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Preface

The Fifth Edition of Introducing Physical Geography pres-
ents a new look and style for students and instructors.
Our new edition features:

A shorter book focusing more directly on the most
important concepts.

A new writing style with more direct wording and
simpler sentences.

A continuing emphasis on visual learning, with
improved graphics and photos.

A revised art program, with graphics restyled and
many redrawn for improved comprehension.
Enhanced connections between physical geogra-
phy and global change.

Significant content revisions in many areas.

The New Text

Introducing Physical Geography 5/e is briefer than its
predecessor. By refocusing on the most important con-
cepts and ideas within each of the subfields of physical
geography, we have significantly shortened the written
text. Although we have reduced some detail, we have
enhanced the overall flow from topic to topic while still
providing the basic support that instructors need in cov-
ering the full breadth of our discipline.

We have also reduced the length of the text by merg-
ing four chapters into two. Chapter 11 now includes
both Earth materials and plate tectonics, and Chapter
12 now expands volcanic and tectonic landform to
include work structures. To maintain the direct flow of
ideas, we have also reduced boxed features to a single
type—ILocus on Remote Sensing—instead placing essential
content appropriately within the chapter narrative.

We have also achieved conciseness by adopting a
new and more direct writing style that is less formal and
more inviting. By shortening sentences and paragraphs,
we have improved the pace and clarified the content.
I am pleased to note that this new style was developed
with Dr. Zeeya Merali, my collaborator in the first edi-
tion of Visualizing Physical Geography.

To help draw students into our content, we open
each chapter with a striking photo from Yann Arthus-
Bertrand, the renowned French photographer, taken

from his book, Earth from Above (Abrahms, 1999, 2002).
These photos, taken from light aircraft at low altitudes,
introduce students to the beauty and diversity of the
Earth’s varied landscapes. Accompanying each photo is
a short narrative that relates the photo to the content of
the chapter. To continue to stimulate student interest,
each chapter now starts with a brief learning preview
that asks a series of questions that will be answered in
the chapter.

In response to a number of requests from instructors,
we have reemphasized the importance of geographers’
tools by placing introductions to cartography, remote
sensing, geographic information systems, global posi-
tioning systems, and global visualization tools in the
introductory chapter. By laying these tools out early, we
can easily refer to their use throughout the text.

Visual Learning

The Fifth Edition continues and expands our emphasis
on visual learning through diagrams and photos. We have
increased the number of multipart art pieces that include
both photos and diagrams. By combining graphics and
photos, we can develop and illustrate facts and concepts
synergistically. In many cases, we have also added text
explanations with callout lines to particular parts of the
photos or graphics. This technique not only makes the
graphics clearer, it also helps shorten the main text.

The art program includes many new additions,
including both photos and graphics from the National
Geographic Image Collection. We are very proud and
pleased to offer the superior quality of these visual ele-
ments in our new edition. We have also adopted the
Winkel Tripel Projection, used in the National Geo-
graphic Atlas, for our larger global maps. The Winkel
Tripel displays the globe in a more natural way, without
the interruptions of the Goode projection.

Geography and Global Change

Physical geography is very relevant to today’s concerns
about changing global climate and global environ-
ments. To help students understand this connection,
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most chapters begin with a brief section about a global
change topic relevant to the chapter. This approach
puts the global change material up front, serving as a
motivator for the new knowledge to come in the remain-
der of the chapter. In preparing these sections, we have
been especially careful to include the most recent infor-
mation, drawing on the latest reports of the Intergov-
ernmental Panel on Climate Change and current issues
of Nature and Science, as well as the mainstream scientific
literature.

Content Revision

The Fifth Edition also includes some areas of significant
content revision. Most important are changes to the
weather and climate chapters, which strengthen and
improve the presentation of concepts of meteorology.
Upper-air dynamics, including jet stream disturbances
and their role in the genesis of cyclones, are a particu-
lar focus. For these changes, I am particularly grateful
to Professor Bruce Anderson, first author of our
co-authored work, Visualizing Weather and Climate.

Our new edition also continues to emphasize the
use of remote sensing in physical geography through
the use of Focus on Remote Sensing boxes. These
popular features show how geographers study physi-
cal processes and map landscapes using airborne and
spaceborne imaging instruments and technologies.
As always, we have updated our examples of natural
phenomena by reference to recent hurricanes, tor-
nados, volcanic eruptions, landslides, earthquakes,
floods, and wildfires as a way of maintaining student
interest.

Other changes include improved description of the
Bergeron process; use of millimeters for precipitation
in weather and climate chapters; revised global energy
budget values based on new satellite data; new data
on global temperatures; new treatments of the Pacific
Decadal Oscillation and the North Atlantic Oscillation;
specific treatment of arc-continent collisions in plate
tectonics; more supercontinent history; updated history
of the Aral Sea; and revised treatment of the erosion of
glacial valleys.

The Learning Environment

The new Fifth Edition also retains our most popular
pedagogical features. Key ideas are highlighted in
“windows”—text boxes within the type column that
add visual interest and reinforce the importance of
key concepts. The Eye on the Landscape feature, which
points out features in images beyond those of the main

caption, helps students learn how to view the land-
scape in an informed manner. The chapter-closing In
Review section reads like an abstract, encapsulating the
key concepts and terms in short bullets. The review
questions, visualizing exercises, and essay questions
all provide opportunities for students to reinforce and
demonstrate the knowledge they have acquired.

GeoDiscoveries Media Library

This easy-to-use website helps reinforce and illustrate
key concepts from the text through the use of anima-
tions, videos, and interactive exercises. Students can use
the resources for tutorials as well as self-quizzing to com-
plement the textbook and enhance understanding of
geography. Easy integration of this content into course
management systems and homework assignments gives
instructors the opportunity to integrate multimedia with
their syllabi and with more traditional reading and writ-
ing assignments. Resources include:

Animations

Videos

Simulations
Interactive exercises

For Students:

Animations: Key diagrams and drawings from our rich
signature art program have been animated to provide
a virtual experience of difficult concepts. These anima-
tions have proven crucial to the understanding of this
content for visual learners.

‘//7((//1\1\\\\\‘\\\\‘\
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Platform

> Wave crests

Videos: Brief video clips provide real-world examples
of geographic features, and put these examples into
context with the concepts covered in the text.
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Book Companion Site -
www.wiley.com/college/
strahler

In addition to our GeoDiscoveries multimedia content,
our book companion site offers a wealth of study and
practice materials, including:

Student On-line Resources:
Self-quizzes—chapter-based multiple choice and
fill-in-the-blank questions.
Annotated Weblinks—useful weblinks selected to
enhance chapter topics and content.
Virtual Field Trips—web sites devoted to the explo-
ration and virtual experience of landscapes and
environments around the world.
Web Activities—web-based modules of a series of
exercises to introduce topics, and reveal processes
and characteristics.
Lecture Note Handouts—key images and slides from
the instructor PPTs are made available so that
when in class students can focus on the lecture,
annotate figures, and add their own notes.
GeoDiscoveries Media Library—link to the media
library for students to explore key concepts in
greater depth using videos, animations, and inter-
active exercises.

Simulations: Computer-based models of geographic
processes allow students to manipulate data and vari-
ables to explore and interact with virtual environments.

Instructor Resources include all student resources, plus
the following:
PowerPoint Lecture Slides—chapter-oriented slides
including lecture notes and text art.
Computerized Test Bank—including multiple-choice,
fill-in, and essay questions.
Instructor’s Manual—including lecture notes, learn-

Interactive Exercises: Learning activities and games ing objectives, guides to additional resources,
build off our presentation material. They give students and teaching tips for enhancing the classroom
an opportunity to test their understanding of key con- experience.
cepts and explore additional visual resources. Clicker Questions—a set of questions for each

chapter that can be used during lecture to check
understanding using PRS, HITT, or CPS clicker
systems.

Concept Caching—an online database of photographs
that explores what a physical feature looks like.
Photographs and GPS coordinates are “cached”
and categorized along core concepts of geography.
Professors can access the images or submit their
own by visiting www.ConceptCaching.com.

Image Gallery—containing both line art and photos
from the text.

On-line Essay and In-class Activities—Materials for
in-class projects, with corresponding essay-based
homework assignments.


www.wiley.com/college/strahler
http://www.ConceptCaching.com
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WileyPLUS

WileyPLUS is a course management and educational
learning package from John Wiley & Sons. The Introduc-
ing Physical Geography WileyPLUS interface seamlessly
integrates an online version of the textbook with the
Geodiscoveries Media Library and book companion
site, plus automated grading of questions, and grades
that flow automatically into the grade book. It is ideal
for both small and large classes and is particularly well
suited as a stand-alone platform for online classes. Fea-
tures include:

1. Map testing: develop students’ spatial knowledge with
interactive map tests of physical features.

2. Ask the questions you’ve always wanted to ask by
creating questions to add to any assignment. For
instance, you could create your own series of ques-
tions about the adiabatic process or remote sensing
of volcanoes.

3. Set your own policies: give students from one to five
(or even unlimited) attempts at each questions, give
hints after a missed attempt, set due dates, assign
point values, and give individual students extensions.
You can set up the assignments so that students lose
some percentage of the possible points if they don’t
give the correct answer by the nth attempt.

4. Make announcements or post files for the class.

5. Draw from the instructor resources for in-class
Personal Response System/clicker questions or
PowerPoint files of graphics.

6. Organize and manage class rosters and grades. You
can create rosters or allow students to pay and self-
enroll online.

7. The test banks are included among the instructor
resources for each chapter, and you can use these
to create quizzes and tests for your students to take
online. These are automatically graded and will flow
into the grade book.

Your investment of time to develop a good course
using WileyPLUS can be carried over to subsequent
semesters.

For the student, WileyPLUS offers a number of
enhanced features—including an affordable price.
There are a number of bonus features like map testing,
links to related web pages are live and instantaneous.
Students can answer questions online and submit elec-
tronically to receive immediate feedback. When answer-
ing questions, students can click on links to refer to the
text or media resources.
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Google Earth™

for Introducing Physical Geography Fifth Edition

The fifth edition of Introducing Physical Geography incorporates the diverse resource of Google Earth™.
Through satellite imagery in the text and online tours for each chapter using Google Earth™, instructors
and students can view and interact with landforms and landscapes anywhere on the globe to better
demonstrate and learn how the processes of physical geography work. Relevant study tools include web
quizzes; additional examples with animations; and bonus practice with interactivities to complete the
online resources available for use when taking a chapter tour in Google Earth™.




Earth from Above
An aerial portrait of our planet

Since 1990, Yann Arthus-Bertrand has
flown over hundreds of countries to
shoot a aerial portrait of our planet. His
photographs invite all of us to reflect
upon the future of Earth and its inhab-
itants. Over the past 50 years, humans
have changed ecosystems more rap-
idly and extensively than in any com-
parable period of time in human his-
tory.Under the assaults of mankind our
planet’s ecosystem appear everywhere
to deteriorate: fresh water, oceans,
forests, air, arable land, open spaces,
cities.... Whatever the media—books,
exhibitions, web sites, films, posters—
Earth from Above reminds us that each
and everyone of us is responsible of
the future of the Earth. Because each
one of us has a part, we all have the
duty to act.

www.yannarthusbertrand.org
www.goodplanet.org

Toward a Sustainable Development

Since 1950, economic growth has been considerable, and world production of
goods and services has multiplied by a factor of 8. During this same period, while
the world's population has a little more than doubled, the volume of fish caught
has multiplied by 5 and the volume of meat produced by 6.The energy demand
has multiplied by 5. Oil consumption has multiplied by 7,and carbon dioxide emis-
sions, the main cause of the greenhouse effect and global warming, by 5. Since
1900, fresh water consumption has multiplied by 6, chiefly to provide for agriculture.

And yet, 20 percent of the world's population has no access to sources of drink-
ing water, 25 percent is without electricity, 40 percent has no sanitary installation,
820 million people are underfed, and half of humanity lives on less than $2 a day.

In other words, a fifth of the world's population lives in industrialized countries, con-
suming and producing in excess and generating massive pollution.The remaining
four-fifths live in developing countries and, for the most part, in poverty. Overex-
ploitation of resources leads to the constant degradation of our planet’s ecosystem
and limited supplies of fresh water, ocean water, forests, air, arable land. ..

This is not all. By 2050, the Earth will have close to 3 billion additional inhabitants.
These people will live, for the most part, in developing countries. As these coun-
tries develop, their economic growth will jockey for position with that of industri-
alized nations — within the limits of ecosystem Earth.

If every person living on the planet consumes as much as a person living in the
Western world, we would need three planets to satisfy everybody's needs. How-
ever there is a way to meet everyone’s needs while preserving natural resources
for future generations: we must promote less polluting, less water and energy
consuming technologies. Referred to as sustainable development, this new way
represents progress for humanity: to consume not less but better.

The Earth’s situation is not irreversible, but changes need to be made as soon as pos-
sible.We have the chance to turn toward a more sustainable development, one that
allows us to improve the living conditions of the world’s citizens and to satisfy the
needs of generations to come. This development would be based on an economic
growth respectful both of man and the natural resources of our unique planet.

Such development requires improving production methods and changing our
consumption habits. With the active participation of all the world’s citizens, each
and every person can contribute to the future of the Earth and mankind, starting
right now.

The Earth from Above
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he circular plan of this

traditional village, north
of Antananarivo, Madagascar,
with its central walled area A A
and radial paths leading § Y A
outward, is found early in Sy MAP/AG&SQAR -
the development of many - L/
civilizations. With its aligned
buildings, town square, and areas
of gardens and bowers along the
periphery, the village center has the
basic elements of many modern
towns and cities. Surrounding the
village are the supporting lands—
agricultural plots and pastures on
which the village depends.The
modern city also has its supporting
areas of suburban development and
agricultural hinterlands surrounding
the city center. The main road
at the bottom of the photo is a
transportation corridor that connects
the village to the outside world.
Large cities have many such
transportation links, including roads,
rivers, and railways.

Human settlements have a
physical setting that places bounds
on the kinds of human and
economic activities that take place
in and around the settlement. In this
book, we will focus on the natural
processes that shape the physical
landscape and provide the habitat of
the human species.
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Physical Geography and
the Tools Geographers Use

eography is a modern discipline with ancient roots. But what is geography? What are

the big ideas of physical geography? How is physical geography related to global climate

change? biodiversity? extreme events? Geographers use special tools to study the Earth. How

do maps depict the Earth’s curved surface on a flat piece of paper? How does a geographic

information system (GIS) work? How do geographers use remote sensing? These are some of

the questions we will answer in our Introduction

Introducing Geography

What is geography? Put simply, geography is the study of
the evolving character and organization of the Earth’s
surface. It is about how, why, and where human and
natural activities occur and how these activities are
interconnected.'

What makes geography different from other disci-
plines? Geography adopts a unique set of perspectives
to analyze the world and its human and natural
phenomena. These perspectives include the spatial
viewpoint of geographers, the interest of geographers
in the synthesis of ideas across the boundaries of con-
ventional studies, and geographers’ usage of tools to
represent and manipulate spatial information and spa-
tial phenomena. Figure 1.1 shows these perspectives in
the form of a cube with each perspective displayed on a
different face.

The first unique perspective of geography is its spa-
tial viewpoint. Geographers are interested not only in
how something happens, but also where it happens
and how it is related to other happenings nearby and
far away. The spatial viewpoint can focus at three levels.
At the place level, geographers study how processes
are integrated at a single location or within a single
region. For example, an urban geographer may study
the spatial structure of a particular city—how and

'For descriptions and perspectives of geography, see Rediscovering
Geography: New Relevance for Science and Society (Washington, DC:
National Academy Press, 1997), 234 pp-, and Geography in America at the
Dawn of the 21st Century, G. L. Gaile and C. J. Willmott, eds. (New York:
Oxford University Press, 2003), 820 pp., which were used in preparing
this introduction.

where neighborhoods and commercial centers develop
and take on their unique characteristics. Or a physical
geographer may study the ecology, climate, and soils
of a national park. At the space level, geographers look
at how places are interdependent. An economic geog-
rapher may examine how flows of goods, information,
or money connect cities and towns that are of different
sizes and at different distances apart. Or a physical geog-
rapher may map the sources of sediment flowing into a
river and chart their downstream effects. Geographers
also look at human and natural activities at different

p
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1.1 Perspectives of geography

The three unique perspectives of geography—its spatial viewpoint,

its synthesis of related fields, and its representation of spatial processes
and information—are diagrammed as three dimensions occupying
the sides of a cube.



scales, sometimes zooming in for a close look at some-
thing small or pulling back for an overview of something
large. Often what looks important at one scale is less
important at another.

The second perspective of geography is synthesis.
Geographers are very interested in putting ideas
together from different fields and assembling them
in new ways—a process called synthesis. Of particular
interest to geographers are studies that link conven-
tional areas of study. In physical geography, for exam-
ple, a biogeographer may investigate how streamside
vegetation affects the flood flow of rivers, thus merg-
ing the physical geography subfields of ecology and
hydrology. A human geographer may study how eco-
nomic innovation—developing new kinds of goods
and services—varies from region to region according
to cultural and legal factors, thus merging the human
geography subfields of economics, politics, and soci-
ology. The many connections between environmental
processes and human activities are also subjects of
geographic synthesis. For example, a classic study
area in geography is perception of hazards—why do
people build houses next to rivers or beaches when
it is only a matter of time before floods or storms
will wash their homes away? Here, geographers study
the interaction of hydrology with perception and
cognitive learning.

The third perspective of geography is geographic
representation. Here, geographers develop and perfect
tools for representing and manipulating information
spatially. Cartography—the art and science of making and
drawing maps—is a subfield of geography that focuses
on visual display of spatial relationships. Visual display
also includes remote sensing—acquiring images of the
Earth from aircraft or spacecraft and enhancing them
to better display spatial information. Verbal descriptions
use the power of words to explain or evoke geographic
phenomena. Mathematical and statistical models predict
how a phenomenon of interest varies over space and
through time. Geographic information systems store, manip-
ulate, and display spatial
information in very flexible
ways. Cognitive representation
refers to spatial relation-
ships as they are stored in
the human brain—mental
mapping of real space into
the subjective space that
people experience.

Taken together, the
perspectives of viewpoint,
synthesis, and representa-
tion define geography as
a unique discipline that
focuses on how the natural
and human patterns of the

Geography as a
discipline has a unique
set of perspectives.
Geographers look
at the world from
the viewpoint of
geographic space,
focus on synthesizing
ideas from different
disciplines, and develop
and use special
techniques to represent
and manipulate spatial
information.
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Earth’s physical and cultural landscape change and
interact in space and time.

Another way to illustrate geographic perspectives
is by an example—Vancouver, British Columbia, illus-
trated in Figure 1.2. The image, a visual display, shows
a place, the central city of Vancouver, set in the space
of the Strait of Georgia and Pacific and Vancouver
Island Ranges and imaged at a local scale. In the geog-
rapher’s view, Vancouver is a unique landscape shaped
by both environmental and human processes and their
interactions.

HUMAN AND PHYSICAL GEOGRAPHY

Like many other areas of study, geography can be
regarded as having a number of subfields, each with
a different focus but often overlapping and inter-
locking with other subfields. We can organize these
subfields into two broad realms—human geography,
which deals with social, economic and behavioral
processes that differentiate places, and physical geog-
raphy, which examines the natural processes occurring
at the Earth’s surface that provide the physical setting
for human activities. Figure 1.3 is a diagram showing
the principal fields of physical and human geography.
Reading downward from the left, we see five fields of
physical geography, from climatology to biogeography,
which are illustrated in Figure I.4. These topics are the
main focus of this text.

Climatology is the science that describes and
explains the variability in space and time of the heat
and moisture states of the Earth’s surface, especially
its land surfaces. Since heat and moisture states are
part of what we call weather, we can think of climate
as a description of average weather and its variation at
places around the world. Chapters 1-7 will familiarize
you with the essentials of climatology, including the
processes that control the weather we experience daily.
Climatology is also concerned with climate change,
both past and future. One of the most rapidly expand-
ing and challenging areas of climatology is global cli-
mate modeling, which we touch on in several chapters.
This field attempts to predict how human activities,
such as converting land from forest to agriculture or
releasing CO, from fossil fuel burning, will change
global climate.

Geomorphology is the science of Earth surface pro-
cesses and landforms. The Earth’s surface is constantly
being altered under the combined influence of human
and natural factors. The work of gravity in the col-
lapse and movement of Earth materials, as well as the
work of flowing water, blowing wind, breaking waves,
and moving ice, acts to remove and transport soil and
rock and to sculpt a surface that is constantly being
renewed through volcanic and tectonic activity. The
closing chapters of our book (Chapters 12-17) describe
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.2 Vancouver, British Columbia

This cosmopolitan city enjoys a spectacular setting on the Strait of Georgia, flanked by the Pacific and

Vancouver Island Ranges.

What else would the geographer see? (A) For the physical geographer, Vancouver’s environment
combines snow-capped peaks eroded by glaciers, conifer forests adapted to the cool, maritime climate, and an arm of the ocean

that erodes the coast by wave and tidal action. (B) For the human geographer, the image shows a center of economic activity

marked by Vancouver's office and residential towers. Areas of low buildings document the differentiation of the city into districts

with different characters and history. The road and freeway network demonstrates the city’s reliance on cars and trucks to move
people and goods within the city. (C) The physical environment interacts with human activity through Vancouver's role as a port city,
where land- and water-borne transportation modes meet. Large commercial vessels in the bay mingle with sailboats and powerboats,
showing the importance of the city’s marine setting to both shipping and recreation.

these geomorphic processes, while the basic geologic
processes that provide the raw material are covered in
Chapters 11-12. Modern geomorphology also focuses
on modeling landform-shaping processes to predict
both short-term, rapid changes, such as landslides,
floods, or coastal storm erosion, and long-term, slower
changes, such as soil erosion in agricultural areas or as a
result of strip mining.

The field of coastal and marine geography combines
the study of geomorphic processes that shape shores
and coastlines with their application to coastal devel-
opment and marine resource utilization. Chapter 16

describes these processes and provides some pers-
pectives on problems of human occupation of the
coastal zone.

Geography of soils includes the study of the distribu-
tion of soil types and properties and the processes of soil
formation. It is related to both geomorphic processes
of rock breakup and weathering, and to biological pro-
cesses of growth, activity, and decay of organisms living
in the soil (Chapter 10). Since both geomorphic and
biologic processes are influenced by the surface tem-
perature and availability of moisture, broad-scale soil
patterns are often related to climate.
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1.3 Fields of systematic geography

Biogeography, covered in Chapters 8 and 9, is the
study of the distributions of organisms at varying spatial
and temporal scales, as well as the processes that pro-
duce these distribution patterns. Local distributions of
plants and animals typically depend on the suitability
of the habitat that supports them. In this application,
biogeography is closely aligned with ecology, which is
the study of the relationship between organisms and
environment. Over broader scales and time periods,
the migration, evolution, and extinction of plants and
animals are key processes that determine their spatial
distribution patterns. Thus, biogeographers often seek
to reconstruct past patterns of plant and animal commu-
nities from fossil evidence
of various kinds. Biodiver-
sity—the assessment of
biological diversity from
the perspective of main-
taining the diversity of life
and life-forms on Earth—
is a biogeographic topic
of increasing importance
as human impact on the
environment continues.
The present global-scale
distribution of life-forms
as the great biomes of
the Earth provides a basic
context for biodiversity.

In addition to these five main fields of physical
geography, two others are strongly involved with appli-
cations of physical geography—water resources and
hazards assessment. Water resources is a broad field
that couples basic study of the location, distribution,
and movement of water, for example, in river systems

Five major fields of
physical geography
include climatology
(study of climate),
geomorphology (study
of landforms), coastal
and marine geography,
geography of soils, and
biogeography (study
of the distribution
patterns of plants
and animals).

or as ground water, with the utilization and quality of
water for human use. This field involves many aspects
of human geography, including regional development
and planning, political geography, and agriculture and
land use. We touch on water resources briefly in this
book by discussing water wells, dams, and water quality
in Chapters 14 and 15.

Hazards assessment is another field that blends
physical and human geography. What are the risks of
living next to a river, and how do inhabitants perceive
those risks? What is the role of government in protect-
ing citizens from floods or assisting them in recovery
from flood damages? Answering questions such as
these requires not only knowledge of how physical sys-
tems work, but also how humans perceive and interact
with their physical environment as both individuals
and as societies. In this text, we develop an understand-
ing of the physical processes of floods, earthquakes,
landslides, and other disaster-causing natural events as
a background for appreciating hazards to humans and
their activities.

Many of the remaining fields of human geography
have linkages with physical geography. For example,
climatic and biogeographic factors may determine
the spread of disease-carrying mosquitoes (medical
geography). Mountain barriers may isolate populations
and increase the cost of transporting goods from one
place to another (cultural geography, transportation
geography). Unique landforms and landscapes may be
destinations for tourism (geography of recreation, tour-
ism, and sport). Nearly all human activities take place
in a physical environment that varies in space and time,
so the physical processes that we examine in this text
provide a background useful for further learning in any
of geography’s fields.
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1.4 Fields of physical geography

A Climatology Climatology
studies the transfers of
energy and matter between
the surface and atmosphere
that control weather and
climate.

A Geomorphology Geomorphology is the study of
landform-making processes.

V¥ Coastal and marine geography Coastal
and marine geography examines coastal
processes, marine resources, and their human
interface.
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» Biogeography Biogeography examines the
distribution patterns of plants and animals and
relates them to environment, migration, evolution,
and extinction.

A Geography of soils Soils are influenced by their
parent material, climate, biota, and time.
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Spheres, Systems, and Cycles

As a part of your introduction to physical geography,
it will be useful to take a look at the big picture and
examine some ideas that arch over all of physical geog-
raphy—that is, spheres, systems, and cycles. The first of
these ideas is that of the four great physical realms, or
spheres of Earth—atmosphere, lithosphere, hydrosphere,
and biosphere. These realms are distinctive parts of our
planet with unique components and properties. Another
big idea is that of systems—viewing the processes that
shape our landscape as a set of interrelated components
that comprise a system. The systems viewpoint stresses
linkages and interactions and helps us to understand
complex problems, such as global climate change or loss
of biodiversity. The last big idea is that of ¢ycles—regular
changes in systems that reoccur through time.

THE SPHERES—
FOUR GREAT EARTH REALMS

The natural systems that we will encounter in the
study of physical geography operate within the four
great realms, or spheres, of the Earth. These are the

atmosphere, the lithosphere, the hydrosphere, and the
biosphere (Figure 1.5).

The atmosphere is a gaseous layer that surrounds the
Earth. It receives heat and moisture from the surface
and redistributes them, returning some heat and all
the moisture to the surface. The atmosphere also sup-
plies vital elements—carbon, hydrogen, oxygen, and
nitrogen—that are needed to sustain life.

The outermost solid layer of the Earth, or lithosphere,
provides the platform for most Earthly life-forms. The
solid rock of the lithosphere bears a shallow layer of soil in
which nutrient elements become available to organisms.
The surface of the lithosphere is sculpted into landforms.
These features—such as mountains, hills, and plains—
provide varied habitats for plants, animals, and humans.

The liquid realm of the Earth is the hydrosphere,
which is principally the mass of water in the world’s
oceans. It also includes solid ice in mountain and conti-
nental glaciers, which, like liquid ocean and fresh water,
is subject to flow under the influence of gravity. Within
the atmosphere, water occurs as gaseous vapor, liquid
droplets, and solid ice crystals. In the lithosphere, water
is found in the uppermost layers in soils and in ground
water reservoirs.

The gaseous envelope that
surrounds the Earth’s surface

The living organisms of
Earth, largely found near
the land and water surface

Hydrosphere

Atmosphere

Minerals, rocks, and the vast,
moving plates of the Earth'’s crust

Biosphere )
| Lithosphere

Water in the world’s oceans,
as fresh water on the land, and

1.5 The Earth realms

as vapor and clouds in the atmosphere
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1.6 The life layer
As this sketch shows, the life layer is the layer of the Earth's surface
that supports nearly all of the Earth’s life. It includes the land and
ocean surfaces and the atmosphere in contact with them.

The biosphere encompasses all living organisms
of the Earth. Life-forms on Earth utilize the gases of
the atmosphere, the water of the hydrosphere, and
the nutrients of the lithosphere, and so the biosphere
is dependent on all three of the other great realms.
Figure 1.6 diagrams this relationship.

Most of the biosphere is contained in the shallow sur-
face zone called the life layer. It includes the surface of
the lands and the upper 100 m or so (about 300 ft) of the
ocean (Figure 1.6). On land, the life layer is the zone of
interactions among the biosphere, lithosphere, and atmo-
sphere, with the hydrosphere represented by rain, snow,
still water in ponds and lakes, and running water in rivers.
In the ocean, the life layer is the zone of interactions
among the hydrosphere, biosphere, and atmosphere,
with the lithosphere represented by nutrients dissolved in
the upper layer of sea water. Throughout our exploration
of physical geography, we will often refer to the life layer
and the four realms that interact within it.

SCALE, PATTERN, AND PROCESS

As we saw earlier, geographers have unique perspectives
that characterize a geographic approach to understand-
ing the physical and human organization of the Earth’s
surface. Three interrelated themes that often arise in
geographic study are scale, pattern, and process. Scale
refers to the level of structure or organization at which
a phenomenon is studied. Pattern refers to the variation
in a phenomenon that is seen at a particular scale. Pro-
cess describes how the factors that affect a phenomenon
act to produce a pattern at a particular scale.

To make these ideas more real, imagine yourself as an
astronaut, returning to Earth from a voyage to the Moon.
As you approach the Earth and finally touch down on
land, your view of our planet takes in scales ranging
from global to local. As the scale changes, so do the pat-
terns and processes that you observe (Figure 1.7).

At the global scale, you see the Earth’s major physical
features—oceans of blue water, continents of brown
Earth, green vegetation, and white snow and ice, and an
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atmosphere of white clouds and clear air. The pattern of
land and ocean is created by the processes of plate tecton-
ics, which shape land masses and ocean basins across the
eons of geologic time. The pattern of white clouds, which
includes a band of persistent clouds near the Earth’s
equator and spirals of clouds moving across the globe, is
created by atmospheric circulation processes that depend
on solar heating coupled with the Earth’s slow rotation
on its axis. These processes act much more quickly and
on a finer spatial scale than those of plate tectonics.

At the continental scale, we see the broad differen-
tiation of land masses into regions of dry desert and
moister vegetated regions,
a pattern caused by atmo-
spheric processes that
provide some areas with
more precipitation than
others. In some regions,
air temperatures keep
liquid water frozen, pro-
ducing sea ice and gla-
ciers. Air temperature and
precipitation are the basic
elements of climate, and
so we may regard climate
as a major factor affecting
the landscape on a conti-
nental level.

Scale, pattern,
and process are
three interrelated
geographic themes.
Scale refers to the
level of structure or
organization; pattern
refers to the variation
seen at a particular
scale; and process
describes how the
pattern at a particular
scale is produced.

At the regional scale, mountain ranges, deserts, lakes,
and rivers create a varied pattern caused by interaction
between geologic processes that raise mountains and
lower valleys with atmospheric processes that provide
water to run off the continents while supporting the
growth of vegetation. Also evident at the regional scale
are broad patterns of human activity, such as the defor-
estation of the Amazon (Figure 1.7C). Agricultural
regions are clearly visible, distinguished by repeating
geometric patterns of fields.

At the local scale, we zoom in on a landscape showing
a distinctive pattern in fine detail. For example, our
image of the San Francisco Bay region (Figure 1.7D)
reveals both the natural processes that carve hillslopes
and canyons from mountain masses and the human pro-
cesses that superimpose city and suburb on the natural
landscape. At the finest scale, we see individual-scale
landscape features, such as sand dunes, bogs, or free-
ways, each of which is the result of a different process.

These examples illustrate the themes of scale, pattern,
and process as they apply to the landscapes of our planet.
Keep in mind, however, that these themes are quite gen-
eral ones. Throughout this book, we will see many exam-
ples of scale, pattern, and process applied to such diverse
phenomena as climate, vegetation, soils, and landforms.
We will zoom in and out, examining processes at local
scales and applying them to regions to create and explain
broad patterns observed at continental and global scales.
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.7 Scale, pattern, and process

As the Earth is viewed at increasingly finer scales, different patterns, created by different processes, emerge.

In this way, you will gain a better understanding of how
the Earth’s surface changes and evolves in response to
natural and human activities.

SYSTEMS IN PHYSICAL GEOGRAPHY

The processes that interact within the four realms to
shape the life layer and differentiate global environ-
ments are varied and complex. A helpful way to under-
stand the relationships among these processes is to study
them as systems. “System” is a common English word
that we use in everyday speech. It typically means a set
or collection of things that are somehow related or orga-
nized. An example is the solar system—a collection of
planets that revolve around the Sun. In the text, we will
use the word “system” in this way quite often. Sometimes
it refers to a scheme for naming things. For example, we
will introduce a climate system in Chapter 7 and a soil
classification system in Chapter 10. However, we will also
use system to mean a group of interrelated processes that
operate simultaneously in the physical landscape.
When we study physical geography using a systems
approach, we look for linkages and interactions among
processes. For example, global warming should enhance
the process of evaporation of water from oceans and

« Global scale At the global scale, the major surface features of the
Earth and atmospheric circulation are readily visible.
V Continental scale At the continental scale, climate determines the

pattern of vegetation. Here, green colors indicate healthy vegetation,
with reds and browns showing sparse vegetation cover and desert.

moist land surfaces, generating more clouds. But an
increase in clouds also affects the process of solar reflec-
tion, in which white, fleecy clouds reflect solar radia-
tion back out to space. This leaves less radiation to be
absorbed by the atmosphere and surface and so should
tend to cool our planet, reducing global warming. This
is actually an example of negative feedback, in which
one process counteracts another process to reduce its
impact. (We’ll present more information about this
topic in Chapter 6.) Throughout the text there will be
more examples of this systems viewpoint in physical

geography.®

TIME CYCLES

Many natural systems show time cycles—rhythms in
which processes change in a regular and repeatable
fashion. For example, the annual revolution of the Earth
around the Sun generates a time cycle of incoming solar
energy flow. We speak of this cycle as the rhythm of the

*For a more careful and rigorous treatment of systems as flow sys-
tems of energy and matter, see our Focus on Systems features in Physical
Geography: Science and Systems of the Human Environment, 3rd ed., Wiley,
2005.



» Regional scale At the regional scale, broad patterns of human
activity are visible, such as this example of deforestation in Rondonia, in
the Brazilian Amazon.

seasons. The rotation of the Earth on its axis sets up the
night-and-day cycle of darkness and light. The Moon, in
its monthly orbit around the Earth, sets up its own time
cycle, which we see in ocean tides.

The astronomical time cycles of Earth rotation and
solar revolution appear at several places in our early
chapters. Other time cycles with durations of tens to
hundreds of thousands of years describe the alternate
growth and shrinkage of the great continental ice sheets.
Still others, with durations of millions of years, describe
cycles of the solid Earth in which supercontinents form,
break apart, and re-form anew.

Physical Geography,
Environment, and
Global Change

Physical geography is concerned with the natural
world around us—in short, with the human envi-
ronment. Because natural processes are constantly
active, the Earth’s environments are constantly chang-
ing (Figure 1.8). Sometimes the changes are slow and
subtle, as when crustal plates move over geologic time to
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« Local scale At the local scale, the details of development emerge,
as well as the shapes of individual landforms.

create continents and ocean basins. At other times, the
changes are rapid, as when hurricane winds flatten vast
areas of forests or even tracts of houses and homes.

Environmental change is now produced not only by
the natural processes that have acted on our planet for
millions of years but also by human activity. The human
race has populated our planet so thoroughly that few
places remain free of some form of human impact. Global
change, then, involves not only natural processes, but also
human processes that interact with them. Physical geog-
raphy is the key to understanding this interaction.

Environment and global change are sufficiently
important that we have set off these topics by placing
them in special sections identified with Eye on Global
Change that open each chapter. What are some of the
important topics in global change that lie within physi-
cal geography? Let’s examine a few.

GLOBAL CLIMATE CHANGE

Are human activities changing global climate? It seems
that almost every year we hear that it has been the hot-
test year, or one of the hottest years, on record. But
climate is notoriously variable. Could such a string of
hot years be part of the normal variation? This is the
key question facing scientists studying global climate
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1.8 Dimensions of global change
The dimensions of global change touch on many human activities.

<« Global climate change Is the Earth’s
climate changing? Nearly all global
change scientists have concluded that
human activities have resulted in climate
warming and that weather patterns,
shown here in this satellite image of
clouds and weather systems over the
Pacific Ocean, are changing.

p Carbon cycle Clearcutting of timber,
shown here on the Olympic Peninsula,
Washington, removes carbon from the
landscape, while regrowth returns carbon
through photosynthesis.

» Biodiversity Reduction in the area and degradation of
the quality of natural habitats is reducing biodiversity. The
banks of this stream in the rainforest of Costa Rica are lined
with several species of palms.

V¥ Pollution Human activity can create
pollution of air and water, causing change in
natural habitats as well as impacts on human
health.The discharge from this pulp mill near
Port Alice, British Columbia, is largely water
vapor, but pulp mill pollutants often include
harmful sulfur oxides.

V Extreme events Hurricanes, severe storms, droughts, and floods may be becoming
more frequent as global climate warms. A tornado flattened this neighborhood in Kansas City,
Kansas, May 2003.



change. Over the past decade, nearly all scientists
have come to the opinion that human activity has,
indeed, begun to change our climate. How has this
happened?

The answer lies in the greenhouse effect. As human
activities continue to release gases that block heat
radiation from leaving the Earth, the greenhouse
effect intensifies. The most prominent of these gases
is CO,, which is released by fossil fuel burning. Others
include methane (CH,), nitrous oxide (NO), and the
chlorofluorocarbons that until recently served as cool-
ants in refrigeration and air conditioning systems and
as aerosol spray propellants. Taken with other gases,
they act to raise the Earth’s surface temperature, with
consequences including dislocation of agricultural
areas, rise in sea level, and increased frequency of
extreme weather events, such as severe storms or record
droughts.

Climate change is a recurring theme throughout this
book, ranging from the urban heat island effect that
tends to raise city temperatures (Chapter 3) to the El
Nino phenomenon that alters global atmospheric and
ocean circulation (Chapter 5), to the effect of clouds on
global warming (Chapter 6), and to rising sea level due
to the expansion of sea water with increasing tempera-
ture (Chapter 16).

THE CARBON CYCLE

One way to reduce human impact on the greenhouse
effect is to slow the release of CO, from fossil fuel
burning. But since modern civilization depends on
the energy of fossil fuels to carry out almost every
task, reducing fossil fuel consumption to stabilize the
increasing concentration of CO, in the atmosphere
is not easy. However, some natural processes reduce
atmospheric CO,. Plants withdraw CO, from the atmo-
sphere by taking it up in photosynthesis to construct
plant tissues, such as cell walls and wood. In addition,
CO, is soluble in sea water. These two important path-
ways, by which carbon flows from the atmosphere to
lands and oceans, are part of the carbon cycle. Bioge-
ographers and ecologists are now focusing in detail on
the global carbon cycle
in order to better under-
stand the pathways and
magnitudes of carbon
flow. They hope that this
understanding will sug-
gest alternative actions
that can reduce the rate
of CO, buildup without
penalizing  economic
growth. The processes
of the carbon cycle are
described in Chapter 8.

Environmental change
is produced by both
natural and human

processes. Human
activities are currently
changing both the

Earth’s climate and the

global flows of carbon

from Earth to ocean to
atmosphere.
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BIODIVERSITY

Among scientists, environmentalists, and the public,
there is a growing awareness that the diversity in the
plant and animal forms harbored by our planet—the
Earth’s biodiversity—is an immensely valuable resource
that will be cherished by future generations. One impor-
tant reason for preserving as many natural species as
possible is that, over time, species have evolved natural
biochemical defense mechanisms against diseases and
predators. These defense mechanisms involve bioactive
compounds that can sometimes be very useful, rang-
ing from natural pesticides that increase crop yields to
medicines that fight human cancer.

Another important reason for maintaining biodi-
versity is that complex ecosystems with many species
tend to be more stable and to respond better to envi-
ronmental change. If human activities inadvertently
reduce biodiversity significantly, there is a greater
risk of unexpected and unintended human effects on
natural environments. Biogeographers focus on both
the existing biodiversity of the Earth’s many natural
habitats and the processes that create and maintain
biodiversity. These topics are treated in Chapters 8
and 9.

Human activity is reducing the biodiversity of many
of the Earth’s natural habitats. Environmental pollution
degrades habitat quality for humans as well as other spe-
cies. Extreme weather events, which will become more
frequent with human-induced climate change, as well as
other rare natural events, are increasingly destructive to
our expanding human population.

POLLUTION

As we all know, unchecked human activity can degrade
environmental quality. In addition to releasing CO,,
fuel burning can yield gases that are hazardous to
health, especially when they react to form such toxic
compounds as ozone and nitric acid in photochemi-
cal smog. Water pollution from fertilizer runoff, toxic
wastes of industrial production, and acid mine drainage
can severely degrade water quality. Such degradation
impacts not only the ecosystems of streams and rivers,
but also the human populations that depend on rivers
and streams as sources of water supply. Ground water
reservoirs can also be polluted or turn salty in coastal
zones when drawn down excessively.

Environmental pollution, its causes, its effects, and
the technologies used to reduce pollution, form a sub-
ject that is broad in its own right. As a text in physical
geography that emphasizes the natural processes of the
Earth’s land surface, we touch on air and water pollu-
tion in several chapters—Chapter 4 for air pollution
and Chapter 14 for surface water pollution, irrigation
effects, and ground water contamination.



16 Introduction Physical Geography and the Tools Geographers Use

EXTREME EVENTS

Catastrophic events—floods, fires, hurricanes, earth-
quakes, and the like—can have great and long-lasting
impacts on both human and natural systems. Are
human activities increasing the frequency of these
extreme events? As our planet warms in response to
changes in the greenhouse effect, global climate mod-
elers predict that weather extremes will become more
severe and more frequent. Droughts and consequent
wildfires and crop failures will happen more often, as
will spells of rain and flood runoff. In the last decade,
we have seen numerous examples of extreme weather
events, from Hurricane Katrina in 2005—the most costly
storm in U.S. history—to the Southeast drought of 2007,
which devastated crops in large parts of the southeast-
ern United States. Is human activity responsible for the
increased occurrence of these extreme events? Signifi-
cant evidence now points in that direction.

Other extreme events, such as earthquakes, volcanic
eruptions, and seismic sea waves (wrongly called tidal
waves), are produced by forces deep within the Earth
that are not affected by human activity. But as the
human population continues to expand and comes to
rely increasingly on a technological infrastructure rang-
ing from skyscrapers to the Internet, we are becoming
more sensitive to damage and disruption of these sys-
tems by extreme events.

This text describes many types of extreme events
and their causes. In Chapters 4 and 6, we discuss
thunderstorms, tornadoes, cyclonic storms, and hur-
ricanes. Droughts in the African Sahel are presented
in Chapter 7. Earthquakes, volcanic eruptions, and
seismic sea waves are covered in Chapter 12. Floods are
described in Chapter 14.

Tools in Physical Geography

Geographers use a number of specialized tools to exam-
ine, explore, and interact with spatial data (Figure 1.9).
One of the oldest tools is the map—a paper representa-
tion of space showing where things are. While maps will
never go out of style, computers have enhanced our abil-
ity to store, retrieve, and analyze spatial data through
the development of geographic information systems (GIS).
Acquiring geographic information for input to GIS has
recently been made much easier through use of the
global positioning system (GPS), which allows hand-held
electronic equipment, linked to signals from orbiting
spacecraft, to easily determine the exact latitude, longi-
tude, and elevation of any point on the Earth’s surface
to within a few meters.

Satellites bearing imaging instruments have pro-
vided a wealth of information about the Earth’s surface
layers, including land, oceans, and atmosphere, that is

vital to geographic study.
The field of processing,
enhancing, and analyz-
ing images and measure-
ments made from aircraft
and spacecraft is known
as remote sensing. Recent
developments  linking
remote sensing, GIS, and
GPS with the Internet
have produced new Earth
visualization tools, such
as Google Earth, that are
also of great interest to geographers.

Tools in geography also include mathematical modeling
and statistics. Using math and computers to model geo-
graphic processes is a powerful approach to understanding
both natural and human phenomena. Statistics provides
methods that can be used to manipulate geographic data
so that we can ask and answer questions about differences,
trends, and patterns. Because these tools rely heavily on
specialized knowledge, they are not included here. Our
text does, however, present many examples of geographic
information obtained using modeling and statistics.

Maps, geographic
information systems
(GISs), and remote
sensing are important
geographic tools to
acquire, display, and
manipulate spatial
data. Mathematical
modeling and statistics
are also helpful tools
for the geographer.

Maps and Cartography

Cartography is the field of geography concerned with
making maps. A map is a paper representation of space
showing point, line, or area data—that is, locations,
connections, and regions. It typically displays a set of
characteristics or features of the Earth’s surface that are
positioned on the map in much the same way that they
occur on the surface. The map’s scale links the true dis-
tance between places with the distance on the map.

Maps play an essential role in the study of physical
geography because much of the information content of
geography is stored and displayed on maps. Map literacy—
the ability to read and understand what a map shows—is a
basic requirement for day-to-day functioning in our society.
Maps appear in almost every issue of a newspaper and in
nearly every TV newscast. Most people routinely use high-
way maps and street maps. Maps also pop up on web sites.
The purpose of this part of our chapter is to provide addi-
tional information on the art and science of maps.

MAP PROJECTIONS

Cartographers record position on the Earth’s surface
using latitude and longitude. You’ll read more about
latitude and longitude in Chapter 1, but for now, you
probably know that latitude measures position in a north-
south direction and that longitude measures position in
an east-west direction. Lines of equal latitude are parallels,
and lines of equal longitude are meridians.



1.9 Tools of Physical Geography

Geographers rely on specialized tools to analyze spatial data.

A Cartography A portion of the U.S. Geological Survey
1:24,000 topographic map of Green Bay, Wisconsin. Using
symbols, the map shows creeks and rivers, a bay, swampy
regions, urban developed land, streets, roads, and highways.

V¥ Remote sensing Remote sensing includes observing the
Earth from the perspective of an aircraft or spacecraft. Wildfires
on the Greek island of Peloponnesos, seen in a Landsat image
from July 2000, are an example.
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A Geographic information systems (GIS) Computer programs that store and
manipulate geographic data are essential to modern applications of geography.
This screen from the ARCInfo GIS program package shows earthquake centers in
eastern Asia superimposed on a political map underlain by a shaded relief map of
undersea topography.

<« Mathematical modeling By describing a

M=eRT) phenomenon using a mathematical model, a
= 00420 eographer can predict outcomes and examine
=2.718080 geograp 2
=2.26 “what-if" scenarios. These equations demonstrate

the calculation of an exponential growth factor.

7| Southern Oscillation Index |

5 m{h“i! “‘I Ilmi .ull..”llll'h",a‘lﬂ”,ll]'wl, ”q

1 1
1963 1965

A Statistics Statistical tools, such as this graph, allow the exploration
of geographic data to determine trends and develop mathematical
models. The plot shows the value of the Southern Oscillation Index, an
indicator of El Niflo conditions.
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Rays from a central light source cast shadows of the spherical geographic grid on target screens. The conical and cylindrical screens can be

unrolled to become flat maps.

A map projection is an orderly system of lines of lati-
tude and longitude used as a base to draw a map on a
flat surface. A projection is needed because the Earth’s
surface is not flat but, rather, curved in a shape that is
very close to the surface of a sphere. All map projections
misstate the shape of the Earth in some way. It’s simply
impossible to transform a spherical surface to a flat
(planar) surface without violating the true surface as a
result of cutting, stretching, or otherwise distorting the
information that lies on the sphere.

Perhaps the simplest of all map projections is a grid
of perfect squares. In this simple map, horizontal lines
are parallels and vertical lines are meridians. They are
equally spaced in degrees, so this projection is some-
times called an equal-angle grid. A grid of this kind can
show the true spacing (approximately) of the parallels,
but it fails to show how the meridians converge toward
the two poles. This convergence causes the grid to fail
dismally in high latitudes, and the map usually has to be
terminated at about 70° to 80° north and south.

Early attempts to find satisfactory map projections
made use of a simple concept. Imagine the spherical
Earth grid as a cage of wires located on meridians and
parallels. A tiny light source is placed at the center of the
cage, and the image of the wire grid is cast upon a sur-
face outside the sphere. This situation is like a reading

lamp with a lampshade.
Basically, three kinds of
“lampshades” can be used,
as shown in Figure 1.10.

First is a flat paper disk
perched on the north
pole. The shadow of the
wire grid on this plane surface will appear as a combina-
tion of concentric circles (parallels) and radial straight
lines (meridians). Here we have a polar-centered, or
polar projection. Second is a cone of paper resting point-
up on the wire grid. The cone can be slit down the
side, unrolled, and laid flat to produce a map that is
some part of a full circle. This is called a conic projection.
Parallels are arcs of circles, and meridians are radiating
straight lines. Third, a cylinder of paper can be wrapped
around the wire sphere so as to be touching all around
the equator. When slit down the side along a meridian,
the cylinder can be unrolled to produce a cylindrical pro-
jection, which is a true rectangular grid.

None of these three projection methods can show the
entire Earth grid, no matter how large a sheet of paper
is used to receive the image. Obviously, if the entire
Earth grid, or large parts of it, are to be shown, some
quite different system must be devised. In Chapter 1, we
describe three types of projections used throughout the

Map projections
allow the curved
surface of the Earth
to be displayed on a
flat map.



book—the polar projection; the Mercator projection,
which is a cylindrical projection; and the Winkel Tripel
projection, which uses special mathematics that provide
minimum distortion in a global map.

({13 Map Projections

Watch an animation showing how map projections are
constructed.

SCALES OF GLOBES AND MAPS

All globes and maps depict the Earth’s features in much
smaller size than the true features they represent. Globes
are intended in principle to be perfect scale models of
the Earth itself, differing from the Earth only in size. The
scale of a globe is the ratio between the size of the globe
and the size of the Earth, where “size” is some measure of
length or distance (but not of area or volume).

Take, for example, a globe 20 cm (about 8 in.) in
diameter, representing the Earth, which has a diameter
of about 13,000 km. The scale of the globe is the ratio
between 20 cm and 13,000 km. Dividing 13,000 by 20,
we see that one centimeter on the globe represents
650 kilometers on the Earth. This relationship holds
true for distances between any two points on the globe.

Scale is often stated as a simple fraction, termed
the scale fraction. It can be obtained by reducing
both Earth and globe distances to the same unit of
measure, which in this case is centimeters. (There are
100,000 centimeters in one kilometer.) The advantage
of the scale fraction is that it is entirely free of any
specified units of measure, such as the foot, mile, meter,
or kilometer. It is usually written as a fraction with a
numerator of one using either a colon or with the
numerator above the denominator. For the example
shown above, the scale fraction is obtained by reducing
20,/1300000000 to 1/65000000 or 1:65,000,000.

In contrast to a globe, a flat map cannot have a con-
stant scale. In flattening the curved surface of the sphere
to conform to a plane surface, all map projections
stretch the Earth’s surface in a nonuniform manner, so
that the map scale changes from place to place. However,
it is usually possible to select a meridian or parallel—the
equator, for example—for which a scale fraction can be
given, relating the map to the globe it represents.

SMALL-SCALE AND LARGE-SCALE MAPS

When geographers refer to small-scale and large-scale
maps, they mean the value of the scale fraction. For
example, a global map at a scale of 1:65,000,000 has a
scale fraction value of 0.00000001534, which is obtained
by dividing 1 by 65,000,000. A hiker’s topographic
map might have a scale of 1:25,000, for a scale value of
0.000040. Since the global-scale value is smaller, it is a
small-scale map, while the hiker’s map is a large-scale map.
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Note that this contrasts with common use of the terms
large-scale and small-scale. When we refer in conversation
to a large-scale phenomenon or effect, we typically refer
to something that takes place over a large area and that
is usually best presented on a small-scale map.

Maps of large scale show only small sections of
the Earth’s surface. Because they “zoom in,” they are
capable of carrying an enormous amount of geographic
information in a convenient and an effective manner.
Most large-scale maps carry a graphic scale, which is a
line marked off into units representing kilometers or
miles. Figure I.11 shows a portion of a large-scale map
on which sample graphic scales in miles, feet, and kilo-
meters are superimposed. Graphic scales make it easy to
measure ground distances.

For practical reasons, maps are printed on sheets of
paper usually less than a meter (3 ft) wide, as in the case
of the ordinary highway map or navigation chart. Bound
books of maps—atlases, that is—usually have pages no
larger than 30 by 40 cm (about 12 by 16 in.), whereas maps
found in textbooks and scientific journals are even smaller.

CONFORMAL AND EQUAL-AREA MAPS

With regard to the map projections shown in Figure 1.10,
it seems obvious that the shape and area of a small
feature, like an island or peninsula, will change as the
feature is projected from the surface of the globe to a
map. With some projections, the area will change, but the
shape will be preserved. Such a projection is referred to
as conformal. The Mercator projection (Figure 1.11) is an
example. Here, every small twist and turn of the shoreline
of each continent is shown in its proper shape. However,
the growth of the continents with increasing latitude
shows that the Mercator projection does not depict
land areas uniformly. A projection that does show area
uniformly is referred to as
equal-area. Here continents
show their relative areas
correctly, but their shapes
are distorted. No projec-
tion can be both confor-
mal and equal-area—only
a globe has that property.

Conformal map
projections show
shapes correctly,

whereas equal-area
maps show areas
correctly.

INFORMATION CONTENT OF MAPS

The information conveyed by a map projection grid
system is limited to one category only: absolute location
of points on the Earth’s surface. To be more useful,
maps also carry other types of information. Figure 1.11
is a portion of a large-scale multipurpose map. Map sheets
published by national governments, such as this one,
are usually multipurpose maps. Using a great variety
of symbols, patterns, and colors, these maps carry a
high information content. Appendix 3 shows a larger
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.11 Graphic scales on a topographic map

A portion of a modern, large-scale topographic map for which three graphic scales have been

provided.

example of a multipurpose map, a portion of a U.S.
Geological Survey topographic quadrangle map for San
Rafael, California.

In contrast to the multipurpose map is the thematic
map, which shows only one type of information, or
theme. We use many thematic maps in this text. Some
examples include Figure 4.25, mapping the frequency of
severe hailstorms in the United States; Figure 5.17, atmo-
spheric surface pressures; Figure 7.7, mean annual pre-
cipitation of the world; and Figure 7.10, world climates.

MAP SYMBOLS

Symbols on maps associate information with points,
lines, and areas. To show information at a point, we use
a dot—any small symbol to show point location. It might
be a closed circle, an open circle, a letter, a numeral, or
a graphic symbol of the object it represents (see “church
with tower” in Figure 1.12). A line can vary in width and
can be single or double, colored, dashed, or dotted. A
patch denotes a particular area, typically using a distinc-
tive pattern or color or a line marking its edge.

Figure I.12 shows symbols applied to a map. There are
two kinds of dot symbols (both symbolic of churches),
three kinds of line symbols, and three kinds of patch
symbols. Altogether, eight types of information are
present. Line symbols freely cross patches, and dots can
appear within patches. Two different kinds of patches
can overlap. For more examples of symbols, consult the
display of topographic map symbols facing the map of
San Rafael in Appendix 3.

Map symbols can vary with map scale. Maps of very
large scale, for example, a plot plan of a house, can

{h Church

Church
w/ tower

Contour
Main Road

1.12 Map symbols

A multipurpose map of an imaginary area with 10 villages illustrating
the use of dots, lines, and patches.

show objects in their true outline form. As map scale
is decreased, representation becomes more and more
generalized. In physical geography, an excellent exam-
ple is the depiction of a river, such as the lower Missis-
sippi, shown in Figure 1.13. The level of depiction of fine
detail in a map is described by the term resolution. Maps



.13 Map scale and information content

Maps of the Mississippi River on three scales. (Maps slightly enlarged for
reproduction.)

A 1:20,000 scale This map shows a detailed plan of the river and
even includes contours on the river bed.

of large scale have much greater resolving power than
maps of small scale.

PRESENTING NUMERICAL DATA ON
THEMATIC MAPS

In physical geography, we often need to display numeri-
cal information on maps. Weather data provides an
example—here we might wish to display air tempera-
ture, air pressure, wind speed, or amount of rainfall.
Another category of information consists simply of the
presence or absence of something. In this case, we can
simply place a dot to mean “present,” so that when
entries are completed, the map shows a field of scat-
tered dots (Figure 1.14).

In some scientific programs, measurements are taken
uniformly, for example, at the centers of grid squares
laid over a map. For many classes of data, however, the
locations of the observation points are predetermined
by a fixed and nonuniform set of observing stations. For
example, weather and climate data are often collected
at stations typically located at airports. Whatever the
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1.14 Dot map

A dot map showing the distribution of soils of the order Alfisols in the
United States.
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Tablel.1 Examples of Isopleths

Name of Isopleth Greek Root Property Described Examples in Figures
Isobar barros, weight Barometric pressure 5.17
Isotherm therme, heat Temperature of air, 3.20
water, or soil

Isotach tachos, swift Fluid velocity 5.26

Isohyet hyetos, rain Precipitation 4.17

Isohypse hypso, height Elevation 19.9
(topographic contour) 19.10

sampling method used, we end up with an array of num-
bers and dots indicating their location on the base map.

Although the numbers and locations may be accurate,
it may be difficult to see the spatial pattern present in
the data being displayed. For this reason, cartographers
often simplify arrays of point values into isopleth maps.
An isopleth is a line of equal value (from the Greek isos,
“equal,” and plethos, “fullness” or “quantity”). Figure 3.21
shows how an isopleth map is constructed for tempera-
ture data. In this case, the isopleth is an isotherm, or line
of constant temperature. In drawing an isopleth, the line
is routed among the points in a way that best indicates a
uniform value, given the observations at hand.

Isopleth maps are important in various branches
of physical geography. Table I.1 gives a partial list of
isopleths of various kinds used in the Earth sciences,
together with their names and the kinds of informa-
tion they display. A special kind of isopleth, the topo-
graphic contour (or isohypse), is shown on the maps in
Figures I.11, I.13A, and in the portion of the San Rafael
topographic map in Appendix 3. Topographic contours
show the configuration of land surface features, such as
hills, valleys, and basins.

In contrast to the isop-
leth map is the choropleth
map, which identifies
information in catego-
ries. Our global maps of
vegetation (Figure 9.6)
and soils (Figure 10.16)
are examples of thematic
choropleth maps.

Cartography is a rich and varied field of geography
with a long history of conveying geographic information
accurately and efficiently. If you are interested in maps
and mapmaking, you might want to investigate cartog-
raphy further.

Isopleth maps show
lines of equal value.
Choropleth maps
show categorical
information associated
with particular areas.

The Global Positioning System

The latitude and longitude coordinates of a point on
the Earth’s surface describe its position exactly. But
how are those coordinates determined? For the last few

hundred years, we have known how to use the position
of the stars in the sky coupled with an accurate clock
to determine the latitude and longitude of any point.
Linked with advances in mapping and surveying, these
techniques became highly accurate, but they were
impractical for precisely determining locations in a
short period of time.

Thanks to new technology originally developed by
the U.S. Naval Observatory for military applications,
there is now in place a global positioning system (GPS)
that can provide location information to an accuracy of
about 20 meters within a minute or two. The system uses
24 satellites that orbit the Earth every 12 hours, continu-
ously broadcasting their position and a highly accurate
time signal (Fig. 1.15).

To determine location, a receiver listens simultane-
ously to signals from four or more satellites. The receiver
compares the time readings transmitted by each satellite
with the receiver’s own clock to determine how long
it took for each signal to reach the receiver. Since the
radio signal travels at a known rate of speed, the receiver
can convert the travel time into the distance between
the receiver and the satellite. Coupling the distance to

1.15 GPS satellite

A GPS satellite as it might look in orbit high above the Earth.The US.
Navy NAVSTAR GPS satellite system consists of 24 orbiting satellites.



each satellite with the position of the satellite in its orbit
at the time of the transmission, the receiver calculates
its position on the ground to within about 20 m (66 ft)
horizontally and 30 m (98 ft) vertically.

The accuracy of the location is affected by several
types of errors. One of the larger sources is the effect
of the atmosphere on the radio waves of the satellite
signal as they pass from the satellite to the receiver.
Charged particles at the outer edge of the atmosphere
(ionosphere) and water vapor in the lowest atmospheric
layer (troposphere) act to slow the radio waves. Since the
conditions in these layers can change within a matter of
minutes, the speed of the radio waves varies in an unpre-
dictable way. Another transmission problem is that the
radio waves may bounce off local obstructions and then
reach the receiver, causing two slightly different signals
to arrive at the receiver at the same time. This “multipath
error” creates noise that confuses the receiver.

There is a way, however, to determine location within
about 1 m (3.3 ft) horizontally and 2 m (6.6 ft) verti-
cally. The method uses two GPS units, one at a base
station and one that is mobile and used to determine
the desired locations. The base station unit is placed
at a position that is known with very high accuracy. By
comparing its exact position with that calculated from
each satellite signal, it determines the small deviations
from orbit of each satellite, any small variations in each
satellite’s clock, and the
exact speed of that satel-
lite’s radio signal through
the atmosphere at that
moment. It then broad-
casts that information to
the GPS field unit, where
it is used to calculate the
position more accurately.
Because this method com-
pares two sets of signals,
it is known as differential
GPS.

In North America, differential GPS information is
now available everywhere using the Wide Area Augmenta-
tion System (WAAS), which is provided by the U.S. Fed-
eral Aviation Administration and the Department of
Transportation. The system includes about 25 ground
receiving stations that monitor the signals of GPS sat-
ellites and provide a stream of differential correction
information. This information is uploaded to a geosta-
tionary satellite, where it is rebroadcast to receivers on
the ground. A GPS unit with a built-in WAAS receiver
can determine position to within a few meters.

The enhanced accuracy of differential GPS is required
for coastal navigation, where a few meters in position
can make the difference between a shipping channel
and a shoal. It is also required for the new generation
of aircraft landing systems that will allow much safer

The global Geographic
Positioning System
uses signals from
a constellation of
orbiting satellites
to locate points on
the Earth with high
accuracy.

Geographic Information Systems 23

instrument landings with equipment that is much lower
in cost than existing systems.

As GPS technology has developed, costs have fallen
exponentially. It is now possible to buy a small, hand-
held GPS receiver for less than $100. Besides plotting
your progress on a computer-generated map as you drive
your car or sail your boat, GPS technology can even help
parents keep track of children at a theme park. And with
the coupling of wireless telephones and GPS, you can
even get driving directions over your phone.

Global Positioning Systems
Watch an animation on the Navistar Global Positioning

System to learn more about how the system works.

Geographic
Information Systems

Maps, like books, are very useful devices for stor-
ing information, but they have limitations. Recent
advances in computing capability have enabled geog-
raphers to develop a powerful new tool to work
with spatial data—the geographic information system
(GIS). A GIS is a computer-based system for acquiring,
processing, storing, querying, creating, analyzing, and
displaying spatial data. Geographic information sys-
tems have allowed geographers, geologists, geophysi-
cists, ecologists, planners, landscape architects, and
others to develop applications of spatial data process-
ing ranging from planning land subdivisions on the
fringes of suburbia to monitoring the deforestation of
the Amazon Basin.

Geographic Information Systems
Watch a narrated animation to explore the key ideas behind
geographic information systems and see some examples.

SPATIAL OBJECTS IN GEOGRAPHIC
INFORMATION SYSTEMS

Geographic information systems are designed to manip-
ulate spatial objects. A spatial object is a geographic
point, line, or area to which some information is
attached. This information may be as simple as a place
name or as complicated as a large data table with many
types of information. Some spatial objects are illustrated
in Figure 1.16.

A point is a spatial object without an area, only a
location. A line is also a spatial object with no area,
but it has two points associated with it, one for each
end of the line. These special points are often referred
to as nodes. Normally a line is straight, but it can also
be defined as a smooth curve having a certain shape.
If the two nodes marking the ends of the line are
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.16 Spatial objects

Spatial objects in a GIS can include points, lines of various types,
intersecting lines, and polygons.

differentiated as starting and ending, then the line
has a direction. If the line has a direction, then its two
sides can be distinguished. This allows information to
be attached to each side—for example, labels for land
on one side and water on the other. Lines connect to
other lines when they share a common node. A series
of connected lines that form a closed chain is a polygon.
A polygon identifies an area, the last type of spatial
object.

By defining spatial objects in this way, computer-based
geographic information systems allow easy manipulation
of the objects and permit many different types of opera-
tions to compare objects and generate new objects. As
an example, suppose we have a GIS data layer composed
of conservation land in a region represented as polygons
and another layer containing the location of preexisting
water wells as points within the region (Figure 1.17). Itis
very simple to use the GIS to identify the wells that are
on conservation land. Or
the conservation polygons
containing wells may also
be identified and even
output as a new data layer.
By comparing the conser-
vation layer with a road
network layer portrayed as
a series of lines, we could
identify the conservation polygons containing roads.

We could also compare the conservation layer to a
layer of polygons showing vegetation type, and tabulate
the amount of conservation land in forest, grassland,
brush, and so forth. We could even calculate distance
zones around a spatial object, for example, to create
a map of buffer zones that are located within, say,
100 meters of conservation land. Many other possible
manipulations exist.

Geographic
information systems
use computers to store,
process, analyze, and
display spatial data.

.17 Data layers in a GIS

A GIS allows easy overlay of spatial data layers for such queries as
“|dentify all wells on conservation land.”

KEY ELEMENTS OF A GIS

A geographic information system consists of five
elements: data acquisition, preprocessing, data man-
agement, data manipulation and analysis, and product
generation. Each is a component or process needed to
ensure the functioning of the system as a whole.

In the data acquisition process, data are gathered
together for the particular application. These may
include maps, air photos, tabular data, and other forms
as well. In preprocessing, the assembled spatial data are
converted to forms that can be ingested by the GIS to
produce data layers of spatial objects and their associ-
ated information.

The data management component creates, stores,
retrieves, and modifies data layers and spatial objects.
It is essential to proper functioning of all parts of the
GIS. The manipulation and analysis component is the
real workhorse of the GIS. Utilizing this component, the
user asks and answers questions about spatial data and
creates new data layers of derived information.

The last component of the GIS, product generation,
produces output products in the form of maps, graph-
ics, tabulations, or statistical reports that are the end
products desired by the users. Taken together, these
components provide a system that can serve many geo-
graphic applications at many scales.



Many new and exciting areas of geographic research
are associated with geographic information systems,
ranging from development of new ways to manipulate
spatial data to the modeling of spatial processes using a
GIS. An especially interesting area is understanding how
outputs are affected by errors and uncertainty in spatial
data inputs, and how to communicate this information
effectively to users.

Geographic information systems is a rapidly growing
field of geographic research and application. Given the
rate at which computers become ever more powerful as
technology improves, we can expect great strides in this
field in future years.

Remote Sensing for
Physical Geography

Another important geographic technique for acquiring
spatial information is remote sensing. This term refers
to gathering information from great distances and over
broad areas, usually through instruments mounted
on aircraft or orbiting spacecraft. These instruments,
or remote sensors, measure electromagnetic radiation
coming from the Earth’s surface and atmosphere as
received at the aircraft or spacecraft platform. The data
acquired by remote sensors are typically displayed as
images—photographs or similar depictions on a com-
puter screen or color printer—but are often processed
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further to provide other types of outputs, such as maps
of vegetation condition or extent, or of land-cover class.
Information obtained can range from fine local detail—
such as the arrangement of cars in a parking lot—to
a global-scale picture—for example, the “greenness”
of vegetation for an entire continent. As you read this
textbook, you will see many examples of remote sensing,
especially images from orbiting satellites.

All substances, whether naturally occurring or syn-
thetic, are capable of reflecting, transmitting, absorbing,
and emitting electromagnetic radiation. For remote sens-
ing, however, we are only concerned with energy that is
reflected or emitted by an object and that reaches the
remote sensor. For remote sensing of reflected energy,
the Sun is the source of radiation in many applications.
As we will see in Chapter 2, solar radiation reaching the
Earth’s surface is largely in the form of light energy that
includes visible, near-infrared, and shortwave infrared
light. Remote sensors are commonly constructed to
measure radiation reflected from the Earth in all or part
of this range of light energy. For remote sensing of emit-
ted energy, the object or substance itself is the source of
the radiation, which is related largely to its temperature.

COLORS AND SPECTRAL SIGNATURES

Most objects or substances at the Earth’s surface possess
color to the human eye. This means that they reflect
radiation differently in different parts of the visible spec-
trum. Figure 1.18 shows how the reflectance of water,

Atmospheric
absorption

N
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1.18 Reflectance spectra of vegetation, soil, and water
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The amount of energy reflected by surfaces of vegetation, soil, and water depends on the wavelength of the light.
Note that water vapor in the atmosphere absorbs radiation strongly at wavelengths from about 1.2 to 1.4 pm and
1.75t0 1.9 ym, so it is not possible for a space-borne remote sensor to “see” the surface at those wavelengths.
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vegetation, and soil varies with light ranging in wave-
length from visible to shortwave infrared. Water surfaces
are always dark but are slightly more reflective in the
blue and green regions of the visible spectrum. Thus,
clear water appears blue or blue-green to our eyes.
Beyond the visible region, water absorbs nearly all radia-
tion it receives and so looks black in images acquired in
the near-infrared and shortwave infrared regions.
Vegetation appears dark green to the human eye,
which means that it reflects more energy in the green
portion of the visible spectrum while reflecting some-
what less in the blue and red portions. But vegetation
also reflects very strongly in near-infrared wavelengths,
which the human eye cannot see. Because of this prop-
erty, vegetation is very
bright in near-infrared
images. This distinctive
behavior of vegetation—
appearing dark in visible
bands and bright in the
near-infrared—is the basis
for much of vegetation

Different types of
remotely-sensed
objects or surfaces
often reflect the
electromagnetic
spectrum differently,

remote sensing, as we will providing
see in many examples of characteristic spectral
remotely sensed images signatures.

throughout this book.

The soil spectrum shows a slow increase of reflectance
across the visible and near-infrared spectral regions and
a slow decrease through the shortwave infrared. Look-
ing at the visible part of the spectrum, we see that soil
is brighter overall than vegetation and is somewhat
more reflective in the orange and red portions. Thus,
it appears brown. (Note that this is just a “typical” spec-
trum—soil color can actually range from black to bright
yellow or red.)

We refer to the pattern of relative brightness within
the spectrum as the spectral signature of an object or type
of surface. Spectral signatures can be used to recognize
objects or surfaces in remotely sensed images in much
the same way that we recognize objects by their colors. In
computer processing of remotely sensed images, spectral
signatures can be used to make classification maps, show-
ing, for example, water, vegetation, and soil.

THERMAL INFRARED SENSING

While objects reflect some of the solar energy they
receive, they also emit internal energy as heat that can be
remotely sensed. Warm objects emit more thermal radia-
tion than cold ones, so warmer objects appear brighter
in thermal infrared images. Besides temperature, the
intensity of infrared emission depends on the emissivity of
an object or a substance. Objects with higher emissivity
appear brighter at a given temperature than objects with
lower emissivities. Differences in emissivity affect thermal
images. For example, two different surfaces might be at

the same temperature, but the one with the higher emis-
sivity will look brighter because it emits more energy.

Some substances, such as crystalline minerals, show
different emissivities at different locations in the ther-
mal infrared spectrum. In a way, this is like having a
particular color, or spectral signature, in the thermal
infrared spectral region. In Chapter 11 we will see
examples of how some rock types can be distinguished
and mapped using thermal infrared images.

RADAR

There are two classes of remote sensor systems: passive
and active. Passive systems acquire images without provid-
ing a source of wave energy. The most familiar passive
system is the camera, which uses electronic detectors or
photographic film to sense solar energy reflected from
the scene. Active systems use a beam of wave energy as a
source, sending the beam toward an object or surface.
Part of the energy is reflected back to the source, where
it is recorded by a detector.

Radar is an example of an active sensing system
that is often deployed on aircraft or spacecraft. Radar
systems in remote sensing use the microwave portion
of the electromagnetic spectrum, so named because
the waves have a short wavelength compared to other
types of radio waves. Radar systems emit short pulses
of microwave radiation and then “listen” for a return-
ing microwave echo. By analyzing the strength of each
return pulse and the exact time it is received, an image
is created showing the surface as it is illuminated by the
radar beam.

Radar systems used for land imaging emit micro-
wave energy that is not significantly absorbed by water.
This means that radar
systems can penetrate
clouds to provide images
of the Earth’s surface in
any weather. In contrast,
ground-based  weather
radars use microwaves
that are scattered by water
droplets or ice crystals and
produce an image of pre-
cipitation over a region.
They detect rain, snow,
and hail and are used in
local weather forecasting.

Figure I1.19 shows a radar image of the folded Appa-
lachian Mountains in south-central Pennsylvania. It is
produced by an air-borne radar instrument that sends
pulses of radio waves downward and sideward as the
airplane flies forward. Surfaces oriented most nearly at
right angles to the slanting radar beam will return the
strongest echo and therefore appear lightest in tone.
In contrast, those surfaces facing away from the beam

Radar is a passive
remote sensing system
that emits a pulse of
microwaves toward
the ground and then
measures the time
and strength of the
response scattered
back to the radar
instrument.



.19 Side-looking radar image from south-central
Pennsylvania

The image shows a portion of the folded Appalachians with zigzag ridges
and intervening valleys.The area shown is about 40 km (25 mi) wide.

will appear darkest. The effect is to produce an image
resembling a three-dimensional model of the landscape
illuminated at a strong angle. The image shows long
mountain ridges running from upper right to lower left
and casting strong radar shadows to emphasize their
three-dimensional form. The ridges curve and turn
sharply, revealing the geologic structure of the region.
Between the ridges are valleys of agricultural land,
which are distinguished by their rougher texture in the
image. In the upper left is a forested plateau that has a
smoother appearance.

DIGITAL IMAGING

Modern remote sensing relies heavily on computer
processing to extract and enhance information from
remotely sensed data. This requires that the data be
in the form of a digital image. In a digital image, large
numbers of individual observations, termed pixels, are
arranged in a systematic way related to the Earth posi-
tion from which the observations were acquired.

Remote Sensing for Physical Geography 27

The great advantage of digital images over photo-
graphic images is that they can be processed by com-
puter, for example, to increase contrast or sharpen
edges (Figure 1.20). Image processing refers to the manip-
ulation of digital images to extract, enhance, and display
the information that they contain. In remote sensing,
image processing is a very broad field that includes
many methods and techniques for processing remotely
sensed data.

Many remotely sensed digital images are acquired by
scanning systems, which may be mounted in aircraft or
on orbiting space vehicles. Scanning is the process of
receiving information instantaneously from only a very
small portion of the area being imaged (Figure 1.21).
The scanning instrument senses a very small field of view
that runs rapidly across the ground scene. Light from
the field of view is focused on a detector that responds
very quickly to small changes in light intensity. Electronic
circuits read out the detector at very short time intervals
and record the intensities. Later, the computer recon-
structs a digital image of the ground scene from the
measurements acquired by the scanning system.

Most scanning systems in common use are multispec-
tral scanners. These devices have multiple detectors
and measure brightness in several wavelength regions
simultaneously. An example is the Thematic Mapper
instrument used aboard the Landsat series of Earth-
observing satellites. This instrument simultaneously
collects reflectance data in seven spectral bands. Six
wavebands sample the visible, near-infrared and short-
wave infrared regions, while a seventh records thermal
infrared emissions. Figure 1.22 shows a color composite
of the Boston region acquired by the Landsat Thematic
Mapper. The image uses red, near-infrared, and short-
wave infrared wavebands to show vegetation in green,
beaches and bare soils in pink, and urban surfaces in
shades of blue.

An alternative to scanning is direct digital imag-
ing using large numbers of detectors arranged in a
two-dimensional array (Figure 1.23). This technology
is in common use in digital cameras and is also used
in some imagers on spacecraft. The array has millions
of tiny detectors arranged in rows and columns that
individually measure the amount of light they receive
during an exposure. Electronic circuitry reads out the
measurement made by each detector, composing the
entire image rapidly. Advanced digital cameras now
record detail as finely as film cameras.

ORBITING EARTH SATELLITES

With the development of orbiting Earth satellites car-
rying remote sensing systems, remote sensing has
expanded into a major branch of geographic research.
Because orbiting satellites can image and monitor large
geographic areas or even the entire Earth, we can now
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1.20 Image processing

These four panels show an image of the island of Martha's Vineyard, Massachusetts, acquired by the Landsat Enhanced Thematic Mapper

instrument on August 26, 2000.

A As originally acquired, the image lacks contrast.

A An edge enhancement computation shows edges within the
image as bright pixels.

— —

.21 Multispectral scanning from aircraft

As the aircraft flies forward, the scanner sweeps from side to side. The
result is a digital image covering the overflight area.

A The color scales are adjusted to show a wider range of colors.

A When the edge image is added to contrast-enhanced image, the
result is an image that appears clearer and sharper than the original.

carry out global and regional studies that cannot be

done in any other way.

Most satellites designed for remote sensing use

a Sun-synchronous orbit
(Figure 1.24a). As the sat-
ellite circles the Earth,
passing near each pole,
the Earth rotates under-
neath it, allowing all of
the Earth to be imaged
after repeated passes.
The orbit is designed so
that the images of a loca-
tion acquired on differ-
ent days are taken at the
same hour of the day. In
this way, the solar lighting
conditions remain about

A Sun-synchronous
orbit allows a remote
imager to cover nearly
all the Earth’s surface
with only slowly varying
illumination conditions.
A geostationary orbit
places the imager above
a single point on the
equator, watching an
area of about half
the Earth.



1.22 Landsat image of Boston

An image of Boston, acquired by Landsat Thematic Mapper on
September 27, 1991.In this false-color composite, the red color is
from the shortwave infrared band (1.55 to 1.75 um), the green from
the near-infrared (0.79 to 0.91 pm), and the blue from the red band
(0.60 to 0.72 pm).

the same from one image to the next. Typical Sun-
synchronous orbits take 90 to 100 minutes to circle the
Earth and are located at heights of about 700 to 800
km (430 to 500 mi) above the Earth’s surface.
Another orbit used in remote sensing is the
geostationary orbit (Figure 1.24B). Instead of orbiting

1.24 Satellite orbits

V¥ Earth track of a Sun-synchronous orbit With the Earth track
inclined at 80° to the Equator, the orbit slowly swings eastward at
about 30° longitude per month, maintaining its relative position with
respect to the Sun.This keeps the solar lighting conditions similar
from one image of a location to the next. Between March 1 and May 1
(shown) the orbit moves about 60°.
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1.23 An area array of detectors

The center part of this computer chip is covered by an array of
tiny light detectors arranged in rows and columns.

above the poles, a satellite in geostationary orbit con-
stantly revolves above the equator. The orbit height,
about 35,800 km (22,200 mi), is set so that the satellite
makes one revolution in exactly 24 hours in the same
direction that the Earth turns. Thus, the satellite always
remains above the same point on the Equator. From its
high vantage point, the geostationary orbiter provides a
view of nearly half of the Earth at any moment.
Geostationary orbits are ideal for observing weather,
and the weather satellite images readily available on

Satellite

A Motion of a geostationary satellite Because the satellite
revolves around the Earth above the Equator at the same rate as
the Earth’s rotation, it appears fixed in the sky above a single point
on the Equator.
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television and the Internet are obtained from geo-
stationary remote sensors. Geostationary orbits are
used by communications satellites. Since a geostation-
ary orbiter remains at a fixed position in the sky for
an Earthbound observer, a high-gain antenna can
be pointed at the satellite and fixed in place perma-
nently, providing high-quality, continuous communica-
tions. Satellite television systems also use geostationary
orbits.

Remote sensing is an exciting, expanding field within
physical geography and the geosciences in general. As

.25 Google Earth images

These four images show screens for Google Earth.

» Zooming in to the San Francisco Bay region, we can see
many physical and cultural features identified by name.

you read the rest of this text, you will see many examples
of remotely sensed images.

Earth Visualization Tools

Within the last few years, remote sensing, geographic
information systems, and GPS technology have been
integrated into new and exciting Internet tools for visu-
alizing the Earth. Google Earth and World Wind are
outstanding examples of these Earth visualization tools.

<« The opening screen shows a view of the globe centered
on the United States. At the left are saved locations, called
placemarks, and a list of GIS features that can be enabled.



GOOGLE EARTH

Google Earth is a program for personal computers
that allows users to roam the Earth’s surface at will
and zoom in on images showing the surface in detail.
The program uses the Internet to access a large data-
base of images maintained by Google (Figure 1.25).
The spatial resolution of the images varies from loca-
tion to location, depending on the Earth imagery
available. Basic coverage is provided largely by Land-
sat satellite data, with pixels 15 or 30 m (50 or 100

» By changing the viewpoint, the program provides an oblique
image of the city of San Francisco looking northward.
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ft) on a side. But many areas of much higher spatial
detail are present, using other satellite sources as well
as air photos. Some states and a number of European
countries are covered by images at 1-m spatial reso-
lution. A few locations are covered at resolutions as
fine as 15 cm (6 in.). Most of the images are less than
three years old.

The images in Google Earth are linked to an eleva-
tion database that was also provided by an application
of remote sensing using radar mapping technology. As a
result, the elevation of each pixel is known to an accuracy

<« Moving the field of view and choosing a new viewpoint,
the town of Sausalito with Mount Tamalpais in the background
comes into view.
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of 5-10 m, depending on
the location. This allows
computation of synthetic
three-dimensional views
of the landscape, includ-
ing simulated fly-overs.
By placing the viewer in
motion over the land-
scape, the fly-over gives a
strong visual impression
of three-dimensional terrain, even though it is viewed
on a flat computer screen.

Also linked to the image database are layers of GIS
information. These include natural features, such as
rivers and peaks, as well as political land boundaries and
place names. A road network can also be superimposed.
A search capability allows the user to type in a location
(for example, the name of a city or town) and have the
program zoom in to a close view. You can even ask to
see restaurants, lodgings, parks, and recreation areas
through the GIS linkages.

Because Google Earth provides a view of nearly every
point on land, it is a very useful tool for studying physi-
cal geography. Our web site provides fly-over tours for
each chapter. These are files of placemarks locating
views of interest that can be downloaded and opened
with the Google Earth application.

Earth visualization
tools merge remote
sensing, GIS, and GPS
technology to provide
interactive viewing
of the Earth’s surface
and its physical and
cultural features.

OTHER EARTH VISUALIZATION TOOLS

Although Google Earth is at present the most tech-
nologically advanced of web-based Earth visualization
tools, several other tools are readily available. NASA’s
World Wind is a similar window on the Earth that starts
with a global view and allows zooming in for fine detail.
It also uses an elevation database, so it can provide
three-dimensional renderings of the surface as well as
realistic fly-overs.

TerraServer.com provides overhead high-resolution
photos, with spatial resolutions as fine as 30 cm (11.8in.)

IN REVIEW

® Geography is the study of the evolving character and
organization of the Earth’s surface. Geography has
a unique set of perspectives. Geographers look at
the world from the viewpoint of geographic space,
focus on the synthesis of ideas from different dis-
ciplines, and develop and use special techniques
for the representation and manipulation of spatial
information.

® Human geography deals with social, economic, and
behavioral processes that differentiate places, and
physical geography examines the natural processes

per pixel over many urbanized areas of the United
States. Outside of the United States, most of the cover-
age is at 15 m (50 ft) per pixel with some inset areas in
higher resolution. The service requires a subscription
and payment for downloading images.

TerraServer-USA, a service of the U.S. Geological
Survey, provides on-line topographic maps for the
United States. Many of these are orthophoto maps
that use high-resolution air photos as a base. The
Geological Survey also hosts the National Map on the
web, an extensive database with a large number of map
layers, including administrative boundaries, geographic
names, geology, land use and cover, natural hazards,
topography, and transportation.

A Look Ahead

Our chapter has presented an introduction to geography,
to physical geography, and to some of the big ideas that
arch over physical geography. We have introduced some
of the key environmental and global change topics that
will appear in our text. We have also described some of
the special tools that geographers use, including maps,
Geographic Information Systems, and remote sensing.
Armed with these tools and ideas, we are ready to proceed
to the subject itself. We will start with weather and climate,
where we will see how solar energy drives a vast circulation
of atmosphere and oceans that changes our physical envi-
ronment from day to day, week to week, and year to year.

Humans are now the dominant species on the planet.
Nearly every part of the Earth has felt human impact in
some way. As the human population continues to grow
and rely more heavily on natural resources, our impact
on natural systems will continue to increase. Each of
us is charged with the responsibility to treat the Earth
well and respect its finite nature. Understanding the
processes that shape our habitat as they are described by
physical geography helps us all to become better citizens
of our home planet.

occurring at the Earth’s surface that provide the
physical setting for human activities.

= Climatology is the science that describes and explains
the variability in space and time of the heat and
moisture states of the Earth’s surface, especially
its land surfaces. Geomorphology is the science of
Earth surface processes and landforms. Coastal and
marine geography is a field that combines the study
of geomorphic processes that shape shores and coast-
lines with their application to coastal development
and marine resource utilization. Geography of soils



includes the study of the distribution of soil types
and properties and the processes of soil formation.
Biogeography is the study of the distributions of
organisms at varying spatial and temporal scales, as
well as the processes that produce these distribution
patterns. Water resources and hazards assessment are
applied fields that blend both physical and human
geography.

Scale, pattern, and process are three interrelated geo-
graphic themes. Scale refers to the level of structure
or organization at which a phenomenon is studied,
pattern refers to the variation in a phenomenon seen
at a particular scale, and process describes how the
factors that affect a phenomenon act to produce a
pattern at a particular scale. The processes of physical
geography operate at multiple scales, including global,
continental, regional, and local.

Spheres, systems, and cycles are three overarching
themes that appear in physical geography. The four
great Earth realms are atmosphere, hydrosphere,
lithosphere, and biosphere. The life layer is the
shallow surface layer where lands and oceans meet
the atmosphere and where most forms of life are
found.

Physical processes often act together in an organized
way that we can view as a system. A systems approach to
physical geography looks for linkages and interactions
between processes.

Natural systems may undergo periodic, repeating
changes that constitute time cycles. Important time
cycles in physical geography range in length from
hours to millions of years.

Physical geography is concerned with the natural
world around us—the human environment. Natural
and human processes are constantly changing that
environment.

Global climate is changing in response to human
impacts on the greenhouse effect. Global pathways of
carbon flow can influence the greenhouse effect and
are the subject of intense research interest.
Maintaining global biodiversity is important both for
maintaining the stability of ecosystems and guarding a
potential resource of bioactive compounds for human
benefit. Unchecked human activity can degrade envi-
ronmental quality and create pollution.

Extreme events take ever-higher tolls on life and prop-
erty as populations expand. Extreme weather—storms
and droughts, for example—will be more frequent
with global warming caused by human activity.
Important tools for studying the fields of physical
geography include maps, geographic information
systems, remote sensing, mathematical modeling, and
statistics.

Cartography is the art and science of making maps,
which depict objects, properties, or activities as they
are located on the Earth’s surface.
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A map projection is an orderly system for displaying the
curved surface of the Earth on a flat map. Common
map projections include polay;, conic, and cylindrical.
The scale of a map relates distance on the Earth to
distance on a globe or flat map. It is expressed by the
scale fraction. Large-scale maps show small areas, while
small-scale maps show large areas.

Conformal maps preserve the shapes of geographic
features, but not their areas. Equal-area maps show
the areas of geographic features correctly, but dis-
tort their shape. Only a globe is both conformal and
equal-area.

Multipurpose maps use symbols, patterns, and colors
to convey different types of information on the same
map. Thematic maps display a single class of informa-
tion, or theme.

Map symbols include dots, lines, and patches. Resolution
describes the level of detail shown on a map.
Isopleth maps show lines of equal value for a con-
tinuously varying property. They are constructed from
individual observations at points. A temperature map
of isotherms is an example. A choropleth map shows
categories of information, such as soil type or rock
type, as areas on a map.

The global positioning system (GPS) locates the posi-
tion of an observer on the Earth using signals from
Earth satellites. The fine accuracy of location is affected
by the atmosphere, which is constantly changing.
Differential GPS significantly improves location accu-
racy. It uses two GPS receivers, one at a base station
and one at nearby locations to be plotted. In North
America, the Wide Area Augmentation System provides
differential GPS information by geostationary satellite
broadcast.

A geographic information system (GIS) is a computer-
based tool for working with spatial data. It works
with spatial objects, which include points, lines, and
polygons, and manipulates information associated with
spatial objects.

A geographic information system has five elements:
data acquisition, preprocessing, data management, data
manipulation and analysis, and product generation.
Remote sensing refers to acquiring information from a
distance, usually of large areas, by instruments called
remote sensors flown on aircraft or spacecraft. The
information is obtained by measuring electromagnetic
radiation reflected or emitted by an object or type of
Earth surface.

Most objects or surfaces reflect the colors of the spec-
trum differently, creating distinctive spectral signa-
tures. Vegetation is dark green in the visible spectrum,
but bright in the near-infrared.

Objects or surfaces emit thermal radiation in propor-
tion to their temperature. Emissivity, which affects the
amount of radiation emitted at a given temperature,
varies with the object or surface type.
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Passive sensing systems rely on environmental illu-
mination or internal emission, while active systems
provide their own source of energy. Radar is an active
sensing system that uses microwave radiation.

Remote sensing uses digital images that are processed
by computer. Image processing is used to extract and
enhance the information content of digital images.
Digital images are typically acquired by a multispec-
tral scanner or by a direct digital imager that uses an
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m Satellite orbits used for remote sensing include

Sun-synchronous and geostationary. The Sun-synchro-
nous orbit covers most of the Earth while maintaining
similar illumination conditions for repeat images. The
geostationary orbit keeps the imager always above the
same point on the Equator.

Earth visualization tools integrate remote sensing,
GIS, and GPS technology to create a visual simulation
of the Earth’s surface viewable on a networked com-

array of detectors.
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. What is geography? Identify three perspectives used
by geographers in studying the physical and human
characteristics of the Earth’s surface.

How does human geography differ from physical

geography?

. Identify and define five important subfields of sci-

ence within physical geography.

4. Identify and define three interrelated themes that
often arise in geographic study.

5. Name and describe each of the four great physical
realms of Earth. What is the life layer?

6. Provide two examples of processes or systems that
operate at each of the following scales: global, con-
tinental, regional, and local.

7. How is the word “system” used in physical geogra-
phy? What is a systems approach?

8. What is a time cycle as applied to a system? Give an
example of a time cycle evident in natural systems.

9. Identify and describe two interacting components
of global change.

10. How is global climate change influenced by human

activity?

. Why are current research efforts focused on the

carbon cycle?

12.

13.

14.

16.

17.

18.

19.

20.

21.
22,

Why is loss of biodiversity a concern of biogeogra-
phers and ecologists?

How does human activity degrade environmental
quality? Provide a few examples.

How do extreme events affect human activity? Is
human activity influencing the size or reoccurrence
rate of extreme events?

. Describe three types of map projections as they

might occur by projecting a wire globe onto a flat
sheet of paper.

What is the scale fraction of a map or globe? Can the
scale of a flat map be uniform everywhere on the map?
Do large-scale maps show large areas or small areas?
How do conformal and equal-area maps differ?
What types of symbols are found on maps, and what
types of information do they carry?

How are numerical data represented on maps?
Identify three types of isopleths. What is a chorop-
leth map?

What is the global positioning system? How does
it work? What factors cause errors in determining
ground locations?

What is differential GPS, and why is it important?
What is a geographic information system?



23.
24,

25.
26.

27.

Identify and describe three types of spatial
objects.

What are the key elements of a GIS?

What is remote sensing? What is a remote sensor?
Compare the reflectance spectra of water, vegeta-
tion, and a typical soil. How do they differ in the
visible spectrum? in near-infrared and shortwave
infrared wavelengths?

What is emissivity, and how does it affect the amount
of energy emitted by an object?

28.

29.

30.

31.

32.
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Is radar an example of an active or a passive remote
sensing system? Why?

What is a digital image? What advantage does a digi-
tal image have over a photographic image?
Describe two ways of acquiring a digital image.
How does a Sun-synchronous orbit differ from a
geostationary orbit? What are the advantages of
each type?

What technologies are involved in earth visualization
tools? How do these tools make use of the Internet?
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The Earth as a Rotating Planet

his chapter is concerned with the motion of the Earth as a planet—both its rotation

around its polar axis and its revolution around the Sun. What are the environmental

effects of the Earth’s rotation? How does the rotation naturally lead to the geographic grid of

parallels and meridians? How is the curved geographic grid projected to construct flat maps?

How does our global system of timekeeping work? What is the cause of the seasons, in which

the length of the daylight period varies with latitude through the year? These are some of the

questions we will answer in this chapter.

The Shape of the Earth

As we all learn early in school, the Earth’s shape is very
close to a sphere (Figure 1.1). Pictures taken from space
by astronauts and by orbiting satellites also show us that
the Earth is a ball rotating in space.

Today it seems almost nonsensical that many of our
ancestors thought the world was flat. But to ancient
sailors voyaging across the Mediterranean Sea, the
shape and breadth of the Earth’s oceans and lands
were hidden. Imagine standing on one of their ships,
looking out at the vast ocean, with no land in sight. The
surface of the sea would seem perfectly flat, stretch-
ing out and meeting the sky along a circular horizon.
Given this view, perhaps it is not so surprising that
many sailors believed the Earth was a flat disk and
feared their ships would fall off its edge if they ven-
tured too far.

We also see information about the shape of the Earth
when we watch the Sun set with clouds in the sky. The
clouds still receive the direct light of the Sun, although
it is gone from the sky as seen at ground level. The
movement of solar illumination across the clouds is
easily explained by a rotating spherical Earth.

Actually, the Earth is not perfectly spherical. The
Earth’s equatorial diameter, at about 12,756 km (7926
mi), is very slightly larger than the polar diameter, which
is about 12,714 km (7900 mi). As the Earth spins, the
outward force of rotation causes it to bulge slightly at
the equator and flatten at the poles. The difference is
very small—about three-tenths of 1 percent—but strictly
speaking the Earth’s squashed shape is closer to what is
known as an oblate ellipsoid, not a sphere.

38

An even more accurate representation of the
Earth’s shape is the geoid, which is a reference sur-
face based on the pull of gravity over the globe
(Figure 1.2). It is defined by a set of mathematical equa-
tions and has many applications in mapmaking, as well
as navigation.

Earth Rotation

The Earth spins slowly on its axis—an imaginary straight
line through its center and poles—a motion we refer
to as rotation. We define a solar day by one complete
rotation, and for centuries we have chosen to divide the
solar day into exactly 24 hours. The North and South
Poles are defined as the two points on the Earth’s sur-
face where the axis of rotation emerges. The direction
of the Earth’s rotation is shown in Figure 1.3.

The Earth’s rotation is important for three reasons.
First, the axis of rotation serves as a reference in setting
up the geographic grid of latitude and longitude, which
we will discuss later in the chapter. Second, it provides
the day as a convenient measure of the passage of time,
with the day in turn divided into hours, minutes, and
seconds. Third, it has important effects on the physical
and life processes on Earth.

ENVIRONMENTAL EFFECTS
OF EARTH ROTATION

All walks of life on the planet’s surface are governed by
the daily rhythms of the Sun. Green plants receive and
store solar energy during the day and consume some of



1.1 Our spherical Earth

V¥ Photo of Earth’s curvature This astronaut photo shows the
Earth's curved horizon from low-Earth orbit.

it at night. Among animals, some are active during the
day, others at night. The day-night cycle also creates
the daily air temperature cycle that is observed in most
places on the Earth.

The directions of large motions of the atmosphere
and oceans are also affected, as the turning of the
planet makes their paths curve. As we will see in Chap-
ter 5, weather systems and ocean currents respond
to this phenomenon, which is known as the Coriolis
effect.

Finally, the Earth’s rotation combined with the
Moon’s gravitational pull on the planet creates the
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A Distant Ship Seen through a telescope, the decks of a distant
ship seem to be under water.This phenomenon is easily explained by
a curved Earth surface that appears to “rise up” between the observer
and the ship.

V Cloud illumination Asyou watch a sunset from the ground, the
Sun lies below the horizon, no longer illuminating the land around
you.But at the height of the clouds, the Sun has not yet dipped
below the horizon, so it still bathes them in red and pinkish rays. As
the Sun descends, the red band of light slowly moves farther toward
the horizon. In this dramatic sunset photo, the far distant clouds are
still directly illuminated by the Sun’s last rays. For the clouds directly
overhead, however, the Sun has left the sky.

rhythmic rise and fall of the ocean surface that we know
as the tides. The ebb and flow of tidal currents is a life-
giving pulse for many plants and animals and provides
a clock regulating many daily human activities in the
coastal zone. When we examine the tide and its currents
further in Chapter 16, we will see that the Sun also has
an influence on the tides.
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1.2 The geoid

Pictured here is a greatly exaggerated geoid, in which small departures
from a sphere are shown as very large deviations.

North pole North pole

\_/
A As seen from above, the
rotation is counterclockwise.

A As seen from the side, the
rotation is eastward.

1.3 Direction of Earth rotation

You can picture the direction of Earth rotation in two ways.

The Geographic Grid

Itis impossible to lay a flat sheet of paper over a sphere
without creasing, folding, or cutting it—as you know if
you have tried to gift-wrap a ball. This simple fact has
caused mapmakers problems for centuries. Because
the Earth’s surface is curved, we cannot divide it into
a rectangular grid anymore than we could smoothly
wrap a globe in a sheet of graph paper. Instead, we
divide the Earth into what is known as the geographic
grid. This is made up of a system of imaginary circles,
called parallels and meridians, which are shown in
Figure 1.4.

A Parallels of latitude divide the
globe crosswise into rings.

A Meridians of longitude divide
the globe from pole to pole.

1.4 Parallels and meridians

PARALLELS AND MERIDIANS

Imagine cutting the globe just as you might slice an
onion to make onion rings (Figure 1.4A). Lay the globe
on its side, so that the axis joining the North and South
Poles runs parallel to your imaginary chopping board
and begin to slice. Each cut creates a circular outline
that passes around the surface of the globe. This
circle is known as a parallel of latitude, or a parallel.
The Earth’s longest parallel of latitude is the Equator,
which lies midway between the two poles. We use the
Equator as a fundamental reference line for measuring
position.

Now imagine slicing the Earth through the axis of
rotation instead of across it, just as you would cut up a
lemon to produce wedges
(Figure 1.4B). The out-
lines of the cuts form cir-
cles on the globe, each
of which passes through
both poles. Half of this
circular outline, connect-
ing one pole to the other,
is known as a meridian
of longitude, or, more
simply, a meridian.

Meridians and parallels define geographic directions.
When you walk directly north or south, you follow a
meridian; when you walk east or west you follow a paral-
lel. There are an infinite number of parallels and merid-
ians that can be drawn on the Earth’s surface, just as
there are an infinite number of positions on the globe.
Every point on the Earth is associated with a unique
combination of one parallel and one meridian. The
position of the point is defined by their intersection.

Meridians and parallels are made up of two types of
circles—great and small (Figure 1.5). A great circle is
created when a plane passing through the center of the
Earth intersects the Earth’s surface. It bisects the globe
into two equal halves. A small circle is created when a
plane passing through the Earth, but not through the

The geographic
grid consists of an
orderly system of

circles—meridians and
parallels—that are
used to locate position
on the globe.



Great circles

A A great circle is created when a plane passes through the Earth,
intersecting the Earth’s center.

Small circles

A Small circles are created when a plane passes through the Earth but
does not intersect the center point.

1.5 Great and small circles

Earth’s center, intersects the Earth’s surface. Meridians
are actually halves of great circles, while all parallels
except the Equator are small circles.

Because great circles can be aligned in any direction
on the globe, we can always find a great circle that passes
through two points on the globe. As we will see shortly
in our discussion of map projections, the portion of the
great circle between two points is the shortest distance
between them.

LATITUDE AND LONGITUDE

We label parallels and meridians by their latitude and
longitude (Figure 1.6). The Equator divides the globe
into two equal portions—the northern hemisphere and
the southern hemisphere.
Parallels are identified
by their angular distance
from the Equator, which
ranges from 0° to 90°. All
parallels in the northern
hemisphere are described
by a north latitude, and
all parallels south of the
Equator are given as south
latitude (N or S).

Latitude and longitude
uniquely determine
the position of a point
on the globe. Latitude
records the parallel,
and longitude the
meridian, associated
with the point.
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Latitude
angle

A The latitude of a parallel is the angle between a point on the
parallel (P) and a point on the Equator at the same meridian (Q) as
measured from the Earth's center.

Longitude
angle

Prime
meridian

A The longitude of a meridian is the angle between a point on that
meridian at the Equator (P) and a point on the prime meridian at the
Equator (Q) as measured at the Earth’s center.

1.6 Latitude and longitude angles

Meridians are identified by longitude, which is an
angular measure of how far eastward or westward the
meridian is from a reference meridian, called the prime
meridian. The prime meridian is sometimes known as
the Greenwich meridian because it passes through the
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Greenwich, England
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1.7 The prime meridian

This stripe in the forecourt of the old Royal Observatory at Greenwich, England, marks the prime meridian.

old Royal Observatory at Greenwich, near London,
England (Figure 1.7). It has a longitude value of 0°.
The longitude of a meridian on the globe is measured
eastward or westward from the prime meridian,
depending on which direction gives the smaller angle.
Longitude then ranges from 0° to 180°, east or west
(E or W).

Used together, latitude and longitude pinpoint loca-
tions on the geographic grid (Figure 1.8). Fractions of
latitude or longitude angles are described using minutes
and seconds. A minuteis 1/60 of a degree, and a second is
1/60 of a minute, or 1/3600 of a degree. So, the latitude
41°, 27 minutes (‘), and 41 seconds (“) north (lat. 41°

27’ 41”7 N) means 41° north plus 27/60 of a degree plus
41/3600 of a degree. This cumbersome system has now
largely been replaced by decimal notation. In this exam-
ple, the latitude 41° 27’ 41” N translates to 41.4614° N.

Degrees of latitude and longitude can also be used
as distance measures. A degree of latitude, which
measures distance in a north-south direction, is equal
to about 111 km (69 mi). The distance associated with
a degree of longitude, however, will be progressively
reduced with latitude because meridians converge
toward the poles. For example, at 60° latitude, a degree
of longitude has a length exactly half of that at the
Equator, or 55.5 km (34.5 mi).



1.8 Latitude and longitude of a point

The point P lies on the parallel of latitude at 50° north (50° from
the Equator) and on the meridian at 60° west (60° from the prime
meridian). Its location is therefore lat. 50° N, long. 60° W.

Map Projections

The problem of how to best display the Earth’s surface
has puzzled cartographers, or mapmakers, throughout
history (Figure 1.9). The oldest maps were limited
by a lack of knowledge of the world, rather than by
difficulties caused by the Earth’s curvature. They tended
to represent political or religious views rather than
geographic reality. Ancient Greek maps from the sixth
century B.C. show the world as an island, with Greece

1.9 Ptolemy’s map of the world

This atlas page shows a reproduction of a map of the world as it was
known in ancient Greece.
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at its center, while medieval maps from the fourteenth
century placed Jerusalem at the focus.

But by the fifteenth century, ocean-faring explor-
ers such as Columbus and Magellan were extending
the reaches of the known world. These voyagers took
mapmakers with them to record the new lands that they
discovered, and navigation charts were highly valued.
Mapmakers, who now had a great deal of information
about the world to set down, were forced to tackle the
difficulty of representing the curved surface of the Earth
on a flat page.

One of the earliest attempts to tackle the curvature
problem for large-scale maps was made by the Belgian
cartographer, Gerardus Mercator, in the sixteenth cen-
tury, and it is still used today. A number of other systems,
or map projections, have been developed to translate
the curved geographic grid to a flat one. We will con-
centrate on the three most useful types, including Mer-
cator’s. Each has its own advantages and drawbacks. You
can read more about maps and map projections in the
introductory chapter.

[T Map Projections

Watch an animation showing how map projections are
constructed.

POLAR PROJECTION

The polar projection (Figure 1.10) is normally centered
on either the North or the South Pole. Meridians are

180°

120°W 120°E

90°W

90°E

1.10 A polar projection

The map is centered on the North (or South) Pole. All meridians are
straight lines radiating from the center point, and all parallels are
concentric circles. The scale fraction increases in an outward direction,
making shapes toward the edges of the map appear larger.
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straight lines radiating outward from the pole, and par-
allels are nested circles centered on the pole. The map
is usually cut off to show only one hemisphere so that
the Equator forms the outer edge of the map. Because
the intersections of the parallels with the meridians
always form true right angles, this projection shows the
true shapes of all small areas. That is, the shape of a
small island would always be shown correctly, no matter
where it appeared on the map. However, because the
scale fraction increases in an outward direction, the
island would look larger toward the edge of the map
than near the center.

MERCATOR PROJECTION

In the Mercator projection, the meridians form a rect-
angular grid of straight vertical lines, while the paral-
lels form straight horizontal lines (Figure 1.11). The

1.11 The Mercator projection

V¥ The compass line connecting two locations, such as Portland and
Cairo, shows the compass bearing of a course directly connecting
them. However, the shortest distance between them lies on a great
circle, which is a longer, curving line on this map projection.The
diagram at the right side of the map shows how rapidly the map
scale increases at higher latitudes. At lat. 60°, the scale is double the
equatorial scale. At lat. 80°, the scale is six times greater than at the
Equator.

Scale increases rapidly poleward
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meridians are evenly spaced, but the spacing between
parallels increases at higher latitude so that the spacing
at 60° is double that at the Equator. As the map reaches
closer to the poles, the spacing increases so much that
the map must be cut off at some arbitrary parallel, such
as 80° N. This change of scale enlarges features near
the pole.

The Mercator projection has several special proper-
ties. Mercator’s goal was to create a map that sailors
could use to determine their course. A straight line
drawn anywhere on his map gives you a line of constant
compass direction. So a navigator can simply draw a line
between any two points on the map and measure the

A The true shortest distance, drawn over the globe as the crow flies,
appears as a curved line on the Mercator projection.
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bearing, or direction angle
of the line, with respect
to a nearby meridian on
the map. Since the merid-
ian is a true north-south
line, the angle will give
the compass bearing to
be followed. Once aimed
in that compass direction,
a ship or an airplane can
be held to the same compass bearing to reach the final
point or destination (Figure 1.11).

But this line does not necessarily follow the shortest
actual distance between two points, which we can easily
plot out on a globe. We have to be careful—Mercator’s
map can falsely make the shortest distance between
two points seem much longer than the compass line
joining them.

Because the Mercator projection shows the true
compass direction of any straight line on the map, it
is used to show many types of straightline features.
Among these features are flow lines of winds and ocean
currents, directions of crustal features (such as chains
of volcanoes), and lines of equal values, such as lines of
equal air temperature or equal air pressure. That’s why
the Mercator projection is chosen for maps of tempera-
tures, winds, and pressures.

The Mercator
projection shows a line
of constant compass
bearing as a straight
line and so is used to
display directional
features such as wind
direction.

1.12 The Winkel Tripel projection

V¥ This projection is very useful for displaying world maps because

it shows the true shapes and areas of countries and continents, with
only small distortions as compared to the Mercator or other global
projections. Shearing and relative area increase toward the map’s east
and west edges and near the poles.
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WINKEL TRIPEL PROJECTION

The Winkel Tripel projection (Figure 1.12) is named after
its inventor, Oswald Winkel (1873-1953). The German
word tripel is translated as “triplet” and refers to the
property that the projection minimizes the sum of dis-
tortions to area, distance, and direction. The projection
has parallels that are nearly straight, curving slightly
toward the edges of the map. The meridians are increas-
ingly curved with distance from the central meridian.
Compared to the Mercator projection (Figure 1.11),
we can see two major differences. In the Mercator
map, the shapes of coastlines and countries are shown
correctly, but their areas increase toward the poles. That
is, the Mercator map is conformalbut not equal-area. In the
Winkel Tripel map, the shapes are somewhat distorted
by shearing away from the central meridian and toward
the poles. However, the
areas of continents and
countries are shown much
more accurately. Only in
the polar regions near the
east and west edges of the
map do areas grow signifi-
cantly with latitude.
Because it shows areas
and shapes with only a

The Winkel Tripel
projection shows
the countries and
continents of the
globe with minimal
distortion of shape
and area.

V' Shearing occurs when meridians and parallels are curved,
distorting true shape. The Mercator map shows the shape of Australia
correctly, but the area of Australia is shown more accurately in the
Winkel Tripel map.
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small amount of distortion, the Winkel Tripel projec-
tion is well suited to displaying global data. It is an ideal
choice for world maps showing the world’s climate,
soils, and vegetation, and we use it in many places in
this book.

GEOGRAPHIC INFORMATION SYSTEMS

Maps are in wide use today for many applications as a
simple and an efficient way of compiling and storing
spatial information. However, in the past two decades,
maps are being supplemented by more powerful
computer-based methods for acquiring, storing, pro-
cessing, analyzing, and outputting spatial data. These
are contained within geographic information systems
(GISs). Tools in Physical Geography in our Introduction,
presents some basic concepts of geographic informa-
tion systems and how they work.

Global Time

There’s an old Canadian joke that goes, “Repent! The
world will end at midnight! or 12:30 A.M. in Newfound-
land.” It’s humorous because independent-minded
Newfoundlers use a time zone that is a half-hour ahead
of the other Canadian maritime provinces. It highlights
the fact that one single instant across the world—no
matter how cataclysmic—is simultaneously labeled by
different times in different local places.

Humans long ago decided to divide the solar day
into 24 units, called hours, and devised clocks to keep
track of hours in groups of 12. Yet, different regions set
their clocks differently—when it is 10:03 A.M. in New
York, it is 9:03 A.M. in Chicago, 8:03 A.M. in Denver, and
7:03 A.M. in Los Angeles. These times differ by exactly
one hour. How did this system come about? How does
it work?

Even in today’s advanced age, our global time system
is oriented to the Sun. Think for a moment about the
Sun moving across the sky. In the morning, the Sun is
low on the eastern horizon, and as the day progresses,
it rises higher until at solar noon it reaches its high-
est point in the sky. If you check your watch at that
moment, it will read a time somewhere near 12 o’clock
(12:00 noon). After solar noon, the Sun’s elevation in
the sky decreases. By late afternoon, the Sun hangs low
in the sky, and at sunset it rests on the western horizon.

Imagine for a moment that you are in Chicago
(Figure 1.13). The time is noon, and the Sun is at or
near its highest point in the sky. You call a friend in
New York and ask about the position of the Sun. Your
friend will say that the Sun has already passed solar
noon, its highest point, and is beginning its descent
down. Meanwhile, a friend in Portland will report that
the Sun is still working its way up to its highest point.

1.13 Time and the Sun
When it is noon in Chicago, it is 1:00 p.m.in New York and only
10:00 aMm. in Portland. Yet in Mobile, about 1600 km (1000 mi)
away, it is also noon. This is because time is determined by longitude,
not latitude.

But a friend in Mobile, Alabama, will tell you that the
time in Mobile is the same as in Chicago and that the
Sun is at about solar noon. How do we explain these dif-
ferent observations?

The difference in time makes sense because solar
noon can only occur simultaneously at places with the
same longitude. Only one meridian can be directly
under the Sun and experience solar noon at a given
moment. Locations on meridians to the east of Chicago,
like New York, have passed solar noon, and locations
to the west of Chicago, like Vancouver, have not yet
reached solar noon. Since Mobile and Chicago have
nearly the same longitude, they experience solar noon
at approximately the same time.

Figure 1.14 indicates how time varies with longitude.
Since the Earth turns 360° in a 24-hour day, the rota-
tion rate is 360°/24 = 15° per hour. So 15° of longitude
equates to one hour of time.

STANDARD TIME

We’ve just seen that locations with different longitudes
experience solar noon at different times. But what
would happen if each town or city set its clocks to read
12:00 at its own local solar noon? All cities and towns
on different meridians
would have different local
time systems. With today’s
instantaneous global com-
munication, chaos would
soon result.

Standard time simplifies
the global timekeeping
problem. In the standard
time system, the globe is

In the standard time
system, we keep
global time according
to nearby standard
meridians that
normally differ by one
hour from each other.



The outer ring gives
the time in hours

Los Angeles, about 120°W
longitude, 4:00 AM

New York, about 75°W
longitude, 7:00 AM

1.14 The relation of longitude to time
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The meridians are drawn
as spokes radiating out
from the pole

Singapore, about 105°E
longitude, 7:00 p.m

Greenwich, England,
0° longitude, 12:00 noon

This polar projection illustrates how longitude is related to time for an example of noon on the prime meridian. The alignment of

meridians with hours shows the time at other locations.

divided into time zones. People within a zone keep time
according to a standard meridian that passes through
their zone. Since the standard meridians are usually
15 degrees apart, the difference in time between adja-
cent zones is normally one hour. In some geographic
regions, however, the difference is only one-half hour.

Figure 1.15 shows the time zones observed in
northern North America. The United States and its
Caribbean possessions fall within seven time zones.
Six zones cover Canada. Their names and standard
meridians of longitude are as follows:

U.S. Zones Meridian Canadian Zones
5214° Newfoundland

Atlantic 60° Atlantic

Eastern 75° Eastern

Central 90° Central

Mountain 105° Mountain

Pacific 120° Pacific-Yukon

Alaska-Bering 135°

Hawaii 150°

WORLD TIME ZONES

According to our map of the world’s time zones
(Figure 1.16), the country spanning the greatest
number of time zones is Russia. From east to west,
Russia spans 11 zones, but groups them into eight stan-
dard time zones. China covers five time zones but runs
on a single national time using the standard meridian
of Beijing.

A few countries, such as India and Iran, keep time
using a meridian that is positioned midway between
standard meridians, so that their clocks depart from
those of their neighbors by 30 or 90 minutes. Some
states or provinces within countries also keep time by
7%° meridians, such as the Canadian province of New-
foundland and the interior Australian states of South
Australia and Northern Territory.

World time zones are often referred to by number to
indicate the difference in hours between time in a zone
and time in Greenwich. A number of -7, for example,
indicates that local time is seven hours behind Green-
wich time, while a +3 indicates that local time is three
hours ahead of Greenwich time.
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1.15 Time zones of the contiguous United States and southern Canada

The name, standard meridian, and number code are shown for each time zone. Time zone boundaries often follow
preexisting natural or political boundaries. For example, the Eastern time—Central time boundary line follows Lake Michigan
down its center,and the Mountain time—-Pacific time boundary follows a ridge-crest line also used by the [daho-Montana
state boundary.
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1.16 Time zones of the world

Dashed lines represent 15° meridians, and bold lines represent 7%° meridians. Alternate zones appear in color.



INTERNATIONAL DATE LINE

Take a world map or globe with 15° meridians. Start at
the Greenwich 0° meridian and count along the 15°
meridians in an eastward direction. You will find that
the 180th meridian is number 12 and that the time at
this meridian is therefore 12 hours later than Green-
wich time. Counting in a similar manner westward
from the Greenwich meridian, we find that the 180th
meridian is again number 12 but that the time is 12
hours earlier than Greenwich time. We seem to have a
paradox. How can the same meridian be both 12 hours
ahead of Greenwich time and 12 hours behind it? The
answer is that each side of this meridian is experiencing
a different day.

Doing the same experiment an hour later, at 1:00 A.M.,
stepping east you will find that you are in the early
morning of June 26. But if you step west you will find
that midnight of June 26 has passed, and it is now the
early morning of June 27. So on the west side of the
180th meridian, it is also 1:00 A.M. but it is one day later
than on the east side. For this reason, the 180th merid-
ian serves as the international date line. This means that
if you travel westward across the date line, you must
advance your calendar by one day. If traveling eastward,
you set your calendar back by a day.

Air travelers between North America and Asia cross the
date line. For example, flying westward from Los Ange-
les to Sydney, Australia, you may depart on a Tuesday
evening and arrive on a
Thursday morning after
a flight that lasts only 14
hours. On an eastward
flight from Tokyo to San
Francisco, you may actu-
ally arrive the day before
you take off, taking the
date change into account!

Actually, the international date line does not follow
the 180th meridian exactly. Like many time zone bound-
aries, it deviates from the meridian for practical reasons.
As shown in Figure 1.16, it has a zigzag offset between
Asia and North America, as well as an eastward offset
in the South Pacific to keep clear of New Zealand and
several island groups.

When crossing the
international date
line in an eastward
direction, travelers set
their calendars back
one day.

DAYLIGHT SAVING TIME

The daylight saving time system allows us to cheat stan-
dard time and transfer an hour of light to a time when
it will be more useful. In our modern world, we often
wake up well after sunrise and continue being active
until long after sunset, especially if we live in urban
areas. So we adjust our clocks during the part of the
year that has a longer daylight period to correspond
more closely with the modern pace of society. By setting
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all clocks ahead by one hour, we steal an hour from the
early morning daylight period—which is theoretically
wasted while schools, offices, and factories are closed—
and give it to the early evening, when most people are
awake and busy.

In the United States, daylight saving time comes into
effect on the second Sunday in March and is discontinued
on the first Sunday of November. Arizona (except the
Navajo Nation), Puerto Rico, Hawaii, U.S. Virgin Islands,
Guam, the Northern Mariana Islands, and American
Samoa do not observe daylight saving time. Although
many other nations observe daylight time, they do not
always begin and end daylight time on the same days of
the year. In the European Union, daylight saving time is
called summer time. It begins on the last Sunday in March
and ends on the last Sunday in October.

PRECISE TIMEKEEPING

Many scientific and technological applications require
precise timekeeping. Today, a worldwide system of
master atomic clocks measures time to better than one
partin 1,000,000,000,000. However, our Earth is a much
less precise timekeeper, demonstrating small changes in
the angular velocity of its rotation on its axis and varia-
tions in the time it takes to complete one circuit around
the Sun. As a result, constant adjustments to the time-
keeping system are necessary. The legal time standard
recognized by all nations is coordinated universal time,
which is administered by the Bureau International de
I’Heure, located near Paris.

The Earth’s Revolution
around the Sun

So far, we have discussed the importance of the Earth’s
rotation on its axis. But what about the Earth’s move-
ment as it orbits the Sun? We refer to this motion as
the Earth’s revolution around the Sun. The Earth takes
365.242 days to travel around the Sun—almost a quarter
of a day longer than the calendar year of 365 days. Every
four years, this time adds up to nearly one extra day,
which we account for by inserting a 29th day into Febru-
ary in leap years. Further minor corrections—such as
omitting the extra day in century years—are necessary
to keep the calendar on track.

The Earth’s orbit around the Sun is shaped like
an ellipse, or oval (Figure 1.17). This means that the
distance between the Earth and Sun varies somewhat
through the year. The Earth is nearest to the Sun at
perihelion, which occurs on or near January 3. It is far-
thest away from the Sun at aphelion, on or near July 4.
However, the distance between Sun and Earth varies
only by about 3 percent during one revolution because
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June solstice
June 21

AT 152,000,000 km

94,500,000 mi
Center of
ellipse

September equinox
Sept. 23

1.17 Orbit of the Earth around the Sun

March equinox
March 21

Perihelion
Jan. 3

Focus of ellipse

December solstice
Dec. 22

The Earth's orbit around the Sun is not quite circular, but is in the shape of an ellipse. As a result, the distance between the Sun and the

Earth varies with the time of year.

1.18 Revolution of the Earth and Moon
Viewed from a point over the Earth’s North Pole, the Earth both rotates

and revolves in a counterclockwise direction. From this viewpoint, the
Moon also rotates counterclockwise.

the elliptical orbit is shaped very much like a circle. For
most purposes we can regard the orbit as circular.

Which way does the Earth revolve? Imagine yourself
in space, looking down on the North Pole. From this
viewpoint, the Earth travels counterclockwise around
the Sun (Figure 1.18). This is the same direction as the
Earth’s rotation.

MOTIONS OF THE MOON

The Moon rotates on its axis and revolves about the
Earth in the same direction as the Earth rotates and
revolves around the Sun. But the Moon’s rate of rotation
is synchronized with the Earth’s rotation so that one side

of the Moon is permanently directed toward the Earth
while the opposite side of the Moon remains hidden.
It was only when a Soviet spacecraft passing the Moon
transmitted photos back to Earth in 1959 that we caught
our first glimpse of the far side.

The phases of the Moon are determined by the posi-
tion of the Moon in its orbit around the Earth, which in
turn determines how much of the sunlit Moon is seen
from the Earth. It takes about 29.5 days for the Moon
to go from one full Moon to the next. In the twilight
photo of a moonlit scene in Figure 1.19, the Moon is
nearly full. From the way that the Sun illuminates the
Moon as a sphere, it is easy to see that the Sun is down
and to the right.

The Earth’s Revolution Around the Sun
Watch a narrated animation to see how the Earth revolves
around the Sun to cause the seasons.

TILT OF THE EARTH’S AXIS

Depending on where you live in the world, the effects
of the changing seasons can be large. But why do we
experience seasons on Earth? And why do the hours of
daylight change throughout the year—most extremely
at the poles, and less so near the Equator?

Seasons arise because the Earth’s axis is not perpen-
dicular to the plane containing the Earth’s orbit around
the Sun, which is known as the plane of the ecliptic.
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1.19 Midnight in June, Lake Clark National Park, Alaska

Although it is midnight, the Sun is only just below the horizon, bathing the scene in soft twilight.

The way the spherical Moon is lit by the Sun also shows that the Sun is located below the horizon and to the right.

What else would the geographer see? These mountain landforms (A) show the effects of glacial ice
and frost action during the most recent Ice Age.The patches of snow mark the sites where small glaciers once formed, carving
shallow basins in the bedrock of the peaks. The gravel in the foreground (B) has a particularly fresh look and was probably deposited
recently by running water, perhaps during the most recent spring flood.

Figure 1.20 shows this plane as it intersects the Earth.  end of the Earth’s axis leans at the maximum angle away
If we extend the imaginary axis out of the North Pole  from the Sun, 23'%°. This event is called the December
into space, it always aims toward Polaris, the North Star. solstice, or winter solstice in
The direction of the axis does not change as the Earth ~ the northern hemisphere.
revolves around the Sun. Let’s investigate this phenom- At this time, the southern The axis of the Earth’s
enon in more detail. hemisphere is tilted toward rotation is tilted by

the Sun and enjoys strong 23%° away from the
THE FOUR SEASONS sola.r heating. plane of the ecliptic.

Six months later, on June This tilt causes the

Figure 1.21 shows the full Earth orbit traced on the 21, the Earth has traveled seasons.

plane of the ecliptic. On December 22, the north polar  to the opposite side of its
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1.20 The tilt of the Earth’s axis of rotation
with respect to its orbital plane

As the Earth moves in its orbit on the plane of the ecliptic around the
Sun, its rotational axis remains pointed toward Polaris, the North Star,
and makes an angle of 661° with the ecliptic plane. The axis of the
Earth is thus tilted at an angle of 23%4° away from a right angle to the
plane of the ecliptic.

orbit. This is known as the June solstice, or summer sol-
stice in the northern hemisphere. The north polar end
of the axis is tilted at 23%° toward the Sun, while the
South Pole and southern hemisphere are tilted away.
The equinoxes occur midway between the solstice
dates. At an equinox, the Earth’s axis is not tilted
toward the Sun or away from it. The March equinox
(vernal equinox in the northern hemisphere) occurs
near March 21, and the September equinox (autumnal
equinox) occurs near September 23. The conditions at
the two equinoxes are identical as far as the Earth—Sun
relationship is concerned. The date of any solstice or
equinox in a particular year may vary by a day or so,
since the revolution period is not exactly 365 days.

EQUINOX CONDITIONS

The Sun’s rays always divide the Earth into two
hemispheres—one that is bathed in light and one that
is shrouded in darkness. The circle of illumination is the
circle that separates the day hemisphere from the night
hemisphere. The subsolar point is the single point on the
Earth’s surface where the Sun is directly overhead at a
particular moment.

At equinox, the circle of illumination passes through
the North and South Poles, as we see in Figure 1.22.

March equinox
March 21

Plane of the ecliptic

September equinox

September 23

1.21 The four seasons

Sun S rays rcle of
mination
|ght December
solstice
December 22

The Earth revolves once around the Sun in a year, passing through each of its four seasons. The four seasons occur because the Earth’s tilted axis
is always pointed toward the same point in space, very close to the North Star. That is, a line through the Earth’s axis of rotation at each season is
parallel to a line through the axis at any of the other seasons. Because of this fixed direction of rotation, the northern hemisphere is tipped toward
the Sun for the June solstice and away from the Sun for the December solstice. Both hemispheres are illuminated equally at the equinoxes.
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1.22 Equinox conditions
At equinox, the Earth’s axis of rotation is exactly at right angles to the
direction of solar illumination. The circle of illumination passes through
the North and South Poles. The subsolar point lies on the equator.
At both poles, the Sun is seen at the horizon. The viewpoint for this
diagram is away from the plane of the ecliptic, so that both poles can
be seen.

The Sun’s rays graze the surface at both poles, so the
surfaces at the poles receive very little solar energy. The
subsolar point falls on the Equator. Here, the angle
between the Sun’s rays and the Earth’s surface is 90°,
so that point receives the full force of solar illumina-
tion. At noon at latitudes in between, such as 40° N, the
Sun strikes the surface at an angle that is less than 90°.
The angle that marks the Sun’s elevation above the
horizon is known as the noon angle. Simple geometry

———24-hour day
\ —Arctic Circle

\ Subsolar
- —>

point

24-hour day

e
24-hour
night

——
June solstice

1.23 Solstice conditions

Antarctic Circle™
—
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shows that for equinox conditions the noon angle is
equal to 90° minus the latitude, so that at 40° N, the
noon angle is 50°.

One important feature of the equinox is that day
and night are of equal length everywhere on the globe.
You can see this by imagining yourself located at a point
on the 40° N parallel. As the world turns, you will be
in daylight for exactly half the day and in night for the
other half.

SOLSTICE CONDITIONS

Now let’s examine the solstice conditions in Figure
1.23. The June solstice is shown on the left. Imagine
that you are back at a point on the lat. 40° N parallel.
Unlike at equinox, the circle of illumination no longer
divides your parallel into equal halves because of the tilt
of the northern hemisphere toward the Sun. Instead,
daylight covers most of the parallel, with a smaller
amount passing through twilight and darkness. For you,
the day is now considerably longer (about 15 hours)
than the night (about 9
hours). Now step onto the
Equator. You can see that
this is the only parallel
that is divided exactly into
two. On the Equator, day-
light and nighttime hours
will be equal throughout
the year.

The farther north you go, the more the effect
increases. Once you move north of lat. 66%°, the
day continues unbroken for 24 hours. Looking at
Figure 1.23, we can see that is because the lat. 66%°

At the June solstice,
the North Pole is tilted
toward the Sun. At the
December solstice, it is

tilted away from
the Sun.

24-hour

_night

40 o
W

Night

December solstice

At the solstice, the north end of the Earth’s axis of rotation is fully tilted either toward or away from the
Sun. Because of the tilt, polar regions experience either 24-hour day or 24-hour night. The subsolar point

lies on one of the tropics, at lat. 23%° N or S.
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parallel is positioned entirely within the daylight side
of the circle of illumination. This parallel is known
as the Arctic Circle. Even though the Earth rotates
through a full cycle during a 24-hour period, the area
north of the Arctic Circle will remain in continuous
daylight. We can also see that the subsolar point is at a
latitude of 231%° N. This parallel is known as the Tropic
of Cancer. Because the Sun is directly over the
Tropic of Cancer at this solstice, solar energy is most
intense here.

The conditions are reversed at the December solstice.
Back at lat. 40° N, the night is about 15 hours long,
while daylight lasts about 9 hours. All the area south
of lat. 66'4° S lies under the Sun’s rays, inundated with
24 hours of daylight. This parallel is known as the Ant-
arctic Circle. The subsolar point has shifted to a point
on the parallel at lat. 23'%° S, known as the Tropic of
Capricorn.

We have carefully used the term daylight to describe
the period of the day during which the Sun is above
the horizon. When the Sun is not too far below the
horizon, the sky is still lit by twilight. At high latitudes
during the polar night, twilight can be several hours
long and provide enough illumination for many out-
door activities.

The solstices and equinoxes are four special events
that occur only once
during the year. Between
these times, the latitude of
the subsolar point travels
northward and southward
in an annual cycle, loop-
ing between the Tropics
of Cancer and Capricorn.
We call the latitude of the
subsolar point the Sun’s
declination (Figure 1.24).

As the seasonal cycle progresses, the polar regions that
are bathed in 24-hour daylight or shadowed in 24-hour
night shrink and then grow. At other latitudes, the
length of daylight changes slightly from one day to the
next, except at the Equator, where it remains the same.
In this way, the Earth experiences the rhythm of the sea-
sons as it continues its revolution around the Sun.

The Sun’s declination
describes the latitude
of the subsolar point
as it ranges from 23 %°
S (December solstice)
to 237%2° N (June
solstice) throughout
the year.

IN REVIEW

= Although the Earth appears in space photos to be a
sphere, it is slightly flattened at the poles into a shape
resembling an oblate ellipsoid. The geoid is a closer
approximation of the Earth’s true shape.

® The Earth rotates on its axis once in 24 hours. The
intersection of the axis of rotation with the Earth’s
surface marks the North and South Poles. The direc-
tion of rotation is counterclockwise when viewed from
above the North Pole.

25°N FTropic of Cancer (231/2°
20°N [~
15°N —
10°N [~
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March equinox

1.24 The Sun’s declination through the year

The latitude of the subsolar point marks the Sun's declination, which
changes slowly through the year from —234° to +234° to —2314°.

Observing Earth-Sun Relationships
Watch a video to learn how ancient peoples used the posi-
tion of the rising and setting Sun on the horizon to devise
annual calendars to predict wet and dry seasons, planting,
and harvesting.

GEODISCOVERIES R Ko]T P

Take a quick quiz on the key concepts of this chapter.

A Look Ahead

This chapter has focused on the daily rotation of the
Earth on its axis and the annual revolution of the Earth
around the Sun. The daily and annual rhythms of the
Earth’s motion create a global pattern of energy flow
from the Sun to the Earth that changes from minute
to minute, day to day, and season to season. This flow
powers most of the natural processes that we experience
every day, from changes in the weather to the work of
streams in carving the landscape.

[T IRN0Zd Web Links

Visit web sites to find out more about longitude, maps, and
globes. Find the time at any location in the world. Find the
position of the Sun in the sky for any location, time, and date.
Learn more about GPS.

® The Earth’s rotation provides the daily alternation of
sunlight and darkness, the tides, and a sideward turn-
ing of ocean and air currents.

® The geographic grid, which consists of meridians and
parallels, helps us mark locations on the globe. Great
circles always bisect the globe, but small circles do not.

® Geographic location is labeled using latitude and
longitude. The Equator and the prime meridian act as
references to locate any point on Earth.



® Map projections display the Earth’s curved surface on
a flat page. The polar projection pictures the globe as
we might view it from the top or bottom. The Merca-
tor projection converts the curved geographic grid into
a flat, rectangular grid and best displays directional
features. The Winkel Tripel projection shows the entire
globe while minimizing distortion in shape and area.

® We keep time in time zones according to standard
meridians that are normally 15° apart. Since the Earth
rotates by 15° each hour, time zones normally differ
by one hour.

m At the International Date Line, the calendar day
changes—advancing a day for westward travel,

KEY TERMS

rotation, p. 38 small circle, p. 40
pole, p. 38 latitude, p. 41
parallel, p. 40 longitude, p. 41
Equator, p. 40 map projection, p. 43
meridian, p. 40 standard time system,
great circle, p. 40 p- 46

REVIEW QUESTIONS

1. How do we know that the Earth is “round”? What
is the approximate shape of the Earth? Define the
term geoid.

2. What is meant by Earth rotation? Describe three envi-
ronmental effects of the Earth’s rotation.

3. Describe the geographic grid, including parallels
and meridians.

4. How do latitude and longitude determine position
on the globe? In what units are they measured?
What function do the Equator and the prime merid-
ian serve in determining latitude and longitude?

VISUALIZING EXERCISES

1. Sketch a diagram of the Earth at an equinox. Show the
North and South Poles, the Equator, and the circle of
illumination. Indicate the direction of the Sun’s incom-
ing rays and shade the night portion of the globe.

ESSAY QUESTION

1. Suppose that the Earth’s axis were tilted at 40° to
the plane of the ecliptic instead of 23%.°. What
would be the global effects of this change? How
would the seasons change at your location?
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dropping back a day for eastward travel. Daylight
saving time advances the clock by one hour.

The seasons arise from the revolution of the Earth
in its orbit around the Sun and the tilt of the Earth’s
axis. The solstices and equinoxes mark the cycle of
this revolution.

At the June (summer) solstice, the northern hemisphere
is tilted toward the Sun. At the December (winter)
solstice, the southern hemisphere s tilted toward the Sun.
At the March and September equinoxes, the Earth is
tilted neither toward nor away from the Sun, and day
and night are of equal length.

time zones, p. 47 September equinox, p. 52
daylight saving time, p. 49  Arctic Circle, p. 54
revolution, p. 49 Tropic of Cancer, p. 54
December solstice, p. 51 Antarctic Circle, p. 54
June solstice, p. 52 Tropic of Capricorn,
March equinox, p. 52 p- 54

5. Identify three types of map projections and describe

each briefly. Give reasons why you might choose dif-
ferent map projections to display different types of
geographical information.

6. Explain the global timekeeping system. Define and

use the terms standard time, standard meridian, and
lime zone in your answer.

7. What is the international date line? Where is it found?

Why is it necessary?

8. What is meant by the “tilt of the Earth’s axis”» How

is the tilt responsible for the seasons?

2. Sketch a diagram of the Earth at the June (summer)

solstice, showing the same features. Also include the
Tropics of Cancer and Capricorn, and the Arctic
and Antarctic Circles.



Chapter 2
The Earth’s Global Energy Balance

Vast expanses of moving
sand occur in parts of
the Sahara Desert. Fed by
sandstone formations that | Y Nouakchott —
slowly release sand particles, ¥ [ MAURITANIA
the wind-driven sand sheets  \EEEE.
form an ever-changing land-
scape of dunes.

The sand sheets of the Sahara
are very bright objects, reflecting as
much as 40 percent of the sunlight
they receive. The proportion of
solar energy that is reflected from a
surface is termed its albedo. High-
albedo surfaces like sand help
cool the planet by reflecting large
amounts of sunlight back to space.

The long, striking shadows of
the caravan in this photo point
out another important fact—that
the strength of the Sun’s energy
depends on its angle in the sky.
When the Sun is low, its energy is
spread across a larger amount of
surface, like the shadows of the
dromedaries. When the Sun is over-
head, its energy is most intense.

On a global scale, the Earth's
climate is determined by the
balance between solar energy
absorbed and reflected. On a local o
or regional scale, climate is deter-
mined by how the Sun'’s path in

the sky varies from day to day and P
season to season.We'll have a lot ‘
4

more to say about these effects in : V
this chapter. A dromedary caravan near Nouakchott, Mouritania 7\
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The Earth’s Global Energy Balance

ur planet receives a nearly constant flow of solar energy that powers all life processes

and most processes of the atmosphere and Earth’s surface. What are the characteristics

of this energy? How and where does the Earth and atmosphere absorb this solar energy?

How is solar energy converted to heat that is ultimately radiated back to space? How does the

Earth—-atmosphere system trap heat to produce the greenhouse effect? These are some of the

questions we will answer in this chapter.

The Ozone Layer—
Shield to Life

High above the Earth’s surface lies an atmospheric layer
rich in ozone—a form of oxygen in which three oxygen
atoms are bonded together (O3). Ozone is a highly
reactive gas that can be toxic to life and damaging

to materials, but high in the atmosphere it serves an
essential purpose—sheltering life on the Earth's surface
from powerful ultraviolet radiation emitted by the Sun.
Without the ozone layer to absorb this radiation, bacteria
exposed at the Earth’s surface would be destroyed, and
unprotected animal tissues would be severely damaged.

The ozone layer is presently under attack by air
pollutant gases produced by human activity. The most
important gases are chlorofluorocarbons, or CFCs—synthetic
industrial chemical compounds containing chlorine, fluorine, and
carbon atoms. Although CFCs were banned in aerosol sprays in the
United States beginning in 1976, they are still used as cooling fluids
in some refrigeration systems.When appliances containing CFCs
leak or are discarded, their CFCs are released into the air.

Ozone is constantly being formed and destroyed by chemical
reactions in the upper atmosphere, and the balance between
formation and destruction determines the concentration of
ozone. CFC molecules move up to the ozone layer where
they decompose to chlorine oxide (CIO), which attacks ozone,
converting it to ordinary oxygen (O,) by a chain reaction. This
lowers the concentration of ozone, and with less ozone, there is
less absorption of ultraviolet radiation.

A”hole”in the ozone layer was discovered over the continent of
Antarctica in the mid-1980s (Figure 2.1).In recent years, the ozone
layer there has been found to thin during the early spring of the
southern hemisphere, reaching a minimum during the month of
September or October. Typically, the ozone hole slowly shrinks and
ultimately disappears in early December.
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In the northern hemisphere, conditions for the formation
of an ozone hole are not as favorable. But arctic ozone holes
have occurred several times in the past decade, with a
strong arctic ozone hole observed in 2005. Atmospheric
computer models have projected more such events in
the period 2010-2019.

Aerosols inserted into the stratosphere by volcanic activity
also can act to reduce ozone concentrations. The June 1991
eruption of Mount Pinatubo, in the Philippines, reduced global
ozone in the stratosphere by 4 percent during the following year,
with reductions over midlatitudes of up to 9 percent.

2.1 Ozone hole, September 24,2006

The Antarctic ozone hole of 2006 was the largest on record, covering
about 29.5 million km? (@bout 11.4 million mi?). Low values of ozone
are shown in purple ranging through blue, green, and yellow. Ozone
concentration is measured in Dobson units, and October 8, 2006, saw
its lowest value—85 units.



Since 1978, surface-level ultraviolet radiation has been
increasing. Over most of North America, the increase has been
about 4 percent per decade. This trend is expected to increase
the number of skin cancer cases. Crop yields and some forms of
aquatic life may also suffer. Today, we are all aware of the dangers
of harmful ultraviolet rays to our skin and the importance of using
sunscreen before going outdoors.

In response to the global threat of ozone depletion, 23 nations
signed a treaty in 1987 to cut global CFC consumption by 50
percent by 1999.The treaty was effective, and by 1997, stratospheric
chlorine concentrations had topped out and started to fall. In
2003, scientists using three NASA satellite instruments and three
international ground stations confirmed a slowing in the rate of
ozone depletion starting in 1997.

In operation for two decades, the international agreements
have had an effect. Though not a reversal of ozone loss, the trend is
encouraging. Current predictions show that the ozone layer will be
restored by the middle of the century.

Electromagnetic Radiation

All surfaces—from the fiery Sun in the sky to the skin
covering our bodies—constantly emit radiation. Very
hot objects, such as the Sun or a light bulb filament, give
off radiation that is nearly all in the form of light. Most
of this energy is visible light, which we perceive with the
colors of the rainbow, but the Sun also emits ultraviolet
and infrared light that cannot be seen directly.

Cooler objects than the Sun, such as Earth surfaces
and even our own bodies, emit heat radiation. So, our
planet’s surface and its atmosphere constantly emit
heat. Over the long run, the Earth emits exactly as much
energy as it absorbs from the sun, creating a global
energy balance.

Light and heat are both forms of electromagnetic
radiation. You can think of electromagnetic radiation
as a collection of waves, of a wide range of wavelengths,
that travel away from the surface of an object. Radiant
energy can exist at any wavelength. Heat and light are
identical forms of electromagnetic radiation except for
their wavelengths.

Wavelength is the distance separating one wave crest
from the next wave crest, as you can see in Figure 2.2. In
this book, we will measure wavelength in micrometers. A
micrometer is one millionth of a meter (10° m). The tip of
your little finger is about 15,000 micrometers wide. We
use the abbreviation pm for the micrometer. The first
letter is the Greek letter p, or mu.

Electromagnetic waves differ in wavelength throughout
their entire range, or spectrum (Figure 2.3). Gamma rays
and X rays lie at the short-wavelength end of the spectrum.
Their wavelengths are normally expressed in nanometers.
A nanometer is one one-thousandth of a micrometer, or
10® m, and is abbreviated nm. Gamma and X rays have
high energies and can be hazardous to health. Ultraviolet
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Long waves

Short waves
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2.2 Wavelength of electromagnetic radiation
Electromagnetic radiation can be described as a collection of energy

waves with different wavelengths. Wavelength is the distance from
one wave crest to the next.

radiation begins at about 10 nm and extends to 400 nm (or
0.4 pm). It can also damage living tissues.

Visible light begins at about 0.4 pm with the color
violet. Colors then gradually change through blue,
green, yellow, orange, and red, until we reach the end
of the visible spectrum at about 0.7 pm. Next is near
infrared radiation, with wavelengths from 0.7 to 1.2 pm.
This radiation is very similar to visible light—most of it
comes from the Sun. We can’t see near-infrared light
because our eyes are not sensitive to radiation beyond
about 0.7 pm.

Shortwave infrared radiation also mostly comes from
the Sun and lies between 1.2 and 3.0 pm. Middle-infrared
radiation, from 3.0 pm to 6 pm, can come from the Sun
or from very hot sources on the Earth, such as forest
fires and gas well flames.

Next we have thermal
infrared radiation, between
6 pm and 300 pm. This
is given oftf by bodies at
temperatures normally
found at the Earth’s sur-
face. Figure 2.4 shows a
thermal infrared image of a suburban scene obtained
at night using a special sensor. Here red tones indicate
the warmest temperatures and black tones the coldest.
Windows appear red because they are warm and radiate
more intensely. House walls are intermediate in tempera-
ture and appear blue. Roads and driveways are cool, as

Visible light includes
colors ranging from
violet to red and spans
the wavelength range
of about 0.4 to 0.7 pm.
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2.3 The electromagnetic spectrum

Electromagnetic radiation can exist at any wavelength. By convention, names are assigned to specific wavelength regions.

2.4 A thermal infrared image

This thermal image shows a suburban scene at night. Black and violet tones show lower temperatures, while yellow and red tones show higher
temperatures. Ground and sky are coldest, while the windows of the heated homes are warmest.



are the trees, shown in purple tones. Ground and sky are
coldest (black).

The Electromagnetic Spectrum
Expand your vision! Go to this animation and click on parts
of the electromagnetic spectrum to reveal images that can't
be sensed directly with your eyes.

RADIATION AND TEMPERATURE

There are two important physical principles to remember
about the emission of electromagnetic radiation. The
first is that hot objects radiate more energy than cooler
objects. The flow of radiant energy from the surface of
an object is directly related to the absolute temperature
of the surface, measured on the Kelvin absolute tempera-
ture scale, raised to the fourth power. So if you double the
absolute temperature of an object, it will emit 16 times
more energy from its surface. Even a small increase in
temperature can mean a large increase in the rate at
which radiation is given off by an object or surface.

The second principle is that the hotter the object,
the shorter are the wavelengths of radiation that it
emits. This inverse relationship between wavelength and
temperature means that very hot objects like the Sun
emit radiation at short
wavelengths. Because the
Earth is a much cooler
object, it emits radiation
with longer wavelengths.
This principle explains
why the Sun emits light
and the Earth emits heat.

Hotter objects radiate
substantially more
energy than cooler

objects. Hotter objects

also radiate energy at
shorter wavelengths.

SOLAR RADIATION

Our Sun is a ball of constantly churning gases that are
heated by continuous nuclear reactions. It is about aver-
age in size compared to other stars, and it has a surface
temperature of about 6000°C (about 11,000°F). The
Sun’s energy travels outward in straight lines or rays at a
speed of about 300,000 km (about 186,000 mi) per sec-
ond—the speed f light. At that rate, it takes the energy
about 8 %4 minutes to travel the 150 million km (93 mil-
lion mi)3rom the Sun to the Earth.

The rays of solar radiation spread apart as they move
away from the Sun. This means that a square meter on
Mars will intercept less radiation than on Venus because
Mars lies farther from the Sun. The Earth only receives
about one-half of one-billionth of the Sun’s total energy
output.

Solar energy is generated by nuclear fusion reactions
inside the Sun, as hydrogen is converted to helium at
very high temperatures and pressures. A vast quantity
of energy is generated this way, which finds its way to
the Sun’s surface. The rate of solar energy production

Electromagnetic Radiation 61

is nearly constant, so the output of solar radiation also
remains nearly constant, as does the amount of solar
energy received by the Earth. The rate of incoming
energy, known as the solar constant, is measured beyond
the outer limits of the Earth’s atmosphere, before any
energy has been lost in the atmosphere.

You’ve probably seen the watt (W) used to describe
the power, or rate of energy flow, of a light bulb or other
home appliance. When we talk about the intensity
of received (or emitted) radiation, we must take into
account both the power of the radiation and the surface
area being hit by (or giving off) energy. So we use units
of watts per square meter (W/m?*). The solar constant
has a value of about 1367 W/m?. Because there are no
common equivalents for this energy flow rate in the
English system, we will use only metric units.

CHARACTERISTICS OF SOLAR ENERGY

Let’s look in more detail at the Sun’s output as it is
received by the Earth (illustrated in Figure 2.5). Energy
intensity is shown on the graph on the vertical scale.
Note that it is a logarithmic scale—that is, each whole
unit marks an intensity 10 times greater than the one
below. Wavelength is shown on the horizontal axis, also
on a logarithmic scale.

The left side of Figure 2.5 shows how the Sun’s
incoming electromagnetic radiation varies with wave-
length. The uppermost line indicates how a “perfect”
Sun would supply solar energy at the top of the atmo-
sphere. By “perfect,” we mean a Sun at a temperature
of 6000 K radiating as a blackbody—an ideal surface that
follows physical theory exactly. The solid line shows the
actual output of the Sun as measured at the top of the
atmosphere. Itis quite close to the “perfect” Sun, except
for ultraviolet wavelengths, where the real Sun emits less
energy. The Sun’s output peaks in the visible part of the
spectrum. We can see that human vision is adjusted to
the wavelengths where solar light energy is highest.

The solar radiation actually reaching the Earth’s sur-
face is quite different from the solar radiation measured
above the Earth’s atmosphere. This is because solar
radiation is both absorbed
and scattered by vary-
ing amounts at different
wavelengths as it passes
through the atmosphere.

Molecules and particles
in the atmosphere inter-
cept and absorb radiation
at particular wavelengths.
This atmospheric absorp-
tion directly warms the
atmosphere in a way that
affects the global energy
balance, as we will discuss

Shortwave radiation
refers to wavelengths
emitted by the Sun,
which are in the range
of about 0.3 to 3 pm.
Longwave radiation
refers to wavelengths
emitted by cooler
objects, such as Earth
surfaces, which range
from about 3 to 30 pm.
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2.5 Spectra of solar and Earth radiation

The Earth radiates less energy than the Sun, and this energy is emitted at longer wavelengths. This figure plots both
shortwave radiation, which comes from the Sun (left side), and longwave radiation, which is emitted by the Earth’s surface
and atmosphere (right side). Note that radiation intensity is shown on a logarithmic scale. We have not taken scattering

into account in this illustration.

toward the end of this chapter. Solar rays can also be
scattered into different directions when they collide with
molecules or particles in the atmosphere. Rays can be
diverted back up into space or down toward the surface,
and may be scattered several times.

Solar energy received at the surface ranges from
about 0.3 pm to 3 pm. This is known as shortwave
radiation. We will now turn to the longer wavelengths of
energy that are emitted by the Earth and atmosphere.

LONGWAVE RADIATION FROM THE EARTH

Remember that both the range of wavelengths and the
intensity of radiation emitted by an object depend on

the object’s temperature. Because the Earth’s surface
and atmosphere are much colder than the Sun, our
planet radiates less energy than the Sun and this energy
is emitted at longer wavelengths.

The right side of Figure 2.5 shows exactly that. The
upper line shows the radiation of a blackbody at a tem-
perature of about 300 K (23°C, 73°F), which is a good
approximation for the Earth as a whole. At this tem-
perature, radiation ranges from about 3 to 30 pm and
peaks at about 10 pm in the thermal infrared region.
This thermal infrared radiation emitted by the Earth is
longwave radiation.

Beneath the blackbody curve is an irregular series
of peaks that show upwelling energy emitted by the



Earth and atmosphere as measured at the top of the
atmosphere. Some wavelengths in this range seem to
be missing, especially between 6-8 pm, 14-17 pm, and
above 21 pm. These wavelengths are almost completely
absorbed by the atmosphere before they can escape.
Water vapor and carbon dioxide are the main absorbers,
playing a large part in the greenhouse effect, which we
will discuss shortly.

There are still three regions where outgoing energy
flow from the Earth to space is significant—4 to 6 pm,
8 to 14 pm, and 17 to 21 pm. We call these windows
through which longwave radiation leaves the Earth and
flows to space.

2.6 The global radiation balance

V¥ Shortwave radiation from the Sun is transmitted through space,
where it is intercepted by the Earth.The absorbed radiation is then
ultimately emitted as longwave radiation to outer space.

Shortwave
radiation

Hydrogen
fusion S\
Transmission

7
Interception
/

Outer space

A
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THE GLOBAL RADIATION BALANCE

The Earth constantly absorbs solar shortwave radiation
and emits longwave radiation. Figure 2.6 presents a
diagram of this energy flow process, which we refer to as
the Earth’s global radiation balance.

The Sun provides a nearly constant flow of shortwave
radiation that is intercepted by the Earth. Scattering

A Absorption of shortwave radiation
by the Earth and atmosphere provides
energy that the Earth—atmosphere

4 : ' R
system radiates away in all directions.

|

Longwave radiation
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V¥ Incoming solar radiation is either reflected back to space or absorbed by the atmosphere or surface.
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reflects part of this radiation back into space with-
out absorption. The remaining energy is absorbed by
atmosphere, land, or ocean, and ultimately emitted as
longwave radiation to space. In the long run, absorbed
incoming radiation is balanced by emitted outgoing
radiation. Since the temperature of a surface is deter-
mined by the amount of energy it absorbs and emits, the
Earth’s overall temperature tends to remain constant.

Insolation over the Globe

Most natural phenomena on the Earth’s surface—from
the downhill flow of a river to the movement of a sand
dune to the growth of a forest—are powered by the Sun,
either directly or indirectly. It is the power source for
wind, waves, weather, rivers, and ocean currents, as we
will see here and in later chapters.

2.7 Solar intensity and Sun angle

Although the flow of
solar radiation to the Insolation refers to the
Earth as a whole remains flow rate of incoming
constant, different places solar radiation. It is
on the planet receive dif- high when the Sun is
ferent amounts of energy high in the sky.
at different times. What
causes this variation?

Incoming solar radiation is known as insolation. It is
a rate of flow of energy and is measured in units of watts
per square meter (W/m?). Daily insolation is the average
flow rate over a 24-hour day, while annual insolation is
the average flow rate over the entire year.

Insolation depends on the angle of the Sun above the
horizon. Itis greatest when the Sun is directly overhead,
and it decreases when the Sun is low in the sky, since the
same amount of solar energy is spread out over a greater
area of ground surface (Figure 2.7).

The intensity of the solar beam depends on the angle between the beam and the surface.

008

—

1 unit of surface area

One unit of light is concentrated
over one unit of surface area.

A Sunlight, represented by the flashlight,

is most intense when the beam is vertical.

—

1.4 units of surface area

One unit of light is dispersed
over 1.4 units of surface area.

A When the beam strikes the surface at
an angle of 45°, it covers a larger surface,
and so it is less intense.

30

-

2 units of surface area

One unit of light is dispersed
over 2 units of surface area.

A At 30° the beam covers an even
greater surface and is even weaker.

<« Because the angle of the solar beam striking the Earth
varies with latitude, insolation is strongest near the Equator

and weakest near the poles.



The Sun’s Noon Angle and the
Length of Day

Imagine yourself watching the Earth from a point far out
in space, where it is easy to see how both the Sun’s angle
at noon and the length of day vary with the seasons and
latitude for any point on Earth. An animation.

DAILY INSOLATION THROUGH THE YEAR

Daily insolation at a location depends on two factors: (1)
the angle at which the Sun’s rays strike the Earth, and
(2) how long the place is exposed to the rays. In Chap-
ter 1 we saw that both of these factors are controlled by
latitude and the time of year. At midlatitude locations in
summer, for example, days are long and the Sun rises
to a position high in the sky, heating the surface more
intensely.

How does the angle of the Sun vary during the day?
It depends on the Sun’s path. Near noon, the Sun is
high above the horizon—the Sun’s angle is greater,
and so insolation is higher. Figure 2.8 shows the typi-
cal conditions found in midlatitudes in the northern
hemisphere, for example, at New York or Denver. An
observer standing on a wide plain will see a small area of

At equinox, the Sun rises directly
to the east and sets directly to the
west. The noon Sun is at an angle
of 50° above the horizon in the
southern sky.

S
At the December solstice,
the Sun is above the horizon
for about 9 hours and reaches
a noon elevation of only 26%%°.

2.8 The path of the Sun in the sky at 40° N latitude
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the Earth’s surface bounded by a circular horizon. The
Earth’s surface appears flat, and the Sun seems to travel
inside a vast dome in the sky.

Comparing the three paths shown in the figure, we
find that both the length of time the Sun is in the sky
and the angle of the Sun during the main part of the
day change with the time of year. At the June solstice,
average daily insolation will be greatest, since the Sun is
in the sky longer and reaches higher elevations. At the
December solstice, daily insolation will be least, with a
shorter daily path and lower elevations. At the equinox,
the insolation will be intermediate.

Figure 2.9 shows the Sun’s path for three other lati-
tudes. At the North Pole, the Sun moves in a circle in
the sky at an elevation that changes with the seasons. At
the Equator, the Sun is always in the sky for 12 hours,
but its noon angle varies through the year. At the Tropic
of Capricorn, the Sun is in the sky longest and reaches
its highest elevations at the December solstice.

Based on this analysis, daily insolation will vary strongly
with season at most latitudes. As shown in Figure 2.10,
daily insolation at 40° will range from about 160 W/m?
on the December solstice to about 460 W/m? on the
June solstice. Insolation drops to zero at the North Pole

At the June solstice, the Sun's path rises
much higher in the sky—at noon it will be
73%° above the horizon.The Sun is
above the horizon for about 15 hours,
and it rises at a point on the horizon that
is well to the north of east and sets well
to the north of west.

The Sun is above the horizon for
exactlyl2 hours at equinox, which
is shown in this illustration by the
hour numbers along the Sun's path.

The Sun's path changes greatly in position and height above the horizon through the seasons.
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Observer at
North Pole

Horizon

2.9 The Sun’s path at the North Pole, Equator, and Tropic of Capricorn
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2.10 Daily insolation through the year at various latitudes
(northern hemisphere)

at the September equinox, when the Sun’s circular path
sinks below the horizon, and does not increase again
until the March equinox. However, the peak insolation
at the June solstice is greater at the North Pole, about
500 W/m?, than at any other latitude. At the Equator,
daily insolation varies from about 380 W/m?* to about
430 W/m? and there are two maximums—each near the
time of an equinox, when the Sun is directly overhead
at noon. At the solstice, insolation is lower because the
Sun’s path is lower in the sky (Figure 2.9).

The Path of the Sun in the Sky

View this animation to follow the daily path of the Sun in
the sky. Shows how both latitude and season affect the Sun’s
motion as seen by an observer on the ground.

ANNUAL INSOLATION BY LATITUDE

How does latitude affect annual insolation—the rate
of insolation averaged over an entire year? Figure 2.11
shows two curves of annual insolation by latitude—one
for the actual case of the Earth’s axis tilted at 23%° and
the other for an Earth with an untilted axis.
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2.11 Annual insolation from Equator to pole for the Earth

Let’s look first at the real case of a tilted axis. We
can see that annual insolation varies smoothly from the
Equator to the pole and is greater at lower latitudes. But
high latitudes still receive a considerable flow of solar
energy—the annual insolation value at the pole is about
40 percent of the value at the equator.

Now let’s look at what would happen if the Earth’s
axis was not tilted. With the axis perpendicular to the
plane of the ecliptic, there are no seasons. Annual
insolation is very high at the Equator because the Sun
passes directly overhead at noon every day throughout
the year. Annual insolation at the poles is zero because
the Sun’s rays always skirt the horizon.

We can see that without a tilted axis our planet would
be a very different place. The tilt redistributes a very
significant portion of the Earth’s insolation from the
equatorial regions toward the poles. So even though the
pole does not receive direct sunlight for six months of
the year, it still receives nearly half the amount of annual
solar radiation as the Equator.

WORLD LATITUDE ZONES

The seasonal pattern of daily insolation provides a
convenient way to divide the globe into broad latitude
zones (Figure 2.12) that we will use in this book. The
equatorial zome encompasses the Equator and covers
the latitude belt roughly 10° north to 10° south. Here
the Sun provides intense insolation throughout most
of the year, and days and nights are of roughly equal
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2.12 World latitude zones

A Subarctic zone Much of the subarctic zone is covered by
evergreen forest, seen here with a ground cover of snow. Near Churchill,
Hudson Bay region, Canada (National Geographic Image Collection).

A Midlatitude zone A summer midlatitude landscape in the
Tuscany region of Italy (National Geographic Image Collection).

A Tropical zone The tropical zone is the home of the world’s
driest deserts. Pictured here is the Rub'al Khali, Saudi Arabia (National
Geographic Image Collection).

A geographer’s system of latitude zones, based on the seasonal
patterns of daily insolation observed over the globe.
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A Equatorial zone An equatorial rainforest, as seen along a stream
in the Gunung Palung National Park, Borneo, Indonesia.



length. Spanning the Tropics of Cancer and Capricorn
are the tropical zones, ranging from latitudes 10° to 25°
north and south. A marked seasonal cycle exists in these
zones, combined with high annual insolation.

Moving toward the poles, we come to the subtropical
zones, which lie roughly between the latitudes 25° to
35° north and south. These zones have a strong seasonal
cycle and a large annual insolation. The midlatitude zones
are next, between 35° and 55° north and south latitude.
The length of daylight varies significantly from winter
to summer here, so seasonal contrasts in insolation are
quite strong. As a result, these regions experience a
large range in annual surface temperature.

The subarctic and subantarctic zones border the midlati-
tude zones at 55° to 60° north and south latitudes. The
arctic and antarctic zones lie between latitudes 60° and
75° N and S, astride the Arctic and Antarctic Circles.
These zones have an extremely large yearly variation in
day lengths, yielding enormous contrasts in insolation
over the year. Finally, the north and south polar zones
range from about 75° latitude to the poles. They experi-
ence the greatest seasonal insolation contrast of all, and
have 24-hour days or nights for much of the year.

Composition
of the Atmosphere

The Earth is surrounded by air—a mixture of various
gases thatreaches up to a height of many kilometers. This
envelope of air makes up our atmosphere (Figure 2.13).
It is held in place by the Earth’s gravity. Almost all the
atmosphere (97 percent) lies within 30 km (19 mi) of
the Earth’s surface. The upper limit of the atmosphere
is at a height of approximately 10,000 km (about 6000
mi) above the Earth’s surface—a distance that is nearly
as large as Earth’s diameter.

The proportion of gases in dry air is highly uni-
form up to an altitude of about 80 km (50 mi). About

1\
. 1% Argon
. (approx.) 0.93%
Nitrogen 78%
[ —
Carbon Other
dioxide gases
0.035%

2.13 Component gases of the lower atmosphere
Values show percentage by volume for dry air. Nitrogen and oxygen
form 99 percent of our air, with other gases, principally argon and
carbon dioxide, accounting for the final 1 percent.
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99 percent of pure, dry air is nitrogen (about 78 percent
by volume) and oxygen (about 21 percent). These two
main component gases of the lower atmosphere are per-
fectly mixed, so pure, dry air behaves as if it is a single
gas with very definite physical properties.

Nitrogen gas is a molecule consisting of two nitrogen
atoms (N,). It does not easily react with other substances.
Soil bacteria do take up very small amounts of nitrogen,
which can be used by plants, but otherwise nitrogen is
largely a “filler,” adding inert bulk to the atmosphere.

In contrast, oxygen gas (O,) is chemically very active,
combining readily with other elements in the process of
oxidation. Fuel combustion is a rapid form of oxidation,
while certain types of rock decay (weathering) are very
slow forms of oxidation. Living tissues require oxygen to
convert foods into energy.

The remaining 1 percent of dry air is mostly argon, an
inactive gas of little importance in natural processes, with
a very small amount of carbon dioxide (CO,), amounting
to about 0.0385 percent. Although the amount of CO,
is small, it is a very important atmospheric gas because it
absorbs much of the incoming shortwave radiation from
the Sun and outgoing longwave radiation from the Earth.
The greenhouse effect is caused when longwave radiation
is absorbed by CO, molecules in the lower atmosphere,
which reradiate some of that heat back to the surface.
Carbon dioxide is also used by green plants, which con-
vert it to its chemical compounds to build up their tissues,
organs, and supporting structures during photosynthesis.

Water vapor is another important atmospheric gas.
Individual water vapor molecules mix freely with other
atmospheric gases, but water vapor can vary highly in
concentration. Water vapor usually makes up less than
1 percent of the atmosphere, but under very warm, moist
conditions, as much as 2 percent of the air can be water
vapor. Since it is a good absorber of heat radiation, like
carbon dioxide, it plays a major role in warming the lower
atmosphere and enhancing the greenhouse effect.

Another small, but important, constituent of the
atmosphere is ozone, which we described in our Eye on
Global Change opening feature. Ozone in the upper
atmosphere is beneficial because it shields life at the
Earth’s surface from harmful solar ultraviolet radiation.
But in the lowest layers of the atmosphere, ozone is an
air pollutant that damages lung tissue and aggravates
bronchitis, emphysema, and asthma.

Sensible Heat and
Latent Heat Transfer

The most familiar form of heat storage and transport
is known as sensible heat—it’s what you feel when you
touch a warm object. When we use a thermometer,
we are measuring sensible heat. Sensible heat transfer
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moves heat from warmer
to colder objects by con-
duction when they are in
direct contact. Sensible
heat is also transferred
by convection when a fluid
such as the atmosphere or
ocean carries heat energy
away from a surface.

Sensible heat transfer
refers to the flow of
heat between the
Earth’s surface and
the atmosphere
by conduction or
convection. Latent heat
transfer refers to the

In contrast, latent flow of heat carried
heat—or hidden heat— by changes of state of
water.

cannot be measured by
a thermometer. It is heat
that is taken up and stored as molecular motion when
a substance changes state from a solid to a liquid, from
a liquid to a gas, or from a solid directly to a gas. For
example, when liquid water changes to water vapor,
or ice changes to liquid water, heat energy is absorbed
from the surroundings. This is why sweat cools the skin.
Latent heat energy is stored in free fluid motion of the
liquid water molecules or in the fast random motion of
free water vapor molecules. When the vapor turns back
to a liquid or solid, the latent heat is released, warming
the surroundings.

In the Earth—-atmosphere system, latent heat transfer
occurs when water evaporates from a moist land surface
or from open water, moving heat from the surface to the
atmosphere. That latent heat is later released as sensible
heat, often far away, when the water vapor condenses to
form water droplets or snow crystals. On a global scale,
latent heat transfer is a very important mechanism for
transporting large amounts of heat from one region of
the Earth to another.

(o)) {ael/F:][Z] Latent Heat

Brush up on how water changes state between solid, liquid,
and gaseous forms and how latent heat is either absorbed
or released in the change process. An animation.

The Global Energy System

Human activity around the globe has changed the
planet’s surface cover and added carbon dioxide to
the atmosphere. Have we irrevocably shifted the bal-
ance of energy flows? Is our Earth absorbing more solar
energy and becoming warmer? Or is it absorbing less
and becoming cooler? If we want to understand human
impact on the Earth-atmosphere system, then we need
to examine the global energy balance in detail.

The flow of energy from the Sun to the Earth and
then back out into space is a complex system. Solar
energy is the ultimate power source for the Earth’s
surface processes, so when we trace the energy flows
between the Sun, surface, and atmosphere, we are really
studying how these processes are driven.

SOLAR ENERGY LOSSES
IN THE ATMOSPHERE

Let’s examine the flow of insolation through the atmo-
sphere on its way to the surface. Figure 2.14 gives typical
values for losses of incoming shortwave radiation in the
solar beam as it penetrates the atmosphere. Gamma
rays and X rays from the Sun are almost completely
absorbed by the thin outer layers of the atmosphere,
while much of the ultraviolet radiation is also absorbed,
particularly by ozone.

As the radiation moves deeper through denser layers
of the atmosphere, it can be scattered by gas molecules,
dust, or other particles in the air, deflecting it in any direc-
tion. Apart from this change in direction, it is unchanged.
Scattered radiation moving in all directions through the
atmosphere is known as diffuse radiation. Some scattered
radiation flows down to the Earth’s surface, while some
flows upward. This upward flow of diffuse radiation escap-
ing back to space, also known as diffuse reflection, amounts
to about 3 percent of incoming solar radiation.

What about absorption? As we saw earlier, molecules
and particles can absorb radiation as it passes through
the atmosphere. Carbon dioxide and water are the big-
gest absorbers, but because the water vapor content of air
can vary greatly, absorption also varies from one global
environment to another. About 17 percent of incoming
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2.14 Fate of incoming solar radiation

Losses of incoming solar energy are much lower with clear skies
(left) than with cloud cover (right).



solar radiation is absorbed, raising the temperature of
atmospheric layers. After taking into account absorption
and scattering, about 80 percent of the incoming solar
radiation reaches the ground.

Clouds can greatly increase the amount of incoming
solar radiation reflected back to space. Reflection from
the bright white surfaces of thick low clouds deflects
about 30 to 60 percent of incoming radiation back into
space. Clouds also absorb as much as 5 to 20 percent of
the radiation.

When accounting for both cloudy skies and clear
skies on a global scale, only about 50 percent of the
total insolation at the top of the atmosphere reaches the
surface. When this energy strikes the surface, it can be
either absorbed or scattered upward. Absorption heats
the surface, raising the surface temperature. The scat-
tered radiation reenters the atmosphere, and much of
it passes through, directly to space.

ALBEDO

The proportion of shortwave radiant energy scattered
upward by a surface is called its albedo. Snow and ice
have high albedos (0.45 to 0.85), reflecting most of the
solar radiation that hits them and absorbing only a small
amount. In contrast, a black pavement, which has a low
albedo (0.03), absorbs nearly all the incoming solar
energy (Figure 2.15). Water also has a low albedo (0.02),
unless the Sun illuminates it at a low angle, producing
Sun glint. The energy absorbed by a surface warms the
air immediately above it by conduction and convection,
so surface temperatures are warmer over low-albedo
than over high-albedo surfaces. Fields, forests, and
bare ground have intermediate albedos, ranging from
0.03 to 0.25.

The Earth and atmosphere system, taken as a whole,
has an albedo of between 0.29 and 0.34. This means
that our planet sends back to space slightly less than
one-third of the solar radiation it receives. It also means
that our planet absorbs slightly more than two-thirds
of the solar radiation it receives. This balance between
reflected and absorbed solar radiation is what deter-
mines the overall temperature of Earth.

COUNTERRADIATION AND
THE GREENHOUSE EFFECT

As well as being warmed by shortwave radiation from the
Sun, the Earth’s surface is significantly heated by the long-
wave radiation emitted by the atmosphere and absorbed
by the ground. Let’s look at this in more detail.

Figure 2.16 shows the energy flows between the sur-
face, atmosphere, and space. On the left we can see the
flow of shortwave radiation from the Sun to the surface.
Some of this radiation is reflected back to space, but
much is absorbed, warming the surface.
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Meanwhile, the Earth’s
surface emits longwave
radiation upwards. Some
of this radiation escapes
directly to space, while the
remainder is absorbed by
the atmosphere.

What about longwave
radiation emitted by the
atmosphere? Although the
atmosphere is colder than
the surface, it also emits longwave radiation, which is
emitted in all directions, and so some radiates upward to
space while the remainder radiates downward toward the
Earth’s surface. We call this downward flow counterradia-
tion. It replaces some of the heat emitted by the surface.

Counterradiation depends strongly on the presence
of carbon dioxide and water vapor in the atmosphere.
Remember that much of the longwave radiation emitted
upward from the Earth’s surface is absorbed by these two
gases. This absorbed energy raises the temperature of the
atmosphere, causing it to emit more counterradiation.
So, the lower atmosphere, with its longwave-absorbing
gases, acts like a blanket that traps heat underneath it.
Cloud layers, which are composed of tiny water droplets,
are even more important than carbon dioxide and water
vapor in producing a blanketing effect because liquid
water is also a strong absorber of longwave radiation.

This mechanism, in which the atmosphere traps
longwave radiation and returns it to the surface through
counterradiation is termed the greenhouse effect
(Figure 2.17). Unfortunately, the term greenhouse is not
quite accurate. Like the atmosphere, the window glass in
a greenhouse is transparent to solar shortwave radiation
while absorbing and reradiating longwave radiation. But
a greenhouse is warmed mainly by keeping the warm air
inside the greenhouse from mixing with the outside air,
not by counterradiation from the glass.

Counterradiation from
the atmosphere to
the Earth’s surface

helps warm the
surface and creates the
greenhouse effect. It
is enhanced by carbon
dioxide and water in
the atmosphere.

GLOBAL ENERGY BUDGETS
OF THE ATMOSPHERE AND SURFACE

Although energy may change its form from shortwave
to longwave radiation or to sensible heat or latent
heat, it cannot be created or destroyed. Like a house-
hold budget of income and expenses, the energy flows
between the Sun and the Earth’s atmosphere and sur-
face must balance over the long term. The global energy
budget shown in Figure 2.18 takes into account all the
important energy flows and helps us to understand how
changes in these flows might affect the Earth’s climate.
It uses a scale in which the amount of incoming solar
radiation is represented as 100 units.

Let’s look first at the top of the atmosphere, where
we see the balance for the Earth—atmosphere system as a
whole. Incoming solar radiation (100 units) is balanced
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2.15 Albedo contrasts

V¥ Water Water absorbs solar radiation and has a low albedo unless
the radiation strikes the water surface at a low angle. In that case, Sun
glint raises the albedo.

« Bright snow A layer of new, fresh
snow has a high albedo, reflecting
most of the sunlight it receives. Only
a small portion is absorbed (National
Geographic Image Collection).

V¥V Blacktop road Asphalt paving reflects little light, so it appears
dark or black and has a low albedo. It absorbs nearly all of the solar

radiation it receives.
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Atmosphere

Counter-
radiation

Absorption Surface

2.16 Counterradiation and the greenhouse effect

Shortwave radiation passes through the atmosphere and is absorbed or reflected at the surface.
Absorption warms the surface, which emits longwave radiation. Some of this flow passes directly to
space (A), but most is absorbed by the atmosphere (B). In turn, the atmosphere radiates longwave energy
back to the surface as counterradiation (C) and also to space (D). The counterradiation produces the
greenhouse effect.
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2.17 A greenhouse and the greenhouse effect

Water vapor and carbon dioxide act like glass, allowing shortwave radiation through but absorbing and radiating longwave radiation.
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2.18 The global energy balance

GAINED BY THE SURFACE

Energy flows continuously among the Earth's surface, atmosphere, and space. The relative size of each flow is based on an arbitrary “100 units” of
solar energy reaching the top of the Earth’s atmosphere. The difference between solar energy absorbed by the Earth system (100 units

incoming - 31 reflected = 69 absorbed) and the energy absorbed at the surface (144 units) is the energy (75 units) that is recycled within the Earth
system (144 — 69 = 75).The larger this number, the warmer is the Earth system’s climate.

by exiting shortwave reflection from the Earth’s sur-
face and atmosphere and outgoing longwave radiation
coming from the atmosphere and surface.

The atmosphere’s budget is also balanced, since it
receives 152 units and loses 152 units. Received energy
includes absorbed incoming solar radiation, absorbed
longwave radiation from the surface, and latent and
sensible heat transfer from the surface. The atmo-
sphere loses longwave energy by radiation to space and
counterradiation to the surface.

The surface receives 144 units and loses 144 units.
Incoming energy consists of direct solar radiation
absorbed at the surface and longwave radiation from
the atmosphere. Exiting energy includes latent and
sensible heat transfer to the atmosphere and longwave
radiation to the atmosphere and space.

The greenhouse effect is readily visible in the two
largest arrows in the center of the figure. The surface
loses 102 units of longwave energy, but receives 95 units
of counterradiation from the atmosphere. These flows
amount to a loop that traps and returns most of the
heat radiation leaving the surface, keeping surface
temperatures warm.

CLIMATE AND GLOBAL CHANGE

The global energy budget helps us understand how global
change might affect the Earth’s climate. For example,
suppose that clearing forests for agriculture and turning
agricultural lands into urban and suburban areas decreases
surface albedo. In that case, more energy would be
absorbed by the ground, raising its temperature. That, in
turn, would increase the flow of surface longwave radiation
to the atmosphere, which would be absorbed and would
then boost counterradiation. The total effect would proba-
bly be to amplify warming through the greenhouse effect.
What if industrial aerosols cause more low, thick
clouds to form? Low clouds increase shortwave reflection
back to space, causing the Earth’s surface and atmo-
sphere to cool. What about increasing condensation
trails from jet aircraft? These could cause more high,
thin clouds, which absorb more longwave energy and
make the atmosphere warmer, boosting counterradia-
tion and increasing the greenhouse effect. The energy
flow linkages between the Sun, surface, atmosphere, and
space are critical components of our climate system, and
human activities can modify these flows significantly.



Net Radiation, Latitude,
and the Energy Balance

Although the energy budgets of the Earth’s surface and
atmosphere are in balance overall, their budgets do not
have to balance at each particular place on the Earth, nor
do they have to balance at all times. At night, for example,
there is no incoming radiation from the Sun, yet the Earth’s
surface and atmosphere still emit outgoing radiation.

Net radiation is the difference between all incoming
radiation and all outgoing radiation. In places where
radiant energy flows in faster than it flows out, net radia-
tion is positive, providing an energy surplus. In other
places, net radiation can be negative. For the entire
Earth and atmosphere, the net radiation is zero over a
year.

We saw earlier that solar energy input varies strongly
with latitude. What is the effect of this variation on
net radiation? To answer this question, let’s look at
Figure 2.19, which shows the net radiation profile from
pole to pole. Between about 40° N and 40° S there is
a net radiant energy gain, labeled “energy surplus.” In
other words, incoming solar radiation exceeds outgo-
ing longwave radiation throughout the year. Poleward
of 40° N and 40° S, the net radiation is negative and is
labeled “energy deficit”—meaning that outgoing long-
wave radiation exceeds incoming shortwave radiation.

If you examine the graph carefully, you will find
that the area labeled “surplus” is equal in size to the
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combined areas labeled “deficit.” So the net radiation
for the Earth’s surface as a whole is zero, as expected,
with global incoming shortwave radiation exactly bal-
ancing global outgoing longwave radiation.

Because there is an energy surplus at low latitudes
and an energy deficit at high latitudes, energy will flow
from low latitudes to high. This energy is transferred
poleward as latent and sensible heat—warm ocean water
and warm, moist air move poleward, while cooler water
and cooler, drier air move toward the Equator.

We’ll return to these flows in later chapters. But
keep in mind that this poleward heat transfer, driven
by the imbalance in net radiation between low and
high latitudes, is the power source for broad-scale atmo-
spheric circulation patterns and ocean currents. With-
out this circulation, low
latitudes would heat up
and high latitudes would
cool down until a radia-
tive balance was achieved,
leaving the Earth with
much more extreme tem-
perature contrasts—very
different from the planet
that we are familiar with
now. Figure 2.20 illus-
trates some of the ways
that natural processes and
human uses are driven by
solar power.

Poleward heat transfer
moves heat from the
low latitudes toward

the poles.The heat
transfer is in the form
of warm ocean water

and warm, moist air

that flow poleward

and is replaced by

cooler water and
cooler, drier air moving
equatorward.

Poleward
transport

\/

Latent and sensible heat energy
moves from regions of excess to
regions of deficit, carried by ocean
currents and atmospheric
circulation.

Where net radiation is positive,
incoming solar radiation exceeds
outgoing longwave radiation and
there is an energy surplus.

Where net radiation is negative,
there is an energy deficit.
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2.20 Solar power

A Solar-powered call box This emergency
telephone is powered by the solar cell atop
V¥V Wave erosion Ocean waves, powered by the Sun through the Earth's wind system, attack its pole.
and erode the coastline, carving distinctive coastal landforms.
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» Tropical cyclone Solar power also indirectly powers severe
storms like Typhoon Odessa, shown here in a space photo.

<« Water power The hydrologic cycle,
powered by solar evaporation of water over
oceans, generates runoff from rainfall that
erodes and deposits sediment.
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The Earth's global radiation bal-
ance is the primary determinant
of long-term surface temperature,
which is of great importance to life
on Earth. Because this balance can
be affected by human activities,
such as converting forests to pas-
turelands or releasing greenhouse
gases into the atmosphere, it is
important to monitor the Earth’s
radiation budget over time as
accurately as possible.

For nearly 20 years, NASA
has studied the Earth's radiation
budget from space. An ongoing
NASA experiment entitled CERES—Clouds
and the Earth’s Radiant Energy System—is
placing a new generation of instruments
in space that scan the Earth and measure
the amount of shortwave and longwave
radiation leaving the Earth at the top of
the atmosphere.

Figure 2.21 shows global reflected
solar energy and emitted longwave
energy averaged over the month of
March 2000 as obtained by CERES.The
top image shows average shortwave flux
(“flux” means “flow”), ranging from 0 to
210 W/m?.The largest flows occur over
regions of thick clouds near the Equator,
where the bright, white clouds reflect
much of the solar radiation back to space.
In the midlatitudes, persistent cloudiness
during this month also shows up as light
tones. Tropical deserts, the Sahara for
example, are also bright. Snow and ice
surfaces in polar regions are quite reflec-
tive, but in March the amount of radiation
received in polar regions is low. As a result,
they don't appear as bright in this image.
Oceans, especially where skies are clear,
absorb solar radiation and thus show low
shortwave fluxes.

Longwave flux is shown in the
bottom image on a scale from 100 to
320 W/m?. Cloudy equatorial regions
have low values, showing the blanketing
effect of thick clouds that trap longwave
radiation beneath them. Warm tropical
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CERES—Clouds and the Earth’s Radiant Energy System

2.21 Global shortwave and longwave energy fluxes from CERES

These images show average shortwave and longwave energy flows from Earth for
March 2000, as measured by the CERES instrument on NASA's Terra satellite platform.

oceans in regions of clear sky emit the
most longwave flux. Poleward, surface
and atmospheric temperatures drop, so
longwave energy emission also drops
significantly.

As you can see from these images,
clouds are very important determiners of
the global radiation balance. A primary
goal of the CERES experiment is to learn
more about the Earth’s cloud cover, which
changes from minute to minute and hour
to hour.This knowledge can be used

to improve global climate models that
predict the impact of human and natural
change on the Earth’s climate.

The most important contribution
of CERES, however, is continuous and
careful monitoring of the Earth's radiant
energy flows. In this way, small, long-term
changes, induced by human or natural
change processes, can be detected in
spite of large variations in energy flows
from place to place and time to time
caused by clouds.




Energy Balance Model Interactivity
Work with a simple global energy balance model to see
how solar output, albedo, and poleward atmospheric heat
transport affect the Earth's surface temperature.

(D] el ][Z0 Web Quiz

Take a quick quiz on the key concepts of this chapter.

A Look Ahead

The Earth’s energy balance is a sensitive one involving
many factors that determine how energy is transmitted
and absorbed. Have human activities already altered the
components of the planetary radiation balance? Scien-
tists have shown convincingly that industrial releases of
certain gases, such as carbon dioxide, have enhanced

IN REVIEW

= The ozone (O,) layer in the upper atmosphere absorbs
solar ultraviolet radiation, shielding surface life from
these harmful rays. Industrial chlorofluorocarbons
(CFCGs) speed the breakdown of ozone, reducing the
amount of shielding. During certain conditions, an
ozone hole of reduced ozone concentration forms
over the Antarctic continent.

® Electromagnetic radiation is a form of energy emit-
ted by all objects. The wavelength of the radiation
determines its characteristics. The hotter an object,
the shorter the wavelengths of the radiation and the
greater the amount of radiation that it emits.

® Radiation emitted by the Sun includes ultraviolet,
visible, near-infrared, and shortwave infrared radiation.
Thermal infrared radiation, which is emitted by Earth
surfaces, is familiar as heat. The atmosphere absorbs
and scatters radiation in certain wavelength regions.
Radiation flows are measured in walls per square
meter.

® The amountof radiation emitted by an objectincreases
very rapidly with its temperature. The wavelengths
emitted decrease with increasing temperature.

= Continuous nuclear reactions within the Sun emit vast
quantities of energy, largely in the form of light. The
Earth receives solar radiation at a near-constant rate
known as the solar constant. Solar radiation is strongest
in the wavelength range of visible light.

® Molecules and particles in the atmosphere both
absorb and scatter incoming shortwave radiation.
The Earth’s surface and atmosphere emit longwave
radiation.

® The Earth continuously absorbs and scatters solar
shortwave radiation and emits longwave radiation.
In the long run, the gain and loss of radiant energy
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the greenhouse effect, causing global temperatures
to warm. Human habitation, through cultivation and
urbanization of land, has raised surface albedo and
affected the transfer of latent and sensible heat to the
atmosphere, modifying the global energy balance. But
to understand these effects and others fully requires
further study of the processes of heating and cooling
of the Earth’s atmosphere, lands, and oceans. Our next
chapter concerns air temperature and how and why
it varies daily and annually depending on the surface
energy balance.

[T N0Zd Web Links

View NASA's images of Earth acquired by astronauts and
orbiting satellites. Explore energy balance climate models.
Find out more about the CERES instrument and mission.
Get the details on stratospheric ozone depletion.

remains in a global radiation balance, and the Earth’s
average temperature remains constant.

m Insolation, the rate of solar radiation flow available at
a location at a given time, is greater when the Sun is
higher in the sky. Daily insolation is also greater when
the period of daylight is longer.

® Near the Equator, daily insolation is greater at the equi-
noxes than at the solstices. Between the tropics and
poles, the Sun rises higher in the sky and stays longer in
the sky at the summer solstice than at the equinox and
longer at the equinox than at the winter solstice.

® Annual insolation is greatest at the Equator and least at
the poles. However, the poles still receive 40 percent
of the annual radiation received at the Equator.

® The pattern of annual insolation with latitude leads
to a natural naming convention for latitude zones:
equatorial, tropical, subtropical, midlatitude, subarctic (sub-
antarctic), arctic (antarctic), and polar.

® The Earth’s atmosphere is dominated by nitrogen and
oxygen gases. Carbon dioxide and water vapor are only
small constituents by volume, but are very important
because they absorb longwave radiation and enhance
the greenhouse effect.

m Sensible heat and latent heat are additional forms of
energy. Sensible heat is contained within a substance.
It can be transferred to another substance by conduc-
tion or convection. Latent heat is taken up or released
when a change of state occurs.

m Part of the solar radiation passing through the atmo-
sphere is absorbed or scattered by molecules, dust,
and larger particles. Some of the scattered radiation
returns to space as diffuse reflection. The land sur-
faces, ocean surfaces, and clouds also reflect some
solar radiation back to space.
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The proportion of radiation that a surface absorbs is
termed its albedo. The albedo of the Earth and atmo-
sphere as a whole planet is about 30 percent.

The atmosphere absorbs longwave energy emitted
by the Earth’s surface, causing the atmosphere to
counterradiate some of that longwave radiation back
to Earth, thereby creating the greenhouse effect.
Because of this heat trapping, the Earth’s surface
temperature is considerably warmer than we might
expect for an Earth without an atmosphere.

Flows of energy to and from the Earth-atmosphere
system, as well as the atmosphere and surface taken
individually, must balance over the long run. Energy
flows within the Earth-atmosphere system include
shortwave radiation, longwave radiation, sensible

heat, and latent heat. Human activities can signifi-
cantly affect these flows.

= Net radiation describes the balance between incom-

ing and outgoing radiation. At latitudes lower than
40 degrees, annual net radiation is positive, while it
is negative at higher latitudes. This imbalance cre-
ates poleward heat transfer of latent and sensible
heat in the motions of warm water and warm, moist
air, which provides the power that drives ocean
currents and broad-scale atmospheric circulation
patterns.

NASA scientists monitor and map the upward flows
of shortwave and longwave radiation over the globe
to detect small, long-term changes that could affect
global climate.
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REVIEW QUESTIONS

1.

2.

What are CFCs, and how do they impact the ozone
layer?

When and where have ozone reductions been
reported? Have corresponding reductions in ultra-
violet radiation been noted?

What is electromagnetic radiation? How is it character-
ized? Identify the major regions of the electromag-
netic spectrum.

How does the temperature of an object influence
the nature and amount of electromagnetic radia-
tion that it emits?

What is the solar constant? What is its value? What are
the units with which it is measured?

How does solar radiation received at the top of the
atmosphere differ from solar radiation received at
the Earth’s surface? What are the roles of absorp-
tion and scattering?

Compare the terms shortwave radiation and longwave
radiation. What are their sources?

How does the atmosphere affect the flow of longwave
energy from the Earth’s surface to space?

What is the Earth’s global energy balance, and how
are shortwave and longwave radiation involved?
How does the Sun’s path in the sky influence daily
insolation at a location? Compare summer solstice

insolation, p. 64
sensible heat, p. 69
latent heat, p. 70

net radiation, p. 75
poleward heat
transfer, p. 75

albedo, p. 71
counterradiation, p. 71
greenhouse effect, p. 71

11.

12

13.
14.

15
16.

17

18

19.

and equinox paths of the Sun in the sky for 40° N
lat. and the Equator.

What influence does latitude have on the annual
cycle of daily insolation? on annual insolation?
Identify the two largest components of dry air. Why
are carbon dioxide and water vapor important
atmospheric constituents?

Describe latent heat transfer and sensible heat transfer.
What is the fate of incoming solar radiation? Discuss
scattering and absorption, including the role of
clouds.

Define albedo and give two examples.

Describe the counterradiation process and how it
relates to the greenhouse effect.

Discuss the energy balance of the Earth’s surface.
Identify the types and sources of energy flows that
the surface receives, and do the same for energy
flows that it loses.

Discuss the energy balance of the atmosphere. Iden-
tify the types and sources of energy flows that the
atmosphere receives, and do the same for energy
flows that it loses.

What is net radiation? How does it vary with
latitude?



20. What is the role of poleward heat transport in bal-

ancing the net radiation budget by latitude?

VISUALIZING EXERCISES

1. Place yourself in Figure 2.8. Imagine that you are

standing in the center of the figure where the N-S
and E-W lines intersect. Turn so that you face south.
Using your arm to point at the Sun’s position, trace
the path of the Sun in the sky at the equinox. It will
rise exactly to your left, swing upward to about a
50° angle, and then descend to the horizon exactly
at your right. Repeat for the summer and winter
solstices, using the figure as a guide. Then try it for
the North Pole, Equator, and Tropic of Capricorn.

ESSAY QUESTIONS

1. Suppose the Earth’s axis of rotation was perpen-

dicular to the orbital plane instead of tilted at 23%4°
away from perpendicular. How would global insola-
tion be affected? How would insolation vary with
latitude? How would the path of the Sun in the sky
change with the seasons?

21.

Essay Questions 81

Using CERES as an example, explain the effect of
clouds on shortwave and longwave radiation leaving
the Earth-atmosphere system.

. Sketch the world latitude zones on a circle repre-

senting the globe and give their approximate lati-
tude ranges.

. Sketch a simple diagram of the Sun above a layer

of atmosphere above the Earth’s surface, somewhat
like Figure 2.16. Using Figure 2.18 as a guide, draw
arrows indicating flows of energy among Sun, atmo-
sphere, and surface. Label each arrow using terms
from Figure 2.18.

. Imagine that you are following a beam of either (a)

shortwave solar radiation entering the Earth’s atmo-
sphere heading toward the surface, or (b) a beam
of longwave radiation emitted from the surface
heading toward space. How will the atmosphere
influence the beam?



Chapter 3
Air Temperature

he tallest peak in this
spectacular image is

Mount Everest. At an altitude
of 8848 m (29,028 ft), its
summit is the highest point
on the planet.

Everest also has one of
the Earth’s most extreme cli-
mates. In January, temperatures
average about —36° C (=33° F), but
can drop as low as —60° C (—=76° F).
In July, the summit warms up to
an average temperature of about
—19°C (=2° F). As we will see in this
chapter, high-mountain air tem-
peratures are low largely because
the amount of atmosphere above
a mountain peak is much less than
at sea level. This reduces the green-
house effect. In winter, net radia-
tion is strongly negative during the
long nights, and during the day,
the snow cover reflects most of the
solar radiation back out to space.
In summer, days lengthen and the
Sun rises to higher angles in the
sky, providing more solar heating.

Although Mount Everest is one
of the coldest places on Earth,
there is good evidence that cli-
matic change is having its effects
on the mountain. Recent studies
of ice cores from glaciers on the
mountain’s flanks indicate that
the short summer melt period is
becoming warmer and longer. This
trend started about a century ago.

90°E
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Air Temperature

ne of the first things we notice when stepping outdoors is the temperature of the air.

But why does air temperature vary from day to day and from season to season? Why

are cities warmer than suburbs? Why are mountains cooler than surrounding plains?

Why is it always warm at the Equator? Why does Siberia get so cold in winter? Have human

activities caused global warming? If so, what are the effects? This chapter will answer these

questions and more.

Carbon Dioxide—
On the Increase

One of the most important factors affecting air
temperatures over the long run is the greenhouse effect,
in which atmospheric gases absorb outgoing longwave
radiation and reradiate a portion back to the surface. This
makes surface temperatures warmer. Apart from water
vapor, carbon dioxide gas plays the largest role in the
greenhouse effect and CO, concentration is increasing.
In the centuries before global industrialization, carbon
dioxide concentration in the atmosphere was at a level
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Since then, the amount has increased substantially to
about 385 ppm. Why? When fossil fuels are burned,
they yield water vapor and carbon dioxide. Water vapor does
not present a problem because a large amount of water vapor
is normally present in the atmosphere. But because the normal
amount of CO, was so small, fossil fuel burning has raised the
level substantially. According to studies of bubbles of atmospheric
gases trapped in glacial ice, the present level of about 385 ppm is
the highest attained in the last 420,000 years and nearly double
the amount of CO, present during glaciations of the most recent
Ice Age.

Even with future concerted global action to reduce CO,
emissions, scientists estimate that levels will stabilize at a value not
lower than about 550 ppm by the late twenty-first century. This
will nearly double preindustrial levels and is very likely to cause a
significant increase in global temperatures.

Predicting the future buildup of CO, is difficult because not
all the carbon dioxide emitted into the air by fossil fuel burning
remains there. Plants take up CO, in photosynthesis to build
their tissues, and under present conditions, global plant matter is
accumulating. Phytoplankton in ocean waters also take up CO,,
converting it into carbonate that sinks to the ocean floor. Together,

84

below 300 parts per million (ppm) by volume (Figure 3.1).

these processes remove about half the CO, released to the
atmosphere by fossil fuel burning.

Another source of uncertainty is forecasting fossil fuel
consumption. Future energy needs depend on global economic
growth, which is difficult to predict, as well as the future
efficiency of energy use. The amount of CO, released also
depends on the effectiveness of global action to reduce the
rate of emissions through conservation and use of alternative
energy sources.

Although there is a great deal of uncertainty about
future atmospheric concentrations of carbon dioxide, one
thing is certain. Fuel consumption will continue to release
carbon dioxide, and its effect on climate will continue to
increase.
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Atmospheric CO,, ppm

3.1 Increases in atmospheric carbon dioxide

Atmospheric concentrations of CO, have increased from
280 to 385 ppm since 1750.



Surface and Air Temperature

This chapter focuses on air temperature—that is, the
temperature of the air as observed at 1.2 m (4 ft) above
the ground surface. Air temperature conditions many
aspects of human life, from the clothing we wear to

the fuel costs we pay. Air
temperature and air tem-
perature cycles also act
to select the plants and
animals that make up the
biological landscape of a
region. And air tempera-
ture, along with precipita-
tion, is a key determiner
of climate, which we will
explore in more depth in
Chapter 7.

Five important factors influence air temperature

(Figure 3.2):

1. Latitude. Daily and annual cycles of insolation vary

Five key factors
influence a station'’s
air temperature
and its variation:
latitude, surface type,
coastal or interior
location, elevation,
and atmospheric and
oceanic circulations.

systematically with latitude, causing air temperatures
and air temperature cycles to vary as well. Yearly inso-
lation decreases toward the poles, so less energy is

Surface type _— s

The high albedo of the snow cover compared
with the albedo of vegetation will prodtice
lower overall temperatures.

/

Coastal versus interior location
At this coastal location, shown by, the

salt marsh, temperatures are; ‘;,.
moderated by the ocean nea
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available to heat the air. But because the seasonal
cycle of insolation becomes stronger with latitude,
high latitudes experience a much greater range in air
temperatures through the year.

Surface type. Urban air temperatures are generally
higher than rural temperatures. City surface materi-
als—asphalt, roofing shingles, stone, brick—hold little
water, compared to the moist soil surfaces of rural
areas and forests, so there is little cooling through
evaporation. Urban materials are also darker and
absorb a greater portion of the Sun’s energy than veg-
etation-covered surfaces. The same is true for areas of
barren or rocky soil surfaces, such as those of deserts.
Coastal or interior location. Locations near the ocean
experience a narrower range of air temperatures than
locations in continental interiors. Because water heats
and cools more slowly than land, air temperatures
over water are less extreme than temperatures over
land. When air flows from water to land, a coastal
location will feel the influence of the adjacent water.

Elevation. Temperature decreases with elevation. At
high elevation, there is less atmosphere above the
surface, and greenhouse gases provide a less effec-
tive insulating blanket. More surface heat is lost to
space. On high peaks, snow accumulates and remains

The high altitude of the mountain r'anges keeps
temperatures colder than at sea level, allowing
snow to persist throughout the year.

Latitude

Ll r’h‘%(;hu.gach Mountain Range near Anchorage,
MRa, is located at 61° N. The seasonal cycle in
insolation is very large here, producing large
seasonal variations in temperature.

Atmospheric and oceanic circulations r !
During summer, winds off the Gulf of Alaska brmg |n Y
warmer air from the south. During winter, however,
winds bring cold arctic air from the north.

3.2 Factors influencing air temperature

Five main factors affect temperature and its variability at a given location. Chugach Mountains, Alaska (National Geographic Image Collection).
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longer. The reduced greenhouse effect also results in
greater daily temperature variation.

5. Atmospheric and oceanic circulations. Local tempera-
tures can rise or fall rapidly when air from one region
is brought into another. Temperatures of coastal
regions can be influenced by warm or cold coastal
currents. (We will investigate this factor more fully in
Chapter 5.)

SURFACE TEMPERATURE

Temperature is a familiar concept. It is a measure of
the level of kinetic energy of the atoms in a substance,
whether it is a gas, liquid, or solid. When a substance
receives a flow of radiant energy, such as sunlight, its
temperature rises. Similarly, if a substance loses energy,
its temperature falls. This energy flow moves in and
out of a solid or liquid substance at its surface—for
example, the very thin surface layer of soil that actually
absorbs solar shortwave radiation and radiates longwave
radiation out to space.

The temperature of a surface is determined by
the balance among the various energy flows that
move across it. Net radiation—the balance between
incoming shortwave radiation and outgoing longwave
radiation—produces a radiant energy flow that can
heat or cool a surface. During the day, incoming solar
radiation normally exceeds outgoing longwave radia-
tion, so the net radiation balance is positive and the
surface warms (Figure 3.3). Energy flows through the
surface into the cooler soil below. At night, net radia-
tion is negative, and the soil loses energy as the surface
temperature falls and the surface radiates longwave
energy to space.

Energy may also move to or from a surface in other
ways. Conduction describes the flow of sensible heat
from a warmer substance to a colder one through direct
contact. When heat flows into the soil from its warm
surface during the day, it flows by conduction. At night,
heat is conducted back to the colder soil surface.

Latent heat transfer is also important. When water
evaporates at a surface, it removes the heat stored in the
change of state from liquid to vapor, thus cooling the
surface. When water condenses at a surface, latent heat
is released, warming the surface.

Another form of energy transfer is convection, in
which heat is distributed in a fluid by mixing. If the sur-
face is in contact with a fluid, such as a soil surface with
air above, upward- and downward-flowing currents can
act to warm or cool the surface.

AIR TEMPERATURE

In contrast to surface temperature is air temperature, which
ismeasured atastandard heightof 1.2 m (4.0 ft) above the
ground surface. Air temperature can be quite different

3.3 Solar energy flow

Solar light energy strikes the Earth's surface and is largely absorbed,
warming the surface.

from surface temperature.
When you walk across
a parking lot on a clear
summer day, you will notice
that the pavement is a lot
hotter than the air against
the upper part of your
body. In general, air tem-
peratures above a surface
reflect the same trends as
ground surface tempera-
tures, but ground tempera-
tures are likely to be more
extreme.

In the United States,
temperature is still widely
measured and reported using the Fahrenheit scale. In
this book, we use the Celsius temperature scale, which
is the international standard. On the Celsius scale, the
freezing point of water is 0°C and the boiling point is

Surface air temperature
is measured under
standard conditions
at 1.2 m (4 ft) above
the ground. Maximum
and minimum
temperatures are
typically recorded.
The mean daily
temperature is
taken as the average
of the minimum
and maximum
temperatures.
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3.4 Celsius and Fahrenheit temperature scales compared
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At sea level, the freezing point of water is at Celsius temperature (C) 0°, while it is 32° on the Fahrenheit (F) scale. Boiling occurs at 100°C, or 212°F.

100°C. Conversion formulas between these two scales
are given in Figure 3.4.

Air temperature measurements are made routinely at
weather stations (Figure 3.5). Although some weather
stations report temperatures hourly, most only report
the highest and lowest temperatures recorded during a
24-hour period. These are the most important values in
observing long-term trends in temperature.

Temperature measurements are reported to govern-
mental agencies charged with weather forecasting, such

3.5 Weather station

as the U.S. Weather Service or the Meteorological Ser-
vice of Canada. These agencies typically make available
daily, monthly, and yearly temperature statistics for each
station using the daily maximum, minimum, and mean
temperature. The mean daily temperature is defined as the
average of the maximum and minimum daily values. The
mean monthly temperatureis the average of mean daily tem-
peratures in a month. These statistics, along with others
such as daily precipitation, are used to describe the cli-
mate of the station and its surrounding area.

This weather station at Furnace Creek, in Death Valley National Park, has an evaporation pan in the foreground that measures the rate of evaporation
in this desert climate. Just to the left of the pan is a 3-cup anemometer that measures wind speed very near the evaporating water surface. The tall
cylinder behind the pan and to the right is a rain gauge. The white louvered box, called a Stevenson shelter, will contain thermometers measuring

temperatures and possibly relative humidity.
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Weather Station Interactivity
Check out a modern automatic weather station. See how it
measures air and ground temperatures.

TEMPERATURES CLOSE TO THE GROUND

Soil, surface, and air temperatures within a few meters of
the ground change through the day (Figure 3.6). The daily
temperature variation is greatest just above the surface. The
air temperature at standard height is far less variable. In
the soil, the daily cycle becomes gradually less pronounced
with depth, until we reach a point where daily temperature
variations on the surface cause no change at all.

ENVIRONMENTAL CONTRASTS:
URBAN AND RURAL TEMPERATURES

On a hot day, rural environments will feel cooler than
urban environments (Figure 3.7). In rural areas, water
is taken up by plant roots and moves to the leaves in a
process called transpiration. This water evaporates, cool-
ing leaf surfaces, which in turn cool nearby air. Soil sur-
faces are moist because water seeps into the soil during
rainstorms. It is drawn upward and evaporates when
sunlight warms the surface, again producing cooling.
We refer to the combined effects of transpiration and
evaporation as evapotranspiration.

There are other reasons why urban surfaces are hotter
than rural ones. Many city surfaces are dark and absorb

At 8 A.M., the temperature of air
and soil is the same, producing a
vertical line on the graph.
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3.6 Daily temperature profiles close to the ground

The red curves in the figure show a set of temperature profiles for a
bare, dry soil surface from about 30 cm (12 in.) below the surface to
1.5 m (4.9 ft) above it at five times of day curves (1-5).

rather than reflect solar energy. In fact, asphalt paving
absorbs more than twice as much solar energy as vegeta-
tion. Rain runs off the roofs, sidewalks, and streets into
storm sewer systems. Because the city surfaces are dry,
there is little evaporation to help lower temperatures.

Another important factor
is waste heat. In summer, city
air temperatures are raised
by air conditioning, which
pumps heat out of buildings
and releases it to the air.
In winter, heat from build-
ings and structures is con-
ducted directly to the urban
environment.

Urban surfaces lack
moisture and so are
warmer than rural
surfaces during the
day. At night, urban
materials conduct
stored heat to the
surface, also keeping
temperatures warmer.

THE URBAN HEAT ISLAND

As a result of these effects, air temperatures in the cen-
tral region of a city are typically several degrees warmer
than those of the surrounding suburbs and countryside,
as shown in Figure 3.8. The sketch of a temperature
profile across an urban area in the late afternoon shows
this effect. We call the central area an urban heat island,
because it has a significantly elevated temperature. Such
a large quantity of heat is stored in the ground during
the daytime hours that the heat island remains warmer
than its surroundings during the night, too. The thermal
infrared image of the Atlanta central business district at
night demonstrates the heat island effect.

The urban heat island effect has important economic
consequences. Higher temperatures demand more air
conditioning and more electric power in the summer.
The fossil fuel burned to generate this power contrib-
utes CO, and air pollutants to the air. The increased
temperatures can lead to smog formation, which is
unhealthy and damaging to materials. To reduce these
effects, many cities are planting more vegetation and
using more reflective surfaces, such as concrete or
bright roofing materials, to reflect solar energy back to
space.

The heat island effect does not necessarily apply to
cities in desert climates. In the desert, the evapotranspira-
tion of the irrigated vegetation of the city may actually
keep the city cooler than the surrounding barren region.

HIGH-MOUNTAIN ENVIRONMENTS

We have seen that the ground surface affects the tem-
perature of the air directly above it. But what happens
as you travel to higher elevations (Figure 3.9)? For
example, as you climb higher on a mountain, you may
become short of breath and you might notice that you
sunburn more easily. You also feel the temperature
drop, as you ascend. If you camp out, you'll see that
the nighttime temperature gets lower than you might



3.7 Rural and urban surfaces

» Rural surfaces Rural surfaces are composed of moist soil, covered
largely by vegetation. Evapotranspiration keeps these surfaces cooler.
What else would the geographer see? The
human influence on this agricultural landscape is strong. A dam has
created a small fire pond (A), providing water for both livestock and
fire-fighting. The fields are mowed for hay, providing a groomed look.
The young trees dotting the landscape appear to be planted and
pruned to pleasing shapes. The split-rail fencing is attractively rustic but
too expensive for most farm applications. In short, this is the spread of a
gentleman farmer.

Surface and Air Temperature
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« Urban surfaces Urban surfaces are composed of asphalt, concrete,

building stone, and similar materials. Sewers drain away rainwater,
keeping urban surfaces dry. Because evapotranspiration is limited,
surface and air temperatures are hotter.

What else would the geographer see?
Beyond the urban surfaces in the foreground is a distant view of
semiarid landscape in the western United States (A). The sparse
vegetation cover reflects the semiarid climate (see Chapters 7 and 9
for semiarid climate and vegetation). Note also the smooth profile of
the land surface from the mountain peak to the base of the slope (B).
This shape indicates long-continued erosion by running water (fluvial
erosion), which we describe in Chapter 16.
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3.8 Urban heat island effect

<« Atlanta, Georgia This image, taken at night in May, over downtown Atlanta,
Georgia, shows the urban heat island. The main city area, in tones of red and
yellow, is clearly warmer than the suburban area, in blue and green.The street
pattern of asphalt pavement is shown very clearly as a red grid, with many of the
downtown squares filled with red.

p» Temperature diagram 34
This diagram shows how

air temperatures might 33
vary across the urban and
rural areas during the late
afternoon. Downtown

and commercial areas are
warmest, while rural farmland
is coolest.
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expect, even given that
temperatures are gener-
ally cooler the farther up
you go.

What causes these
effects? At high elevations
there is significantly less
air above you, so air pres-
sure is low. It becomes
harder to catch your
breath simply because of
the reduced oxygen pres-
sure in your lungs. And
with fewer molecules to
scatter and absorb the

Rural Suburban Commercial
Residential

At high elevations,
air temperatures
are generally cooler
and show a greater
day-to-night range.
Both effects occur
because the thickness
and density of the air
column above decrease
with elevation,
and therefore the
greenhouse effect
is weaker at high
elevations.

Air temperature, °F

Urban Park
Residential

Downtown Suburban Rural

Residential  Farmland

Sun’s light, the Sun’s rays will feel stronger. There is less
carbon dioxide and water vapor, and so the greenhouse
effect is reduced. With less warming, temperatures will
tend to drop even lower at night. Later in this chapter,
we will see how this pattern of decreasing air tempera-
ture extends high up into the atmosphere.

Figure 3.10 shows temperature graphs for five sta-
tions at different heights in the Andes Mountain Range
in Peru. Mean temperatures clearly decrease with eleva-
tion, from 16°C (61°F) at sea level to —1°C (30°F) at
4380 m (14,370 ft). The range between maximum and
minimum temperatures also increases with elevation,
except for Qosqo. Temperatures in this large city do
not dip as low as you might expect because of its urban
heat island.



3.9 High elevation

Surface and Air Temperature

The peaks of this mountain range climb to about 3500 m (about 12,000 ft). At higher elevation, there is less air to absorb solar radiation.
The sky is deep blue and temperatures are cooler. Wind River Range, Wyoming (National Geographic Image Collection).
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3.10 The effect of elevation on air temperature cycles

The graph shows the mean air temperature for mountain stations in Peru, lat. 15° S, during the same 15 days in July. As elevation increases,

the mean daily temperature decreases and the temperature range increases.
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Chapter 3 Air Temperature

TEMPERATURE INVERSION

So far, air temperatures seem to decrease with height.
But is this always true? Think about what happens on a
clear, calm night. The ground surface radiates longwave
energy to the sky, and net radiation becomes negative.
The surface cools. This means that air near the surface
also cools, as we saw in Figure 3.6. If the surface stays
cold, a layer of cooler air above the ground will build
up under a layer of warmer air, as shown in Figure 3.11.
This is a temperature inversion.

In a temperature inversion, the temperature of the
air near the ground can fall below the freezing point.
This temperature condition is called a killing frost—even
though actual frost may not form—because of its effect
on sensitive plants during
the growing season.

Growers of fruit trees
or other crops use several
methods to break up an
inversion. Large fans can
be used to mix the cool

A temperature
inversion is a
reversal of a normal
temperature pattern
so that air temperature

air at the surface with the
warmer air above, and oil-
burning heaters are some-
times used to warm the
surface air layer.

increases with height.
Temperature inversions
commonly appear on
clear, calm nights.

TEMPERATURE INDEXES

Temperature can also be used with other weather and
climate data to produce temperature indexes—indicators

of the temperature’s impact upon environmental and
human conditions. Two of the more familiar indexes are
the wind chill index and the heat index.

The wind chill index is used to determine how cold
temperatures feel to us, based on not only the actual
temperature but also the wind speed. Air is actually
a very good insulator, so when the air is still, our skin
temperature can be very different from the temperature
of the surrounding environment. However, as air moves
across our skin, it removes sensible and latent heat and
transports it away from our bodies. During the summer,
this process keeps us cool as sweat is evaporated away,
lowering our skin temperature. During the winter,
it removes heat necessary to keep our bodies warm,
thereby cooling our skin and making conditions feel
much colder than the actual measured temperature.

The wind chill index, which is used in the United
States and measured in °F, can be very different from
the actual temperature (Figure 3.12). For example, an
actual temperature of 30°F (—1°C) and a wind speed
of 30 mi/hr (13.45 m/s) produce a wind chill of 15°F
(=26°C).

The heat index gives an indication of how hot we feel
based on the actual temperature and the relative humidity.
Relative humidity is the humidity given in most weather
reports and indicates how much water vapor is in the
atmosphere as a percentage of the maximum amount
possible. Low relative humidity indicates relatively dry
atmospheric conditions, while high relative humidity
indicates relatively humid atmospheric conditions.

Why does relative humidity influence how hot the
temperature feels? One of the ways our bodies remove
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excess heat is through the evaporation of sweat from
our skin. This evaporation removes latent heat, which
cools our bodies. However, when the relative humidity
is high, less evaporation occurs because the surrounding
atmosphere is already relatively moist, and the cooling
effect is reduced.

The heat index is given in °F, and, like the wind
chill, it can be very different from the actual tem-
perature (Figure 3.13). For example, if the actual
temperature is 90°F (32°C) and the relative humidity
is 90 percent, the heat index indicates that the tem-
perature will feel like 122°F (50°C)—a difference of
32°F (18°C)!
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3.12 Wind chill conversion

The wind chill index provides an indicator
of how cold temperatures feel based on
the actual temperature and the wind
speed.