant factor in equalizing the energy imbalance. Thus,
without winds and their associated ocean currents, the
equatorial regions would get hotter and the polar regions
colder through time.

Besides serving a vital function in the advectional
(horizontal) transport of heat energy, winds also transport
water vapor from the air above bodies of water, where it
has evaporated, to land surfaces, where it condenses and
precipitates. This allows greater precipitation over land sur-
faces than could otherwise occur. In addition, winds exert
influence on the rate of evaporation itself. Furthermore, as
we become more aware and concerned about the effect
that the burning of fossil fuels has on our atmosphere, we
look for alternate energy sources. Natural sources such as
water, solar energy, and wind become increasingly attrac-
tive alternatives to fossil fuels. They are clean, abundant,
and renewable.

Pressure Gradients and Winds

Winds vary widely in velocity, duration, and direction. Much
of their strength depends on the size or strength of the pres-
sure gradient to which they are responding. As we noted pre-
viously, pressure gradient is the term applied to the rate of
change of atmospheric pressure between two points (at the
same elevation). The greater this change—that is, the steeper
the pressure gradient—the greater will be the wind response
( ¥ Fig. 5.4). Winds tend to flow down a pressure gradient
from high pressure to low pressure, just as water flows down
a slope from a high point to a low one. A useful little rhyme,



For centuries, windmills provided the power to
pump water and grind grain in rural areas
throughout the world. But the widespread
availability of inexpensive electricity changed
the role of most windmills to that of a
nostalgic tourist attraction. Should we then
conclude that energy from the wind is only a
footnote in the history of power? In no way
is that a reasonable assumption if mounting
needs for electricity and increasing

problems from atmospheric pollution
associated with fossil fuels are taken into
consideration.

Wind power is an inexhaustible source of
clean energy. Although the cost of electrical
energy produced by the wind depends on
favorable sites for the location of wind tur-
bines, wind power is already cost competitive
with power produced from fossil fuels. One ex-
pert calls wind generation the fastest-growing
electricity-producing technology in the world.
During the last decade, power production from
the wind increased more than 25%. Much of
the growth was in Europe, where most of the
world's 17,000 megawatts of wind power is
generated. As examples, 13% of Denmark’s
power and more than 20% of the power in the
Netherlands, Spain, and Germany is supplied
by the wind.

©Royalty-Free Corbis

Two criteria are more important than others
in the location of wind turbines. The site must
have persistent strong winds, and it must be in
an already developed region so that the power
from the turbines can be linked directly to an
existing electrical grid system. Although indi-
vidual wind turbines (such as those located on
farms scattered throughout the Midwest and
Great Plains of the United States) can be found
producing electricity, most wind power is gen-
erated from wind farms. These are long rows,
or more concentrated groups, of as many as
50 or more turbines. Each turbine can econom-
ically extract up to 60% of the wind’s energy at
minimum wind speeds of 20 kilometers (12 mi)
per hour, although higher wind speeds are
desirable. Because the power generated is
proportional to the cube of the wind speed,

a doubling of wind velocity increases energy
production eight times.

Australian Greenhouse Office, Department of the Environment and Heritage

Centuries-old wind power still in use in the Dutch Polders.
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Although North America currently lags far
behind Europe in the production of energy
from the wind, the continent has great poten-
tial. Excellent sites for the location of wind
farms exist throughout the open plains of
North America’s interior and along its coasts
from the Maritime Provinces of Canada to
Texas and from California to the Pacific North-
west. In addition, the newest wind-power
technology places wind farms out of sight
and sound in offshore locations that avoid
navigation routes and marine-life sanctuaries.
And North America has some of the largest
coastlines in the world with major adjacent
power needs. The sites are available, the
technology has been developed, the costs
are competitive, and the resolve to shift from
fossil fuels is growing. Is it not time for
power from the winds to come to North
America?

Wind farm in coastal Australia. Why is a coastal location an ad-
vantage when choosing a site for a wind farm?
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object in motion and the latitudinal lo-
cation of the object. The higher the lat-
itude, the greater will be the Coriolis
effect ( f Fig. 5.5). In fact, not only does
the Coriolis effect decrease at lower
latitudes, but it does not exist at the
equator. Also, the faster the object is
moving, the greater will be the appar-
ent deflection, and the greater the dis-

tance something must travel, the greater
will be the Coriolis eftect.
As we have said, anything that

moves horizontally over Earth’s surface
exhibits the Coriolis effect. Thus, both
the atmosphere and the oceans are

deflected in their movements. Winds
in the Northern Hemisphere moving

across a gradient from high to low pres-

PHYSICAL @:‘ ™ FIGURE 54

Watch this Active Figure at http://now.brookscole.com/gabler8.

The relationship of wind to the pressure gradient: The steeper the pressure gradient, the stronger will

be the resulting wind.

Where else on this figure (other than the area indicated) would winds be strong?

“Winds always blow, from high to low,” will always remind
you of the direction of surface winds. The steeper the pres-
sure gradients involved, the faster and stronger will be the
winds. Yet wind does not flow directly from high to low, as
we might expect, because other factors also aftect the direc-
tion of wind.

The Coriolis Effect and Wind

Two factors, both related to our Earth’s rotation, greatly in-
fluence wind direction. First, our fixed-grid system of lati-
tude and longitude is constantly rotating. Thus, our frame of’
reference for tracking the path of any free-moving object—
whether it is an aircraft, a missile, or the wind—is constantly
changing its position. Second, the speed of rotation of Earth’s
surface increases as we move equatorward and decreases as
we move toward the poles (see again Fig. 3.12).Thus, to use
our previous example, someone in St. Petersburg (60° north
latitude), where the distance around a parallel of latitude is
about half that at the equator, moves at about 840 kilometers
per hour (525 mph) as Earth rotates, while someone in
Kampala, Uganda, near the equator, moves at about 1680
kilometers per hour (1050 mph).

Because of these Earth rotation factors, anything mov-
ing horizontally appears to be deflected to the right of the
direction in which it is traveling in the Northern Hemi-
sphere and to the left in the Southern Hemisphere. This ap-
parent deflection is termed the Coriolis effect. The degree
of deflection, or curvature, is a function of the speed of the

sure are apparently deflected to the right
of their expected path (and to the left in
the Southern Hemisphere). In addition,
when considering winds at Earth’s sur-
face, we must take into account another
force. This force, friction, interacts with
the pressure gradient and the Coriolis
effect.

Bordefetions at pole

Gator

Blordefetions at pole

FIGURE 5.5

Schematic illustration of the apparent deflection (Coriolis effect) of an object
caused by Earth’s rotation when an object (or the wind) moves north, south,
east, or west in both hemispheres.

If no Coriolis effect exists at the equator, where would it be at
maximum?
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These Northern Hemisphere examples illustrate that (a) in a geostrophic wind, as a parcel of air starts
to flow down the pressure gradient, the Coriolis effect causes it to veer to the right until the pressure
gradient and Coriolis effect reach an equilibrium and the wind flows between isobars. (b) In a surface
wind, this equilibrium is upset by friction, which reduces the wind speed. Because the Coriolis effect is
a function of wind speed, it also is reduced. With the Coriolis effect reduced, the pressure gradient
dominates, and the wind now flows across isobars in the direction of low pressure.
If the amount of friction increased, would the surface wind be closer to the pressure
gradient, closer to the Coriolis effect, or unchanged?
PHYSICAL —
®) ™ Log on to Physical GeographyNow and
select this chapter to work through a Geography Interactive
activity on the “Coriolis Force.”
[
Friction and Wind
Above Earth’s surface, frictional drag is
of little consequence to wind develop-
ment. At this level, the wind starts down
eeard

the pressure gradient and turns 90° in
response to the Coriolis effect. At this
point, the pressure gradient is balanced
by the Coriolis effect, and the wind,
termed a geostrophic wind, flows
parallel to the isobars (I Fig. 5.6a).
However, at or near Earth’s surface
(up to about 1000 m above the surface),
frictional drag is important because it

reduces the wind speed. A reduced wind

speed in turn reduces the Coriolis effect, " FIGURE 5.7
but the pressure gradient is not affected.
With the pressure gradient and Coriolis
effect no longer in balance, the resultant
surface wind does not flow between the isobars like its upper-
level counterpart. Instead, a surface wind flows obliquely

across the isobars toward the low pressure area (I Fig. 5.6b).

Wind Terminology

Winds are named after their source. Thus, a wind that comes
out of the northeast is called a northeast wind. One coming
from the south, even though going toward the north, is called
a south (or southerly) wind. It is helpful for students to use the

lllustration of the meaning of windward (facing into the wind) and leeward (facing away from the wind).
How might vegetation differ on the windward and leeward sides of an island?

phrase “out of” when describing a wind direction. That phrase
will help students to keep the correct direction. For example,
if the winds are blowing to the south, then by saying, “the
winds are out of the north,” automatically makes the student
think about the direction of the wind’s origin.

Windward refers to the direction from which the
wind blows. The side of something that faces the direction
from which the wind is coming is called the windward side.
Thus, a windward slope is the side of a mountain against
which the wind blows ( I Fig. 5.7). Leeward, on the other
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hand, means the direction toward which the wind is
blowing. Thus, when the winds are coming out of the west,
the leeward slope of a mountain would be the east slope. We
know that winds can blow from any direction, yet in some
places winds may tend to blow more from one direction
than any other. We speak of these as the prevailing winds.

Cyclones, Anticyclones, and Winds

Imagine a high pressure cell (anticyclone) in the Northern
Hemisphere in which the air is moving from the center in all
directions down pressure gradients. As it moves, the air will
be deflected to the right, no matter which direction it was

originally going. Therefore, the wind moving out of an
anticyclone in the Northern Hemisphere will move from the
center of high pressure in a clockwise spiral ( } Fig. 5.8).

Air tends to move down pressure gradients from all
directions toward the center of a low pressure area (cyclone).
However, because the air is apparently deflected to the right
in the Northern Hemisphere, the winds move into the
cyclone in a counterclockwise spiral. Because all objects in-
cluding air and water are apparently deflected to the left in
the Southern Hemisphere, spirals there are reversed. Thus, in
the Southern Hemisphere, winds moving away from an anti-
cyclone do so in a counterclockwise spiral, and winds moving
into a cyclone move in a clockwise spiral.

—> Ressure gradient

Brée imds

Northern Hemisphere

Subglobal Surface
Wind Systems

As we have seen, winds develop when-
ever difterential heating causes differ-
ences in pressure. The global wind system
is a response to the constant temperature
imbalance between tropical and polar
regions. On a smaller, or subglobal, scale,
additional wind systems develop. We be-
gin with a discussion of small pressure
and wind systems, then move to global
systems. Monsoon winds are continental
in size and develop in response to the
seasonal variations in temperature be-
tween large landmasses and adjacent
oceans. On the smallest scale are local

d Eneralied imd fow

Southern Hemisphere

winds, which develop in response to
diurnal (daily) variation in heating.

Local Winds

Later in this chapter, we discuss the
major circulation patterns of Earth’s at-
mosphere. This knowledge is vital to
understanding the climatic regions of
Earth and the fundamental climatic dif-
ferences between those regions.Yet we
are all aware that there are winds that
affect weather on a far smaller scale.
These local winds are often a response to
local landform configurations and add
further complexity to the problem of
understanding the dynamics of weather.

I FIGURE 5.8

Movement of surface winds associated with low pressure centers (cyclones) and high pressure cen-
ters (anticyclones) in the Northern and Southern Hemispheres. Note that the surface winds are to the
right of the pressure gradient in the Northern Hemisphere and to the left of the pressure gradient in the

Southern Hemisphere.

What do you think might happen to the diverging air of an anticyclone if there is a cyclone

nearby?

Land Breeze-Sea Breeze The land
breeze—sea breeze cycle is a diurnal
(daily) one in which the differential heat-
ing of land and water again plays a role
( B Fig. 5.9). During the day, when the
land—and consequently the air above
it—is heated more quickly and to a
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Loer pressure

Land and sea breezes. This day-to-night reversal of winds is a consequence of the different rates of
heating and cooling of land and water areas. The land becomes warmer than the sea during the day
and colder than the sea at night; the air flows from the cooler to the warmer area.

What is the impact on daytime coastal temperatures of the land and sea breeze?

I FIGURE 5.10
Mountain and valley breezes. This daily reversal of winds results from heating of mountain slopes dur-
ing the day and their cooling at night. Warm air is drawn up slopes during the day, and cold air drains

down the slopes at night.
How might a green, shady valley floor and a bare, rocky mountain slope contribute to these
changes?

higher temperature than the nearby ocean (sea or large lake),
the air above the land expands and rises. This process creates a
local area of low pressure, and the rising air is replaced by the
denser, cooler air from over the ocean. Thus, a sea breeze of
cool, moist air blows in over the land during the day. This sea
breeze helps explain why seashores are so popular in summer;
cooling winds help alleviate the heat. At times, however, sea
breezes are responsible for afternoon cloud cover and light rain,
spoiling an otherwise sunny day at the shore. These winds can
mean a 5°C—9°C (9°F-16°F) reduction in temperature along
the coast, as well as a lesser influence on land perhaps as far from
the sea as 15-50 kilometers (9—-30 mi). During hot summer
days, such winds cool cities like Chicago, Milwaukee, and Los

Angeles. At night, the land and the air above it cool more
quickly and to a lower temperature than the nearby water body
and the air above it. Consequently, the pressure builds higher
over the land and air flows out toward the lower pressure over
the water, creating a land breeze. For thousands of years, sail-
boats have left their coasts at dawn, when there is still a land
breeze, and have returned with the sea breeze of the late after-
noon.

Mountain Breeze-Valley Breeze Under the calming
influence of a high pressure system, there is a daily mountain
breeze—valley breeze cycle (Il Fig.5.10) that is somewhat
similar in mechanism to the land breeze—sea breeze cycle just
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discussed. During the day, when the valleys and slopes of
mountains are heated by the sun, the high exposed slopes are
heated faster than the lower shadier valley. The air on the slope
expands and rises, drawing air from the valley up the sides of
the mountains. This warm daytime breeze is the valley breeze,
named for its place of origin. Clouds, which can often be seen
hiding mountain peaks, are actually the visible evidence of
condensation in the warm air rising from the valleys. At night,
when the valley and slopes are cooled because Earth is giving
off more radiation than it is receiving, the air cools and sinks
once again into the valley as a cool mountain breeze.

Drainage Winds Also known as katabatic winds,
drainage winds are local to mountainous regions and can
occur only under calm, clear conditions. Cold, dense air will
accumulate in a high valley, plateau, or snowfield within a
mountainous area. Because the cold air is very dense, it tends
to flow downward, escaping through passes and pouring out
onto the land below. Drainage winds can be extremely cold
and strong, especially when they result from cold air accumu-
lating over ice sheets such as Greenland and Antarctica. These
winds are known by many local names; for example, on the

Adriatic coast, they are called the bora; in France, the mistral;
and in Alaska, the Taku.

Chinooks and Other Warming Winds A fourth type
of local wind is also known by several names in different
parts of the world—for example, Chinook in the Rocky
Mountain area and foehn (pronounced “fern”) in the Alps.
Chinook-type winds occur when air originating elsewhere

must pass over a mountain range. As these winds flow down
the leeward slope after crossing the mountains, the air is
compressed and heated at a greater rate than it was cooled
when it ascended the windward slope ( B Fig. 5.11). Thus, the
air enters the valley below as warm, dry winds. The rapid
temperature rise brought about by such winds has been
known to damage crops, increase forest-fire hazard, and set
off avalanches.

An especially hot and dry wind is the Santa Ana of
Southern California. It forms when high pressure develops
over the interior desert regions of Southern California. The
clockwise circulation of the high drives the air of the desert
southwest over the mountains of Eastern California, accen-
tuating the dry conditions as the air moves down the west-
ern slopes. The hot, dry Santa Ana winds are notorious for
fanning forest and brush fires, which plague the southwest-
ern United States, especially in California.

There is no question that winds, both local and global,
are effective elements of atmospheric dynamics. We all know
that a hot, breezy day is not nearly as unpleasant as a hot day
without any wind. This difference exists because winds in-
crease the rate of evaporation and thus the rate of removal of
heat from our bodies, the air, animals, and plants. For the same
reason, the wind on a cold day increases our discomfort.

Monsoon Winds

The term monsoon comes from the Arabic word mausim,
meaning season. This word has been used by Arab sailors for
many centuries to describe seasonal changes in wind direc-
tion across the Arabian Sea between
Arabia and India. As a meteorological

term, monsoon refers to the direc-
tional shifting of winds from one sea-
son to the next. Usually, the monsoon
occurs when a humid wind blowing
from the ocean toward the land in the
summer shifts to a dry, cooler wind
blowing seaward off the land in the
winter, and it involves a full 180° di-
rection change in the wind.

The monsoon is most characteris-
tic of southern Asia although it occurs
on other continents as well. As the large

landmass of Asia cools more quickly
than the surrounding oceans, the conti-
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Foehn winds result when air ascends a mountain range and undergoes condensation that dries it out
and adds latent heat that slows its rate of cooling. As the dry air descends the leeward side of the
range, it is compressed and heated at a greater rate than it was initially cooled. This produces the rela-

tively warm, dry conditions with which foehn winds are associated.

The term Chinook, a type of foehn wind, means “snow eater.” Can you offer an explanation

for how this name came ahout?

nent develops a strong center of high
pressure from which there must be an
outflow of air in winter ( I Fig. 5.12).
This outflow blows across much land
toward the tropical low before reaching
the oceans. It brings cold, dry air south.

In summer the Asian continent
heats quickly and develops a large low



Wildfires require three factors to occur: oxy-
gen, fuel, and an ignition source. The condi-
tions for all three factors vary geographically,
so their spatial distributions are not equal
everywhere. In locations where all three fac-
tors have the potential to exist, the danger
from wildfires is high. Oxygen in the atmo-
sphere is constant, but winds, which supply
more oxygen as a fire consumes it, vary with
location, weather, and terrain. High winds
cause fires to spread faster and make them dif-
ficult to extinguish. Fuel in wildland fires is usu-
ally supplied by dry vegetative litter (leaves,
branches, and dry annual grasses), and certain
environments have more of this fuel than oth-
ers. Dense vegetation tends to support the
spread of fires. Growing vegetation can also
become dessicated—dried out by transpiration
losses during a drought or an annual dry sea-
son. In addition, once a fire becomes large, ex-
treme heat in the areas where it is spreading
causes vegetation along the edges of the burn-
ing area to lose its moisture through evapora-
tion. Ignition sources are the means by which a
fire is started. Lightning and human causes
such as campfires provide the main ignition
sources for wildfires.

Southern California offers a regional exam-
ple of how conditions related to these three
factors combine with the local physical geog-
raphy to create an environment that is con-
ducive to wildfire hazard. This is also a region
where many people live in forested or scrub-
covered locales or along the urban—wildland
fringe—areas that are very susceptible to fire.
High pressure, warm weather, and low rela-
tive humidity dominate the Mediterranean
climate of Southern California’s coastal region
for much of the year. When these conditions

occur, the region experiences high fire poten-
tial because of the warm dry air and the vege-
tation that has dried out during the arid
summer season.

The most dangerous circumstances for
wildfires in Southern California occur when
high winds are sweeping the region. When a
strong cell of high pressure forms east of
Southern California, the clockwise anticyclonic
circulation directs winds from the north and
east toward the coast. These warm, dry winds
(called Santa Ana winds) blow down from
nearby high-desert regions, becoming adiabati-
cally warmer and drier as they descend into
the coastal lowlands. The Santa Ana winds are
most common in fall and winter, and wind
speeds can be 50-90 kilometers per hour
(30-50 mph) with stronger local wind gusts
reaching 160 kmh (100 mph). Just like using a
bellows or blowing on a campfire to get it
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started, the Santa Ana winds produce fire
weather that can cause the spread of a wild-
fire to be extremely rapid after ignition. Most
people take great care during these times to
avoid or strictly control any activities that could
cause a fire to start, but occasionally acci-
dents, acts of arson, or lightning strikes ignite a
wildfire. Given the physical geography of the
Los Angeles region, when the Santa Ana
winds are blowing, the fire danger is especially
extreme. Ironically, although the Santa Ana
winds create dangerous fire conditions, they
also provide some benefits to local residents
because the winds tend to blow air pollutants
offshore and out of the urban region. In addi-
tion, because they are strong winds flowing
opposite to the direction of ocean waves, ex-
perienced surfers can enjoy higher than normal
waves during those periods when Santa Ana
winds are present.

Los Angeles

Santa Ana
Winds

San Bernardino Mts.

San Diego

Geographic setting and wind direction for Santa Ana winds.

pressure center. This development is reinforced by a poleward
shift of the warm, moist tropical air to a position over south-
ern Asia. Warm, moist air from the oceans is attracted into this
low. Though full of water vapor, this air does not in itself cause
the wet summers with which the monsoon is associated.
However, any turbulence or landform barrier that makes this
moist air rise and, as a result, cool oft will bring about precipi-

tation. This precipitation is particularly noticeable in the
foothills of the Himalayas, the western Ghats of India, and the
Annamese Highlands of Vietnam. This is the time of year
when the rice crop is planted in many parts of Asia.

In the lower latitudes, a monsoonal shift in winds can
come about as a reaction to the migration of the direct
rays of the sun. For example, the winds of the equatorial
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High
pressure

I FIGURE 5.12

Seasonal changes in surface wind direction that create the Asiatic monsoon system. The “burst” of the
“wet monsoon,” or the sudden onshore flow of tropical humid air in July, is apparently triggered by
changes in the upper air circulation, resulting in heavy precipitation. The offshore flow of dry continental
air in winter creates the “dry monsoon” and drought conditions in southern Asia.

How do the seasonal changes of wind direction in Asia differ from those of the southern

United States?

zone migrate during the summer months northward
toward the southern coast of Asia, bringing with them
warm, moist, turbulent air. The winds of the Southern
Hemisphere also migrate north with the sun, some cross-
ing the equator. They also bring warm, moist air (from
their travels over the ocean) to the southern and especially
the southeastern coasts of India. In the winter months, the
equatorial and tropical winds migrate south, leaving south-
ern Asia under the influence of the dry, calm winds of the
tropical Northern Hemisphere. Asia and northern Australia
are true monsoon areas, with a full 180° wind shift with
changes from summer to winter. Other regions, like the
southern United States and West Africa, have “monsoonal
tendencies,” but are not monsoons in the true meaning of
the term.

The phenomenon of monsoon winds and their char-
acteristic seasonal shifting cannot be fully explained by the
differential heating of land and water, however, or by the
seasonal shifting of tropical and subtropical wind belts.
Some aspects of the monsoon system—for example, its
“burst” or sudden transition between dry and wet in south-
ern Asia—must have other causes. Meteorologists looking
for a more complete explanation of the monsoon are ex-
amining the role played by the jet stream (described later
in this chapter) and other wind movements of the upper
atmosphere.

Global Pressure Belts
Idealized Global Pressure Belts

Using what we have learned about pressure on Earth’s sur-
face, we can construct a theoretical model of the pressure
belts of the world (I Fig. 5.13). Later, we see how real condi-
tions depart from our model and examine why these differ-
ences occur.

Centered approximately over the equator in our model
is a belt of low pressure, or a trough. Because this is the re-
gion on Earth of greatest annual heating, we can conclude
that the low pressure of this area, the equatorial low
(equatorial trough), is determined primarily by thermal
factors, which cause the air to rise.

North and south of the equatorial low and centered on
the so-called horse latitudes, about 30°N and 30°S, are cells
of relatively high pressure. These are the subtropical highs,
which are the result of dynamic factors related to the sinking
of convectional cells initiated at the equatorial low.

Poleward of the subtropical highs in both the Northern
and Southern Hemispheres are large belts of low pressure
that extend through the upper-middle latitudes. Pressure
decreases through these subpolar lows until about 65°
latitude. Again, dynamic factors play a role in the existence
of subpolar lows.
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|dealized world pressure belts. Note the arrows on the perimeter of the globe that illustrate the cross-

sectional flow associated with the surface pressure belts.

In the polar regions are high pressure systems called
the polar highs. The extremely cold temperatures and
consequent sinking of the dense polar air in those regions
create the higher pressures found there.

This system of pressure belts that we have just developed
is a generalized picture. Just as temperatures change from
month to month, day to day, and hour to hour, so do pres-
sures vary through time at any one place. Our long-term
global model disguises these smaller changes, but it does give
an idea of broad pressure patterns on the surface of Earth.

The Global Pattern of
Atmospheric Pressure

As our idealized model suggests, the atmosphere tends to form
belts of high and low pressure along east—west axes in areas
where there are no large bodies of land. These belts are
arranged by latitude and generally maintain their bandlike pat-
tern. However, where there are continental landmasses, belts of
pressure are broken and tend to form cellular pressure systems.

The landmasses affect the development of belts of atmospheric
pressure in several ways. Most influential is the effect of the
differential heating of land and water surfaces. In addition,
landmasses affect the movement of air and consequently the
development of pressure systems through friction with their
surfaces. Landform barriers such as mountain ranges also block
the movement of air and thereby affect atmospheric pressure.

Seasonal Variations in the Pattern

In general, the global atmospheric pressure belts shift
northward in July and southward in January, following the
changing position of the sun’s direct rays as they migrate
between the Tropics of Cancer and Capricorn. Thus, there
are thermally induced seasonal variations in the pressure
patterns, as seen in Figures 5.14a and b. These seasonal vari-
ations tend to be small at low latitudes, where there is little
temperature variation, and large at high latitudes, where
there is an increasing contrast in length of daylight and an-
gle of the sun’s rays. Furthermore, landmasses tend to alter
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(a) Average sea-level pressure (in millibars) in January. (b) Average sea-level pressure (in millibars)
in July.

What is the difference between the January and July average sea-level pressures at your
location? Why do they vary?
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the general pattern of seasonal variation. This is an espe-
cially important factor in the Northern Hemisphere, where
land accounts for 40% of the total Earth surface, as opposed
to less than 20% in the Southern Hemisphere.

January Because continents cool more quickly than the
oceans, their temperatures will be lower in winter than those
of the surrounding seas. Figure 5.14a shows that in the mid-
dle latitudes of the Northern Hemisphere this variation leads
to the development of cells of high pressure over the land ar-
eas. In contrast, the subpolar lows develop over the oceans
because they are comparatively warmer. Over eastern Asia,
there is a strongly developed anticyclone during the winter
months that is known as the Siberian High. Its equivalent
in North America, known as the Canadian High, is not
nearly so well developed because the North American land-
mass is considerably smaller than the Eurasian continent.

In addition to the Canadian High and the Siberian
High, two low pressure centers develop: one in the North
Atlantic, called the Icelandic Low, and the other in the
North Pacific, called the Aleutian Low. The air in them has
relatively lower pressure than either the subtropical or the
polar high systems. Consequently, air moves toward these low
pressure areas from both north and south. Such low pressure
regions are associated with cloudy, unstable weather and are
a major source of winter storms, whereas high pressure areas
are associated with clear, blue-sky days; calm, starry nights;
and cold, stable weather. Therefore, during the winter
months, cloudy and sometimes dangerously stormy weather
tends to be associated with the two oceanic lows and clear
weather with the continental highs.

We can also see that the polar high in the Northern
Hemisphere is well developed. This development is due pri-
marily to thermal factors because January is the coldest time
of the year. The subpolar lows have developed into the Aleu-
tian and Icelandic cells described earlier. At the same time,
the subtropical highs of the Northern Hemisphere appear
slightly south of their average annual position because of the
migration of the sun toward the Tropic of Capricorn. The
equatorial trough also appears centered south of its average
annual position over the geographic equator.

In January in the Southern Hemisphere, the subtropical
belt of high pressure appears as three cells centered over the
oceans because the belt of high pressure has been interrupted
by the continental landmasses where temperatures are much
higher and pressure tends to be lower than over the oceans.
Because there is virtually no land between 45°S and 70°S lat-
itude, the subpolar low circles Earth as a belt of low pressure
and is not divided into cells by any landmasses. There is little
seasonal change in this belt of low pressure other than in Jan-
uary (summer in the Southern Hemisphere), when it lies a
few degrees north of its July position.

July The anticyclone over the North Pole is greatly
weakened during the summer months in the Northern
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Hemisphere, primarily because of the lengthy (24-hour days)
heating the oceans and landmasses in that region (Fig. 5.14b).
The Aleutian and Icelandic Lows nearly disappear from the
oceans, while the landmasses, which developed high pressure
cells during the cold winter months, have extensive low pres-
sure cells slightly to the south during the summer. In Asia, a
low pressure system develops, but it is divided into two sepa-
rate cells by the Himalayas (see again Fig. 5.12). The low
pressure cell over northwest India is so strong that it combines
with the equatorial trough, which has moved north of its posi-
tion 6 months earlier. The subtropical highs of the Northern
Hemisphere are more highly developed over the oceans than
over the landmasses. In addition, they migrate northward and
are highly influential factors in the climate of landmasses
nearby. In the Pacific, this subtropical high is termed the
Pacific High; this system of pressure plays an important role
in moderating the temperatures of the West Coast of the
United States. In the Atlantic Ocean, the corresponding cell of
high pressure is known as the Bermuda High to North
Americans and as the Azores High to Europeans and West
Africans. As we have already mentioned, the equatorial trough
of low pressure moves north in July, following the migration of
the sun’s vertical rays, and the subtropical highs of the South-
ern Hemisphere lie slightly north of their January locations.

In examining pressure systems at Earth’s surface, we have
seen that there are essentially seven belts of pressure (two po-
lar highs, two subpolar lows, two subtropical highs, and one
equatorial low), which are broken into cells of pressure in
some places primarily because of the influence of certain
large landmasses. We have also seen that these belts and cells
vary in size, intensity, and location with the seasons and with
the migration of the sun’s vertical rays over Earth’s surface.
Since these global-scale pressure systems migrate by latitude
with the position of the direct sun angle, they are sometimes
referred to as semipermanent pressure systems because they are
never permanently fixed in the same location.

Global Surface Wind Systems

The planetary, or global, wind system that is a response to the
global pressure patterns also plays a role in the maintenance of
those same pressures. This wind system, which is the major
means of transport for energy and moisture through Earth’s
atmosphere, can be examined in an idealized state. To do so,
however, we must ignore the influences of landmasses and sea-
sonal variations in solar energy. By assuming, for the sake of
discussion, that Earth has a homogeneous surface and that
there are no seasonal variations in the amount of solar energy
received at different latitudes, we can examine a theoretical
model of the atmosphere’s planetary circulation. Such an
understanding will help explain specific features of climate
such as the rain and snow of the Sierra Nevada and Cascade
Mountains and the existence of arid regions farther to the east.
It will also account for the movement of great surface currents
in our oceans that are driven by this atmospheric engine.
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Idealized Model of
Atmospheric Circulation

Because winds are caused by pressure differences, various types
of winds are associated with different kinds of pressure sys-
tems. Therefore, a system of global winds can be demonstrated
using the model of pressures that we previously developed (see
again Fig. 5.13).

The characteristics of convergence and divergence are
very important to our understanding of global wind patterns.
Surface air diverges from zones of high pressure and con-
verges on areas of low pressure. We also know that, because
of the pressure gradient, surface winds always blow from high
pressure to low pressure.

Knowing that surface winds originate in areas of high
pressure and taking into account the global system of pressure
cells, we can develop our model of the wind systems of the
world ( ¥ Fig. 5.15).This model takes into account differential
heating, Earth rotation, and atmospheric dynamics. Note that
the winds do not blow in a straight north—south line. The
variation is due of course to the Coriolis effect, which causes
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Our idealized model of global atmospheric circulation
includes six wind belts, or zones, in addition to the seven
pressure zones that we have previously identified. Two wind
belts, one in each hemisphere, are located where winds move
out of the polar highs and down the pressure gradients to-
ward the subpolar lows. As these winds are deflected to the
right in the Northern Hemisphere and to the left in the
Southern, they become the polar easterlies.
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with the divergent winds of the subtropical highs. In each
hemisphere, winds flow out of the poleward portions of these
highs toward the subpolar lows. Because of their general
movement from the west, the winds of the upper-middle lat-
itudes are labeled the westerlies. The winds blowing from
the highs toward the equator have been called the trade
winds. Because of the Coriolis effect, they are the north-
east trades in the Northern Hemisphere and the southeast
trades south of the equator.

Our model does not conform exactly to actual condi-
tions. First, as we know, the vertical rays of the sun do not
stay precisely over the equator but migrate as far north as
the Tropic of Cancer in June and south to the Tropic of
Capricorn in December. Therefore, the pressure systems, and
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consequently the winds, must move to adjust to the change
in the position of the sun. Then, as we have already dis-
covered, the existence of the continents, especially in the
Northern Hemisphere, causes longitudinal pressure differ-
entials that affect the zones of high and low pressure.

Conditions within Latitudinal Zones

Trade Winds A good place to begin our examination of
winds and associated weather patterns as they actually occur
is in the vicinity of the subtropical highs. On Earth’s surface,
the trade winds, which blow out of the subtropical highs
toward the equatorial trough in both the Northern and
Southern Hemispheres, can be identified between latitudes
5° and 25°. Because of the Coriolis effect, the northern
trades move away from the subtropical high in a clockwise
direction out of the northeast. In the Southern Hemisphere,
the trades diverge out of the subtropical high toward the
tropical low from the southeast, as their movement is coun-
terclockwise. Because the trades tend to blow out of the east,
they are also known as the tropical easterlies.

The trade winds tend to be constant, steady winds, con-
sistent in their direction. This is most true when they cross
the eastern sides of the oceans (near the eastern portion of
the subtropical high).The area of the trades varies somewhat
during the solar year, moving north and south a few degrees
of latitude with the sun. Near their source in the subtropical
highs, the weather of the trades is clear and dry, but after
crossing large expanses of ocean, the trades have a high po-
tential for stormy weather.

Early Spanish sea captains depended on the northeast
trade winds to drive their galleons to destinations in Central
and South America in search of gold, spices, and new lands.
Going eastward toward home, navigators usually tried to plot
a course using the westerlies to the north. The trade winds
are one of the reasons that the Hawaiian Islands are so popu-
lar with tourists; the steady winds help keep temperatures
pleasant, even though Hawaii is located south of the Tropic
of Cancer.

Doldrums Where the trade winds converge in the equato-
rial trough (or tropical low) lies a zone of calm and weak
winds of no prevailing direction. Here the air, which is very
moist and heated by the sun, tends to expand and rise, main-
taining the low pressure of the area. These winds, which are
roughly between 5°N and 5°S, are generally known as the
doldrums. This area is called the intertropical conver-
gence zone (ITCZ), or the “equatorial belt of variable
winds and calms.” Because of the converging moist air and
high potential for rainfall in the doldrums, this region coin-
cides with the world’s latitudinal belt of heaviest precipita-
tion and most persistent cloud cover.

Old sailing ships often remained becalmed in the dol-
drums for days at a time. A description of a ship becalmed in
the doldrums appears in The Rime of the Ancient Mariner by
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Samuel Taylor Coleridge (lines 103—118). The ship is sailing
northward from the tropical southeasterlies (trades) when it
gets to the doldrums.

The fair breeze blew,

the white foam flew,

The furrow followed free;

We were the first that ever burst

Into that silent sea.

Down dropt the breeze,

the sails dropt down,

“Twas sad as sad could be;

And we did speak only to break

The silence of the sea!

All in a hot and copper sky,

The bloody Sun, at noon,

Right up above the mast did stand,
No bigger than the Moon.

Day after day,

day after day,

We stuck, nor breath nor motion;
As idle as a painted ship

Upon a painted ocean.

This is obviously not a happy poem! It is interesting to note
that the word doldrums in the English language means a
bored or depressed state of mind. The sailors were in the dol-
drums in more ways than one.

Subtropical Highs The areas of subtropical high pressure,
generally located between latitudes 25° and 35°N and S, and
from which winds blow equatorward as the trades, are often
called the subtropical belts of variable winds, or the “horse
latitudes.” This name comes from the occasional need by the
Spanish conquistadors to eat their horses or throw them
overboard in order to conserve drinking water and lighten
the weight when their ships were becalmed in these latitudes.
The subtropical highs are areas, like the doldrums, in which
there are no strong prevailing winds. However, unlike the
doldrums, which are characterized by convergence, rising air,
and heavy rainfall, the subtropical highs are areas of sinking
and settling air from higher altitudes, which tend to build up
the atmospheric pressure. Weather conditions are typically
clear, sunny, and rainless, especially over the eastern portions
of the oceans where the high pressure cells are strongest.

Westerlies The winds that flow poleward out of the sub-
tropical high pressure cells in the Northern Hemisphere are
deflected to the right and thus blow from the southwest.
Those in the Southern Hemisphere are deflected to the left
and blow out of the northwest. Thus, these winds have been
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cast Meteorologist, KFOX, Texas State University, San Marcos

| am the chief meteorologist at KFOX, a television station in El Paso, Texas. For 2 years, |

was a meteorologist on the Weather Channel, where | was fortunate to work with several
of our country’s top severe-weather experts. The knowledge and experience that | gained

at the national level was invaluable.

I am a full member of the American Meteorological Society (AMS) and a member of the

National Weather Association (NWA).

I took my current position in order to return to live in my hometown of El Paso. My job
involves understanding and explaining weather patterns for our local area and the world.
My position as a meteorologist gives me the opportunity to warn people of incoming in-
clement weather and a chance to teach about weather and its impact. A strong founda-
tion in physical geography is essential to me because | cover and explain
atmospheric topics, topography, wind patterns, seasons, and oceanic issues.

Why did you decide to major in geagraphy?
| found every class interesting and fun. | loved
the combination of science, nature, and math.
| have always enjoyed exploring the world
around me.

Coursewaork in physical geography provided
a strong foundation for a career in meteorol-
ogy. | was then able to build on that foundation
with specialized meteorological courses.
Almost everything | studied comes into play
during my daily work now.

Location is very important for forecasting
weather patterns. Knowledge of an area’s ge-
ography can help me better understand how
dangerous weather might impact that
community—that is how we save lives.

\When | was learning the Kdppen climate clas-
sification system, | was not sure if | would ever
really need to know this extensive information
in the future. Nonetheless, my instructor
wanted us to know this method of understand-
ing world climates in a regional context for-
ward and backward. At the time, | thought this
was a tedious exercise, but now | am very
happy he did because it has been very useful in
understanding the climate and vegetation of
places around the world.

Students who wish to prepare for a career
like mine should take as many geography
courses related to meteorology as possible. Be
sure to graduate with a bachelor of science,
not a bachelor of arts. Take a public-speaking

course to help you get over any fear of speak-
ing to a group of people.

Lastly, I would highly recommend doing an
internship with a local television station to get
a better understanding about what a broadcast
meteorologist does.

Why do you think that physical geagraphy is
an important course for those who are majoring
in other fields? \We are all affected by the natu-
ral world around us. The more we understand
our environment, the better we can face chal-
lenges in nature.

In my spare time, | enjoy rock collecting,
star gazing, outdoor activities (such as hiking
the Franklin Mountains in west Texas), church,
and golf.

correctly labeled the westerlies. They tend to be less consis-
tent in direction than the trades, but they are usually stronger
winds and may be associated with stormy weather. The west-
erlies occur between about 35° and 65°N and S latitudes.
In the Southern Hemisphere, where there is less land than
in the Northern Hemisphere to affect the development of’
winds, the westerlies attain their greatest consistency and
strength. Much of Canada and most of the United States—
except Florida, Hawaii, and Alaska—are under the influence
of the westerlies.

Polar Winds Accurate observations of pressure and wind
are sparse in the two polar regions; therefore, we must rely
on remotely sensed information (mainly by weather satellite

imagery). Our best estimate is that pressures are consistently
high throughout the year at the poles and that prevailing
easterly winds blow from the polar regions to the subpolar
low pressure systems.

Polar Front Despite our limited knowledge of the wind
systems of the polar regions, we do know that the winds
can be highly variable, blowing at times with great speed
and intensity. When the cold air flowing out of the polar
regions and the warmer air moving in the path of the west-
erlies meet, they do so like two warring armies: One does
not absorb the other. Instead, the denser, heavier cold air
pushes the warm air upward, forcing it to rise rapidly. The
line along which these two great wind systems battle is



appropriately known as the polar front. The weather that
results from the meeting of the cold polar air and the
warmer air from the subtropics can be very stormy. In fact,
most of the storms that move slowly through the middle
latitudes in the path of the prevailing westerlies are born at
the polar front.

The Effects of Seasonal Migration

Just as insolation, temperature, and pressure systems migrate
north and south as Earth revolves around the sun, Earth’s
wind systems also migrate with the seasons. During the
summer months in the Northern Hemisphere, maximum
insolation is received north of the equator. This condition
causes the pressure belts to move north as well, and the wind
belts of both hemispheres shift accordingly. Six months later,
when maximum heating is taking place south of the equa-
tor, the various wind systems have migrated south in
response to the migration of the pressure systems. Thus,
seasonal variation in wind and pressure conditions is one
important way in which actual atmospheric circulation dif-
fers from our idealized model.

The seasonal migration will most affect those regions
near the boundary zone between two wind or pressure
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systems. During the winter months, such a region will be sub-
ject to the impact of one system.Then, as summer approaches,
that system will migrate poleward and the next equatorward
system will move in to influence the region. Two such zones
in each hemisphere have a major effect on climate. The first
lies between latitudes 5° and 15°, where the wet equatorial
low of the high-sun season (summer) alternates with the dry
subtropical high and trade winds of the low-sun season (win-
ter). The second occurs between 30° and 40°, where the sub-
tropical high dominates in summer but is replaced by the
wetter westerlies in winter.

California is an example of a region located within a
zone of transition between two wind or pressure systems
(B Fig. 5.16). During the winter, this region is under the in-
fluence of the westerlies blowing out of the Pacific High.
These winds, turbulent and full of moisture from the ocean,
bring winter rains and storms to “sunny” California. As
summer approaches, however, the subtropical high and its
associated westerlies move north. As California comes under
the influence of the calm and steady high pressure system,
it experiences again the climate for which it is famous: day
after day of warm, clear, blue, cloudless skies. This alternation
of moist winters and dry summers is typical of the western
sides of all landmasses between 30° and 40° latitude.
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FIGURE 5.16

Winter and summer positions of the Pacific anticyclone in relation to California. In the winter, the anti-
cyclone lies well to the south and feeds the westerlies that bring the cyclonic storms and rain from the
North Pacific to California. The influence of the anticyclone dominates during the summer. The high
pressure blacks cyclonic storms and produces warm, sunny, and dry conditions.

In what ways would the seasonal migration of the Pacific anticyclone affect agriculture in

California?
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Longitudinal Differences in Winds

We have seen that there are sizable latitudinal differences in
pressure and winds. In addition, there are significant longi-
tudinal variations, especially in the zone of the subtropical
highs.

As was previously noted, the subtropical high pressure
cells, which are generally centered over the oceans, are much
stronger on their eastern sides than on their western sides.
Thus, over the eastern portions of the oceans (west coasts of
the continents) in the subtropics, subsidence and divergence
are especially noticeable. The above-surface temperature in-
versions so typical of anticyclonic circulation are close to the
surface, and the air is calm and clear. The air moving equa-
torward from this portion of the high produces the classic
picture of the steady trade winds with clear, dry weather.

Over the western portions of the oceans (eastern sides
of the continents), conditions are markedly difterent. In its
passage over the ocean, the diverging air is gradually warmed
and moistened; turbulent and stormy weather conditions are
likely to develop. As indicated in Figure 5.17, wind move-
ment in the western portions of the anticyclones may actu-
ally be poleward and directed toward landmasses. Hence, the
trade winds in these areas are especially weak or nonexistent
much of the year.

As we have pointed out in discussing Figures 5.14 and
5.15, there are great land—sea contrasts in temperature and

I FIGURE 5.17
Circulation pattern in a Northern Hemisphere subtropical anticyclone. Subsidence of air is strongest in
the eastern part of the anticyclone, producing calm air and arid conditions over adjacent land areas. The
southern margin of the anticyclone feeds the persistent northeast trade winds.

What wind system is fed by the northern margin?

pressure throughout the year farther toward the poles, espe-
cially in the Northern Hemisphere. In the cold continental
winters, the land is associated with pressures that are higher
than those over the oceans, and thus there are strong, cold
winds from the land to the sea. In the summer, the situation
changes, with relatively low pressure existing over the con-
tinents because of higher temperatures. Wind directions are
thus greatly affected, and the pattern is reversed so that
winds flow from the sea toward the land. In North Amer-
ica, this is sometimes referred to as the “North American
monsoon.”

Upper Air Winds

Thus far, we have closely examined the wind patterns near
Earth’s surface. Of equal, or even greater, importance is the flow
of air above Earth’s surface—in particular, the flow of air at alti-
tudes above 5000 meters (16,500 ft), in the upper troposphere.
The formation, movement, and decay of surface cyclones and
anticyclones in the middle latitudes depend to a great extent on
the flow of air high above Earth’ surface.

The circulation of the upper air winds is a far less com-
plex phenomenon than surface wind circulation. In the
upper troposphere, an average westerly flow, the upper air
westerlies, is maintained poleward of about 15°-20° latitude
in both hemispheres. Because of the reduced frictional
drag, the upper air westerlies move much more rapidly than
their surface counterparts. Between
15° and 20°N and S latitudes are the
upper air easterlies, which can be con-
sidered the upper air extension of the
trade winds. The flow of the upper air
winds became very apparent during
World War II when high-altitude
bombers moving eastward were found
to cover similar distances faster than
those flying westward. Pilots had en-
countered the upper air westerlies, or
perhaps even the jet streams—very
strong air currents embedded within
the upper air westerlies.

The upper air westerlies form as a
response to the temperature difference
between warm tropical air and cold
polar air. The air in the equatorial lati-
tudes is warmed, rises convectively to
high altitudes, and then flows toward
the polar regions. At first this seems to
contradict our previous statement, rel-
ative to surface winds, that air flows
from cold areas (high pressure) toward
warm areas (low pressure). This appar-
ent discrepancy disappears, however, if



you recall that the pressure gradient, down which the flow
takes place, must be assessed between two points at the same
elevation. A column of cold air will exert a higher pressure
at Earth’s surface than a column of warm air. Consequently,
the pressure gradient established at Earth’s surface will re-
sult in a flow from the cooler air toward the warmer air.
However, cold air is denser and more compact than warm
air. Thus, pressure decreases with height more rapidly in
cold air than in warm air. As a result, at a specific height
above Earth’s surface, a lower pressure will be encountered
above cold surface air than above warm surface air. This will
result in a flow (pressure gradient) from the warmer surface
air toward the colder surface air at that height. Figure 5.18
illustrates this concept.

Returning to our real-world situation, as the upper air
winds flow from the equator toward the poles (down the
pressure gradient), they are turned eastward because of the
Coriolis effect. The net result is a broad circumpolar flow
of westerly winds throughout most of the upper atmos-
phere (B Fig. 5.19). Because the upper air westerlies form
in response to the thermal gradient between tropical and
polar areas, it is not surprising that they are strongest in
winter (the low-sun season) when the thermal contrast is
greatest. On the other hand, during the summer (the high-
sun season) when the contrast in temperature over the
hemisphere is much reduced, the upper air westerlies move
more slowly.

The temperature gradient between tropical and polar
air, especially in winter, is not uniform but rather is concen-
trated where the warm tropical air meets cold polar air. This
boundary, called the polar front, with its stronger pressure
gradient, marks the location of the polar front jet stream.
Ranging from 40 to 160 kilometers (25—-100 mi) in width
and up to 2 or 3 kilometers (1-2 mi) in depth, the polar
front jet stream can be thought of as a faster, internal current
of air within the upper air westerlies. While the polar front
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I FIGURE 5.19
The upper air westerlies form a broad circumpolar flow throughout most
of the upper atmosphere.

jet stream flows over the middle latitudes, another westerly
subtropical jet stream flows above the sinking air of the
subtropical highs in the lower-middle latitudes. Like the
upper air westerlies, both jets are best developed in winter
when hemispherical temperatures exhibit their steepest
gradient (I Fig. 5.20). During the summer, both jets weaken
in intensity. The subtropical jet stream frequently dis-
appears completely, and the polar front jet tends to migrate
northward.

We can now go one step further and combine our
knowledge of the circulation of the upper air and surface to
yield a more realistic portrayal of the vertical circulation pat-
tern of our atmosphere (  Fig. 5.21). In general, the upper
air westerlies and the associated polar jet stream flow in a
fairly smooth pattern ( B Fig. 5.22a). At times, however, the
upper air westerlies develop oscillations, termed long waves,
or Rossby waves, after the Swedish meteorologist Carl
Rossby who first proposed and then proved their existence
(B Fig. 5.22b). Rossby waves result in cold polar air pushing
into the lower latitudes and forming froughs of low pressure,
while warm tropical air moves into higher latitudes, form-
ing ridges of high pressure. It is when the upper air circula-

tion is in this configuration that surface
weather is most influenced. We will ex-
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Variation of pressure surfaces with height. Note that the horizontal pressure gradient is from cold to
warm air at the surface and in the opposite direction at higher elevations (such as 400 m).

In what direction would the winds flow at 300 meters?

weeks. Although it is not completely
clear why the upper atmosphere goes
into these oscillating patterns, we are
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Approximate location of the subtropical jet stream and area of activity of the polar front jet

stream (shaded) in the Northern Hemisphere winter.
Which jet stream is most likely to affect your home state?

b ™, Blarpt
8 1 o
90° - = S il sbopial gt
600 -
e o

I FIGURE 5.21
A more realistic schematic cross section of the average circulation in the
atmosphere.

currently gaining additional insights. One possi-
ble cause is variation in ocean-surface tempera-
tures. If the oceans in, say, the northern Pacific or
near the equator become unusually warm or cold
(for example, El Nifno or La Nina, discussed later
in this chapter), this apparently triggers oscilla-
tions, which continue until the ocean-surface
temperature returns to normal. Other causes are
also possible.

In addition to this influence on weather, jet
streams are important to study for other reasons.
180° They can carry pollutants, such as radioactive

wastes or volcanic dust, over great distances and at
relatively rapid rates. It was the polar jet stream that
carried ash from the Mount St. Helens eruption (in
1980) eastward across the United States and South-
ern Canada. Nuclear fallout from the Chernobyl
incident in the former Soviet Union could be
monitored in succeeding days as it crossed the
Pacific, and later the United States, in the jet
streams. Pilots flying eastward—for example, from
North America to Europe—take advantage of the
jet stream, so the flying times in this direction may
be significantly shorter than those in the reverse
direction.

Ocean Currents

Like the planetary wind system, surface-ocean cur-
rents play a significant role in helping equalize the
energy imbalance between the tropical and polar
regions. In addition, surface-ocean currents greatly influence
the climate of coastal locations.

Earth’s surface-wind system is the primary control of the
major surface currents and drifts. Other controls are the Cori-
olis effect and the size, shape, and depth of the sea or ocean
basin. Other currents may be caused by differences in density
due to variations in temperature and salinity, tides, and wave
action.

The major surface currents move in broad circulatory
patterns, called gyres, around the subtropical highs. Because
of the Coriolis effect, the gyres flow clockwise in the
Northern Hemisphere and counterclockwise in the South-
ern Hemisphere ( B Fig. 5.23). As a general rule, the surface
currents do not cross the equator.

Waters near the equator in both hemispheres are driven
west by the tropical easterlies or the trade winds. The current
thus produced is called the Equatorial Current. At the western
margin of the ocean, its warm tropical waters are deflected
poleward along the coastline. As these warm waters move into
higher latitudes, they move through waters cooler than them-
selves and are identified as warm currents (B Fig. 5.24).

In the Northern Hemisphere, warm currents, such as
the Gulf Stream and the Kuroshio Current, are deflected
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FIGURE 5.22
Development and dissipation of Rossby waves in the upper air
westerlies. (a) A fairly smooth flow prevails. (b) Rossby waves
form, with a ridge of warm air extending into Canada and a
trough of cold air extending down to Texas. (c) The trough and
ridge are cut off and will eventually dissipate. The flow will then
return to a pattern similar to (a).
How are Rosshy waves closely associated with the
changeable weather of the central and eastern
United States?
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Cool ocean
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Watch this Active Figure at http://now.brookscole.com/gabler8.

The major ocean currents flow in broad gyres in opposite directions in the
Northern and Southern Hemispheres.

What controls the direction of these gyres?

more and more to the right (or east) because of the Coriolis
effect. At about 40°N, the westerlies begin to drive these
warm waters eastward across the ocean, as in the North
Atlantic Drift and the North Pacific Drift. Eventually, these
currents run into the land at the eastern margin of the
ocean, and most of the waters are deflected toward the
equator. By this time, these waters have lost much of their
warmth, and as they move equatorward into the subtropical
latitudes, they are cooler than the adjacent waters. They have
become cool, or cold, currents. These waters complete the cir-
culation pattern when they rejoin the westward-moving
Equatorial Current.

On the eastern side of the North Atlantic, the North
Atlantic Drift moves into the seas north of the British Isles
and around Scandinavia, keeping those areas warmer than
their latitudes would suggest. Some Norwegian ports north
of the Arctic Circle remain ice free because of this warm
water. Cold polar water—the Labrador and Opyashio
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Map of the major world ocean currents, showing warm and cool currents.

How does this map of ocean currents help explain the mild winters in London, England?

Currents—flows southward into the Atlantic and Pacific
oceans along their western margins.

The circulation in the Southern Hemisphere is compa-
rable to that in the Northern except that it is counterclock-
wise. Also, because there is little land poleward of 40°S, the
West Wind Drift (or Antarctic Circumpolar Drift) circles
Earth as a cool current across all three major oceans almost
without interruption. It is cooled by the influence of the
Antarctic ice sheet (Table 5.1).

In general then, warm currents move poleward as they
carry tropical waters into the cooler waters of higher lati-
tudes, as in the case of the Gulf Stream or the Brazil Current.
Cool currents deflect water equatorward, as in the California
Current and the Humboldt Current. Warm currents tend to
have a humidifying and warming effect on the east coasts of
continents along which they flow, whereas cool currents tend
to have a drying and cooling effect on the west coasts of the
landmasses. The contact between the atmosphere and ocean
currents is one reason why subtropical highs have a strong
side and a weak side. Subtropical highs on the west coast of’
continents are in contact with cold ocean currents, which
cool the air and make the eastern side of a subtropical high
more stable and stronger. On the east coasts of continents,

contacts with warm ocean currents cause . . . the western
sides of subtropical highs to be less stable and weaker.

The general circulation just described is consistent
throughout the year, although the position of the currents
follows seasonal shifts in atmospheric circulation. In addition,
in the North Indian Ocean, the direction of circulation re-
verses seasonally according to the monsoon winds.

The cold currents along west coasts in subtropical lati-
tudes are frequently reinforced by upwelling. As the trade
winds in these latitudes drive the surface waters offshore,
the wind’s frictional drag on the ocean surface displaces
the water to the west. As surface waters are dragged away,
deeper, colder water rises to the surface to replace them.
This upwelling of cold waters adds to the strength and effect
of the California, Humboldt (Peru), Canary, and Benguela
Currents.

PHYSICAL
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TABLE 5.1
Primary Ocean Currents and Temperature Characteristics

Pacific Ocean

Oyashio Cool East Greenland

Bering Cool Labrador

North Pacific Drift Warm North Atlantic Drift
Kuroshio (Japan) Warm Gulf Stream

Alaska \Warm Canary

California Cool Guinea

North Pacific Equatorial \Warm North Atlantic Equatorial

Pacific Equatorial

Counter Current Warm Counter Current
South Pacific Equatorial Warm South Atlantic Equatorial
Humboldt (Peru) Cool Brazil
East Australian Warm Benguela
West Wind Drift Cool Falkland

(Antarctic Circumpolar
Drift; also present in
South Atlantic and
South Indian Oceans)

El Nino

As you can see in Figure 5.24, the cold Humboldt Current
flows equatorward along the coasts of Ecuador and Peru.
When the current approaches the equator, the westward-
flowing trade winds cause upwelling of nutrient-rich cold
water along the coast. Fishing, especially for anchovies, is a
major local industry.

Every year usually during the months of November and
December, a weak warm countercurrent replaces the nor-
mally cold coastal waters. Without the upwelling of nutrients
from below to feed the fish, fishing comes to a standstill.
Fishermen in this region have known of the phenomenon
for hundreds of years. In fact, this is the time of year they tra-
ditionally set aside to tend to their equipment and await the
return of cold water. The residents of the region have given
this phenomenon the name El Nifio, which is Spanish for
“The Child,” because it occurs about the time of the celebra-
tion of the birth of the Christ Child.

The warm-water current usually lasts for 2 months or
less, but occasionally the disruption to the normal flow lasts
for many months. In these situations, water temperatures are
raised not just along the coast but for thousands of kilometers

Atlantic Ocean

North Atlantic Equatorial

EL NINO 139

Indian Ocean

Cool North Indian monsoon

currents (reverse seasonally
Cool with the monsoon winds)
Warm North Indian Equatorial Warm
Warm Indian Equatorial Counter Current Warm
Cool South Indian Equatorial \Warm
Warm Agulhas (Mozambique) Warm
Warm West Australian Cool
Warm
Warm
Warm
Cool
Cool

offshore ( § Fig. 5.25). Over the past decade, the term EI Niito
has come to describe these exceptionally strong episodes and
not the annual event. During the past 50 years, as many as
17 years qualify as having El Niflo conditions (with sea-
surface temperatures 0.5°C, or warmer, than normal for
6 consecutive months). Not only do the El Nifios affect the
temperature of the equatorial Pacific, but the strongest of
them also impact worldwide weather.

PHYSICAL
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and select this chapter to work through a Geography
Interactivity on “El Nifio” (click Weather & Climate, El Niiio).

El Nino and the Southern Oscillation

To completely understand the processes that interact to pro-
duce an El Nifio requires that we study conditions all across
the Pacific, not just in the waters oft South America. More
than 50 years ago, Sir Gilbert Walker, a British scientist, dis-
covered a connection between surface-pressure readings
at weather stations on the eastern and western sides of the
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AUG 7 2002

Courtesy NASA/JPL/Caltech

FIGURE 5.25

DEC 2 2002

These enhanced satellite images show the development of an El Nifio episode in the Tropical Pacific.
The red and white shades display the warmer sea surface temperatures, while the blues and greens
mark areas of cooler temperatures. From what continent does an El Nifio originate?

Pacific. He noted that a rise in pressure in the eastern Pacific
is usually accompanied by a fall in pressure in the western
Pacific and vice versa. He called this seesaw pattern the
Southern Oscillation. The link between El Nifio and the
Southern Oscillation is so great that they are often referred
to jointly as ENSO (El Nifio/Southern Oscillation). These
days the atmospheric pressure values from Darwin, Australia,
are compared to those recorded on the Island of Tahiti, and
the relationship between these two values defines the
Southern Oscillation.

During a typical year, the eastern Pacific has a higher
pressure than the western Pacific. This east-to-west pressure
gradient enhances the trade winds over the equatorial Pa-
cific waters. This results in a warm surface current that
moves from east to west at the equator. The western Pacific
develops a thick, warm layer of water while the eastern
Pacific has the cold Humboldt Current enhanced by
upwelling.

Then, for unknown reasons, the Southern Oscillation
swings in the opposite direction, dramatically changing the

usual conditions described above, with pressure increasing in
the western Pacific and decreasing in the eastern Pacific. This
change in the pressure gradient causes the trade winds to
weaken or, in some cases, to reverse. This causes the warm
water in the western Pacific to flow eastward, increasing sea-
surface temperatures in the central and eastern Pacific. This
eastward shift signals the beginning of El Nifio.

In contrast, at times and for reasons we do not fully
know, the trade winds will intensify. These more powerful
trade winds will cause even stronger upwelling than usual to
occur. As a result, sea-surface temperatures will be even
colder than normal. This condition is known as La Nifia (in
Spanish, “Little Girl,” but scientifically simply the opposite of
El Nino). La Nifa episodes will at times, but not always,
bring about the opposite eftects of an El Nifio episode.

PHYSICAL
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El Nino and Global Weather

Cold ocean waters impede cloud formation. Thus, under
normal conditions, clouds tend to develop over the warm
waters of the western Pacific but not over the cold waters of
the eastern Pacific. However, during an El Nifio, when
warm water migrates eastward, clouds develop over the en-
tire equatorial region of the Pacific ( B Fig. 5.26). These
clouds can build to heights of 18,000 meters (59,000 ft).
Clouds of this magnitude can disrupt the high-altitude wind
flow above the equator. As we have seen, a change in the
upper air wind flow in one portion of the atmosphere
will trigger wind flow changes in other portions of the
atmosphere. Alterations in the upper air winds result in
alterations to surface weather.

Scientists have tried to document as many past El Nifo
events as possible by piecing together bits of historical evi-
dence, such as sea-surface temperature records, daily observa-
tions of atmospheric pressure and rainfall, fisheries’ records
from South America, and the writings of Spanish colonists
living along the coasts of Peru and Ecuador dating back to
the 15th century. Additional evidence comes from the
growth patterns of coral and trees in the region.

Based on this historical evidence, we know that El
Ninos have occurred as far back as records go. One disturb-
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I FIGURE 5.26

During EI Nifio, the easterly surface winds weaken and retreat to the eastem Pacific,

allowing the central Pacific to warm and the rain area to migrate eastward.
Near what country or countries does El Nino begin?
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ing fact is that they are occurring more often. Records in-
dicate that during the 16th century, an El Nifio occurred,
on average, every 6 years. Evidence gathered over the past
few decades indicates that El Nifos are now occurring, on
average, every 2.2 years. Even more alarming is the fact that
they appear to be getting stronger. The record-setting El
Nifio of 1982-1983 was recently surpassed by the one in
1997-1998.

The 1997-1998 El Nino brought copious and damag-
ing rainfall to the southern United States, from California
to Florida. Snowstorms in the northeast portion of the
United States were more frequent and stronger than in
most years. The warm El Nino winters fueled Hurricane
Linda, which devastated the western coast of Mexico.
Linda was the strongest hurricane ever recorded in the
eastern Pacific.

In recent years, scientists have become better able to
monitor and forecast El Niflo and La Nifa events. An elabo-
rate network of ocean-anchored weather buoys plus satel-
lite observations provide an enormous amount of data that
can be analyzed by computer to help predict the formation
and strength of El Nifio and La Nifa events. Our improved
observation skills have led to the discovery of the North At-
lantic Oscillation—a strengthening of the subtropical (in
the Azores) high and subpolar (in Iceland) low over
the Atlantic Ocean will render a positive index for
the NAO. This phase has been associated with mild
and wet winters in the United States but cold dry
winters in Northern Canada. When the Azores
High and Icelandic Low are both weaker, the in-
dex becomes negative, associated with colder and
snowy winters for the U.S. East Coast. The North
Atlantic Oscillation (NAO) is not as well under-
stood as ENSO. Truly, both oscillations require
more research in the future if scientists are to bet-
ter understand how these ocean phenomena affect
weather and climate.

Will scientists ever be able to predict the oc-
currence of such phenomena as ENSO or the
NAO? No one can answer that question, but as
our technology improves, our forecasting ability
will also increase. We have made tremendous
progress: In the past few decades, we have come to
recognize the close association between the atmos-
phere and hydrosphere as well as to better under-
stand the complex relationship between these
Earth systems.

This chapter began with an examination of the
behavior of atmospheric gases as they respond to
solar radiation and other dynamic forces. This
information enabled a definition and thorough
discussion of global pressure systems and their
accompanying winds. This discussion in turn per-
mitted a description of atmospheric circulation
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patterns that began with the smallest and simplest (diurnal)
systems and progressed to seasonal systems and then systems

at a global scale. Once again, we can recognize the interac-

tions among Earth’s systems. Earth’s radiation budget helps
create movements in our atmosphere, which in turn help
drive ocean circulation, which in turn creates feedback with

the atmosphere:

Define & Recall

cyclone (low)

anticyclone (high)

convergent wind circulation
divergent wind circulation
isobar

pressure gradient

wind

Coriolis effect

friction

geostrophic wind

windward

leeward

prevailing wind

land breeze—sea breeze cycle
mountain breeze—valley breeze cycle
drainage wind (katabatic wind)
Chinook

Discuss & Review

foehn
Santa Ana
monsoon
trough

equatorial low (equatorial trough)

subtropical high
subpolar low
polar high
Siberian High
Canadian High
Icelandic Low
Aleutian Low
Pacific High

Bermuda High (Azores High)

polar easterlies
westerlies
trade wind

Solar radiation — Atmosphere — Hydrosphere — Back

to the atmosphere

In following chapters, we will examine the role of the

atmosphere in controlling variations in weather and climate
and, later, weather and climate systems as they affect surface
landforms.

northeast trades

southeast trades

tropical easterlies
doldrums

intertropical convergence zone (ITCZ)
polar front

jet stream

polar front jet stream
subtropical jet stream
Rossby wave

gyre

upwelling

El Nifio

Southern Oscillation

La Nina

North Atlantic Oscillation

What is atmospheric pressure at sea level? How do you
suppose Earth’s gravity is related to atmospheric pressure?

. Horizontal variations in air pressure are caused by ther-

mal or dynamic factors. How do these two factors differ?
How does incoming insolation affect pressure in the at-
mosphere? Give an example of an area where incoming
insolation would create a pressure system. Would high or

. What is the difference between a cell and a belt of

. What kind of pressure (high or low) would you expect

to find in the center of an anticyclone? Describe and di-
agram the wind patterns of anticyclones in the North-

1.
2
3.
low pressure occur?
4
pressure?
5
ern and Southern Hemispheres.
6

. What is the circulation pattern around a center of low

pressure (cyclone) in the Northern Hemisphere? In the
Southern Hemisphere? Draw diagrams to illustrate
these circulation patterns.

7. Explain how surface friction causes the surface winds to
flow across isobars rather than parallel to the isobars, as in

the case of a geostrophic wind.
8. Explain how water and land surfaces affect the pressure

overhead during summer and winter. How does this re-

late to the afternoon sea breeze?

9. How are the land breeze—sea breeze and monsoon cir-

culations similar? How are they different?
10. What effect on valley farms could a strong drainage
wind have?
11. What eftect would foehn-type winds have on farming,
forestry, and ski resorts?
12. What are monsoons? Have you ever experienced one?

What causes them? Name some nations that are con-

113

cerned with the arrival of the “wet monsoon.”

13. How do landmasses affect the development of belts of

atmospheric pressure over Earth’s surface?
14. What are the horse latitudes? The doldrums?



15.
16.

17.

18.

19.

Why do Earth’s wind systems migrate with the seasons?
Map the trade winds of the Atlantic Ocean and compare
your map with one of trade routes in the 19th century
or earlier.

Describe the movements of the upper air. How have pi-
lots applied their experience of the upper air to their
flying patterns?

What is the relationship between the polar front jet
stream and upper air westerlies?

What is the relationship between ocean currents and
global surface wind systems? How does the gyre in the

Consider & Respond

1.

If you wish to sail from London to New York and back,
what route will you take? Why?

. Is the polar front jet stream stronger in the summer or

the winter? Why?

. The amount of power that can be generated by wind is

determined by the equation
P="%hDXS?

where P is the power in watts, D is the density, and S is
the wind speed in meters per second (m/sec). Because
D = 1.293 kg/m?, we can rewrite the equation as

P=0.65X §°

a. How much power (in watts) is generated by the fol-
lowing wind speeds: 2 meters per second, 6 meters per
second, 10 meters per second, 12 meters per second?

b. Because wind power increases significantly with
increased wind speed, very windy areas are ideal loca-
tions for “wind farms.” Cities A and B both have aver-
age wind speeds of 6 meters per second. However, city
A tends to have very consistent winds; in city B, half
of its winds tend to be at 2 meters per second and the
other half at 10 meters per second. Which site would
be the better location for a wind generation plant?

20.

21.

22.
23.
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Northern Hemisphere differ from the one in the South-
ern Hemisphere?

Where are the major warm and cool ocean currents lo-
cated in respect to Earth’s continents? Which currents
have the greatest effects on North America?

What roles do ocean currents and atmospheric pressure
differences play in the development of an El Nifio?
How might an El Nino affect global weather?

How can you apply knowledge of pressure and winds in
your everyday life?

Atmospheric pressure decreases at the rate of 0.036 mil-
libar per foot as one ascends through the lower portion
of the atmosphere.

a. The Sears Tower in Chicago, Illinois, is one of the
world’s tallest buildings at 1450 feet. If the street-level
pressure 1s 1020.4 millibars, what is the pressure at the
top of the Sears Tower?

b. If the difference in atmospheric pressure between the
top and ground floor of an office building is 13.5
millibars, how tall 1s the building?

c. A single story of a building is 12 feet.You enter an el-
evator on the top floor of the building and want to
descend five floors. The elevator has no floor mark-
ings—only a barometer. If the initial reading was
1003.2 millibars, at what pressure reading would you
want to get off ?

. Look at the January (Fig. 5.13a) and July (Fig. 5.13b)

maps of average sea-level pressure. Answer the following

questions:

a. Why is the subtropical high pressure belt more con-
tinuous (linear, not cellular) in the Southern Hemi-
sphere than in the Northern Hemisphere in July?

b. During July, what area of the United States exhibits
the lowest average pressure? Why?
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CHAPTER PREVIEW

ater 1s vital to all life on Earth. Although

some living organisms can survive with-
out air, nothing can survive without water. Water
is necessary for photosynthesis, cell growth, pro-
tein formation, soil formation, and the absorption
of nutrients by plants and animals.

Water aftects Earth’s surface in innumerable
ways. The structure of the water molecule is such
that water can dissolve an enormous number of
substances—so many in fact that it has been called
the universal solvent. Because water acts as a solvent
for so many substances, it i1s almost never found in a
pure state. Even rainwater is filled with impurities
picked up in the atmosphere. Indeed, without these
impurities to condense around, neither clouds nor
precipitation could occur. In addition, rainwater
usually contains some dissolved carbon dioxide
from the air. Therefore, rain is a very weak form of
carbonic acid. We will see later (Chapter 16) that
this fact aftects how water shapes certain landforms.
The weak acidity of rainwater should not be con-
tused with the environmentally damaging acid rain,

which i1s at least ten times more acidic.

The hydrologic cycle involves the circulation of water
throughout all the major Earth spheres; it is therefore fun-
damental to the nature and operation of the entire Earth
system.

I How does the hydrologic cycle involve all of Earth’'s
spheres?

I In what ways does the hydrologic cycle affect the Earth
system?

I What are the major stages of the hydrologic cycle?

Although water may evaporate from all Earth surfaces and

transpiration may add considerable moisture to the air, the
oceans are the most important source of water vapor in the
atmosphere.

I Why is this so?

I What portion (latitudes) of the oceans would have the
highest evaporation rates, and why?

I What times of year would evaporation be at its greatest?

There is only one way for significant condensation, cloud
formation, and precipitation to occur: Air must be forced to
rise so that sufficient adiabatic cooling will take place.

I How are condensation, clouds, and precipitation related?
I Why does adiabatic cooling take place in rising air?
I Why might the rate of cooling differ in wet and dry air?

Stability is associated with low (or weak) environmental
lapse rates; instability is associated with high (or steep)
environmental lapse rates.

I What is stability? Instability?
I Why does the lapse rate affect the tendency of air to rise?

The geographic distribution of precipitation over Earth
can be explained by either one or a combination of the
following: frontal, cyclonic, orographic, or convectional
precipitation.

I Which is most important in your community?

I Which is most closely related to landforms?

I How is this statement related to the third statement
above?

As a general rule, the less precipitation a region receives, the

greater will be the variability of precipitation in that region

from year to year.

I What is the effect of this variability on human beings?

I Where do you think the effect would be greater—in
deserts or in semiarid grasslands?

I How might this rule affect a rainforest or a desert?
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This illustration emphasizes the fact that the vast majority of water in the hydrosphere is salt water,
stored in the world's oceans. The bulk of the supply of fresh water is relatively unavailable because it is

stored in polar ice sheets.
How might global warming or cooling alter this figure?

the radiation budget depicted in Figure 4.10, which is an
open system where energy can flow both into and out of the
system. Although the hydrologic cycle is a closed system, it is
not static but exceedingly dynamic.The percentage of water
associated with any one component of the system changes
constantly over time and place. For example, during the last
ice age, evaporation and precipitation were greatly reduced.
Also, some changes are human induced; the cutting down of
a forest or the damming of a river will cause adjustments
among the components.

The hydrologic cycle is one of the most important sub-
systems of the larger Earth system. It is linked to numerous
other subsystems that rely on water as an agent of movement.
For example, it plays a major role in the redistribution of
energy over Earth’s surface. Figure 6.3 provides a schematic
illustration of the circulation of water in the hydrologic cycle.

Water in the Atmosphere

The Water Budget and Its Relation
to the Heat Budget

We are most familiar with and most often take notice of wa-
ter in its liquid form, as it pours from a tap or as it exists in
fine droplets within clouds or fog. Water also exists as a taste-
less, odorless, transparent gas known as water vapor, which is
mixed with the other gases of the atmosphere in varying
proportions. Water vapor is found within approximately the
first 5500 meters (18,000 ft) of the troposphere and makes
up a small but highly variable percentage of the atmosphere

by volume. Atmospheric water is the source of all condensa-
tion and precipitation. Through these processes and through
evaporation, water plays a significant role as Earth’s temper-
ature regulator and modifier. In addition, as we noted in
Chapter 4, water vapor in the atmosphere absorbs and
reflects a significant portion of both incoming solar energy
and outgoing Earth radiation. By preventing great losses of
heat from Earth’s surface, water vapor helps maintain the
moderate range of temperature found on this planet.

As we stated previously, Earth’s hydrosphere is a closed
system; that is, water is neither received from outside the
Earth system nor given off from it. Thus, an increase in water
within one subsystem must be accounted for by a loss in an-
other. Put another way, we say that the Earth system operates
with a water budget, in which the total quantity of water
remains the same and in which the deficits must balance the
gains throughout the entire system.

We know that the atmosphere gives up a great deal of
water, most obviously by condensation into clouds, fog, and
dew and through several forms of precipitation (rain, snow,
hail, sleet). If the quantity of water in the atmosphere remains
at the same level through time, the atmosphere must be ab-
sorbing from other parts of the system an amount of water
equal to that which it is giving up. During 1 minute, over 1
billion tons of water are given up by the atmosphere through
some form of precipitation or condensation, while another
billion tons are evaporated and absorbed as water vapor by
the atmosphere.

If we look again at our discussion of the heat energy
budget in Chapter 4, we can see that a part of that budget is
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Interface

Environmental Systems: The Hydrologic System—The Water Cycle The hydrologic system is
concerned with the circulation of water from one part of the Earth system to another. The subsystem of
the hydrologic system illustrated in this diagram is referred to as the hydrologic cycle. Largely through
condensation, precipitation, and evaporation, water is cycled endlessly between the atmosphere, the soil,
subsurface storage, lakes and streams, plants and animals, glacial ice, and the principal reservoir—the

oceans.

the latent heat of condensation. Of course, this energy is
originally derived from the sun.The sun’s energy is used in
evaporation and is then stored in the molecules of water va-
por, to be released only during condensation. Although the
heat transfers involved in evaporation and condensation
within the total heat energy budget are proportionately
small, the actual energy is significant. Imagine the amount of
energy released every minute when a billion tons of water
condense out of the atmosphere. It is this vast storehouse of
energy, the latent heat of condensation, that provides the ma-
jor source of power for Earth’s storms: hurricanes, tornadoes,
and thunderstorms.

There are limits to the amount of water vapor that can
be held by any parcel of air. A very important determinant of
the amount of water vapor that can be held by the air is tem-
perature. The warmer air is, the greater the quantity of water
vapor it can hold. Therefore, we can make a generalization
that air in the polar regions can hold far less water vapor (ap-
proximately 0.2% by volume) than the hot air of the tropics
and equatorial regions of Earth, where the air can contain as
much as 5% by volume.

Saturation and Dew Point

When air of a given temperature hol