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GEODe: Earth Science v.3

A cc;py of GEODe: Earth Science, v.3 is packaged with each copy of Earth Science, Twelth Edition.
This dynamic learning aid reinforces key concepts by using tutorials, animations, and interactive exercises,

Unit 1: Earth Materials

A

Minerals

1. Introduction to Minerals

2. Mineral Groups

3. Physical Properties of Minerals
4. Quiz: Minerals

. Rock Cycle
. Igneous Rocks

. Introduction to Igneous rocks
. Igneous Textures

1
2
3. Igneous Compositions
4. Naming Igneous Rocks
5

. Quiz: Igneous Rocks

. Sedimentary Rocks

1. Introduction to Sedimentary Rocks
2. 'lypes of Sedimentary Rocks

3. Sedimentary Environments

4. Quiz: Sedimentary Rocks

. Metamorphic Rocks

. Introduction to Metamorphic Rocks
. Agents of Metamorphism

. Textural and Mineralogical Changes
. Common Metamorphic Rocks
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. Quiz: Metamorphic Rocks

Unit 2: Sculpturing Earth’s Surface

A,

Weathering and Soil ALL NEW
. Earth’s External Processes
. Types of Weathering
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. Mechanical Weathering
. Chemical Weathering
. Rates of Weathering
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. Quiz: Weathering and Soil

. Mass Wasting: The Work of Gravity ALL NEW

1. Controls and Triggers of Mass Wasting
2. Mass-Wasting Processes
3. Quiz: Mass Wasting

. Running Water

1. Hydrologic Cycle
2. Stream Characteristics

NEW

3. ReviewingValle d Stream-Related F
eviewing YS an eam-Related Features SECTION

4. Quiz: Running Water
D. Groundwater
1. Importance and Distribution
2. Springs and Wells
3. Quiz: Groundwater
E. Glaciers and Glaciation
1. Introduction
2. Budget of a Glacier
3. Reviewing Glacial Features NEW SECTION
4. Quiz: Glaciers and Glaciation
E. Deserts and Winds
1. Distribution and Causes of Dry Lands
2. Common Misconceptions About Deserts
3. Reviewing Landforms and landscapes NEW SECTION
4. Quiz: Deserts and Winds

Unit 3: Forces Within

A. Plate Tectonics EXPANDED AND REVISED
. Introduction to Plate Tectonics

. Divergent Boundaries

. Convergent Boundaries

. Transform fault boundaries

. Formation and Breakup of Pangaea
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. Plate Tectonics Quiz

B. Earthquakes
1. What is an Earthquake?
2. Seismology
3. Locating the Source of an Earthquake
4. Earthquakes at Plate Boundaries
5. Earthquake Quiz

C. Earth’s Interior ALLNEW
a. Earth’s Layered Structure
b. Earth’s Interior Quiz

D. Volcanoes and Other Igneous Activity
a. The Nature of Volcanic Eruptions
b. Materials extruded During an Eruption
¢. Voleanic Structures and Eruptive Styles
d. Volcanoes Quiz

E. Mountain Building ALL NEW
a, Deformation
b, Folds

vii
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c. Faults and Fractures

d. Continental Collisions

e. Crustal Fragments and Mountain Building
f. Mountain Building Quiz

Unit 4: Deciphering Earth’s History

A. Geologic Time Scale

B. Relative Dating—Key Principles
C. Dating With Radioactivity

D. Quiz: Geologic Time

Unit 5: The Global Ocean

A. Floor of the Ocean
1. Mapping the ocean Floor
2. Features of the Ocean Floor
3. Quiz: Ocean Floor
B. Coastal Processes
1. Waves and Beaches
2. Wave Erosion
3. Quiz: Coastal Processes

Unit 6: Earth’s Dynamic Atmosphere

A. Introduction to the Atmosphere ALL NEW
1. The Importance of Weather

. Weather and Climate

. Composition of the Atmosphere

. Extent of the Atmosphere

. Temperature Structure of the Atmosphete
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. Quiz: Introduction to the Atmosphere
7. InThe Lab: Reading Weather maps
B. Heating Earth’s Surface and Atmosphere
. Understanding Seasons, Part 1 NEW SECTION
. Understanding Seasons, Part 2 NEW SECTION
. Solar Radiation
. What happens to Incoming Solar Radiation
. The Greenhouse Effect
. Quiz: Heating Earth’s Surface and Atmosphere
. InThe lab: The Influence of Color on Albedo NEW SECTION
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C. Temperature Data and the Controls of Temperature
1. BasicTemperature Data
2. Controls of Temperature
3. Quiz: Temperature Data and Controls
D. Moisture and Cloud Formation
. Water’s Changes of State
. Humidity: Water Vapor in the Air
. The Basics of Cloud Formation: Adiabatic Cooling
. Processes That Lift Air NEW SECTION
. The Critical Weathermaker: Atmospheric Stability
Quiz: Moisture and Cloud Formation
7. InThe Lab: Atmospheric Stability
E. Forms of Condensation and Precipitation ALL NEW
1. Classifying Clouds
2. Types of Fog
3. How Precipitation Forms

NEW
SECTION
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4. Forms of Precipitation

5. Quiz: Forms of Condensation and Precipitation
E Air Pressure and Wind

1. Measuring Air Pressure

2. Factors Affecting Wind

3. Highs and Lows

4. Quiz: Air Pressure and Wind
G. Basic Weather Patterns

1. Air Masses
. Fronts
. Intreducing Middie-Latitude Cyclones
. InThe Lab: Examining a Middle-Latitude Cyclone
. Quiz: Basic Weather Patterns ’
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Unit 7: Earth’s Place in the Universe

A. The Planets: An Overview

B. CalculatingYour Age and Weight on Other Planets
C. Earth’s Moon

D. A Brief Tour of the Planets

E. Quiz: Solar System
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Preface

Earth Science, Twelfth Edition, consists of seven units that em-
phasize broad and up-to-date coverage of basic topics and

4 principles in geology, oceanography, meteorology, and as-

tronomy. The book is intended to be a meaningful, nontech-

"nical survey for students with little background in science.

In addition to being informative and up-to-date, a major
goal of Earth Science is to meet the need of beginning stu-
dents for a readable and user-friendly text, a book that is a
highly usable “tool” for learning basic Earth science princi-
ples and concepts.

Distinguishing Features

Readability

The language of this book is straightforward and written to be
understood. Clear, readable discussions with a minimum of
technical language are the rule. Frequent headings and sub-
headings help students follow discussions and identify the
important ideas presented in each chapter. In the twelfth edi-
tion, improved readability was achieved by examining chap-
ter organization and flow, and writing in a more personal
style. Large portions of the text were substantially rewritten
in an effort to make the material more understandable.

Focus on Learning

When a chapter has been completed, several useful devices
help students review. First, the Chapter Summary recaps all
of the major points. Next is a checklist of Key Terms with
page references. Learning the language of Earth science
helps students learn the material. This is followed by
Review Questions that help students examine their knowl-
edge of significant facts and ideas. Next is a reminder to
visit the Website for Earth Science, Twelfth Edition. It contains
many excellent opportunities for review and exploration. Fi-
nal]y, each chapter closes with two frames from the GEODe:
Earth Science DVD to remind students about this unique and
effective learning aid.

New GEODe: Earth Science, Version 3

The new version of the text’s student-friendly GEODe: Earth
Science included with each book is an even better and more
complete learning tool than before. It reinforces key concepts
using interactive exercises, animations, and practice
quizzes. This dynamic, easy-to-use aid is now a DVD that
has significantly broader coverage than previous versions.
The GEODe: Earth Science table of contents (see pp. vii-viii)

highlights these additions and changes. We continue to use
a special icon that appears throughout the book whenever a
text discussion has a corresponding GEODe: Earth Science
activity.

lilustrations and Photographs

The Farth sciences are highly visual. Therefore, photo-
graphs and artwork are a very important part of an intro-
ductory book. Earth Science, Twelfth Edition, contains dozens
of new high-quality photographs that were carefully select-
ed to aid understanding, add realism, and heighten the in-
terest of the reader.

There has been substantial revision and improvement
of the art program. Clearer, easier-to-understand line draw-
ings show greater color and shading contrasts. We also
added more figures that combine the use of diagrams and
photos. Moreover, many new art pieces have additional la-
bels that “narrate” the process being illustrated and/or
“guide” readers as they examine the image, The result is an
art program that illustrates ideas and concepts more clearly
than ever before. As in previous editions, we are grateful to
Dennis Tasa, a gifted artist and respected Earth science illus-
trator, for his outstanding work.

Focus on Basic Principles
and Instructor Flexibility

Although many topical issues are treated in Earth Science,
Twelfth Edition, it should be emphasized that the main focus
of this new edition remains the same as its predecessors—to
foster student understanding of basic Earth science princi-
ples. Whereas student use of the text is a primary concern,
the book’s adaptability to the needs and desires of the in-
structor is equally important. Realizing the broad diversity
of Earth science courses'in bath content and approach, we
have continued to use a relatively nonintegrated format to
allow maximum flexibility for the instructor. Each of the
major units stands alone; hence, they can be taught in any
order. A unit can be omitted entirely without appreciable
loss of continuity, and portions of some chapters may be in-
terchanged or excluded at the instructor’s discretion.

Three Important Themes

Chapter 1, “Introduction to Earth Science,” presents stu-
dents with three important themes that recur throughout
the book: Earth as a System, People and the Environment, and
Understanding Earth. .

Xix
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_Earth as a System

An important occurrence in modern science has been the re-
alization that Earth is a giant multidimensional system. Our
planet consists of many separate but interacting parts. A
change in any one part can produce changes in any or all of
the other parts—often in ways that are neither obvious nor
immediately apparent. Although it is not possible to study
the entire system at once, it is possible to develop an aware-
ness and appreciation for the concept and for many of the
system's important interrelationships. Therefore, starting
with the revised discussion of “Earth System Science” in
Chapter 1, the theme of “Earth as a System” keeps recurring
through all major units of the book. It is a thread that
“weaves” through the chapters and helps tie them together.
Several new and revised special interest boxes relate to Earth
as a system. In addition, each chapter concludes with a sec-
tion on Examining the Earth System. The questions and prob-
lems found here are intended to develop an awareness and

- appreciation for some of the Earth system’s many interrela-
tionships.

People and the Environment

Because knowledge about our planet and how it works is
necessary to our survival and well-being, the treatment of
environmental issues has always been an important part of
Earth Science. Such discussions serve to illustrate the rele-
vance and application of Earth science knowledge. With
each new edition this focus has been given greater empha-
sis. This is certainly the case with the twelfth edition. The
text integrates a great deal of information about the relation-
ship between people and the natural environment and ex-
plores the application of the Earth sciences to
understanding and solving problems that arise from these
interactions. In addition to many basic text discussions,
many of the text’s special interest boxes involve the “People
and the Environment” theme.

Understanding Earth

As members of a modern society, we are constantly remind-~
ed of the benefits derived from science. But what exactly is
the nature of scientific inquiry? Developing an understand-
ing of how science is done and how scientists work is a third
important theme that appears throughout this book, begin-
ning with the section on “The Nature of Scientific Inquiry”
in Chapter 1. Students will examine some of the difficulties
encountered by scientists as they attempt to acquire reliable
data about our planet and some of the ingenious methods
that have been developed to overcome these difficulties.
Students will also explore many examples of how hypothe-
. ses are formulated and tested as well as learn about the evo-
lution and development of some major scientific theories.
Many basic text discussions as well as a number of the spe-
cial interest boxes on “Understanding Earth” provide the
reader with a sense of the observational techniques and rea-
soning processes involved in developing scientific knowl-

edge. The emphasis is not just on what scientists know, but
how they figured it out.

Highlights of the Twelfth Edition

The twelfth edition of Earth Science represents a thorough re-
vision. Every part of the book was examined carefully with
the dual goals of keeping topics current and improving the
clarity of text discussions. People familiar with preceding
editions will see much that is new in the twelfth edition. The
list of specifics is long. Examples include the following:

* Much of Chapter 2, “Minerals: Building Blocks of Rocks,”
is new, including a revamped introductory overview and
arevised and expanded discussion of mineral properties.

¢ There is much that is new in the chapters that focus on exter-
nal processes. Chapter 4 has a new case study (Box 4.2) on
the landslide hazards at La Conchita, California. Chapter 5
includes new material on infiltration capacity and sediment
transport as well as a new case study (Box 5.1), “Costal
Wetlands are Vanishing on the Mississippi Delta.” Chapter
6 contains new material on proglacial lakes and a new case
study (Box 6.1) that focuses on glacial Lake Missoula and
‘Weashington’s Channeled Scablands.

® Chapter 8, “Earthquakes and Earth’s Interior,” includes
an all-new examination of tsunami. There is also a revised
discussion of Earth’s interior that more clearly explains
how geologists probe the crust, mantle, and core.

¢ The section on the nature of volcanic eruptions in Chapter
10 more clearly explains why volcanoes erupt and behave
the way they do. The chapter also includes revised dis-
cussions of cinder cones and calderas.

¢ Chapter 12, “Earth’s Evolution through Geologic Time”
(formerly “Earth History: A Brief Summary”), is completely
revised and rewritten. The chapter presents a clear, concise
summary of Earth history that begins with an engaging
introduction titled, “Is Farth Unique?” The chapter
includes easy-to-follow discussions on the birth and early
evolution of the planet and on the origin of continents, the
atmosphere, and oceans. To allow maximum instructor
flexibility, there are separate discussions of Earth’s physi-
cal history and the evolution of life through geologic time.

¢ Unit5, “The Global Ocean,” has been thoroughly updated
with the assistance of Professor Al Trujillo of Palomar
College. Changes include revised discussions and line art
dealing with ocean circulation, the behavior of waves, and
rip currents. There is also a new special interest box on
rogue waves.

* Chapter 19, “Weather Patterns and Severe Storms,” has a
revised discussion of tornadoes that includes updated sta-
tistics, the newly revised intensity scale, and a new box
that focuses on “Surviving a Violent Tornado.” The chap-
ter also has expanded treatment of hurricanes that
includes examples and images from the devastating and
record-breaking 2004 and 2005 hurricane seasons.

« Chapter 20 (formerly “Climate”) has a new title, “World
Climates and Global Climate Change.” The chapter
begins with a new introduction that is followed by a
strengthened presentation on climate classification and
the distribution and characteristics of Earth’s major cli-
mate groups. The second half of the chapter examines one
of the most serious environmental issues facing
humankind—global climate change. This discussion pro-
vides an excellent opportunity to explore human impact
on the climate system and many interrelationships in the
Earth system. It includes up-to-date information and
analysis from the 2007 reports by the Intergovernmental
Panel on Climate Change.

« All four chapters comprising Unit 7, Earth’s Place in the
Universe, have been revised, updated, and substantially
rewritten with the assistance of Mark Watry and Teresa
Tarbuck of Spring Hill College. This is the most complete
revision of this unit ever. The subject matter is better
organized and more up-to-date. Discussions progress in a
manner that is easier to follow for the beginning student.
Readers get an engaging perspective on the historical
development of astronomy (Chapter 21) and a factual, up-
to-date tour of the solar system (Chapter 22). They also
learn about telescopes and are introduced to modern
methods of observing the universe such as orbiting obser-
vatories (Chapter 23). The unit concludes with a clear
presentation on stellar evolution and the origin of the uni-
verse (Chapter 24).

.

Additional Highlights

* “Students Sometimes Ask . . .” This popular feature has
been retained and improved in the twelfth edition.
Instructors and students continue to react favorably and
indicated that the questions and answers that are sprin-
kled throughout each chapter add interest and relevance
to discussions.

* Although there is not a significant change in the number
of special interest boxes, several are totally new or sub-
stantially revised. As in the previous edition, most are
intended to illustrate and reinforce the three themes of
“Earth as a System,” “People and the Environment,” and
“Understanding Earth.”

The Teaching and Learning
Package

The challenge is fundamental and too often overlooked in
what seems to have become a weapons race of resources
supplemental to the text: instrictors need more tine, students
need niore preparation. With this as a credo, Pearson/Prentice
Hall has produced for this edition perhaps the best set of in-
structor and student resources ever assembled to support an
introductory Earth science textbook. Not only are they of
the highest quality, they are the most useful. Please see pages
xxii-xxiii of this Preface for detailed descriptions.
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The Teaching and Learning Package

Prentice Hall continues to imprové the instructor resources
in this edition with the goal of saving you time in preparing
for your classes.

Instructor’s Resource Center (IRC) on DVD

The IRC puts all your lecture resources in one easy-to-
reach place:

Three PowerPoint® presentations for each chapter
101 animations of Earth processes

All of the line art, tables, and photos from the text in jpg
files (Are illustrations central to your lecture? Check out
the Student Lecture Notebook.)

Images of Earth photo gallery

Instructor’s Manual in Microsoft Word

Test Item File in Microsoft Word

TestGen test generation and management software

PowerPoints®

Found on the IRC are three PowerPoint files for each chap-
ter. Cut down on your preparation time, no matter what
your lecture needs.

1. Art and Animations—All of the line art, tables, and
photos from the text, along with the animation library,
pre-loaded into PowerPoint slides for easy integration
into your presentation.

2. Lecture Outline—Authored by Stanley Hatfield of
Southwestern Illinois College, this set averages 35
slides per chapter and includes customizable lecture
outlines with supporting art.

3. Classroom Response System (CRS) Questions—
Authored for use in conjunction with any of the new
classroom response systems. Theses systems allow
you to electronically poll your class for responses to
questions, pop quizzes, attendance, and more.

Animations

The Prentice Hall Geoscience Animations Library includes
over 100 animations illustrating the most difficult-to-visual-
ize topics of Earth science. Created through a unique
collaboration among five of the Prentice Flall’s leading geo-
science authors, these animations represent a significant
leap forward in lecture presentation aids. They are provided
both as Flash files and, for your convenience, pre-loaded
- into PowerPoint slides.

“Images of Earth” Photo Gallery

Supplement your personal and text-specific slides with this

amazing collection of over 300 geologic photos contributed
by Marli Miller (University of Oregon) and other profession-

als in the field. The photos are available on the IRC on DVD.

Transparencies

Simply put: Every Dennis Tasa illustration in Earth Science,
Twelfth Edition is available as a full-color, projection en- |

hanced transparency—175 in all. (Are illustrations central to
your lecture? Check out the Student Lecture Notebook.)

Instructor’s Manual with Tests

Authored by Stanley Hatfield (Southwestern Illinois Col-
lege), the Instructor’s Manual contains: learning objectives,
chapter outlines, answers to end-of-chapter questions and
suggested, short demonstrations to spice up your lecture.
The Test Item File incorporates art and averages 75 multi-

ple-choice, true/false, short answer and critical thinking

questions per chapter.

TestGen

Use this electronic version of the Test Item File to customize
and manage your tests. Create multiple versions, add or edit
questions, add illustrations—your customization needs are
easily addressed by this powerful software.

Course Management

Prentice Hall offers instructor and student media for the
12th edition of Earth Science in formats compatible with
your Blackboard and WebCT platforms. Contact your local
sales representative for more information.

For the Laboratory

Applications and Investigations in Earth Science, sixth edition,
Written by Ed Tarbuck, Fred Lutgens, and Ken Pinzke, this
full-color laboratory manual contains 23 exercises that pro-
vide students with hands-on experience in geology,
oceanography, meteorology, astronomy, and Earth science
skills. The lab manual is available at a discount when pur-
chased with the text; please contact your local Prentice Hall
representative for more details.
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Student Resources

The student resources to accompany Earih Science, Twelfth
Edition have been further refined with the goal of focusing
the students’ efforts and improving their understanding of
Earth science concepts.

GEODe: Earth Science

Somewhere between a text and a tutor GEODe: Earth Science
version 3 DVD, included with your book, employs the unique
capabilities of the computer to illuminate key concepts in
Earth science. Animations, videos, photographs, text, narra-
tion, and interactive exercises are presented in a tutorial for-
mat. Do you learn better by doing? Exercises throughout the
DVD get you interacting instead of just memorizing. Does
your lab not akways parallel your lecture? A quick review of the
relevant module will help you prepare you for the lab,
whether or not you have covered the topicin lecture. Look for
the GEODe: Earth Science icon throughout the text. The DVD
is plug-and-play—no special software or installation is neces-
sary—so it’s perfect for use in your school’s computer lab
(though you should probably use headphones).

Study Guide

Written by experienced educators Stanley Hatfield and Ken
Pinzke (Southwestern Illinois College), the Study Guide
helps students identify the important points from the text,

and then provides them with review exercises, study ques-
tions, self-check exercises, and vocabulary review.

Companion Website

www.pearsonhighered.com/tarbuck  Authored by Molly
Bell, the Companion Website contains numerous chapter re-
view exercises (from which students get immediate feed-
back). Links to other resources are also included for further
study. Professors can utilize the GradeTracker to asses stu-
dent progress.

Student L.ecture Notebook

Ilustrations are tools—use themn

Mustrations are critical to understanding Earth science.
They are a centerpiece of your textbook and, most likely,
your instructor’s lecture. In the Student Lecture Notebook
you'll find all the art from the text, reproduced with space
for you to take notes. In fact, you may find that these illus-
trations are exactly the ones you will see in class. Using the
Student Lecture Notebook means: more focused and more
rapid notetaking, less writing in your textbook, and less to
carry to class. The Student Lecture Notebook is available
through your bookstore.
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FIGURE 2,15 Common cleavage directions exhibited by minerals. (Photos by Dennis Tasa and

E. J. Tarbuck)

the number of cleavage directions and the angle(s) at which they
meet (Figure 2.15).

Each cleavage surface that has a different orientation is
counted as a different direction of cleavage. For example,
some minerals cleave to form six-sided cubes. Because cubes
are defined by three different sets of parallel planes that in-
tersect at 90-degree angles, cleavage is described as three di-
rections of cleavage that meet at 90 degrees.

Do not confuse cleavage with crystal shape. When a min-
eral exhibits cleavage, it will break into pieces that all have the
same geometry. By contrast, the smooth-sided quartz crys-
tals shown in Figure 2.1 (p. 30) do not have cleavage. If bro-
ken, they fracture into shapes that do not resemble one
another or the original crystals.

Fracture’ Minerals having chemical bonds that are equally,
or nearly equally, strong in all directions exhibit a property
called fracture. When minerals fracture, most produce un- |
even surfaces and are described as exhibiting irregular frac-
ture. However, some minerals, such as quartz, break into
smooth, curved surfaces resembling broken glass. Such
breaks are called conchoidal fractures (Figure 2.16). Still other '
minerals exhibit fractures that produce splinters or fibers that

are referred to as splintery and fibrous fracture, respectively.

Density and Specific Gravity

Density is an important property of matter defined as mass

per unit volume usually expressed as grams per cubic

{ BOX 2.1 » PEOPLE AND THE ENVIRON

. Many everyday objects are made of glass, in-
cluding windowpanes, jars and botfles, and
! the lenses of some eyeglasses. People have
been making glass for at least 2,000 years,
Glass is manufactured by melting naturally
occurring materials and cooling the liquid
quickly before the atoms have time fo arrange .
themselves into an orderly crystalline form.
(This is the same way that natuxal glass,
called obsidian, is generated from lava.} -
Itis possible to produce glass froma va-
tiety of materials, but the primary ingredi-
" ent (75 percent) of most commercially
produced glass is the mineral quartz (8i0y).
' Lesser amourits of the minerals calcite (cal-
cium carbonate) and trona (sodium carbon-
ate) are added to the mix. These materials
lower the melting temperature and improve
the workability of the molten glass.
In the United States, high-quality quartz

(usually quartz sandstone) and calcite (lime-

stone) are readily available in many areas.

Trona, on the other hand, is mined almost

. exclusively in the Green River area of south-

western Wyoming. In'addition to its use in
making glass, trona is used in making de- .-

tergents, paper, and even baking soda.

Manufacturers can change the properties

of glass by adding minor amounts of several

.. Other ingredients (Figure 2.A). Coloring

agentsinclude iron sulfide (amber), selenium

 (pink), cobalt oxide (blue), and iron oxides

s

. Making Glass from Minerals - '
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Properties of Minerals

centimeter. Mineralogists often use a related measure called
specific gravity to describe the density of minerals. Speci.ﬁc
gravity is a unitless number representing the ratio of a min-
eral’s weight to the weight of an equal volume of water.

Most common rock-forming minerals have a specific grav-
ity between 2 and 3. For example, quartz has a specific grav-
ity of 2.65. By contrast, some metallic minerals such as pyrite,
native copper, and magnetite are more than twice as dense as
quartz. Galena, which is an ore of lead, has a specific gravity
of roughly 7.5, whereas the specific gravity of 24-karat gold
is approximately 20. ’ =

With a little practice, you can estimate the specific gravity
of a mineral by hefting it in your hand. Ask yourself, does
this mineral feel about as “heavy” as similar sized rocks you
have handled? If the answer is “yes,” the specific gravity of
the sample will likely be between 2.5 and 3.

FIGURE 2.16 Concholdal fracture. The smooth, curved surfaces result
when minerals break in a glasslike manner. (Photo by E. J. Tarbuck)

MENT f—

Air forces the
moften glass to
assurme shape’

of mold y

Air forces glass .
down to form
neck of bottle

Hot glass is
added to mold

FIGURE 2.A ~ Glass bottles are made by adding molten glass to a mold and using air to shape. the
glass. Metallic compounds are mixed with the raw ingredients to color the glass. (Photo by Pcligons
Photo Index Alamy)

(green, yellow, brown). The addition of lead crystal tableware. Ovenware, such asPyrex®,
imparts clarity and brilliance to glass and is owes its heat resistance to boron, whereas ?lu-
therefore used in the manufacture of fine minum makes glass resistent to weathering.
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residual clay minerals. However, even the highly insoluble
clay minerals are very slowly removed by subsurface
water.

Spheroidal Weathering

In addition to altering the internal structure of minerals,
chemical weathering causes physical changes as well. For in-
stance, when angular rock masses are chemically weathered
as water enters along joints, they tend to take on a spherical
shape. Gradually the corners and edges of the angular blocks
become more rounded. The corners are attacked most read-
ily because of their greater surface area, as compared to the
edges and faces. This process, called spheroidal weathering,
gives the weathered rock a more rounded or spherical shape
(Figure 4.8A).

Sometimes during the formation of spheroidal boulders,
successive shells separate from the rock’s main body (Figure
4.8B). Eventually the outer shells spall off, allowing the chem-
ical weathering activity to penetrate deeper into the boulder.
This spherical scaling results because, as the minerals in the
rock weather to clay, they increase in size through the addi-
tion of water to their structure. This increased bulk exerts an
outward force that causes concentric layers of rock to break
loose and fall off. Hence, chemical weathering does produce
forces great enough to cause mechanical weathering.

This type of spheroidal weathering, in which shells spall
off, should not be confused with the phenomenon of sheeting

FIGURE 4.8 A. Spheroidal weathering is evident in this exposure of granite in California’s Joshua
Tree National Park. Because the rocks are attacked more vigorously on the corners and edges, they
take on a spherical shape. The lines visible in the rock are called Joints. Joints are important rock
structures that allow water to penetrate and start the weathering process long before the rock is
exposed. (Photo by E. J. Tarbuck) B. Sometimes successive shells are loosened as the weathering
process continues to penetrate ever deeper into the rock. (Photo by Martin Schmidt, Jr}

discussed earlier. In sheeting, the fracturing occurs as a re
sult of unloading, and the rock layers that separate from th
main body are largely unaltered at the time of separation,

Rates of Weathering
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Several factors influence the type and rate of rock weathering,
We have already seen how mechanical weathering affects the
rate of weathering. By breaking rock into smaller pieces, the
amount of surface area exposed to chemical weathering is in-

creased. Other important factors examined here include rock
characteristics and climate.
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Differential Weathering

Masses of rock do not weather uniformly.
Take a moment to look at the photo of
Shiprock, New Mexico, in Figure 9.24
(p. 266). The durable volcanic ne_ck pro-
trudes high above the surrounding ter-
rain. A glance at the chapter-opening
photo shows an additional example.of
this phenomenon, called differential
weathering. The results vary in scale
from the rough, uneven surface of the
marble headstone in Figure 49 to the
boldly sculpted exposures in Arizona’s
Monument Valley (Figure 4.11).

Many factors influence the rate of rock
weathering. Among the most important

Rock Characteristics

Rock characteristics encompass all of the chemical traits of
rocks, including mineral composition and solubility. In ad-
dition, any physical features, such as joints (cracks), can be
important because they influence the ability of water to pen-
eraterack. chemical weathering. We can see this by examining_ ﬂ}e in-

The variations in weathering rates, due to the mineral con- scriptions on the headstones shown in Figure 4.9. This is not
stituents, can be demonstrated by comparing old headstones i true of the marble headstone, which shows signs of exten-
made from different rock types. Headstones of granite, which g sive chemical alteration over a relatively short period. Mi_ir—
are composed of silicate minerals, are relatively resistant to i)le is composed of calcite (calcium carbonate), which readily
dissolves even in a weakly acidic solution. )

The silicates, the most abundant mineral group, weaﬂqgr in
essentially the same sequence as their o.rder of c;ystalhza-
tion, By examining Bowen’s reaction series .(see F1gt}re 313,
p. 61), you can see that olivine crystallizes ﬁrs{ and is there-
fore the least resistant to chemical weathering, whereas
quartz, which crystallizes last, is the most resistant.

illegible. (Photos by E. J. Tarbuck)

Climate

Climatic factors, particularly temperature and moisture, are
crucial to the rate of rock weathering. One important exam-
ple from mechanical weathering is that the frequency of
freeze~thaw cycles greatly affects the amount of frqst wedg-
ing. Temperature and moisture also exert a strong u'.\ﬂuence
on the rates of chemical weathering and on the kind gnd
amount of vegetation present. Regions vﬁth lush vegetation
generally have a thick mantle of soil nch in decayed organic
matter from which chemically active fluids such as carbonic
and humic acids are derived. o

The optimum environment for chemical weathem}g is a
combination of warm temperatures and abundant moisture.
In polar regions chemical weathering is ipeffective because
frigid temperatures keep the available moisture 10ckfed up as
ice, whereas in arid regions there is insufficient moisture to
foster rapid chemical weathering. -

Human activities can influence the composition of the at-
mosphere, which in turm can impact the rate of chermcal weath-
ering, One well-known example is acid rain (Figure 4.10).

FIGURE4.9 An examination of two headstones (in the same cemetary) reveals the rate of
hemical weathering on diverse rock types. The granite headstone (left) was erected four ygars ;
gefore the marble headstone (right). The inscription date of 1872 on the marble monument is nearly

are variations in the composition of the
rock. More resistant rock protrudes as
ridges or pinnacles, or as steeper cliffs on
a canyon wall (see Figure 11.3, p. 313).
The number and spacing of joints can
also be a significant factor (see Figure
4.8A and Figure 10.12, p. 294). Differen-
tial weathering and subsequent erosion are responsible for
creating many unusual and sometimes spectacular rock for-
mations and landforms.

FIGURE 4.10 As a consequence of burning large quantities f’f coal and
petroleum, more than 40 million tons of sulfur and nitrogen oxides are
released into the atmosphere each year in the United States. Through a
series of complex chemical reactions, some of these pollgtants are
converted into acids that then fall to Earth’s surface as rain or snow. | .
Among its many environmental effects, acid rain 'accelebratesvti'le ?ht_amlc
weathering of stone monuments and structures, including this building
facade in Leipzig, Germany. (Photo by Doug Plummer/Photo
Researchers, Inc.)
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TABLE 4.2 - World Soil Orders 2 (continued) ; ; Rt i
ABLE 4.2 & Pag Dark, soft soiis that have developed under grass vegetation, generally found in prairie areas. Hui mus-n(r::; smac:ctt‘i?/;;zogliﬂ'n:ﬁ:z -
Affisols Moderately weathered scils that form under boreal forests or broadieaf deciduous forests, rich in iron and aluminum. Glay particles Mollisols in caleium and magnesium. Soil fertifty is excellent, Also found in hardwood forests with significant earthworm 5 - :
accumulate in a subsurface layer in response to Isaching in moist environments, Fertile, productive soils, because they are.neither range is boreal or alpine to tropical. Dry seasons are normal (see Figure 4.16A). i
R . tq(? 2 - L “D’O dry o TREET, S R I T — i Sails t‘hAat ééct]r on old fand surfaces unless pa}ént materials were strongly weathered before they were dep_osﬂec‘i).o(yizgﬁ;aflzfouhd
Andisols Young soils in which the parent material is volcanic ash and cinders, deposited by recent volcanic activity. Oxisols in the tropics and subtropical regions. Rich in iron and aluminum oxides, oxisols are heavily leached, hencelare, ol
e S - . Mot o 5 T it f & Figure 4.168). ; ;
Aridosols Salls that develop In dry places; insufficient water to remove soluble minerals, may have an accumulation of calcium carbonate, ; agricultural activity (see . - " 15) and cool humid
l gypsum, or salt in subsoil; low organic content. ‘g'}dosoié "1 'soits found only in humid regions on sandy material‘dCommclan in ?Or:g;??s Caﬁ?éﬁr%flgggs;irﬁgﬁ z'fglgfcﬁé 5 )material the distinctive
R SRR St SO ~ e e G A Y T I I R SR i : ered organic mate! if - "
Entisols Young soils having limiteci development and exhibiting properties of the parent material. Productivity ranges from very high for some Sp forests. Beni?m ty)‘e dark upper horizon of weath: (] ‘ . E y
formed on recent river deposits o very low for those forming on shifting sand or rocky slopes ! property of this soll. tweathering. Waler percolating through the sof concentrates clay particies in the
| oy AT T B E T e 1ot oot O e Y. 45 - - weathering. Water p ¢ I °
Gellsols Young soils with little profile development that occur in regions with permafrost. Low temperatures and frozen conditions for much Uttisols Soils trr:at_repreS;nti"tif;ehg:Cigl:;f)s ;g;ls(:ﬁgtggr;gdhsuﬁ"nld climatesgin the temperate regions and the tropics, where the growirg season is
SRS, 9f e you! s!ow S ‘?"‘T“’.TT"T“Q pfogasses,h T P e o s 1 st e e e i :gnw; rAt?:;g;;t(wgter and a Ioné frost-free period contribute to extensive leaching, hence poorer soil quality. :
Histosols Organic soifs with little or no climatic implications. Can be found in any climate where organic debris can accumulate to form a baog e - o hich shrink upon drying and swell with the addition of water. Found in subhumid to arid
o o I 89"‘ Dark,»panlgny qecompqsed griganlc n]a{erylal b grr]mgnlyArgfer fe,d t? a3 eat‘,. R L A o m e Vertisols fl(i]r:r';tcezm;;glvr;gelzr?:a?r:g:;:zg:&iﬁlrésKcif water aréj avallglbig to saturate the soil after periods of drought. Soil expansion and
Inceptisols Weakly developed young soils in which the beginning (inception) of profile development is evident. Most common In humid climates, contraction exert stresses on human structures.
they exist from the Arctic to the tropics. Native vegetation is most often forest, L

Brief descriptions of the 12 basic soil or-
ders are provided in Table 4.2. Figure 4.18
shows the complex worldwide distribution
pattern of the Soil Taxonomy’s 12 soil orders.
Like many classification systems, the Soil Tax-
onomy is not suitable for every purpose. It is
especially useful for agricultural and related
land-use purposes, but it is not a useful 8ys-
tem for engineers who are preparing evalua-
tions of potential construction sites.

Soil Erosion

Soils are just a tiny fraction of all Earth mate-
rials, yet they are a vital resource. Because soils
are necessary for the growth of rooted plants,
they are the very foundation of the human life-
support system. Just as human ingenuity can
increase the agricultural productivity of soils
through fertilization and irrigation, soils can
be damaged or destroyed by carelessness, De-
spite their basic role in providing food, fiber,
and other basic materials, soils are among our
most abused resources.

Perhaps this neglect and indifference has
occurred because a substantial amount of soil
seems to remain even where soil erosion is
serious. Nevertheless, although the loss of
fertile topsoil may not be obvious to the un-
trained eye, it is a growing problem as human
activities expand and disturb more and more
of Earth’s surface.

How Soil Is Eroded

Soil erosion is a natural process; it is part of
the constant recycling of Earth materials that
we call the rock cycle. Once soil forms, ero-
sional forces, especially water and wind,
move soil components from one place to an-
other. Every time it rains, raindrops strike the
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FIGURE 4.18 Global soil regions. Worldwide distribution of the Soil Taxonomy’s 12 soil
orders. (After U.S. Department of Agriculture, Natural Resources Conservation Service,
World Soil Resources Staff)
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FIGURE 4.24 Aerial view of a large debris flow at Caraballeda, Venezuela, in December
1999. Heavy rains triggered thousands of debris flows and other types of mass wasting in
the adjacent mountains. Once created, these moving masses of mud and rock coalesced
to form giant debris flows that moved rapidly through steep, narrow canyons and engulfed
the clty. The result was severe property damage and the tragic loss of an estimated 19,000
lives. (Kimberly White/REUTERS/CORBIS/Bettmann)

The Role of Water

Mass wasting is sometimes triggered when heavy rains or pe-
riods of snowmelt saturate surface materials. This was the
case in December 1999 when torrential rains triggered thou-
sands of landslides along the coast of Venezuela. Mudflows
and flash floods caused severe property damage and the tragic
loss of an estimated 19,000 lives (Figure 4.24). A case study of
another rain-triggered mass-wasting event that occurred at
La Conchita, California, in January 2005, is found in Box 4.2,
When the pores in sediment become filled with water, the
cohesion among particles is destroyed, allowing them to slide
past one another with relative ease. For example, when sand
is slightly moist, it sticks together quite well. However, if
enough water is added to fill the openings between the grains,
the sand will ooze out in all directions (Figure 4.25). Thus,
saturation reduces the internal resistance of materials, which
are then easily set in motion by the force of gravity. When clay
is wetted, it becomes very slick—another example of the “lu-
bricating” effect of water. Water also adds considerable weight

FIGURE 4.256 The effect of water on mass wasting can be great.
A. When little or no water is present, friction among the closely
packed soil particles on the siope holds them in place. B. When
the soll is saturated, the grains are forced apart and friction Is
reduced, allowing the soil to move downstope.

b. Saturated soil

to amass of material. The added weight in itsef
may be enough to cause the material to slide o
flow downslope. Lél’l
: California lies astride a major
: Soizh;;lrx\ndary defined by the San Andreas
ﬁiﬂt and numerous othgr relatgd faulis thz}t
i 5pread across the region. Ttis a dynamic
drevimnment characterized: by - rugged
;“ountains and steep-walled -canyons. Un-
fortunately, this scenic landscape presents
serious geologic hazards. Just as tectonic
forces are steadily pushing the land‘scap_ev
~ ypward, gravity is relefltlessly Qullmg it
downward. When gravity prevails, land-

ides occur:
Shd/iz you might expect, some of the re-
gion’s Jandslides are triggered by earth-
“quakes. Many others, however, are re}ated
to periods of prolonged and intense rémfall.
A tragic example of the latter situation oc-
curred on January 10,2005, when a mass.we
debris flow (popularly called a muds}zde)
swept through La Conchita, Callifomxa, a
“small town located about 80 kilometers
- (50 miles) northwest of Los Angeles (see
hapter-opening photo).
i Xlthm.{gh thg. rapid torrent of mud tqok
“ many of the town’s inhabitants by surprise,
such an event should not have been tnex-
pected. Let’s briefly examine the factors that
rontributed to the deadly debris flow at La
Conchita.

The town is situated on a narrow coastal
strip about 250 meters (800 feet) wide be-
tween the shoreline and a steep 180-meter
(600-foot) bluff (Figure 4.B). The bluff con-
sists of pootly sorted marine sedime.nts and
weakly cemented layers of shale, siltstone,
and sandstone.

The deadly 2005 debris flow involved
little or no newly failed material, but
rather consisted of the remobilization of a
< portion of a large landslide that destroyed
several homes in 1995. In fact; historical
accounts dating back to 1865 indicate that
landslides in the immediate area have

been a regular occurrence. Furtherr_no‘re,
--geologic evidence shows that landsliding
".of a variety of types and scales has proba-
bly been occurring at La Conchita for
thousands of years.
The most significant contributing factor
-to the tragjic 2005 debris flow was prolonged
and intense rain. The event occurred at the
end of a span that produced near record
amounts of rainfall in southern California.
Wintertime rainfall at nearby Ventura to-
taled 49.3 centimeters (19.4 inches) as com-~

Oversteepened Slopes

Oversteepening of slopes is another trigger of
many mass movements. There are many sity
tions in nature where this takes place. A strean;
undercutting a valley wall and waves poun
ing against the base of a cliff are two famil;
examples. Furthermore, through their activ;
ties, people often create oversteepened and ur.
stable slopes that become prime sites for masg;
wasting,

Unconsolidated, granular (sand-size
coarser) particles assume a stable slope callec
the angle of repose (reposen = to be at rest);
This is the steepest angle at which material 1¢:3
mains stable (Figure 4.26). Depending on th
size and shape of the particles, the angle varie:
from 25 to 40 degrees. The larger, more angular particles
maintain the steepest slopes. If the angle is increased, the rod
debris will adjust by moving downslope.

Oversteepening is important not only because it trigge
movements of unconsolidated granular materials, but it als
produces unstable slopes and mass movements in cohesiv
soils, regolith, and bedrock. The response will not be imme.
diate, as with loose, granular material, but sooner or later ong
or more mass-wasting processes will eliminate the over.
steepening and restore stability to the slope.

Removal of Vegetation

Plants protect against erosion and contribute to the stability
of slopes because their root systems bind soil and regolith to- 3
gether. Where plants are lacking, mass wasting is enhanced,
especially if slopes are steep and water is plentiful. When an-
choring vegetation is removed by forest fires or by people
(for timber, farming, or development), surface materials fre: ,
quently move downslope.

In July 1994 a severe wildfire swept Storm King Moun-
tain west of Glenwood Springs, Colorado, denuding the

FIGURE 4.26 The angle of repose for this granular material is about 30°.
(Photo by G. Leavens/Photo Researchers, Inc.)

BOX 4.2 » PEOPLE AND THE ENVIRONMENT —
dslide Hazards at La Conchita, California™

Controls and Triggers of Mass Wasting
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FIGURE 4.B The larger image is a view down the length of the 2005 La Conchita debris flow. It

also depicts the setting of the small town between the ocean and a steep cﬂ‘rf,l The arm\g/ on \t’r;z
larger photo Is pointing to the house shown on the inset. The flow was quite viscous and mo

houses in its path rather than flowing around them. As you can see, the left side of the house was

detached and moved. (Photo by Randall Jipsor/U.S. Geological Survey)

pared to an average value of just 12.2 cen-
timeters (4.8 inches). As Figure 4.C in-
dicates, much of that total fell during the
two weeks immediately preceding the de-
bris flow.

This was not the first destructive land-
slide to strike La Conchita, nor is it likely to
be the last. The town’s geologic setting and
history of rapid mass-wasting events clearly
support this notion. When the amount and
intensity of rainfall is sufficient, debris flows
are to be expected.

*Based in part on material prepared by the U.S. Geolog-
ical Survey.

FIGURE 4.C Dally rainfall at the nearby town
of Ventura during the weeks leading up to the
January 2005 La Conchita event. Each line on
the bar graph shows rain for a particular day.
The 2005 debris flow occurred at the
culmination of the heaviest rainfall of the
season. About 80 percent of the season’s
exceptional total fell in this short span. (After
National Weather Service)
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Are snow avalanches considered a type of mass wasting?

Sure. Sometimes these thundering downslope movements of
snow and ice move large quantities of rock, soil, and trees. Of
course, snow avalanches are very dangerous, especially to skiers
on high mountain slopes and to buildings and roads at the bot-
toms of slopes in avalanche-prone regions.

) About 10,000 snow avalanches occur each year in the moun-
tainous western United States. In an average year they claim be-
tween 15 and 25 lives in the United States and Canada. They are

a growing problem as more people become involved in winter
sports and recreation.

Slump commonly occurs because a slope has been over-
steepened. The material on the upper portion of a slope is
held m}place by the material at the bottom of the slope. As this
:’;mchormg material at the base is removed, the material above
is made unstable and reacts to the pull of gravity. A common
example is a valley wall that becomes oversteepened by a
meandering river. Another is a coastal area that has been un-
dercut by wave activity at its base.

FIGURE 4.31
River in northwestern Wyoming following hea

debris dam overflowed, resulting in a devastating fl
slide occurred when the tilted and undercut sandst

Gros Ventre
landslide debris

On June 23, 1925, a massive rockslide took place in the valley of the Gros Ventre
; er " VY spring rains and snowmekt. The volume of is,
estimated at 38 million cubic meters, created a 70-meter-high dam. Later, the lake created gﬁ::
lood downstream. A. Cross-sectional view. The

one bed could no longer maintain its positi
the saturated bed of clay. B. Even though the Gros Ventre rockslide occurred in 1 925, ch sca:) lr;f?tgr?

the side of Sheep Mountain is still a i
. prominent feature. (Part A aftér W. C. Alden, “Landslide
at Gros Ventre, Wyoming,” Transactions (AIME) 76 (1928); 348. Part B photo by ’Stephen Trfn?l;:)FIOOd

Rockslide
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Rockslides frequently occur in high mountain areas such a
the Andes, Alps, and Canadian Rockies. They are sudden an(i
rapid movements that happen when detached segments g ‘
bedrock .break loose and slide downslope (Figure 4.28B). A5
the moving mass thunders along the surface, it breaks ing
marny smaller pieces. Such events are among the fastest and
most destructive mass movements. :
Rockslides usually take place where there is an inclined
surface of weakness. Such surfaces tend to form where
strata are tilted or where joints and fractures exist parallel
to the slope. When rock in such a setting is undercut at the .
l3ase of the slope, it loses support and eventually gives wa
Sometimes an earthquake is the tri gger. On other occasion};
lhg rockslide is triggered when rain or melting snow lu-
bricates the underlying surface to the point that friction is
no longer sufficient to hold the rock unit in place. As a re-
sult, rockslides tend to be more common during the spring
when heavy rains and melting snow are most prevalentl
The massive Gros Ventre slide shown in Figure 4.31 is a
classic example. . :

Former iand
_ surface

Sf u.a/enfo Szmefimed _/444 i &

I noticed that none of the mass-wasting processes described
in this chapter are actually called “landslides.” Why?

That's very observant! Although many people, including geolo-
gists, frequently use the word landslide, the term has no specific
definition in geology. Rather, it should be considered as a popu-
lar nontechnical term to describe all relatively rapid forms of
mass wasting, including those in which sliding does not occur.
L

Debris Flow
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Debris flow is a relatively rapid type of mass wasting that in-
volves a flow of soil and regolith containing a large amount
of water (Figure 4.28C). Debris flows, which are also called
mudflows, are most characteristic of semiarid mountainous
regions and are also common on the slopes of some volca-
noes. Because of their fluid properties, debris flows follow
canyons and stream channels. As Figure 4.24 (p. 104) and Box
4.2 {llustrate, debris flows in populated areas can pose a sig-
nificant hazard to life and property.

Debris Flows in Semiarid Region’s

When a cloudburst or rapidly melting mountain snows cre-
ate a sudden flood in a semiarid region, large quantities of
soil and regolith are washed into nearby stream charmels be-
cause there is usually little vegetation to anchor the surface
material. The end product is a flowing tongue of well mixed
mud, soil, rock, and water. Its consistency may range from
that of wet concrete to a soupy mixture not much thicker
than muddy water. The rate of flow therefore depends
not only on the slope but also on the water content.
When dense, debris flows are capable of carrying or
pushing large boulders, trees, and even houses with
relative ease.

Debris flows pose a serious hazard to development
in dry mountainous areas such as southern California.
The construction of homes on canyon hillsides and the
removal of anchoring vegetation by brush fires and
other means have increased the frequency of these de-
structive events.

Lahars

Debris flows composed mostly of volcanic materials
on the flanks of volcanoes are called lahars. The word
originated in Indonesia, a volcanic region that has ex-
perienced many of these often destructive events. His-
torically, lahars have been one of the deadliest volcano
hazards, They can occur either during an eruption or
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when a volcano is quiet. They take place when highly unsta-
ble layers of ash and debris become saturated with water and
flow down steep volcanic slopes, generally following existing
stream channels. Heavy rainfalls often trigger these flows.
Others are triggered when large volumes of iceand snow are
suddenly melted by heat flowing to the surface from within
the volcano or by the hot gases and near-molten debris emit-
ted during a violent eruption.

In November 1985 lahars were produced when Nevado
del Ruiz, a 5,300-meter (17,400-foot) volcano in the Andes
Mountains of Colombia, erupted. The eruption melted much
of the snow and ice that capped the uppermost 600 meters
(2,000 feet) of the peak, producing torrents of hot, thick mud,
ash, and debris. The lahars moved outward from the volcano,
following the valleys of three rain-swollen rivers that radi-
ate from the peak. The flow that moved down the valley of
the Lagunilla River was the most destructive, devastating the
town of Armero, 48 kilometers (30 miles) from the mountain.
Most of the more than 25,000 deaths caused by the event oc-
curred in this once-thriving agricultural community.

Earthflow
' Sculpturing Earth’s Surface
S » Mass Wasting: The Work of Gravity

s
We have seen that debris flows are frequently confined to
channels in semiarid regions. In contrast, earthflows most
often form on hillsides in humid areas during times of heavy
precipitation or snowmelt (see Figure 4.28D). When water
saturates the soil and regolith on a hillside, the material may
break away, leaving a scar on the slope and forming a tongue-
or teardrop-shaped mass that flows downslope (Figure 4.32).
The materials most commeonly involved are rich in clay and
silt and contain only small proportions of sand and coarser
particles. Earthflows range in size from bodlies a few meters

FIGURE 4.32 This small, tongue-shaped earthflow occurred on a newly formed
slope along a recently constructed highway. It formed in clay-rich material
following a period of heavy rain. Notice the small slump at the head of the
earthflow. (Photo by E. J. Tarbuck)
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CHAPTER 5

Running Water and Groundwater

cups

FIGURE 5. e I
85 A, Continuous records of stage and discharge are collected by the U.S. Geological Survey

at more than 7,000 gauging stations in the United States, Average velocities are

measur
ements from several spots across the stream, This station Is on the Rio Grande south of Taos,

B. Along straight stretches, stream veloci ity is highest at the center
3

of the channel. C. When a stream Curves, its zone of maximum speed shifts loward the outer bank.

f the ch C. Wh f ed shifts t il

New Mexico. (Photo by E. J. Tarbuck)

1 kilometer per hour, wher i
I 7 eas a few rapid ones may exceed
;%'O kﬂor?eters per hour. Velocities are measured at ga}g;in g sta-
1101:15. (Figure 5.5A). Along straight stretches, the highest ve-
ocities are near 'th(_e center of the channel just below the
s;rface, where friction is lowest (Figure 5.5B). But when a
stream curves, its zone of maximum speed it
, J sh i
outer bank (Figure 5.5C). ¥ i iy
The ability of a stream t
) str 0 erode and transport materials
iiepends' on its velocity. Even slight changes in velocity can
lead tosignificant changes in the load of sediment that water
c;n trar}splor;. Several factors determine the velocity of a
stream, including (1) gradient; (2) shape, siz
r ; , Size, an
of the channel; and (33 discharge. i S

Gradient and Channel Characteristics

"I?e sl(?pc of a stream channel expressed as the vertical drop
toh alsheam overa sp_emfied distance is gradient. Portions of
e lower Mississippi River, for example, have very low gra-

Conical

dients of 10 centimeters
kilometer or less. By contr,
sOmMe mountain stream chay
nels decrease in elevation at3
rate of more than 40 meterg p
kilometer, or a gradient 4003
times steeper than the loy,
Mississippi (Figure 5.6). Gra,
ent varies not only among d
ferent streams but also over 3
particular stream’s length, T
steeper the gradient, the morg!
energy available for stream
flow. If two streams were iden
tical in every respect except:
gradient, the stream with the-
higher gradient would obyi.
ously have the greater velocity,

A stream’s channel is a con.
duit that guides the flow of
water, but the water encounters
friction as it flows. The shape,”
size, and roughness of the'
channel affect the amount o
friction. Larger channels have
more efficient flow because a
§maHer Pproportion of water is
In contact with the channel. A
smooth channel promotes a
more uniform flow, whereas an
irregular channel filled with
boulders creates enough tur-
bulence to slow the stream
significantly.

Sounding
weight

determined by using
Discharge

The discharge of a stream is
) the volume of water flowin

past a certain point in a given unit of time. This is usuaH;"
;?gai.lred in cubic meters per second or cubic feet per second
L ischarge is determined by multiplying a stream’s cross-
sectional area by its velocity:

discharge (m3/second) = channel width (meters)

X channel depth (meters)

X velocity (meters/second)

Table 5.1 lists the world’s largest rivers in terms of dis-
S}?ax;ge. The largest river in North Anmmerica, the Mississippi, : -
¢ )!SC arges an average of 17,300 cubic meters (611,000 cubic
feet) per second. Although this is a huge quantity of water, i
is nex{erfheless dwarfed by the mighty Amazon in Sou’fh
1l\r'ne%‘1ca, the world’s largest river, Fed by a vast rainy region
E ;:[tt 13 xswarly three-fourths the size of the conterminous
tha.nihe ]t\jl[:z:;;s}:; ;;mazon discharges 12 times more water

FIGURE 5.6 Raplds are commen in mountain streams where the gradient is steep and the channel
is rough and irregular. Although maost streamflow is turbulent, it is usually not as rough as that ex:
perienced by these river runners at Lost Yak Rapids on Chile’s Rio Bio Bio. (Photo by Carr Clifton)

The discharges of most rivers are far from constant. This is
true because of such variables as rainfall and snowmelt. In
areas with seasonal variations in precipitation, streamflow
will tend to be highest during the wet season, or during spring
snowmelt, and lowest during the dry season or during peri-
ods when high temperature increases the water losses through
evapotranspiration. However, not all channels maintain a con-
tinuous flow of water. Streams that exhibit flow only during
“wet" periods ate referred to as intermittent streams. In arid
climates many streams carry water only occasionally after a
heavy rainstorm and are called ephemeral streams.

Changes from Upstream to Downstream

One useful way of studying a stream is to examine its profile.
Aprofile is simply a cross-sectional view of a stream from its
source area (called the head or headwaters) to its mouth, the
point downstream where the river empties into another
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water body. By examining Fig-
ure 5.7, you can see that the
most obvious feature of a typi-
cal profile is a constantly de-
creasing gradient from the head
to the mouth. Although many
local irregularities may exist, the
overall profile is a smooth, con-
cave, upward curve.

The profile shows that the gra-
dient decreases downstream. To
see how other factors changein a
downstream direction, observa-
tions and measurements must be
made. When data are collected
from several gaging stations

along ariver, they show thatin a
humid region clischarge increases
from the head toward the mouth.
This should come as no surprise
because, as we move down-
stream, more and more tributar-
ies contribute water to the main
channel (Figure 5.6). Further-
more, in most humid regions, additional water is added from
the groundwater supply. Thus, as you move downstream, the
stream’s width, depth, and velocity change in response to the
increased volume of water carried by the stream.

Streams that begin in mountainous areas where precipita-
tion is abundant and then flow through arid regions may ex-
perience the opposite situation. Here discharge may actually
decrease downstream because of water loss due to evapora-
tion, infiltration into the streambed, and removal by irriga-
tion. The Colorado River in the southwestern United States

is such an example.

The Work of Running Water

Streams are Earth’s most important erosional agent. Not only
do they have the ability to downcut and widen their charmels
but streams also have the capacity to transport the enormous

Drainage Area Average Discharge
Rank River Country Square kilometers Square miles Cubic meters per second Cubic feet per second

1 Amazon Brazil 5,778,000 2,231,000 212,400 7,500,000:
2 Congo Zaire + 4,014,500 1,560,000 39,650 1,400,000 %
3 Yangtze China 1,942,500 750,000 21,800 770,000 *
4 Brahmaputra Bangladesh 935,000 361,000 19,800 700,000
5 Ganges India 1,059,300 409,000 18,700 660,000
6 Yenisei Russia 2,590,000 1,000,000 17,400 614,000
7 Mississippi United States 3,222,000 1,244,000 17,300 611,000
8 Orinoco Venezuela 880,600 340,000 17,000 600,000
9 Lena Russia 2,424,000 936,000 15,500 547,000

10 Parana Argentina 2,305,000 890,000 14,900 526,000
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FIGURE 5.20 During the past 5,000 to 6,000 years, the Mississippl River has built a setles of seven
coalescing subdeltas. The numbers indicate the order in which the subdeltas were deposited. The
present birdfoot delta (number 7) represents the activity of the past 500 years. (Image courtesy cf
JPL/Cal Tech/NASA) Without ongoing human efforts, the present course will shift and follow the path
of the Atchafalaya River. The inset on the left shows the point where the Mississippi may someday
break through (arrow) and the shorter path it would take to the Gulf of Mexico. (After C. R. Kolb and
J. R. Van Lopik)

F!GURE 5.21  Natural levees are gently sloping deposits that are created by repeated floods., The
dlagram§ on the right show the sequence of development, Because the ground next to the stream
channel is higher than the adjacent floodplain, back swamps and yazoo tributaries may develop.

stal wetlands form in sheltered envi-
siments that include swamps, tida! flats,
sstal marshes, and bayous. They are rich
{dlife and provide nesting grounds and
finportant stopovers for waterfowl and mi-
ory birds, as well as spawning areas and
luable habitats for fish.
The delta of the Mississippi River in
ouisiana contains about 40 percent of all
coastal wetlands in the lower 48. states.
Lisiana’s wetlands are sheltered from the
ave, action of hurricanes and winter
5ms by low-lying offshore barrier islands.
‘Both the wetlands and the barrier islands
Fave formed as aresult of the shifting of the
Mississippi River during the past 7,000
years.
The dependence of Louisiana’s coastal
wetlands and offshore islands on the Mis-
sissippi River and its distributaries as a
ot source of sediment leaves them vul-
‘netable to changes in the river system.
cover, the reliance on barrier islands for
rotection from storm waves leaves coastal
wetlands vulnerable when these narrow off-
shore islands are eroded.
Today, the coastal wetlands of Louisiana
‘are disappearing at an alarming rate. Al-
though Louisiana contains 40 percent of the
wetlands in the lower 48 states, it accounts
for 80 percent of the wetland loss. Accord-
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natural levee
S

Post flood
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ing to the U.S, Geological Survey, Louisiana -

lost nearly 5,000 square kilometers (1,900
square miles) of coastal land between 1932
and 2000. The state continues to lose be-
tween 65 and 91 square kilometers (25 to 35
square miles) each year. At this rate anothex
1,800 to 4,500 square kilometers (700 to 1,750
square miles) will vanish under the Gulf of

Mexico by the year 2050.* Global climate

change could increase the severity of the
problem because rising sea level and
stronger tropical storms accelerate rates of
coastal erosion.* Unfortunately, this was
observed firsthand during the extraordinary
2005 hurricane season when hurricanes Ka-
trina and Rita devastated portions of the
Gulf Coast.

By nature, the delta, its wetlands, and the
adjacent barrier islands are dynamic fea-
tures. Over the millennia, as sediment ac-
cumulated and built the delta in one area,
erosion and subsidence caused losses else~
where. Whenever the river shifted, the
zones of delta growth and destruction also
shifted. However, with the arrival of peo-
ple, this relative balance between formation
and destruction changed—the rate at which
the delta and its wetlands were destroyed
accelerated and now greatly exceeds the
rate of formation. Why are Louisiana’s wet-
lands shrinking?

FIGURE 6.A This group of dead cypress trees, known as a ghost forest, was killed by encroaching
salt water in Terrebonne Parish, Louisiana. (Photo by Robert Gaputo/Aurora Photos)

Before Europeans settled the delta, the
Mississippi River regularly overflowed its
banks in seasonal floods. The huge quanti-
ties of sediment that were deposited re-
newed the soil and kept the delta from
sinking below sea level, However, with set-
tlement came flood-control efforts and the
desire to maintain and improve navigation
on the river. Artificial levees were con-
structed to contain the rising river during
flood stage. Over time the levees were
extended all the way to the mouth of the
Mississippi to keep the channel open for
navigation.

The effects have been straightforward.
The levees prevent sediment and fresh
water from being dispersed into the wet-
lands. Instead, the river is forced. to carry its
load to the deep waters at the mouth. Mean-
while, the processes of compaction, subsi-
dence, and wave erosion. continue. Because
not enough sediment is added to offset
these forces, the size of the delta and the ex-
tent of its wetlands gradually shrink.

The problem has been aggravated by a
decline in the sediment transported by the
Mississippi, decreasing by approximately
50 percent over the past 100 years. A sub-
stantial portion of the reduction results
from trapping of sediment in large reser-
voirs created by dams built on tributaries
to the Mississippi.

Another factor contributing to wetland
decline is the fact that the delta is laced with
13,000 kilometers (8,000 miles) of navigation
channels and canals. These artificial open-
ings to the sea allow salty Gulf waters to flow
far inland. The invasion of saltwater and
tidal action causes massive “brownouts” or
marsh die-offs (Figure 5.A).

Understanding and modifying the im-
pact of people is a necessary basis for any
plan to reduce the loss of wetlands in the
Mississippi delta. The U.S. Geological Sur-
vey estimates that restoring Louisiana’s
coasts will require about $14 billion over the
next 40 years. What if nothing is done? State
and federal officials estimate that costs of
inaction could exceed $100 billion.

“See “Louisiana’s Vanishing Wetlands: Going, Going ...
in Science, Vol. 289, 15 September 2000, pp. 1860-63. Also
see Elizabeth Kolbert, “ k—Can
Louisiana, be Saved?” The New Yorker, February 27,2006,
pp. 46-57.

#*For more on this possibility, see “Somme Possible Con-
sequences of Global Warming” in Chapter 20.







FIGURE 6.28 A, Most of the time, desert stream channels are dry, B. An ephemeral stream shortly
after 2 heavy shower. Although such flcods are short-lived, large amounts of erosion occur. {Photos

by E. J. Tarbuck

many iron-bearing silicate minerals oxidize, producing the
rust-colored stain found tinting some desert landscapes.

The Role of Water

Permanent streams are normal in humid regions, but practi-
cally all desert streams are dry most of the time (Figure
6.284). Deserts have ephemeral streams, which means that
they carry water only in response to specific episodes of rain-
fall. A typical ephemeral stream might flow only a few days
or perhaps just a few hours during the year. In some years
the channel may carry no water at all.

This fact is obvious even to the casual observer who, while
traveling in a dry region, notices the number of bridges with no
streams beneath them or the number of dips in the road where
dry channels cross. However, when the rare heavy showers do
oceur, so much rain falls in such a short time that all of it can-
not soak in, Because the vegetative cover is sparse, runoff is
largely unhindered and consequently rapid, often creating flash
floods along valley floors (Figure 6.28B). Such floods, however,
are quite unlike floods in humid regions. A flood on a riversuch
as the Mississippi may take many days to reach its crest and
then subside. But desert floods arrive suddenly and subside
guickly. Because much of the surface material is not anchored
by vegetation, the amount of erosional work that occurs during
a single short-lived rain event is impressive,

In the dry western United States a number of different
names are used for ephemeral streams. Two of the most com-
mon are wash and arroyo. In other parts of the world, a dry
desert stream may be called a wedi (Arabia and North Africa),
a doniga (Souih America), or a nullah (Inclia),

Humid regions are notable for their integrated drainage
systems. But in arid regions streams usually lack an extensive
system of tributaries. In fact, a basic characteristic of desert
streams is that they are small and die out before reaching the
sea. Because the water table is usually far below the surface,
few desert streams can draw upon it as streams do in humid
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regions, Without a steady supply of water, the combinati
of evaporation and infiltration soon depletes the stream,

The few permanent streams that do cross arid regions;
such ag the Colorado and Nile rivers, originate outside the
desert, often in well-watered mountains, Here the water sup:
ply must be great to compensate for the losses occurring a
the stream crosses the desert (Box 6.2). For example, after th
Nile leaves the lakes and mountains of central Africa that are 2
its soturce, it traverses almost 3,000 kilometers (nearly 1,900
miles) of the Sahara without a single tributary. By contrast, in
humid regions the discharge of a river usually increases in
the downstream direction because tributaries and ground-
water contribute additional water along the way.

It should be emphasized that running water, although infr
quent, nevertheless does most of the erosional work in deserts. This
is contrary to a common belief that wind is the most impar-
tant erosional agent sculpturing desert landscapes. Although
wind erosion is indeed more significant in dry areas than else-
where, most desert landforms are nevertheless carved by run-
ning water. As you will see shoxtly, the main role of wind is
in the transportation and deposition of sediment, which cre:
ates and shapes the ridges and mounds we call dunes,

Basin and Range: The Evolution
of a Mountainous Desert Landscape

&z@ Sculpturing Earth's Suace
“Gsrasie ¥ Deserts and Winds .
Because arid regions typically lack permanent streams, they are
characterized as having interior drainage. This means that they
have a discontinuous pattern of intermitient streams that do
not flow out of the desért to the ccean. In the United States, the
dry Basin and Range region provides an excellent exarple. The
region includes southem Oregen, all of Nevada, western Utah,
southeastern California, southemn Arizona, and southern New,
Mexico. The name Basin and Range is an apt description far

0K

“aral Sed lies on the border between
sldstan and Kezakhstan in central Asia
5.C). The setting is the Turkestan
middleJatitude desert in the rain-
thadow of Afghanistan’s high mountaing
- ihis region of interior: drainage, two large
ivers, the AU Darya and the Syr Darya,
carry water from the mountains of northern
Afghanistan across the desert to the Aral
cea. Water Joaves the sea by evaporation.
Thas, the size of the water body depends
4n the balance between river inflow and

{zb
( pure
gesert, 2

_ evaporation.

In 1960 the Aral Sea was one of the

" world's largest inland water bodies, with an

area of about 67,000 square kilometers
{26,000 square miles). Only the Caspian Sea,
Lake Superior, and Lake Victoria were
targer. By the year 2000 the area of the Aral

. Seawas less than 50 percent of its 1960 size,

and its volume was reduced by 80 percent,

The shrinking of this water body is depieted

ih Bigure 6.0, By about 2010 all that will re-

‘maln will be three shallow remnants,

What caused the Aral Sea to dry up over

. the past 40 years? The answer is that the

flow of water from the mountains thatsup-

 plied the sea was significantly reduced and

then all but eliminated. As recently as 1965,

* the Aral Sea received about 50 cubie kilo-

melers (12 cubie miles) of fresh water per
year. By the early 1980s this number fell to
nearly zero. The reason was that the waters

“of the Amu Darya and Syr Darya were di-
-verted to supply a major expansion of irri-

gated agriculture in this dry realm.

FIGURE 6.C The Aral Sea lies east of
the Casplan Sea in the Turkestan Desert
Two rivers, the Amu Darya and Syr

Darya, bring water from the mountains
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FIQURE 6.D The shrinking Aral Sea. By
the year 2010 all that will remain are
three small remnants,

The intensive irrigation greatly increased
agricultural productivity, but not without
significant costs. The deltas of the two major
rivers have lost their wetlands, and wildlife
has disappeared. The once thriving fishing
industry is dead, and the 24 species of fish
that once lived in the Aral Sea are no longer
there, The shoreline is now tens of kilome-
ters from the towns (hat were once fishing,
centers (Figure 6,F).

The shrinking sea has exposed millions
of acres of farmer seabed to sun and wind.
The surface i encrusted with salt and with
agrochernicals brought by the rivers, Strong
winds routinely pick up and deposit thou-
sands of tons of newly exposed material
every year. This process has not only con-
teibuted to a significant reduction in air
quality for people living in the region but
has also appreciably affected crop yields
due to the deposition of salt-rich sediments
on arable land.

The shrinking Aral Sea has had a notice-
able impact on the region’s climate, With-
out the moderating effect of a large water
body, there are greater extremes of temper-
ature, a shorter growing season, and re-
duced local precipitation. These changes
have caused many farms to swiich from
growing cotlon to growing rice, which de-
mands even more diverted water.

Environmental experts agree that the
current situation cannot be sustained. Could
this crisis be reversed if enough fresh water
were to once again flow into the Aral Sea?

Prospects appear grim. Experts estimate
that restoring the Aral Sea to zbout twice its
present size would require stopping all irri-
gation from the two major rivers for 50
years. This could not be done without ruin-
ing the economies of the countries that rely
un that water,

The decline of the Aral Sea is a major en-
vironmenlal disaster that sadly is of human
making,

*For more on this, ses “Coming to Grips with the Azal
Sea's Grim Legacy,” in Science, vol. 284, April 2, 1939,
pp. 30-31 wid “To Save 3 Vanishing Sea,” in Seience,
vol. 307, February 18, 2005, pp. 1032-33.

FIGURE 8.E In the town of Jamboul, Kaza-
khstan, boats now lie in the sand because
the Aral Sea has dried up. {Photo by Ergun
Cagatay/Liaison Agency, Inc.)
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Damaging Farthquakes Gast of the Rockies

When you think earthquake, you probably

think of California and Japan, However, six
major earthquakes have occurred in the cen-
tral and eastern United States since colonial
times, Three of these had estimated Richter
magnitudes of 7.5, 7.3, and 7.8, and they
were centered near the Mississippi River
Valley in southeastern Missourd, Occurring
on December 16, 1811, January 23, 1612, and
February 7, 1812, these earthquakes, plus
numerous smaller tretors, destroyed the
town of New Madrid, Missouri, triggered
massive landslides, and caused damage
over a six-state area, The course of the Mis-
sissippi River was altered, and Tennessee’s
Reelfoot Lake was enlarged. The distances
over which these earthquakes were felt are
truly remarkable. Chimneys were reported
downed in Cincinnati, Ohio, and Rich-
mond, Virginia, while Boston residents, lo-
cated 1,770 kilometers (1,100 miles) to the
northeast, felt the tremor.

Despite the history of the New Madrid
earthquake, Memphis, Tennessee, ihe
largest pupulation center in the area today,
does not have adequate earthquake provi-
sions in its building code. Turthermore,
because Memphis 13 located on unconsali-
dated floodplain deposits, buildings are
more susceptible to damage than similar
structures built on bedrack. Tt has been es-
timated that if an earthquake the size of the
1811-1812 New Madrid event were to strike
in the next decade, it would result in casu-
altles in the thousands and damages in tens
of biltions of dollars,

Damaging earthquakes that occurred in
Aurora, lllinois (1909), and Valentine, Texas
(1931), remind us that other areas in the cen-
tral United States are vulnerable.

The greatest historical earthquake in the
eastern states occurred August 31, 1886, in
Charleston, South Carolina. The event,
which spanned ) minute, caused 60 deaths,
numerous injuries, and great economic loss

Earthquakes and Earth's interiar

. rush outdoors. In Charleston alone, over 100

L

FIGURE 8.A Damage to Charleston, South Caroling, caused by tha August 31, 1886,
earthquake. Damage ranged from loppled chimneys and broken plaster to total collapse.
(Photo countasy of 1.S, Geological Survey)

withina radiug of 200 kilorneters (120 miles)
of Charleston, Wilhin 8 minutes, elfects
were felt as far away as Chicapgo and St.
Louis, where strong vibrations shook the
upper floors of buildings, causing people to

Earthquakes in the central and easters]
United Slates occur far less frequently than
in California. Yet history indicates that the
East is vulnerable. Furthermore, these3§
shacks east of the Rockies have generally®
produced structural damage over a larger3
area than counterparts of similar magnitude
in California. The reason is that the under-
lying bedrock in the central and eastern
United States iy older and more rigid. A
result, seismic waves are able to travel
greater distances with less weakening than
in the western United States, Tt is estimated
that for earthquakes of similar magnitude,
the region of maximum ground motion in
the East may be up to 10 times largor than
in the West. Consequently, the higher rate
of earthquake occurrence in the western
United States i balanced somewhat by the
fact that central and eastern 1.5, quakes can
damage larger areas,

buildings were destroyed, and 90 percent of
the remaining structures were damaged
{Figure 8 A).

Numerous other strong earlhquakes
have been recorded in the eastern Uniled
States. New Lngland and adjacent areas
have experienced sizable shocks since colo-
nial times. The first reported earthquake in
the Northeast took place in Plymouth,
Massachusetts, in 1683, and was followed
in 1755 by the destructive Cambridge, Mass-
achusetts, earthquake. Moreaver, ever since
records have been kept, New York State
alone has experienced over 300 earthauakes
large enough to be felt.

San Andreas Fault:

An Active Earthquake Zone

placement known as fault creep, which occurs relatively
smoothly and therefore with little noticable sefsmic activity.
Other segments regularly slip, producing small earthquakes.

FIGURE 8.8 Trace af the San Andreas Fault, north of Landers Californla.
Photo by Roger Reasmeyer/CORBIS)

sections of the San Andreas Fault that exhibit stick-slip mo-
tion. This knowledge is useful when assigning a potential
earthquake risk to a given segment of the fauit zone.

The tectonic forces along the San Andreas Fault zone that
were responsible for the 1906 San TFrancisco earthquake are

&I((Jenf.i .S;:;meffmed_ﬁdlz v s

Do moderate earthquakes decrease the chances of a major
fuake in the same region?

No. 'This is due o the vast increase in release of energy associated
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still active. Currently, laser beams are used to measure the
relative motion between the opposite sides of this faull, These
measurements reveal a displacement of 2-6 centimeters (1-2
inches) per year. Although this seems slow, it produces sub-
stantial movement over millions of years.

To illustrate, in 30 million years this rate of displacement
would slide the western portion of California northward so
that Los Angeles, on the Pacific plate, would be adjacent to
San Francisco on the North American platel More important
in the short term, a displacement of just 2 centimeters each
year produces 2 meters of offset every 100 years. Conse-
quently, the 4 meters of displacement produced during the
1906 San Francisco earthquake should occur at least every
200 years along this segment of the fault zone, This fact lies
behind California’s concern for making buildings earthquake-
resistant in anticipation of the incvitable “Big One.”

Seismology: The Study
of Earthquake Waves

@ Forces Within
Urrat b Earthquakes

The study of earthquake waves, seismology (seismos =
shake, clogy = the study of), dates back to attempts by the
Chinese almost 2,000 years ago to determine the direction of
the source of each earthquake. Modern seismographs
(seismos = shake, graph = write) are instruments that record
earthquake waves. Their principle is simple: A weight is freely
suspended from a support that is attached to bedrock (Figure
8.7). When waves from an earthquake reach the instrument,
the inertia of the weight keeps it stationary, while Barth and
the support vibrate. The movement of Iiarth in relation to the
stationary weight is recorded on a rotating drum, (Inertia is
the tendency of a stationary object to remain still, or a mov-
ing object to stay in motion,)

Modemn seismographs amplify and record ground metion,
producing a trace as shown in Figure 8.8, These records,
called seismograms (seismos = shake, gramma = what is
written), reveal that selsmic waves are elastic energy. This
energy radiates outward in all directions from the focus, as
you saw in Figure 8.2. The transmission of this energy can be
compared to the shaking of gelatin in a bowl that is jarred.
Seismograms reveal that two main types of seismic waves
are generated by the slippage of a rock mass. Some travel
along Earth's outer layer and are called surface waves. Oth-
ers travel through Earth’s interior and are called body waves.

Body waves are further divided into primary waves

(I waves) and secondary waves (8 waves). s
Body waves are divided into P and & waves by their mode
of travel through intervening materials, P waves are

The San Andreas is undoubtedly the most studied fault sys-
tem in the world (Figure 8.6). Over the years, investigations
have shown that displacement occurs along discrete segments
that are 100 to 200 kilometers long. Furthermore, each fault
segment behaves somewhat differently from the others. Some
portions of the San Andreas exhibit a slow, gradual dis-

Still other segments remain locked and store elastic energy
for hundreds of years before rupturing in great earthquakES
The latter process is described as stick-slip motion, because
the fault exhibits alternating periods of locked behavior fol-
lowed by sudden slippage. It is estimated that great carth-
quakes should oceur about every 30 to 200 years along those

push—pull waves—they push (compress) and pull (expand) i
rocks in the direction the wave is traveling (Figure 8.94). ;
Imagine holding semeone by the shoulders and shaking B
them. This push—pull movement is how P waves move y
through the Earth. This wave motion is analogous to thaf gen- !
erated by human vocal cords as they move air to create

Wwith higher-magnitudc earthquakes. For instance, an earthquake
Wwith a magnitude of 8.5 releases millions of times more energy
than the smallest earthquakes felt by huzmans. Similarly, thou-
sands of moderate tremors would be needed to release the huge
amounl of energy equal to one “great” earthquake,

e —n
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FGURE8.10 Using a seismogram and a traval-time graph to determine
the distance 1o an earthquake’s epicenter. A, Tha time delay between the
ardval of the first P- and S-waves on this seismogram is § minutes.

B. Using the travel-time graph, it is dstermined that the eplicenter is
roughly 3,800 kilometers (2,350 miles) from the seismic station.

Measuring the Size of Earthquakes

Selsmologisis have employed a varicty of methods to obtain
two fundamentally different measures that describe the size
of an earthquake: intensity and magnitude, The first of these
o be used was intensity—a measure of the degree of earth-
quake shaking at a given locale based on the amount of dam-
age. With the development of seismographs, it became clear
that a quantitative measure of an earthquake based on seis-
mic records rather than uncertain personal estimates of dam-
age was desirable. The measurement that was developed,
called magnitude, relies on caleulations that use data pro-
vided by seismic records (and other techniques) to estimate
the amount of energy released at the source of the earth-
quake,

FIGURE B.11 An earthquake epicenter ks located using the distances
obtalned from three seismic stations. On a globe, a circle is drawn aroung _' 2
each station, with each cicle's radius equal to the station’s distanca from =
the earthquake's cpleenter. Today, compLiters using data from numerous
selsmic stations can rapldy pinpoint large earthquakes.

Intensity Scales

Until a little more than a century ago, historical records pro-
vided the only accounts of the severity of earthquake shak-
ing and destruction. Using these descriptions—which were
compiled without any established standards for reporting—
made accurate comparisons of earthquake sizes difficult, at
best. -
In order lo standardize the study of earthquake severity,
scientists developed various intensity scales that considered.
damage done to buildings, as well as individual descriptions
of the event, and secondary effects such as landslides and the
extent of ground rupture. By 1902, Guiseppe Mercalli had de
veloped a relatively reliable intensity scale, which in a mod-
ified form is still used today. The Modified Mercalli Intensily
Scale shown in Table 8.1 was developed using California
buildings as its standard, but it is appropriate for use through
out most of the world to estimate the strength of an earth-
quake (Figure 8.13). For example, if some well-built wood
struclures and most masonry buildings are destroyed by an
earthquake, a region would be assigned an intensity of X arl .
the Mercalli scale (Table 8.1).

Despite their usefulness in providing scismologists with
a fool to compare earthquake severity, particularly in regions
where there are no seismographs, intensity scales have se*
vere drawbacks, In particular, intensity scales are based on
effects (largely destruction) of earthquakes that depend not
only on the severity of ground shaking but also on factoss
such as population density, building design, and the nature |
of surface materials.

FIGURE 8.12 Distribution of the 14,229 earthquakes with magnitudes equal to or greater than 5 for

a 10-year period. Inset photo shows earthquake damage near lsmil, Turkey, in 1989, (Photo courtesy

of CORBIS/SYGMA)

Magnitude Scales

[narder to compare carthquakes across the globe, a measure
was needed that did not rely on parameters that vary con-

“siderably from one part of the world to another, such as con-

struction practices. As a consequence, a number of magnitude
scales were developed.

Richter Magnitude In 1935, Chailes Richler of the Califor-
nia Institute of Technology devcloped the first magnitude
scale using seismic records to estimate the relative sizes of
earthqualkes. As shown in Figure 8.14 (top), the Richterscale
isbased on the amplitude of the largest seismic wave (IS, or
stuface wave) recorded on a seismogram. Because seismic
waves weaken as the distance between the earthquake focus
and the selsmograph increases (in a manner similar to light),

Mercalli intensity Scale

! Not felt except by a very few under aspecially faverable clrcumstances.

i Falt only by a few persons at rest, sepecially on upper floors of bulldings.

n Felt quits noticeably indoors, especially on upper floors of buildings, but many people do not recognize it as an sarthquake.

V¥ During the day felt indoors by many, outdoors by few. Sansation fike heavy truck striking bullding.

v Felt by nearly everyone, many awakened, Disturbances of traes, poles, and other tall objects sometimes noliced,

vi Felt by all; many inghtahsd and run outdoars, Some heavy furniture moved, few instances of faller piaater ar damaged chimneys. Damage

slight.
considerable in poorly bullt or badly designed structures,

structures. (Fall of chimneys, factory stacks, colurnns, manuments,

Vil Everybody runs outdoors. Darrage negligible in bullfings of good dasign and construction; slight-ta-moderate in well-built ordinary structures;
Ml Damage stight in specially designed structuras; considerable in ordinary substantial bulldings with partiail cellapss; great In poor\y birltt

X Damage canslderabls in spacially designed structures, Buildings shifted off foundations. Ground eracked conspicuousty.
X Some well-built wooden structures destroyed. Most masonry and frame structures destroyed. Ground badly cracked.

X Faw, If any, (masonry) structures remain standing. Bridges destroyed. Broad fissures in ground,

Damage total, Waves seen on ground surfaces. Objects thrown upward into air.

Richter developed a method that accounted for the decrease
in wave amplitude with increased distance. Theoretically, as
long as the same, or equivalent, insiiuments were used, mon-
itoring stations at various locations would obtain the same
Richter magnitude for every recorded earthquake. (Richter
selected the Wood-Anderson scismograph as the standard
recorcling device.)

Although the Richter seale has no upper limit, the largest
magnitude recorded on a Wood-Anderson seismograph was
8.9, These great shocks release approximately 10% ergs of en-
crgy—roughly equivalent to the detonation of 1 billion tons
of TNT. Conversely, earthquakes with a Richter magnitude of
less than 2.0 are not felt by humans. With the development of
mare sensitive instruments, tremors of a magnitude of minus
2 were recorded. Table 8.2 shows how Richter magnitudes
and their effects are related,

walls,)
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FIGURE 813 Zones of destruction associaled with an earthquaks that
struck Japan In 1925, Intensity levels based on the Modified Mercalli
Intansity Scate,

FIGURE 8.14 Nustration showing how the Aichter magnituds of an
earthquake ¢an be determined graphically using a selsmograph record
from a Wood-Anderson instrumant. Firat, measure the helght famplitude)
of the largest wave on the seismagram (23 mm) and then the distancs to
the focus using the time interval batween 8 und P waves (24 seconds).
Next, draw a line between the distance scale {eft) and the wave
amplitude scala {right). By doing this, you should obtlaln the Richter
magnitude (M) of 5. {Data from Califarnia Institute of Technolegy)
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Earthquakes vary enormously in strength, and great garil,
quakes produce wave amplitudes that are thousands of titme, ;
lasger than those generated by weak tremars. To accomp, *
date this wide variation, Richtor used & logarithmic seale 1o exe
press magnitude, where a fenfold increase in wave amplitgg,
corresponds to an increase of 1 on the magnitude scale, Thus'
the amount of ground shaking for a 5-magnitude earthqual,
is 10 times greater than that produced by an earthquake hay.:
ing a Richter magnitude of 4.

In addition, each unit of Richter magnitude equates to
roughly a 32-fold energy increase. Thus, an earthquake with a
maguitude of6.5 releases 32 times mare energy than one wig,
a magnitude of 5.5, and roughly 1,000 times more energy they
2 4.5-magnitude quake. A major earthquake with a magn
tude of 8.5 releases millions of times more energy than the
smallest earthquakes felt by humans,

Richters original goal was modest in that he only at
lempted to rank the carthquakes of southern Californi;
(shaflow-focus earthquakes) into groups of large, medium
and small magnitude. Hence, Richter magnitude was 4 ;
signed to study nearby (or local} earthquakes and is denoteq
by thesymbol (M) where M is for magnitude and L is for oyt

The convenience of describing the size of an earthquake
by a single number that could be calculated quickly from seis-
mograms makes the Richter scale a powerful tool. Fusther-
more, unlike intensity scales that could only be applied to
populated arcas of the globe, Richter magnitudes could be
assigned to carthquakes fn more remote regions and even to
events that occurred in the ocean basins. As a result, the
method devised by Richter was adapted to a number of di.
ferent seismographs loeated throughout the world. In time
seismologists modified Richter's work and developed new
magnitude scales

Montent Magnitude Seismologists have recently been em:
ploying a more precise measure called moment magnitude
(M), which can be caleulated using several techniques. In "
one methnd, the moment magnitude is calculated from field
studies using a combination of factors that include the aver-
age amount of displacement along the fault, the area of the -
rupture surface, and the shear strength of the faulted rock—
a measure of how much energy a rock can store before it -
suddenly slips and releases this energy in the form of an
carthquake (and heat). 3
The moment magnitude can also be readily calculated -
from seismograms by examining very long peried seismic
waves, The values obtained have been calibrated so that
small- and moderate-sized earthquakes have moment mag-.
nifudes that are roughly equivalent to Richter magnitudes.
However, inoment magnitudes are much better for descrit-
ing very large earthquakes. Hor example, on the moment
magnitude scale, the 1906 San i'rancisco earthquake, which
had a Richter magnitude of 8.3, would be demoted to 7.9 an
the moment magnitude scale, whercas the 1964 Alaskan
earthquake with an 8.3 Richter magnitude would be -
creased to 9.2. The strongest earthquake on record is the 196
Chilean earthquake with a moment magnitude of 9.5.

:[ABLE 8.2 Earthquake Magnitudes and Expected World Incidence
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Richter Magnitudes Effscts Mear Epicenter Estimated Number per Year
<2.0 Ganerally not felt, but recorded 600,000
2.0-2.9 Patentially perceptible 300,000
3.0-3.8 Felt by soma 449,000
4.0-4.9 Felt by most 6,200
5.0-5.9 Damaging shocks R 800
6.0-69 Destructive in populous regions 266
7.0-78 Major earthquakes; inflict sericus damage 18
8.0 and above Great earthquakes; destroy cemmuznilies near epicaniter 1.4

Source: Eartheuake Infarmation Bufietin and others.

Moment magnitude has gained wide acceptance among
seismelogists and engineers because (1) It is the only magni-
tude scale that estimates adequately the size of very large
earthquakes; (2) it is @ measure that can be derived mathe-
matically from the sizc of the rupture surface and the amount
of displacement and itbetter reflects the total energy released
during an carthquake; and (3) it can be verified by two inde-

encdent methods—field studies that are based on measure-
ments of fault displacemenl and seismographic methods

" ysing long-period waves.

Destruction from Earthquakes

The most violent earthquake to jar North America this cen-
tury—the Good Friday Alaskan Earthquake—occurred in
1964. Felt throughout the state, the earthquake had a mo-
ment magnitude of 9.2 and reportedly lasted 34 minutes.
This event left 131 people dead, thousands homeless, and
the economy of the state badly disrupted because it occurred
near major towns and seaports (Figure 8.15). Had the
schools and business districts been open on this holiday, the
toll surely would have been
higher. Within 24 hours of the
initial shock, 28 aftershocks
were recorded, 10 of which
exceeded a Richter magnilude
of 6.

Damage from
Seismic Vibrations

The 1964 Alaskan earthquake
vaided gsvlogists with new
Insights into the role of ground
shaking as a destructive force.
As the energy teleased by
an earthquake travels along
Barth's surface, il causes the
ground to vibrale in a complex
Manner by moving up and
d_UWTl as well as from side to
§ide. The amount of structural

.ijuc!enfd __S)amefimed ./4;1»4' g

I've heard that the safest place lo be in a house during an
earthquake is in a doorframe, Is that really the best place?

No! An enduring earthquake image of California is a collapsed
adobe home with the door frame as the only standing part. From
this came the belief that a doorway is the safest place to be dur-
ing an carthquake. [n modern homes, doorways are no stronger
than any ather part of the house and usually have doors that will
swing and can injuse you,

If you're inside, the best advice is to duck, cover, and hold. When
you feel an earthquake, duck under a desk or sturdy table. Stay
away from windows, bookcases, file cabinets, heavy mirrors,
hanging plants, and other heavy objects that could fall. Stay
under cover until the shaking stops, And, hold on to the desk or
table: If it moves, move with it.

FIGURE 8,15 Region most affected by the Good Friday earthiuake of 1964, Note the lecation of
the epicenter {red dot). Inset photo shows the collapse of a street In Anchorage, Alaska, caused by
this earthquake, (Photo courtesy of U.S. Geological Survay)

; 7 Guif of Ataska
5 : Kodlak.. . i
-;}“ﬁ,_f lak... o -
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Fire
The 1906 San Francisco earthquake reminds us of the formida-
ble threat of fire. The central city contained mostly large, older
wooden structures and brick-clad buildings that were mostly
destroyed by fires that started when gas and electrical lines
were severed. The fires raged unconirolled for three days and
devastated over 500 city blocks (sce Figure 8.3). The problem
was compounded by the initial ground shaking, which broke
the city’s water lines into hundreds of unconnected pieces.
‘The fire was finally contained when buildings were dyna-
mited along a wide boulevard to create a fire break, the same
strategy used in fighting a forest fire. Although only a few
deaths were attributed to the fires, suchis not always the case.
A 1923 earthquake in Japan (their worst quake prior to the
1995 Kobe tremnor) triggered an estimated 250 fires, which dewv-
astated the city of Yokohama and destroyed more than half
the homes in Tokyo. More than 100,000 deaths wera atirib-
uted to the fires, which were driven by unusually high winds.

Can Earthquakes be Predicted?

The vibraticns that shook Northridge, California, in 1994 in-
flicted 57 deaths and about $40 billion in damage (Figure
8.23). This was from a brief earthquake (about 40 seconds) of
moderate rating (My, 6.7). Scismologists warn that earth-

FIGURE 8.23 Damage to Interstate 5 caused by the January 17, 1334, Northridge earthquake,

(Phato by Tom McHugh/Photo Ressarchers, Inc.)

quakes of comparable or greater strength will occur along g,
San Andreas Fault, which cuts a 1,300-kilometer (800-mjj,
path through the state, The obvious question is, can ear,
quakes be predicted? .

Short-Range Predictions

The goal of short-range earthquake prediction is o provids
a warning of the location and magnitude of a large earty.
quake within a narrow time frame. Substantial efforts |
achieve this objective are being put forth in Japan, the Uniteg-.
States, China, and Russia—countries where earthquake rigks
are high (Table 8.3). This research has concentrated on mep.

itoring possible precursors—phenomena that precede and thyg -

provide a warning of a forthcoming earthquake, In Califor.
nia, for example, some seismologists are measuring uplify,
subsidence, and strain in the rocks near active faults. Some
Japanese scientists are studying pecubiar anomalous behay-
ior that may precede a quake.

One claim of & successful short-range prediction was made
by Chinese scismologists after the February 4, 1975, earth-
quake in Liaoning Province. According to reports, very few
people were killed, although more than 1 million lived near
the epicenter, because the earthquake wag predicted and the
population was evacuated. Recently, some Western seismol- -
ogists have questioned this claim and suggest instead thatan &
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Year Location Deaths(est)  Magnitude Comments . *
1656 Shensf, China 830,000 Unknown Possibly the greatest natural disaster.
1765 Lisbon, Portugal 70,000 Unknown Tsunami damage extensive,

gl 11812 New Madrid, Missourl Few Unknown Three major earthquakes, o

1686 Chatleston, Scuth Carollna 80 Unknown Greatest historical earthouake in the eastern Unied States,

906 San Francisco, Califomia 1,500 a3 Flres caused extensive damage.

1608 Messina, italy 120,000 Unknown i
1923 Tokye, Japan 143,000 7.9 Fire caused extensive destruction.
| 1960 Southern Chile 5,700 9.5 The largest-magnitude earthquake ever recorded,
{064 Alaska 13 92 Greatest North American earthguaks.
1970 Peruy 66,000 7.8 Great rockslide.
[ Tral San Fernando, California 65 6.5 Damage exceeded $1 billion.
1075 Liaoning Province, China 1,328 75 First major earthquake to be predicted.
1976 Tangshan, China 240,000 7.6 Not predicted.
1985 Mexico City 9,500 8.1 Major damage occurred 400 km from epicenter.
1988 Armenia 25,000 6.9 Poor construction practices. -

*1989 San Francisco Bay area 62 71 Damages exceeded $6 billion. .
1890 Iran 50,000 7.3 Landslides and poor conatruetlon practices caused great damage.
1993 Latur, India 10,000 6.4 Located in stable continental interior.

1804 Nerttwldge, Californla 51 .7 Damages in excess of $15 billion.

1695 Koba, Japan 5,472 6.8 Damages estimatad to exceed $100 billion. A

1909 1zmit, Turkey 17,127 7.4 Nearly 44,000 injured and more than 250,000 displaced.

1099 Chi-Chi, Taiwan 2,300 7.6 Bevere destruction; 8,700 Injuries.

2001 Bhuij, India 25,000 79 Millions homeless. 1
2003 Bam, Iran 41,000+ 6.6 Ancient city with poor construction. !
2004 Incian Qcean 230,000 9.0 Devastating tsunami darmage. 4

2005 Pakdistan/Kashmir 83,000 78 Many landslides; 4 millien homeless.

5. earthquakes.

| Souree: L1.5. National Oceanic and Amospherie Adfinistration

intense swarm of foreshocks that began 24 hours before the
main earthquake may have caused many people to evacuate
spontanecusly. Furthermore, an official Chinese government
report issued 10 years later stated that 1,328 people died and
16,980 injuries resulted from this earthquake.

One year after the Liaoning earthquake at least 240,000
people died in the Tangshan, China, earthquake, which was
not predicted. The Chinese have also issued false alarms. In
4 province near Hong Kong, people reportedly left their
dwellings for over a month, but no earthquake followed.
Clearly, whatever method the Chinese employ for short-range
predictions, it is nof reliable.

For a short-range prediction scheme to warrant general
acceptance, it must be both accurate and reliable, Thus, it miest
liave @ simail ramge of uncertainty as regards to focation and timing,
@nd it must produce few failures, or false alarms. Can you imag-
e the debate that would precede an order to evacuate a large
C{l}' in the United States, such as Los Angeles or San Pran-
Cl5co? The cosl of evacuating millions of people, arranging
fpr living accommodations, and providing for their lost work
lime and wages would be staggering.

LOng~Range Forecasts

In contrast o short-range predictions, which aim to predict
arthquakes within a ime frame of hours or at most days,
ONg-range forecasls give the probability of a certain magni-

tude earthquake occurring on a time scale of 30 to 100 years
or more, Stated another way, these forecasts give statistical
estimates of the expected intensity of ground motion for a
given area over a specified time frame. Although long-range
forecasts may not be as informative as we might like, the data
are important for updating the Uniform Building Code,
which contains nationwide standards for designing carth-
quake-resistant structures,

Long-range forecasts are based on the premise that earth-
quakes are repetitive or cyclical, like the weather. In other
words, as soon as one earthuake is over, the continuing mo-
tions of Earth’s plates begin fo build strain in {he rocks again,
until they fail once more. This has led seismologists to study
historical records of earthquakes to see if there are any dis-
cernible patterns so that the probability of recurtence might
be established.

One study conducted by the U.S. Geological Survey gives
the probability of a rupture occurring along various segments
of the San Andreas Fault for the 30 years between 1988 and
2018 {Figure 8.24). From this investigation, the Santa Cruz
Mountains area was given a 30 percent probability of pro-
ducing a 6.5-magnitude earthquake during this time period.
In fact, it produced the Loma Frieta quake in 1989, of 7.1
magnitude.

The region along the San Andreas Fault given the highest
probability (30 percent) of generating a quake is the Parkfield
section. This area has been called the “Old Faithful” of
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BOX 9.1 » PEOPLE AND THE ENVIRONMENT
Eruption of Vesuvius A.D. 79

In addition to producing some of the most
violent voleanic activily, counposite cones
can erupt unexpectedly. One of the best doc
umented of these events was the A.p. 79
eruption of the ltalian volcano we now call
Vesuviug, Prior to this eruption, Vesuvius
had been dormaut for centuries and had
vineyards adorning ils sunny slopes. On
August 24, however, the tranquility ended,
and in less than 24 hours the city of Pom-
peii (near Naples), and more than 2,000 of
its 20,00 residents, perished. Most were en-
tombed bencath a layer of pumice nearly
3 meters (10 feet) thick. They remained this
way for nearly 17 centuries, until the city
was partially excavated, giving archaeolo-
gists a superbly detuiled picture of ancient
Roman life (Figure 9.4).

By reconciling historical recovds with
dalalled scientific studies of the region, vol-
canologlsts have pieced together the chronol-
ogy of the destruction of Pompeii, The
eruption most likely began as steam dis-
charges on the moming of August 24, By
carly afternoon fine ash and pumice rag-
ments formed a tall eruptive cloud emanat-
ing from Vesuvius. Shorlly thereafter, debris
from this cloud began te shower Pompeti,
located 9 kilometers (6 miles) downwind of
the voleano, Undoubtedly, many people
fled during this early phaze of the eruption.
For the next several hours pumice frag-
ments a8 large as 5 centimeters (2 inches)
fell on Pompeti. One historical record of this
eruption states that people located more dis-
tant than Pompeii tied pillows to their heads
in order to fend off the flying fragments,

The pumice fall continued for several
hours, accumulating at the rate of 12-15 cen-
timeters (5-6 inches) per hour. Most of the

FIGURE 9.22 Volcanic areas in the northwesterm United States. The Columbla River basaits caver
an area of nearly 200,000 square kilometers (80,000 square miles). Activity here bagan about

17 millllan years ago as lava poured out of targe flssures, eventually producing a basalt plateau

with an average thickness of more than 1 kilometer. (After U.5, Geological Survey)

FIGURE 9.A The Raman city of Pompeii was.
of Mount Vesuvius. Upper. FHulns of Pompeil, {Photo by Hoger Ressmeyers/CORBIS)
Lower. Plaster casts of several victims of that eruption. (Photo by Leanardwen
Matt/Photo Researchers, Inc.)

toofs in Pompedi evenhzally gave way. Then
sudderdy and nnexpectedly a surge of searing
hot dust and gas swept rapidly down the
flanks of Vesuvius. This blast killed an esti-
mated 2,000 people who had somehow man-
aged to survive the pumice fall. Some may
have been killed by flying debris, but most
died of suffacation as a result of inhaling
ash-laden, gases. Their remaing were quickly
buried by the falling ash, which rain ce-

stroyed in A.0. 78 during an eruption

mented into ahard mass before their
had time to decay. The subsequent deca
sition of the bodies produced cavilies in
hardened ash that replicated the form ol
entombed bodies, preserving in some
even facial expressions, Nineteenth-cent
excavators found these cavities and crea
casts of the corpses by pouring plaster of
into the voids (Figure 9.4), Some of the pla
tercasts show victims covering their mot

thus, another caldera—forming eruption is likely, but not
imminent,

Calderas produced by Yellowstone-type eruptions are the
largest volcanic stractures on Farth. Volcanologists have com-
pared their destructive force with that of the impact of a small
asteroid. Fortunately, no eruption of that type has occurred in
historic imes.

Unlike calderas associated with shield volcanoss or com-
posite cones, these depressions are so large and poorly de-
fined that many remained undetected until high-quality aerial
or satellite images became available. Other examples of large
calderas located in the United States are California’s Lone
Valley Caldera; LaGarita Caldera, located in the San Tuan
Mountains of southern Colorado; and the Valles Caldera, lo-
cated west of Los Alamos, New Mexico.

Fissure Eruptions and Lava Plateaus

We think of volcanic eruptions as building a cone or shie
from a central vent. But by far the greatest volume of volcanic
material is extruded from fracturcs in the crust called fissures
(fissura = to split). Rather than building a cone, these long’
narrow cracks may emit a low-viscosity basaltic lava, blan
keting a wide area. :
The extensive Columbia Plateau in the northweste
United Slales was formed this way (Figure 9.22). Here, 0¥
merous fissure eruptions extruded very fluid basaltic 1
(Figure 9.23). Successive flows, some 50 meters (160 fee
thick, buried the existing landscape as they built a
plateau nearly a mile thick. The fluid nature of the lavais
ident, because some remained molten long enough to b

150 kilometers (90 miles) from its source. The term flood

pasalts appropriately describes these flows. Massive accu-
mulations of basaltic Java, similar to those of the Columbia

Plateau, occur worldwide. One of the largest is the Deccan

Traps, a thick sequence of flat-lying basalt flows covering

nearly 500,000 square kilometers {195,000 square miles) of

‘west central India. When the Deccan Traps formed about
66 million years ago, nearly 2 million cubic kilometers of lava

were extruded in less than I million years. Afother huge de-

positof flood basalts, called the Ontong Java Plateau, is found

on the floor of the Pacific Ocean.

Volcanic Pipes and Necks

Most volcances are fed magma through short conduits, called

pipes, tha( connect a magma chamber to the surface. In rate cir-
cumstances, pipes may extend tubelike to depths exceeding
200 kilometers (125 miles). When this occurs, the witramafic
magmas that migrate up these structures produce rocks that
ate thought to be samples of the mantle that have undergone
very little alteration during their ascent. Geologists consider
theseunusually deep conduits to be “windows” into Earth, for
they allow us to view rock normally found only at great depth.

The best-known volcanic pipes are the diamond-bearing
structures of South Africa. Here, the rocks filling the pipes
originated at depths of at least 150 kilometers (90 miles),
where pressure is high enough to generale diamonds and
ofner high-pressure minerals. The task of transporting es-
sentially unaltered magma (along with diamond inclusions)
through 150 kilometers of solid rock is exceptional. This fact
accounts for the scarcity of natural diamonds.

Volcanoes on land are continually being lowered by weath-
ering and erosion. Cinder cones are easily eroded, because
they are composed of unconsolidated materials. Howeves, all
Voleanoes will eventually succumb to relentless erosion over
geologic time. As erosion progresses, Lhe rock occupying the
Volcanic pipe is often more resistant and may remain sland-

ing above the surtounding terrain long after most of the cone
has vanished. Ship Rack, New Mexico, is sucha feature and
is called a volcanic neck (Figure 9.24). This structure, higher
than many skyscrapers, is but one of many such landforms
that pratrude conspicuously from the red desort landscapes
of the American Southwest.

FIGURE 9.23 Basaltic flssure eruption. A. Lava fountaining from a
tissure forming fuid fava flows called flond basalts, B, Photo of basalt
flows (darl) near Idaho Falls. (Photo by John €. Shelton)

Lava
fountaining

Fissure
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BOX 8.2 » EARTH AS A SYSTEM |
Can Volcanoes Change Earth’s Climate?

The idea that explosive volcanic
eruptions might alter Earth's climate
was first proposed many years ago.
1t is still regarded as a plausible ex-
planation for some aspects of cli-
matic variability. Explosive eruptions

emit huge quantities of gases and

{ine-grained debris high into the at-
mosphere, where it spreads around
the globe and remains for many
months or even years (Figure 9.B).

The Basic Premise
The basic premise is that this sus-
pended volcanic material will filter
out a portion of the incomiing solar
radiation, which in turn will drop
temperatures in the lowcest layer of
the atmosphere. More than 200 ycars
ago Renjamin Franklin used this idea
to argue that material from the erup-
tion of a large Ieelandic volcano
could! have reflected sunlight back to
space and therefore might have been
regponsible for the unusually cold
winter of 1783--1784

Perhaps the most notable cuol pe-
riod linked to a volcanic event is the
“year without a summer” that fol-
lowed the 1815 eruption of Mount
Tambora in Indoncesia. The eruption
of Tambora is the largest of modem
times, During April 7-12, 1815, this
nearly 4,000-meter-high (13,000-foot)
volrano violently expelled more than
100 cubic kilometers (24 cubjc miles)
of voleanic debris. The impact of the
volcanic aerosols on climate is be-
lieved to have been widespread in
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i he Northern Hemisphere. From May
uuough September 1 5] 6an unprecedented
series of cold spells aifected the northeast-
i United States and adjacent portions of
Cfu-\ada.‘l'here was heavy snow in June and
jrost in July and August. Abnormal cold
“iyyag also experienced in much of western
pusope. Similar, although apparently less
ramatic, effects were associated with other
great explosive volcanoes, including In-
donesia’s Krakatau in 1883,

Three Modern Examples

Three major volcanic events have provided
- considerable data and insight regarding the
impact of ¥olcanoes on global temperafitres,
The eruptions of Washington State’s Mount
t, Helens in 1980, the Mexican voleano EL
{Chichén in 1982, and the Philippines’
Mount Pinatubo in 1991 have given scien-
ists an opportunity to study the atmo-
spheric effects of volcanic eruptions with
he aid of more sophisticated fechnology
han had been available in the past. Satel-
lite images and remole-sensing instruments
llowed scientists to menitor closely the ef-
i fents of the clouds of pases and ash that
these voleanaes emitted,

Mount St. Helens

immediate speculation about the possible
effects on our climate. Could such an erup-
- tion cause our climate to change? There is
no doubt that the large quantity of volcanic
o sh emitted by the explosive eruption had
: ? significant local and regional effects for a
hort period. Stll, studies indleated that any
longer-term lowering of hemispheric tem-
o Peratures was negligible. The cooling was
50 slight, probably less than 0.1°C (0.2°F),

)

FIGURE9.B MountEtna, a voleano on the lstand of Sicily, erupting in late Qatobar 2002, Mount Etna is .
Europe's largest and most active volcano. Upper. This photo of Mount Etna looking sautheast was taken by
acrew mamber aboard the Intemational Space Station. It shows & plume of volcanic ash streaming south-
eastward fram the volcano. Lower. Thiz image from the Atmospheric infrared Sounder on NASA's Ague

satellite shows the sulfur dioxide (SO;) plume in shades of purple and black, (Images courtesy of MASA)

i When Mount S¢. Helens erupted, there was

that it could not be distinguished from other
nalural temperature flactuations,

El Chichén

Two years of monitering and studies fol-
lowing the 1982 El Chichén cruption indi-
cated that its cooling effect on global mean
temperature was greater than that of Mount
St. Helens, on the order of 0.3-0.5°C
{0.5-0.9°F). The eruption of El Chichdn was
less explosive than the Mount St. Helens
blast, so why did it have a greater impact
on global temperatures? The reason is that
the material emitted by Mount St. Helens
was largely fine ash that settled out in arel-
atively short time. El Chichén, on the other
hand, emitted far greater quantities of sul-
fur dioxide gas (an estimated 40 times more)
than Mount 5t. Helers. This gas combines
with water vapor high in the atmosphere lo
produce a dense cloud of tiny sulfutic-acid
particles, The particles, called servsols, take
gseveral years to settle out completely. They
lower the atmosphere’s mean temperature
because they reflect solar radiation back to
spice,

We now understand that volcanic clouds
Lhat remain in the stratosphere for a year
or more are composed largely of sulfuric-
acid droplets and not of dust, as was once
thought. Thus, the volume of fine debris
emitted during an explosive event is not an
aceurate criterion for predicting the global
atmosphere effects of an eruption,

Mount Pinatubo

The Philippines volcano Mount Pinatubo
erupted explosively in June 1991, injecting
25-30 million tons of sulfur dioxide high
into the atmosphere. The event provided
scientists with an opportunily to study the

climatic impact of 2 major explosive vol-
canic eruption using NASA’s spaceborne
Earth Radiation Budget Experiment. Dur-
ing the next year the haze of tiny aerosols
increased the percentage of light reflected
by the atmosphere and thus lowered global
temperatures by 0.5° C (0.9°F).

It may be true that the impact on global
temperature of eruptions like El Chichén
and Mount Pinatubo is relatively miner, but
many scientists agree that the cooling pro-
duced could alter the general pattern of at-
mospheric circulation for a limited period.
Such a change, in tumn, could influence the
weather in some regions. Predicting or even
identifying specific regional effects still pre-
senfs a considerable challenge to aimos-
pheric scientists,

The preceding examples illustrate that
the impact on climate of a single volcanic
eruption, no matter how great, is relatively
small and short-lived. Therafare, if volean-
Ism s to have a pronounced impact over an
extended purind, many great eruptions,
closely spaced in ime, need tooccur. If this
happens, the atmosphere could become
toaded with enough sulfur dioxide and vol-
canic dust to seriously diminish the amount
of solar radiation reaching the surface.

Although no such period of explosive
volcanism is known to have occarred in
historic times, such events may have al-
tered climates In the geologic pasl. For ex-
ample, massive eruptions of basaltic lava
that began about 250 million years ago and
lasted for a million years or more may have
contributed le one of Earth's most pro
found mass extinctions, A discussion of a
possible link between volcanicactivity and
the Great Permian Extinction is found in
Chapter 12.

o A | W — N Y S A T T X T e eyt

move away from each other and new seafloor is created; and
(3) areas within the plates proper that are not associated with
any plate boundary,

lgneous Activity at Convergent
Plate Boundaries

Recall that at convergent plate boundaries, slabs of oceanic
crust are bent as they descend into the mantle, gencrating an
oceanic trench. As a slab sinks deeper into the mantle, the in-
crease in temperature and pressure drives volatiles (mostly
H;30) from the oceanic crust. These mobile fluids migrate up-
ward info the wedge-shaped piece of mantle located between
the subducting slab and overriding plate {(sec Figure 9.32).

Once the sinking slab reaches a depth of about 100 to 150 kilo® 38

meters, these water-rich fluids reduce the melting pm'nf of j
hot mantle rock sufficiently to trigger some melting. The par-
tial melting of mantle rock generates magma with a basaltic
composition. After a sufficient quantity of magrna has accu
mulated, it slowly migrates upward.

Volcanism at a convergent plale margin resulls in the de:
velopment of a linear or slightly curved chain of veleanoes
called a wolcanic are. These volcanic chains develop roughly par
allel to the associated trench—at distances of 200-300 kilome-
ters (100-200 miles). Voleanic arcs can be construcled on oceanic
or continenlal, lithosphere. Those that develop within the oce:
and grow large enough for their tops to rise above the surfacé:;
are labeled island archipelagos in most atlases, Geologists prefer’

the more descriptive term volcanic island arcs, or simply island
ares (Figure 9.34, upper left). Several young volcanic island arcs
of this type border the western Pacific basin, including the Aleu-
tians, the Tongas, and the Marianas.

Volcanism associated with convergent plate boundaries
may also develop where slabs at oceanic lithosphere are
Subducted under continental lithesphere to produce a
“ontinental volcanic arc (Figure 9.34, lower left). The mech-
nisms that generate these magmas are essentiaily the same
asthose operating at island arcs. The major difference is that
Continental crust is much thicker and is composed of rocks
having & higher silica content than oceanic crust, Ience
through the assimilation of silica-rich crustal rocks a magma

ody may change composition as it rises through confinen-

tal crust. Stated another way, magmas generated in the man-
tle may change from a comparatively dry, fluid basaltic
magma to a viscous andesitic or rhyolitic magma having a
high concentration of volatiles as it moves vp through the
continental crust, The volcanic chain of the Andes Mountains
along the western edge of South Americais perhaps the best
example of a mature continental voleanicare,

Since the Pacific basin is essentially bordered by conver-
gent plate boundaries (and associated subduction zones), it
iss easy to see why the irregular belt of explos'xve volcanoes
we call the Ring of Fire formed in this region. The volcanoes
of the Cascade Range in the northwestern United States, in-
cluding Mount Hood, Meunt Rainier, and Mount Shasta, are
included in this group (Figure 9.35).




- less dense than the mantle rock from which
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!‘-‘IGURE .35  Of the 13 potentialiy active volcances in the Casoade Nange, 11 have erupted

in the past 4,000 years and 7 in just the past 200 yeara. More than 100 eruptions, most of

which wete explosive, hava occumed in the past 4,600 years. Maunt St. FHelens isi the most

active valcano in the Cascades. Its eniptions have ranged from relatively quist outflows of

:;;o. to explosive events much larger than that of May 18, 1980. Each eruption symbol In the
gram represents from one to several 1 clos!

v e dozen eruplions Closaly spaced in time. {After U.S.

Igneous Activity at Divergent
Plate Boundaries

The greatest volume of magma (perhaps 60 percenlof Earth's
total yearly output) is produced along the oceanic ridge sys-
tem in association with seafloor spreading l
(Figure 9.34, upper right), Here, below the
ridge axis where the lithospheric plates are

mobile mantle responds to the decrease in
overburden and rises upward to fill in the
rift. Recall that as rock rises, it experiences a
decreasc in confining pressure and under-
goes melting without the addition of heat.
This process, called decompression melting,
generates large quantities of magma.

_ Partial melting of mantle rock at spread-
ing centers produces basaltic magma. Be-
cause this newly formed basaltic magma is

L4 Plate moioh

Yy

itwas detived, it buoyantly rises. Collecting
in reservoirs located just beneath the ridge
crest, about 10 percent of this mo]ten mate- ) Sers
rial eventually migrates upward along fis- A B,

We now recognize that most intraplate volcanisst
where a mass of hotter than normal mantle material &
mantle plume ascends toward the surface (Figure 9.
though the depth at which (at least some) manil

FIGl{lnE IQ.SB Moedel of & mantie plume and associated hot-spot valcanism, A. A
mantle plume with large bulbous head and narrow tall, B, Ray i i
! ; . ; . Rapld decompression melti
bemg contmually pulled apart, the solid yet the head of a mantte plumne produces vast outpourings of basalt, C. Less voluminou
caused by the plume tall produces alinear voloanic chain on the seafioor.

Il hotly debated, many appear to form deep
B at the core-mantle boundary. These plumes of
r bile mantle rock rise toward the surface in a man-
'tmot ihe blobs that form within a lava Jamp. (These
spreading continues, Along g -mﬂﬂfdo Iamph‘r that contain two immiscible liquids ina
outpouring of bulbous pilloy [, ﬁgﬂ;m);r s the base of the lamp is heated, the denser
numerous small seamounts, A¢ ot B ﬂ?:‘éje hotlom becomes buoyant and forms blobs that
tions erupted lavas produce fluig flg : top.) Like the blobs in a Tava lamp, a mantle plume
create more subdued topography, t 1]6;3 gisllweat'i that draws out a narrow stalk beneath it
Although most spreading cent.e bu Once the plume head nears the top of the mantle,
cated along the axis of an ocea es. O1 melting generates basaitic magma fha_t may
some are not. In particular, the Eas ally trigger volcanism at the surface. The result is a lo-
Rift is & site where continental crus canic region a few hundred kilometers across
ripped apart (Figure 9.34, lower i Figure 9.34, right). More than 100 hot spots
eutpourings of fluid basalic lavag 4 nidentified, and most have persisted for millions of
mon in this region. The Last Afri The Jand surface around hot spots is often elevated,
zone also contains numerous smag g that it is buoyed up by a plume of warm l:)w_clel.-..
noes and even a few layge compositer vt i), Furthermore, by measuring the heal flow in
as exemplified by Mount Kilimangari SR ions, geologists have determined that the mantle be-
atspols must be 100-150°C hotter than nnrma}.
volcanic activity on the jstand of Hawaii, with its out-
fings of basaitic lava, is certainly the result of hot-spot
raléanism {Figure 9.34, left). Where a mantle plume has per-
aHifor long periods of time, a chain of volcanic structures
i as the overlying plate moves over it. In the Hawai-
nds, hot-spot activity is currently centered on Kilaues.
ver, over the past 80 million years the same mantle
fime generated a chain of voleanic islands (and seamounts)
iaxtend thousands of kilometers from the Big Igland ina
hwestward direction across the Pacific.
antle plumes are also thought to be responsible for the
tBoutpourings of basaltic lava that create large basalt
iféiirs such as the Columbia Plateau in the northwestern

sures fo erupt as flows on e 0¢ '
This activity conlinuously adds rtefi:
rack to the plate margins, femporgy;
ing them together, only 4o breaknj

i 6 6t
i

T
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Intraplate Igneous Activity

We know why igneous activity is
along plate boundaries, but why d4
tions occur in the interiors of
Tawail’s Kilauea is considered the
most active volcano, yet it is situdte
sands of kilometers from the nears
boundary in the middle of the vast
plate. Other sites of intraplate vold)
(meaning “within the plate”) include i
nary Islands, Yellowstone, and sevefé!
canic centers that you may be surp
learn are located in the Sahara D&
northern Africa, ;

e
e

Bust 27, 1883, in what is now Indonesia, the volcanie island
Katau exploded and was nearly obliterated. The sound of
losion was heard an incredible 4,800 kilometers (3,000
Away at Rodriguez Jsland in the western Indian Ocean.
feais O the explosion was propelled into the atmosphere and
mediBarth on high-aliitude winds. This dust produced un-
N beautiful sunsets for nearly a year.
many were killed directly by the explosion, because the
s uninhabited. However, the displacement of water
ﬁ_‘nergy released during the explosion was enormous.
ing selsinic sen wave or tsunami exceeded 35 meters (116
height. 1t devastated the coastal region of the Sunda Strait
5 ‘%\j:he nearby islands of Sumatra and Java, drowning over
‘EFB and, taking more than 36,000 lives. The energy car-
his wave reachied every ocean basin and was detected by
Viding stations ag fay away as London and $an Prancisco,
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United States, India’s Deccan Plateau, and the Ontong Java
Plateau in the western Pacific (Figure 9.34, right).

Although the plate tectonics theory has answered many
questions regarding the distribution of igneous activity, many
new questions have arisen: Why does seafloor spreading
occur in some areas but not others? How do mantle plumes
and associated hot spots originate? These and other ques-
tions are the subject of continuing geologic rescarch.

Living with Volcanoes

About 10 percent of Earth’s population lives in the vicmity of
an active volcano. In fact, several major cities including Seat-
tle, Washingten; Mexico City, Mexico; Tokyo, Japan; Naples,
Italy; and Quito, Ecuador, are located on or near a volcano.

Until recently, the dominant view of Western societies was
that humans possess the wherewithal to subdue voleanoes
and other types of catastrophic natural hazards. Itis now be-
coming increasingly apparent that volcanoes are not only
very destructive but unpredictable as well. With Lhis aware-
ness, the new focus is on how to live with volcanaes.

Volcanic Hazards

As shown in Figure 9 37, voleanoes produce a wide variety of
potential hazards that can kill people and wildlife and de-
stroy property. Perhaps the greatest threats Lo life are pyro-
clastic flows. These hot mixtures of gas, ash, and pumice that
sometimes exceed 800°C (1500°F) speed dewn the flanks of
volcanoes, giving people little chance of surviving.

Lahars, which ¢can occur even when a volcano is not erupt-
ing, are perhaps the next most dangerous volcanic phenom-
enon. These mixtures of volcanic delris and water can flow
for tens of kilometers down a valley at speeds that may ex-
ceed 100 kilometers (62 miles) per hour. Lahars pose a po-
tential hazard to many communities downstream from
glacier-clad volcanoes such as Mount Rainier, Other poten-
tially destructive mass-wasting events include the rapid col-
lapse of the velcano’s summit or flank,

Other obvicus hazards include explosive eruptions that
can endanger people and property at great distances from a
volcano. During the past 15 years, at least 80 commercial jets
have been damaged by inadvertently flying into clouds of
volcanic ash. One of these was a near crash that cccurred in
1989 when a Boeing 747, with more than 300 passengers
aboard, encountered an ash cloud from Alaska’s Redoubt vol-
cano. All four engines stalled after they became clogged with
ash. Fortunately, the engines were restarted at the last minuie
and the aircraft managed to land safely in Anchorage.

Monitoring Volcanic Activity

A number of volcano monitoring techniques are now em-
ployed; most of them aimed at detecting the movement of
magma from a subterranean reservoir (typically several kilo-
meters deep) toward the surface. The four most noticeable
changes in a velcanic landscape caused by the migration of
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Pyrocastic ﬂow\___ Lava dome

Fumaroles —.

Lava flow -

Lahar
[mud or debris flow)

FIGURE 9.37 Simpiffied drawing showing a wide variety of natural hazards assoclated with

volcanoses. (After U.S. Geological Survey)

magma are (1) changes in the pallern of volcanic earthquakes;
(2) expansion of a near-surface magma chamber, which leads
to inflation of the volcano; (3) changes in the amount and Jor
composition of the gases that are relcased from a volcano;
and (4) an increage in ground temperature caused by the em-
placement of new magma.

Almost a third of all volcanoes that have erupted in historic
times are now monitored seismically (through the use of in-
struments that detect earthquake tremors). In general, a sharp
increase in seismic unrest followed by a period of relative
quiet has been shown to be a precursor for many veleanic
eruptions. However, some large volcanic structures have ex-
hibited lengthy periods of seismic unrest, For example,
Rabaul Caldera in New Guinea recorded a strong increase in
seismicity in 1981. This activity lasted 13 years and finally
culminated with an eruption in 1994, Occasionally, a large
earthquake has iviggered a voleanic eruption, or at Jeast dis-
turbed the volcane’s plumbing. Kilauea, for example, began
to erupt after the Kalapana earthquake of 1975.

The roof of a voleano may rise as new magma accumu-
lates in its interior—a phenomena thal precedes many vol-
canic eruptions. Becanse the accessibility of many volcanoes
is limiled, remote sensing devices, including lasers, Doppler
radar, and Earth-orbiting satcllites, are often used to deter-

Prevailing wind

~Erupfion column

Lava dome
oollapse
)

Pyroclastic

FIGURE 9.38 Photo taken by Jeff Williams {ram the International Spacet
Station of a steam-and-ash eruption emitted from Cleveland Veolcano
tha Alautian Islands. This evant was reported 1o the Alaska Voleano’
Observatory, which issued a warning to alr traffic control, (Photo courtesy]
of NASA)

mine whether or not a volcano ig swelliy:
The recent discovery of ground dﬂminga
Three Sisters volcanoes in Oregon wag fig
detected nsing radar images obtaineq frop;
satellites.

Volcanologists also frequently monitor the
gases that are released from volcanoes i P
effort to detect even minor changes in theiy
amount and /or composition. Some vq|
noes show an increase in sulfur diey £
(SO;) emissions months or years prior g 5
ertiption. On the other hand, a few days pri
to the 1991 eruption of Mount Pinaty
emission of carbon dioxide (CO4) dropy
dramatically.

The development of remote senging de
vices has greatly increased our ability.
monitor volcanoes, These instruments z
techniques are particularly useful for mg
toring cruptions in progress. Photograpl
images and infrared (heat) sensors can
tect Java flows and volcanic columns ri
from a velcano (Figure 9.38). Furthermores
satellites can detect ground deformation ash
well as monitor SO» emissions,

The overriding goal of all moniturin
flow techniques is to discover precursors that m:
warn of an immincnt eruption. This is &
complished by first diagnosing the currs
condition of a volcano and then using fli
baseline data to predict its future behavie
Stated another way, a volcano must be o
served over an extended period to recogniz
significant changes from its “resting state.

o

chepter Summary

The primary factors that determine the nature of volcanic
eruptions include the magma’s lentperature, its composition,
and the amouni of dissolved gases it contains. As lava cools,
it begins to congeal, and as viscosify increases, its mobil-
ity decreases. The wiscosity of magma is directly related to its
s{l{r:a content. Rhyolitic lava, with its high silica content, is
very viscous and forms short, thick flows. Basaltic lava,
with a lower silica content, is more fluid and may travel
a long distance before congealing, Dissolved gases pro-
vide the force that propels molten rock from the vent of a
yolcano.

The materials associated with a voleanic eruption nclude
lava flows (pakoekoe and aa flows for basaltic lavas), gases
(primarily in the form of water vapor), and pyroclastic ma-
terial {pulverized rock and lava fragments blown from the
volcana’s vent, which include ash, pumice, lapilli, cinders,
blocks, and bombs).

Successive eruptions of lava from a central vent result in
a mountainous accumulation of material known as a
volcano. Located at the summit of many volcances is a
steep-walled depression called a crater. Shield cones are
broad, slightly demed volcanoes built primarily of fluid,
basaltic lava. Cinder concs have steep slopes composed of
pyroclastic material. Composite cones, or stratovoicanaes, are
large, nearly symmetrical structures built of interbedded
lavas and pyroclastic deposits, Composite cones produce
some of the most violent volcanic activity. Often assodi-
ated with a violent eruption js a nude ardente, a fiery cloud
of hot gases infused with incandescent ash that races
down stecp voleanic slopes. Large composite cones may
also generate a type of mudflow known as a ighar.

Most volcanoes are fed by conduits or pipes. As erosion
progresses, the rack occupying the pipe is often more re-
sistant and may remain standing above the surrounding
terrain as a volcanic #eck, The summits of some volcanoes
have large, nearly circular depressions called calderas that
result from collapse. Calderas also form on shieid vol-
canos by subterranean drainage from a central magma
chamber, and the largest calderas form by the discharge of
colossal volumes of silica-rich pumice along ring fractures.
Although voleanic eruptions from a central vent are the
most familiar, by far the largest amounts of volcanic ma-
terial are extruded from cracks in the crust called fissures.
The term flood basalts describes the fluid, waterlike,
basaltic lava flows that cover an extensive region in the
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northwestern United States known as the Columbia
Plateaw. When silica-rich magma is extruded, pyroclastic
flows consisting largely of ash and pumice fragments usu-
ally result.

[gneous intrusive bodics are classified according to their
shape and by their orientation with respect to the host rock,
generally sedimentary rock. The two gencral shapes are
tabular (tablelike) and massive, Intrusive igneous bodies
that cut across existing sedimentary beds are said to be
discordant, whereas those that form parallel to existing
sedimentary beds are concordant.

Dikes are tabular, discordant igneous bodies produced
when magma is injected into fractures that cut across rock
layers, Tabular, concordant bodies called silis form when
magma is injected along the bedding surfaces of sedi-
mentary rocks. Laccoliths are similar to sills but form from
fess-fluid magma that collects as a lens-shaped mass that
arches the overlying strata upward. Batholiths, the largest
intrusive igneous bodies with surface exposures of more
than 100 square kilometers (40 square miles), frequently
make up the cores of mountains

Magma originates from essentially solid rock of the crust
and mantle. In addition to a ruck’s composition, its tem-
perature, depth {confining pressure), and water content
determine whether it exists as a solid or liquid. Thus,
magma can be generated by raising a rock's temperafure, as
occurs when a hot mantle plume “ponds” beneath crustal
rocks. A decrease in pressure can cause decornpression meli-
ing. Furthermore, the introduction of volatiles (water) can
Jower a rock’s melting point sufficiently to generate
magma. Because melting is generally not complete, a
process called partial melting produces  melt made of the
lowest-melting-temperature minerals, which are higher
in silica than the original rock. Thus, magmas generated
by partial melting are nearer to the granitic (felsic) end of
the compositional spectrum than are the rocks from which
they formed.

Most active volcanoes are associated with plate boundaries. Ac-
tive areas of veicanism are found along oceanic ridges
where seafloor spreading is occurring (divergeni plate
boundaries), in the vicinity of ocean trenches where one
plate is being subducted beneath another (convergent plate
boundaries), and in the interiors of plates themselves
(intraplate volcanism). Rising plumes of hot mantle rock
are the source of most intraplate volcanism.

conduit (p. 254}

inder cone (p. 257)
“lumnarjoint {p. 268)
- {Mposite cone (p. 258}

dike (p. 266)

eruption column (p. 251)
fissure (p. 254, 264)
fissure eruption (p. 264)
flood basalt (p. 265)
furmarole (p. 256}

continental volcanic arc
(p- 273)

crater (p. 254)

decompression melting
(p. 270)

geothermal gradient (p. 269)
hot spot {p. 277)

intraplate volcanism (p. 276)
island arc (p. 273)

laccolith (p. 268)

lahar (p. 262)
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The San Andreas Fault System

The San Andreas, the best-known and
Jargest fault system in North America, first
attracted wide aifention after the great 1906
San Francisco carthquake and fire, Follow-
ing; this devastating event, geologic studies
demonstrated that a displacement of as
much as § meters (3 feet) along the fault had
been responsible for the earthquake, Tt is
now known that this dramatic event is just
one of many thousands of eacthquakes that

have resulted from 1epeated movements
along the San Andreas throughout its
29-million-year history.

Where is the San Andreas fault system
located? As shown in Figure 104, it trends
ina northwesterly direction for nea riy 1,300
kilometers (780 miles) through much of
western California. At its southern end, the
San Andress connects with a spreading con-
ter Jocated in the Gulf of California. In the

FIGURE 10.A Map showing the extent of he San Andreas Fault
systam, Inset is an aerial view of the San Andreas Fault. (Photo by
D. Parker/Photo Researchers)

FIGURE 10.B Acrial view showing offset stream channet acms:
the San Andreas Fault on the Canizo Plain west of Tait, Cafiforn)
(Photo by Michae! Gollier) -
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over much of its extent, a linear trough
tyveals the presence of the San Andreas
At When the system is viewed from the
lineur scars, offset stream channels, and
g]g’ng,aled ponds mark the trace in a strik-
{iyg manner. On the ground, however, sur-
o expressions of the faults are much more
difficult to detect. Some of the most distine-
B iive landforms include long, straight es-
& -jpments, narrow ridges, and sag ponds
formed by setiling of blocks within the fault
yone. Furthermore, many stream channels
¢hnracteristically bend sharply to the right
sthere they cross the fauit (Figure 10.B).

. With the development of the theory of
plate tectonics, geologists began to realize
he significance of this great fault system.
'The San Andreas Fault is a transform
joundary separating two crustal plates that
move very slowly, The Pacific plate, located
o the west, moves northwestward relative

north, the fault enters the Pacific Otearf
Point Arena, where itis thought to con;
its northwesterly trend, eventually j
the Mendoctno fraclure zone, In the cenfy
section, the San Andreas is rela’rively
ple and straight. However, at ity twe
tremities, several branches spread from
main frace, so that in some areas the B
#one exceeds 100 kilometers (60 milg;
width. :

T

to the North American plate, causing earth-
quakes along the fault (Table 10.A).

The San Andreas is undoubtedly the
most studied of any fault system in the
world. Although many questions remain
unanswered, geologists have learned that
cach fault segment exhibits somewhat dif-
ferent behavior. Some portions of the San
Andreas exhibit a slow creep with little no-
ticeable seismic activity. Other segments
regularly slip, producing small earthquakes,
whereas still other segments seem Lo store
elastic energy for hundreds of years and
rupture in great earthquakes. This knowl-
edge is useiul when assigning earthquake-
hazard potential to a given segment of the
fault zone.

Because of the great length and com-
plexity of the San Andreas Pault, it is more
appropriately referred to as a “fault sys-
tem.” This major fault system consists pri-

marily of the San Andreas Fault and several
major branches, including the Hayward and
Calaveras faults of central California and
the San Jacinto and Elsinore faults of sonih-
ern California (Figure 10.A}. These major
segments, plus a vast number of smaller
faults that include the Imperial Fault, S8an
Fernando Fault, and the Santa Monica Fault,
collectively accornmodate the relative mo-
tion between the North American and Pa-
cific plates.

Ever since the great San Francisco earth-
quake of 1906, when as much as 5 meters
of displacement occurred, geologists have
attempted to establish the cumulative
displacement along this fault over its
28-million-year history. By matching rock
units across the fault, geologists have de-
termined that the total accumulated dis-
placement from earthquakes and creep
exceeds 560 kilometers (340 miles).

Systam
Data Locatian Magnituda Remarks {
1812 Wrightwood, CA 7 , Church at San Juan Capistrana collapsed, killing 40 worshippers, |
1812 Santa Barbara channel 7 Churchas and other buildings wrecked in and around Santa Barbara,
11838 8an Francisce peninstila 7 At one time thought to have been comparable to the great earthquake of 1906,
16857 Fort Tajon, CA 8.25 One of the groatest U.S. earthquakes. Occurred near Los Angeles, then a city of 4,000,
1868 Hayward, GA 7 Rupturs of the Hayward fault caused extensive damage in San Francisco Bay area.
!| 1906 San Franclsco, CA 8.25 The great San Francisco earthquake. As much as 80 percent of the damage caused by fire.
San Jacinto Fault - 1840 Imperial Vallay 71 Displacement on the newly discoverad Imperial fauit. ;
Eisinore Fault-—~ 1952 Kern County 7.7 Rupiure of the White Wolf fault. Largest earthquake in California since 1906. Sixty millien |
Coyote Creek Fault dollars in damages and 12 pecple killed. ‘
imperial Fath'S\\' 1671 San Fernande Valley 6.5 Qne-half billion dollars in damagas end 58 lives claimad. ‘
1989 Santa Cruz Mountaing 7 LgmadPrieta earthquake. Sx hiltion dollars in damages, 62 lives lost, and 3,767 peapie ‘
Injured. i
Gulf of 1094 Northridge (Los Angeles 6.9 Qver 15 billion dallars in damages, 51 lives lost, and over 5,000 injured, :
_‘E_Iffamia —_ area) J

Many rocks are broken by two or even three sets of infer- i ildi
secting joints that slice the}’mck into numerous regularly Mountain BUfid!ﬂg
shaped blocks. These joint sets often exert a strong influence ECD,
onother geologic processes. For example, chomical weather- ,&"Y_ﬁd
ing tends to be concentrated along joints, and in many areas i
groundwater movement and the resulting dissolulion insol-  Like other people, geologisls have been inspired more by
uble rocks is controlled by the joint pattern (vigure 10.12).  Earth's mountains than by any other landforms (Figure 10.13)
Moreover, a system of joints can influence the direction that ~ Through extensive scientific exploration over the last 150 yeat
stream courses follow. The rectangular drainage pattern de-  much has been learned about the inforria] processes that &
scribed in Chapler 5 is such a case. erate (hese often spectacular terraing, The name for fheprDCES*'S

tainous bells include the American Cordillera, which runs along
the western margin of the Americas from Cape Horn to Alaska
and includes the Andes and Rocky mountains; the Alpine-
Himalaya chain, which extends from the Mediterranean through
Iran to northem India and into Indochina; and the mountainous
terrains of the western Pacific, which include volcanic island
arcs such as Japan, the Philippines, and Sumatra. Most of these
young mountain belts have come into existence within the past
100 million years. Some, including (he Himalayas, began their
growth as recently as 45 million years ago.

that collectively produce a mountain belt is orogenesis, (oros =
Mountain, geresis = o come into being). The rocks comprising
Mountaing provide striking visual evidence of the enormens
COmpressional forces that have deformed large sections of
Baith's eryst and subsequently elevated them fo their present
Positions, Although folding is often the most conspicuous sign
'%ffhr‘se forces, thrust fauiting, metamorphism, and igneous ac-
livity are always present in varying degrees,

Mountain building has occurred during the tecent geologic
Pastin several locations atound the woerld. These young moun-

Forces Within
b Mountain Building
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Desalination of Seawater—Fresh Water from the Sea

Earth’s growing Population uses fresh water
in greater volumes each year. As fresh water
becomes increasingly scarce, several coun-
tries have begun using the ocean asa source
of water. The removal of salts and other
chemicals to extract low-salinity (“fresh™)
water from seawater is termed desalination,
Worldwide, there are mere than 12,500
desalination plants (Figure 14.4), with the
majority located in ayid regions of the Mid.-
dle Bast, Caribbean, and Mediterranean,
The United States produces only about
10 percent of the world’s desalted water,
primarily In Morida, To daie, only a limited
number of desalination plants have been
built along the California coast, primarily
because the cost of desalination is generally
higher thar the casts of ether water supply
alternatives available in California (such as
water transfers and groundwater pump-
ing). However, as drought conditions occur
and concern over water availability in~
creases, desalination projects are being pro-
posed al numerous locations in the state.

Because desalinated water is expensive
to produce, most desalination plants are
smail-scale operations, [n fact, desalination
plants provide only about 1 percent of the
world's drinking water. More than half of
the world’s desalination Pplanis use distilla-
Hon to purify water, while most of the re-
maining plants use mentbrane processes,

In distillation, saltwater is evaporated,
and the rosulting water vapor is collected
and condensed to produce fresh water. This
simple procedure is very efficient at purify-
ing seawater. For instance, distillation
0f 35% seawater produces frosh wafer with
a salinity of only 0.03%., which is about
10 times fresher than botted water.

Guttman/Corbis/Bellmann)

Membrane processes such as electrolysis
OF reverse 0smosis use specialized semiper-
meable membranes to separate dissolved
cumpanents from water molreules, thereby
purj.l‘ying water. Worldwide, at least 30
countries are operating reverse osmosis
units. The world’s largest plant, which is in
Saudi Arabia, produces 485 million liters
(128 million gallons) of desaited water daily.
The largest plant in the Unifed States is
scheculed to epen in 2008 in Florida’s
Tampa Bay area and will be capable of pro-
ducing up to 95 million Jiters (25 millon gzal-
lons) of fresh water per day. A new facility
planned for Carlsbad, California, is de-
signed to produce twice as much fresh
wator s the Tampa Bay piant. Reverse os-
mosis is also 11sed in many household water
purification unity and aquariums,

FIGURE 14.A This desalination plant is located on the istand of Curacao, in the
Netherlands Antliles off the northwest coast of Vanezusia, (Phota by Peter

—————— e

" High Intitudes

Dansity {g/om® —
0251026 1,027 1,028

Low latitudes

Dersity (g/om%) —»
1,025 1.026 1.027 1.028

¢ , - fatl density with depth for

E 14.6 Variations In ocean water 1 dley
HG.U:f\d high-latitude regions. The layer of rapidly changing
5;:5i1v caII_ad the pycriociine, is present in the low latitudes but
-absent Inthe high latitudes.

The low-latitude curve in Figure 14.6 begins at the surface
. with low density (related to high surfan.—‘ water tcmpemnuvls).
& However, density increases rapidly with depth tlrel‘;auts]e Jy ;8
water femperature is getting colder. f%t adepthofa ot ,um
meters (3,300 feet), seawater density reaches a l'r{a.xlzin h
value related to the water’s low temperature. Prom h_lsh p;?l i
o the ocean floot, density remains constant and high. 1:{,
layer of ocean water between about 3{00 metgrﬁ (980 fee;} ;nk
1,000 meters (3,300 feel), where there isa rapid chanig‘:;) ftl
sity with depth, is called the pycnf}clme (;»{ljcr‘m —] ‘E!;’.‘.;Vy,
dline = slope). A pycnecline has a high g‘ra'\maiiona sta .lw 11)5
and presents a significant barrier to mixing between low
densily water above and higl-density w:ater belolw. —
The high-latitucle curve in Figure 14.6 is also re ?IEL. : 4&:
temperature curve for high latitudes shown in Iflgule 144.
Figure 14.6 shows that in high latitudes, therg is high-density
(cold) water al the surface and high-density (m!'d} Wdl.ffl‘
below. Thus, the high-latitude density curve remaing ver i~
cal, and there is no rapid change of density with depth. A

Other methods of desalination ine
freeze separation, crystallization of
solved components directly frorm seaws
solvent demineralization using chem
catalysts, and even making use of g
eating bacteria! :

Allhough fresh water produced by
ious desalination methods is becomi
more important as a source of water {37
human and even industrial uge, it is
likely (o be an important supply for ag
cultural purposes because of the enorin
quantities of water necessary to suppg
agriculture. Consequently, making the
deserts “bloom” by irrigating them with
fresh water produced by desatinatio;
only a dream and, for economic reason
is likely to remain so for the foresceab

future, ) ‘ :
: -+ column s fsopycnal (iso = same, pyene = density ).

pyenocline is not present in high latitudes; instead, the water -

i ]
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Ccean Layering
‘The ocean, like Earth’s interior, is layered according lo ci en-
sity. Low-densily water exists near the surface, .?nd h.lgl e:
density water occurs below. Eixcept for some 31'11 iowdm_ apt
seas with a high rate of evaporation, the highest-density
water is found at the greatest ocean depths. O.ceanagrapher?
generally recognize a three-layered sfructure in most pa1:t§ o
the cpen ocean: a shallow surface mixed zone, a transition
zone, and a deep zone (Figure 14.7), N
Because solar energy is received at the ocean surf.ac.e, itis
here that water temperatures are warmest. The mixdng of
these waters by waves as well as the turbulence from cur-
rents and tides creates a rapid vertical heat transfer. Hence,
this sutface mixed zone has nearly uniform temperamn:"s. The
thickness and temperature of this layer vary, depending on
latitude and season. The zone uFually‘extends to aboul
300 meters (980 fect) but may attai_rl a thickness of 450 me-
ters (1,500 feet). The surface mixed zone accounts for only
: f ocean water
db%i;jvgeﬂ:fg;:-warmcd zone of mixing, the lempe.ralju re
falls abruptly with depth (see Figurc‘ 14.4). Here, a di.‘s‘i‘ln(:l
layer called the transition zone exists between the W?Tm gnm -
face layer above and the deep zone of cold water be 0\;\:.i 1e
transition zone includes a prominent thermocline an fa.sf
sociated pycnociine and accounts for about 18 percent o
V' T. .
OC?;}OV‘\::;G transition zone is the deep zone, where sunlight
never reaches and water temperatures are just a _few degrees
above freezing. As a result, water del}s;ty remains @résfanf
and high, Remarkab]y, the deep zone includes about 8 fp;}zf
cent of ocean water, indicating the imn?cnse depth of the
ocean (the average depth of the ocean is 3,729 meters, or
].zfnﬁif;ﬁ?:aﬁtudcs, the three-layer structure nt.' oE:eaurl}1 layer;
ing does not exist because the water cf}{unm ufdmot eTma
and isopycnal, which means that ll1efe is no rapi char:{gc u-i
temperature or density with depth. Consequently, goo: veit;1
tical mixing between surface and.deep waﬂers can ?ccur :
high-latitude regions. Here, cold high-density water om;ls. z;
the surface, sinks, and initiates deep-ocean currents, which
are discussed in Chapter 15.

i in la I based on water density,
three main layers In the ccean

F E 14.7 Qceanographers recognize o
V\aﬁcﬁinries with temperature and salinity. The warm surlace mixed layer a;:z:rl.:t;“f;r cnlyumz
cent of ocean water, the transition zone inclurles the 1t |erulocllme and pycni Rt ‘Eccaoooeums 2
for 18 percent of ccean water; the deap zone contains cold, high-density water that
B0 percent of otean water.

Surface mixed zone (2%) -

increase in lemperature, on the other hand, causes thermal ex-
pansion and results in a decrease inseawater density. Such a re-
lationship where one variable decreases as a resull of ano(her
variable's increase is known as an inverse relationship, where
one variable is inversely proportional with the other,

Temperature has the greatess influence on surface seawa-
ter density because variations in surface seawater tempera-
ture are greater than salinity variations, Tn fact, only in the
extreme polar areas of the ocean, where temperatures are low
and remain relatively constant, does salinity significantly af-
fect density. Cold watcr that also has high salinily is some of
the highest-density water in the world.

Density Variation with Depth .~ Transition zone (£8%)

By extensively sampiing ocean waters, occanographers
have learned that temperature and salinity—and the
water’s resulting density—vary with depth. Figure 14.6
shows two graphs of density versus depth: ane for high-
latitude regions and one for low-latitude regions. Not sur
prisingly, the curves in Figure 14.6 are a mirror image of
the temperature curves in Figure 14.4. This similarity
demonstrates that temperalure is the most important factor:
affecting seawater density and that tem perature is inversely
proportional with density, ;

——
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particle
maotion

N -N-e-t};; lble waler movemer
. below Ya wavelangth

increase in size. When the maximum fetch and duration are
reached for a given wind velocity, the waves are said to be

FIGURE 15.12  Diagrammatic viey,
an idealized non-breaking ocean Wave
shewing the basic parts of & wave g

Crest
# as the movernant of water particies

balow & depth equal to one half thg
wavelength (lower dashed fing),

depth. Negligible water movement ¢
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Waves

goxX15.2 PEOPLE AND THE ENVIRONMENT |
Ships Beware!
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Rogue Waves

Rogtté waves are massive, solitary waves that
can reach enormous height and often nccur
st times when normal ocean waves are not
urusually large. Ina sea of 2-meter {6.5-foot)
waves, for example, a 20-meter {65-foot)
jopue wave may suddenly appear. Rogue
eans “unusual” and, in this case, the waves
jre untisually large. Rogue waves—some-
times called supertoaves, monster waves, sleeper
wies, or freak waves—are defined as indi-
dual waves of exceptional height or ab-
romal shape that are more than twice the
average of the highest one-third of all the

wave heights In a given wave record. Dur-
ing 19466, for example, the luxury liner
Mickelanrgelo, which was carrying 2,500 peo-

FIGURE 15.13 The movements of the toy boat show that the wave fomy
advances, but the water does not advance appreciably from fts Qriginat
pasition. in this sequence, the wave moves fromm left to right &s the beg

“fully developed.” The reason that waves can grow no fur-
ther is that they are losing as much energy through the break-

ing of whitecaps as they are recetving energy from the wind.

When the wind stops or changes direction, or the waves
leave the storm area wherc they were created, they continue
an withoul relation to local winds. The waves also undergo
a gradual change to swells, a term that describes any wave
that has traveled out of iis area of origination. Swells are
lower in height and longer in length and may carry a stonmn'’s
encrgy o distant shores. Because many independent wave
systemns exist at the same time, the sea surface acquires a com-
plex and irregular pattern, sometimes producing very large
wavces (see Box 15.2). The sea waves that are seen from shore
are usually a mixture of swells from faraway storms and
waves created by local winds.

Circular Orbital Motion

Waves can travel great distances across ocean basins. In one
study, waves generated near Antarctica were tracked as they
traveled through the Pacific Ocean basin. After more than
10,000 kilometers (over 6,000 miles), the waves finally ex-
pended their energy a week later along the shorcline of the
Aleutian Islands of Alaska. The water itself doesn’t travel the
entire distance, but the wave form does. As the wave travels,
the water passes the energy along by moving in a circle. This
movement is called circular orbital motion.

Observation of an object floating in waves shows that it
moves not only up and down but also slightly forward and
backward with each successive wave. Figure 15.13 shows that
a floating object moves up and backward as the crest ap-
proaches, up and forward as the crest passes, down and for-
ward afler the crest, down and backward as the trough
approaches, and rises and moves backward again as the next
crest advances, When the movement of the floating toy boat
shown in Figure 15.13 is traced as a wave passes, it can be
seen that the boat moves in 2 circle and it retwms to essentially
the same place. Circular orbital motion allows a waveform
(the wave's shape) to move forward through the water while
the individual water particles that fransmit the wave move
around in a clrele. Wind moving across a field of wheal causes

(and the water in which it is floating) ratates in an imaginary circle,
IR

ple, was caught in a storm in the North At-
fntic and encountered a rogue wave that did
onsiderable damage to the ship’s super-
= structure (Figure 15.B} and Killed twe pas-
+ sengers. Because of their size and destructive
puwer, rogue waves have been popularized
in literature and movies such as The Perfect
Stopt and the 2006 film feseldon,

In the open ocean, one wave in 23 will be
over twice the height of the wave average,
e dn 1,175 will be three times as high, and
~-mne in 300,000 will be four times as high. The
chances of a truly monstrous wave, there-
. Jore, are only ome in several billion. Never-
laeless, ropue waves do occur, and satellite
shservations over a 3-week period in 2001
tonfirmed that rogue waves occur more fre-
quently than was previously thought: The
study documented mare than 10 individual
gant waves arounct the globe of over 25 me-
. trs (B2 feel) in height. Even with monitoring
of rgue waves by satellites, it remains dif-
ficult to forecast specifically when or where
they witl arise. For instance, the 17-meter
B-foot) NOAA reseaxch vessel R/ Baflera

FIGURE 15.B When a rogue wave struck the luxury liner Michelangelo during a North
Atlantic sterm In 1966, it tore off part of the ship’s superstructure and killad two
passengers. {Photo by )

was flipped and sunk in 2000 by a 4.6-meter
{15-foot}) rogue wave off the California coast
while conducting a survey in shallow, calm
water. Fortunately, the three people on board
survived the incicent,

Worldwide each year, about 10 large
ships such as supertankers or conlainerships
are reportec missing without a trace and the
tatal number of vessels lost of all sizes may
reach 1,000. Rogue waves are thought to be
the cause for many of these disasters. Recent
satellites designed to monitor the ocean have
provided a wealth of data about ocean
waves but, unfortunately, still do not allow
the prediction of rogue waves.

The main cause of rogue waves is hy-
pothesized to be an extraordinary case of
constructive wave interference in which
multiple waves overlap in phase to produce
anextremely large wave. Rogue waves also
tend to occur more frequently downwind
from islands or shoals. In addition, rogue
waves can occur when storm-driven waves
move against strong ocean currents, which
act like a lens, focusing wave energy and
causing ordinary waves to shorten, steepen,
and become larger such as along the “Wild
Coast” off the southeast coast of Africa,
where the Agulhas Current flows directly
against large Antarclic storm waves.

the field, but the waves do.

asinilar phenomenon: The wheat itself doesn’t travel across

Waves in the Surf Zone

The energy contributed by the wind to the water i trans-
Mitted not enly along the surface of the sea but also down-
Ward, However, beneath the surface the circular motion
Yipidly diminishes until, at a depth equal to one half the
¥avelength measured from still water level, the movement of
Water particles becomes negligible. This depth is known as
the wave brse, ‘The dramatic decrease of wave energy with
depth iy gshown by the rapidly diminishing diamelers of
ater-particle orbits in Figure 15.12.

As long as a wave is in deep water, it is unaffected by waler
depth (Figure 15.14, left), However, when a wave approaches
the shoie, the water bacomes shallower and influences wave
behavior. The wave begins to “feel botlom” at a water depth
equal to its wave base. Such depths interfere with water
movement al the base of the wave and slow its advance
(Figure 15.14, center).

As a wave advances loward the shore, the slightly faster
waves farther out to sea catch up, decreasing the wavelength.
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FIGURE 16,28 Miami Beach, A. Before Beach nourishment and B. After beach nourshment,
(Courtesy of the U.S. Army Corpe of Engineers, Vicksburg District)

Many coastal scientists and planners are calling for a policy
shift from defending and rebuilding beaches and coasial
property in high hazard areas to relocating storm-damaged
or at-risk buildings and letting nature reclaim the beach. This
approach is similar to that adopted by the federal govern-
ment for river floodplains following the devastating 1993

Mississippi River floods in which vulnerable structur®
abandoned and relocated on higher, safer ground.
Such proposals, of course, are controversial. Peopl

significant shoreline investments shudder at the thou :

not rebuilding and defending coastal developments e
erasional wrath of the sea, Others, howcver, argoe that

e level rising, the impact of coastal storms will only get
= worse in the decades to come. This group advocates that oft-
qamaged structures be relocated ov abandoned to improve
ersonal safety and to reduce costs. Such ideas will no doubt
be the focus of much study and debate as states and com-
nunities evaluate and revise coastal land-use policies.

' Erosion Problems Along U.S. Coasts

The shoreline along the Pacific Coast of the United States is
grikingly different from that characterizing the Atlantic and
Gulf Coast regions. Some of the dlifferences are related to plate
lectonics. The West Coast represents a boundary of the North
‘American plate, and because of this, it has experienced and
continues to experience active uplift and deformation. By
 rontrast, the East Coast is a tectonically quiet region that is far
fromany active plate margin. Because of this basic geologi-
«l difference, the nature of shoreline erosion problems along
" America’s opposite coasts is different.

Atiantic and Gulf Coasts

Much of the coastal development along the Atlantic and Gulf
coasts has occurred on barrier islands. Typically, barrier is-
lands consist of a wide beach that is backed by dunes and scp-
arated. from the mainland by marshy lagoons. The broad
expanses of sand and expositre to the ocean have made bar-
rier islands exceedingly attractive sites for development. Un-
fortunately, development has taken place more rapidly than
has our understanding of barrier island dynamics.

Because barrier islands face the open ocean, they receive
the full force of major storms that strike the coast. When a
storm occurs, the barriers absorb the energy of the waves
primarily through the movement of sand (Figure 15.29). This
process and the dilemina that results have been described
as follows:

Waves may move sand from the beach to offshore areas or,
- conversely, into the dunes; they inay erode the dunes, de-
positing sand onto the beach or carrying it out to sea; or
they may carry sand from the beach and the dunes into the
marshes behind the barrier, a process known as overwash.
The common factor is movement. Just as a flexible reed may
survive a wind that destroys an oak tree, so the barriers sur-
vive hurricanes and nor’easters not through unyielding
strength but by giving before the storm.
This picture changes when a barrier is developed for homes
ora resort, Storm waves that previously rushed harmlessly
through gaps between the dunes now encounter buildings
and roadways, Moreover, since the dynamic nature of the
bartiers is readily perceived only during storms, hemeown-
ers tend to attribute damage to a partieular storm, rather than
1o the basic mebility of coastal barriers, With their homes or
investments at slake, local residents are more likely to seek to
hald the sand in place and the waves at bay than to admit
that development was improperly placed to begin with*

—

'
0k Loweywtein, “Beaches or Budrooms—The Choice as Sea Level Rises,” Ocenrus
(No.3, Vil 1985): 22

435

Erosion Problems Along U.S. Coasts

FIGURE 15.20 When the lighthouse at Gape Hatteras, North Carolina,
was built n 1870, it was situated 457 moters (1,500 feet) from tha
shoreline. By 1970, waves began to lap just 37 meters {120 feet} from its
base. In order to save the historic structure, it was moved 488 meters.
{1,600 feet) back from tha shore. At the current rate of shoreline retreat,
the lighthouse should be safe for another 50 years. {Photo by Reuters/
Stringer/Getty Images, Ine.— Hulton Archive Photos)

Pacific Coast

In contrast to the broad, gently sloping coastal plains of the
Atlantic and Gulf coasts, much of the Pacific Coast is charac-
terized by relatively narrow beaches that are backed by steep
dliffs and mountain ranges. Recall that America’s western
margin is a more rugged and tectonically active region than
the eastern margin, Because uplift continues, the rise in sea
level in the West is not so readily apparent. Nevertheless, like
the shoreline erosion problems facing the East's barrier is-
lands, West Coast difficultics also ster largely from the al-
leration of natural systems by people.

Amajor problem facing the Pacific shoreline—particularly
aleng southern California—is a significant narrowing of
many beaches, The bulk of the sand on many of these beaches
is supplied by rivers that transport it from the mountainous
regions to the coast. Over the years this natural flow of ma-
terial to the coast has been interrupted by dams built for ir-
rigation and flood control. The rescrvoirs effectively trap the
sand that would otherwise nourish the beach environment.
When the beaches were wider, they served to protoct the cliffs
behind them from the force of storm waves, Now, however,
the waves move across the narrowed beaches without Iosing
much energy and cause more rapid erosion of the sea cliffs.

Although the retreat of the cliffs provides material to re-
place some of the sand impounded behind dams, it also en-
dangers homes and roads built on the bluffs. In addition,
developmenl atop the cliffs aggravates the problem. Urban-
ization increases runoff, which, if not carefully controlled,
can result in serious bluff erosion. Watering lawns and gar-
dens adds significant quantities of water to the slope. This
water percolates downward toward the base of the cliff,
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the character of an area, variations and extremes must also be
inclucled, as well as the probabilities that such departures will
take place. For example, it is not only necessary for farmexs o
know the average rainfall during the growing season, but it is
also important to know the frequency of extremely wet and
extremely dry years. Thus, climate is the sum of all statistical
weather information that helps describe a place or region.
Suppose you were planning a vacation trip to an unfamil-
iar place, You would probably want to know what kind of
weather to expect. Such information would help as you se-
lected clothes to pack and could influence decisions regard-
ing activities you might engage in during your stay.
Unfortunately, weather forecas!s that go beyond a few days
are not very dependable. Thus, it would not be possible to

The Atmosphere: Composltion, Struciure, and Temperature

Eua{en[a ‘S;m.c?fime:l_~4u{’ S B

Who provides all of the data needed to prepare 4 weather
forecast?

Data from every part of the globe are needed to produce accurate
weather forecasts, The World Meteorological Organizatioy
{WMO) was established by the United Nations to coordinate sCi-
entific activity related to weather and climate. It consists of 185
countries and territories representing all parts of the globe, Tig
World Weather Watch provides up-to-the-minute standardizeq:
observations through member-operated observation systems,
This global system involves 10 satellites, 10,000 land-observation

poX 16.1» PEOPLE AND THE ENVIRONMENT ;
Altering the Atmosphere’s Composition—Sources and Types of Air Pollution

air pollutants are airborne particles and
ses that occur in concentrations that en-
ganger the health and well-being 'uf organ-
;sms or disrupt the orderly functionimg of
she environment. One category of pollu-
ants, the primary pollutants, are emitted di-
rectly from idenfifiable sources. They
ollute the air immediately upon being
‘einitted. The most significant primary pol-
jutants are carbon monoxide (CO), nitrogen
axides (NQy), sulfur dioxide (50;), vola-

Composition of the Atmesphere
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portant examples, as is the sulfuric acid that
falls as acid precipitation. After the primary
pollutant, sulfur dioxide, is emitted into the
atmosphere, it combines with oxygen o
produce sulfur trioxide, which then com-
bines with water to create this jrritating and
corrosive aeid,

Many reactions that produce secondary
pollutants are triggered by strong surlight
and 80 are called photochenical reactions. One.
common example occurs when nitrogen ox-

Milkon tons

ides absorb solar radiation, initiating a chain
of complex reactions. When certain volatile
organic compounds are present, the result i .
is the formation of a number of undesirable 0 o NO, VOC SO, My |
gecondary products that are very reaclive, (5156} (-39%) (-509%) (-46%) (-56%] |
irritating, and toxic. Collectively, this nox-
jous mixture of gases and particles is called
photochemical smog.

Between 1980 and 2006, emnissions of the
five major primary pollutents dropped sig-
nificantly (Figure 16B). The aggregate de-
crease amounted to about 49 percent.
During that same span, 1.5, population in-
creased by nearly one-third, energy con-
sumption was up by 29 percent, and vehicle

file organic compounds (VOC), and partic-
alate matter (’M). Figure 16.A shows
percentages calculuted on the basis of
weight. Important sources includte inclus-
\ial processes, electrical generation, solid
waate disposal, and fransportation {cars,
{rucks, trains, airplanes, ete.). [n the United
States the tens of millions of cars and trucks
* on the roads are the greatest contributors.
Sometirnes the direct impact of primary
. pollutants on human health and the envi-
ronment is less severe than the effects of the
gecondary pollutants they form. Secondary
polluctants are not emifted directly into the
ait, but form in the atmosphere when reac-

get a reliable weather report about the conditions you are
likely to encounter during your vacation.

Instead, you might ask someone who is familiar with the
area about what kind of weather to expect. “Are thunder-
storms common?” “Does it get cold at night?” “Are Lhe af-
ternoons sunny?” What you are seeking is information about
theclimate, the conditions that are typical for that place. An-
other useful source of such information is the great variety
of climate tables, maps, and graphs that are available. For ex-
ample, the graph in Pigure 16.3 shows average daily high and

and 7,000 ship stations, as well as hundreds of automated datg’
buoys and thousands of aircraft

low temperatures for each month, as well as extremes fog
New York City. '
Such information could no doubt help as you planned
your trip. But it is important to realize that climate data cannot
predict the weather. Although the place may usually {clima
cally} be warm, sunny, and dry during the time of your- |
planned vacation, you may actually experience cool, over-
cast, and rainy weather. There is a well-known saying that
summarizes this idea; “Climate is what you expect, but

FIGURE 16.B Comparigon of 1980 and 2006
amissions. The 2006 total is about 49 percent

lower than 1980,

of pollutants were emitted into US. skies in
2006 and approximately 105 million peaple
Yived in counties where monilored air qual-
ily was unhcalthy at times because of high
levels of al least one of the principal air

4B jre ity | i " ; |
| 0 Record™ L v i weea.ther is what you get, ) ) ' tions take place among primary pollutants. miles traveled doubled (Figure iﬁC) De-
445 'y . it igns ) o | I'he nafurel of weather and climatc is expressed in terms of The chernicals that make up smog are im-  gpite this progress, about 139 million tons  pollutants.
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Air is nof a unique element or com pound. Rather, air is

FIGURE 18.A Major primary poflutants. U‘V": :
Percenlages are calculated on the basis of ~20%: St
welght. (Data from the U.S. Environmental 740%'( : 5 . : 5
Protection Agency) . i Aggregate emissions
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Month

FIGURE 16,3 Graph showing daily tempsrature data for New York City,

In addition to the average daily maximam and minfmum temperatures for

each month, extremes are also shown. As this graph shows, there can be
slgnificant departures from average.

Major Components

‘The compoesition of air is not constant; it varies from time to
time and from place to place (Box 16.1). If the water vapor
dust, and other variable components were removed from the
atmosphere, we would find that its makeup is very stable
worldwide up to an altitude of about 80 kilormeters (50 miles)

49 percent. (After U.S. Environmantal Protection Agency}
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— BOX 16.2  PEOPLE AND THE ENVIRONMENT |

The Atmiosphere: Composition, Structure, and Temperature

Ozone Depletion—A Clobal [ssue

The loss of ozone high in the atmosphere as
a consequence of human activities is a seri-
vus global-scale environmental problem
(Figure 16.D). For nearly a billion years
Earth’s ozone layer has profected life on the
planet. However, over the past half century,
people have unintentionally placed the ozone
layer in jeopardy by polluting the atmo-
sphere, The most significant of the offending
chemicals are known as chlorofiuorccarbons
{CFCs for short). They are versatile com-
pounds that are chemically stable, aderless,
nontoxic, noncorrosive, and Inexpensive to
produce. Over the decades many uses were
developed for CFCs, including as coolants for
air-conditioning and refrigeration equipment,
cleaning solvents for electronic components,
propellants for aprosol sprays, and the pro-
duction of certain plastic foams,

No one worried about how CI'Cs might
afect the atmosphere until three scientists—
Paul Crutzen, F. Sherwood Rowland, and
Mario Molina—studied the relationship. In
1974 they alerted the world when they re-
ported that CI'Cs were probably reducing

the average concentration of ozone in the
stratosphere. In 1995 these scientists were
awarded the Nobel Prize in chemistry for
their pioneering work.

They discovered that because CFCs are
practically inert (i.e., not chemically active)
in the lower atrosphere, a portion of these
gases gradually makes its way to the ozone
layer, where suniight separates the chemi-
cals into their constituent atoms. The chlo-
rine atoms released this way, through a
complicated series of reactions, have the net
effect of removing some of the ozone.

Because ozone filters out most of the ul-
traviolet (UV) radiation {rom the Sun, a
decrease inits concenfration permits more
of these harmful wavelengths to reach
Earth's surface, The most serious threat to
human health is an increased risk of skin
cancer. An increasc in damaging UV radi-
ation also can impair the human immune
system as well as promote cataracis, a
clouding of the cye lens that reduces
vision and may ceuse blinduness if not
treated.

ra
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Ozone change from 1988 (36)
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FIGURE 16,0 This satelite Image shows ozone distributicn in the Tsan

Southern Hemisphare on September 24, 2008, The area of greataest
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depletion is eallad the “ozone hale." Dark blue colors correspond 1o the
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Jsn't 0zone some sort of pollutani?

Realizing that the risks of not Curbiﬂ
CFC emissions were difficult to =
- : BRONE, i
international agreement known ag i
Maontreal Protocol on Substances that [}gp
the Ozone Layer was concluded unde,
auspices of the United Nations. Morg
180 nations eventually ratified the treaty;

Although refatively strong action.
taken, CFC levels i the atmosphera wili
drop rapidly. Once in the almosphere, ¢
molecules can take many years to reach 4z
ozane layer und once there, they can rery
aclive for decades, This does not prog
near-term reprieve {or the ozone layer,

The Montreal Protocol represents a pt
itive international response to a globa] &
vironmental problem. As a result of
action, the tatal abundance of pzgr
depleting gases in the atmosphere hif
started to decrease in recent years. If the iy
tions of the world continue to follow the
provigivns of the protocol, the decreases
expected to continue throughout &
twenty-first century. Some offending ch
icals are still increasing but will begin to-d
crease in coming decades, By mid-centu
the abundance of ozone-depleting g
should fall to values that existed befors thej
Antaretic ozone hole began to form in
1980s. Figure 16.E shows global ozon
covery predictions to the year 2050.

Yes, you're right. Although the naturally occurring ozone in the
siratosphere is critical to life on Earth, it is regarded as a pollu
tant when produced at ground level because it can damage veg-
etation and be harmfu! te human health. Ozone is a major
compenent in a noxious mixtare of gases and particles called
hotochemical smog. It forms as a result of reactions triggered by
sunlight that oceur among pollutants emitted by motor vehicles

and industries.

Height and Structure
of the Atmosphere

go Earth's Dynamic Atmosphere

s b Introduction to the Atmosphere

Tosay that the atmosphere begins at Earth’s surface and ex-
tends upward is obvious. However, where does the at-
mosphere end and outer space begin? There is no sharp
- boundary; the atmosphere rapidly thins as you travel away
from Farth, until there are too few gas molecules to detect,

Pressure Changes

To understand the vertical extent of the am;\osphere, let us
examine (he changes in the atmospheric pressure with height,
Atmospheric pressure is simply the weight of the air above,
At sea level, the average pressure is slightly more than 1,000
millibars, This corresponds to a weight of slightly more than
| kilogram per square centimeter (14.7 pounds per square
inch). Obviously the pressure at higher aititudes is less
(Figure 16.6).

One half of the atmosphere lies below an altitude of 5.6
kilometers (3.5 miles). At about 16 kilometers (10 miles),
%0 percent of the atmosphere has been traversed, and above
100 kilometers (62 miles), only 0.00003 percent of all the gases
making up the atmosphere remains. Bven so, traces of our
?h’ﬂuaphcre extend far beyond this altitude, gradually merg-
ing with the emptiness of space.

Temperature Changes

By the carly twentieth century, much had been learned about
the lower atmosphere, The upper atmosphere was partly
known from indirect methods. Data from balloons and kites
had revealed that the air temperature dropped with in-
‘reasing height above Earth’s surface. This phenomenaon is

2000 2020
Year

. fegion with the sparsest ozone. Average values are abaut 300 Dobson
Units. Any area below 220 Dobson Units is considered part of the hole
The ozone hofe forms over Antarctica during the Southern Hemisphare
spring. 'n 2006, It extended over about 28 milion square kilometers (11,4
million square miles), an area slightly larger than all of North Amerlea. It
tied the recerd for the largest ozone hole vet recorded. (NAGA)

FIGURE 16.E Global ozons recovery predictions. Observed
values of global total ozone decreased beginning about 1980. :
emissions of ozone-depleting gases decrease In the early e
first century, computer models indicate that ozone values Wi
increase. Model results show thal recovery Is expected to be
significant by 2050 or perhaps sooner,

felt by anyone who has climbed 2 high mountain and is ob-
Vious in pictures of snowcapped mountaintops rising above
Snow-free lowlands (Figure 16.7), We divide the atmosphere
Vertically into four layers on the basis of temperature
(Figure 16.8).
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FIGURE 16.6 Atmospheric pressure variation with altitvde. The rate of
pressure decrease with an increase In altitude s not constant. Rather,
pressure decreases rapldly near Earth’s surface and mare gradually at
greater heights.

Troposphere  The boltom laver in which we live, where tem-
perature decrcascs with an increase in altitude, is the
troposphere, The term literally means the region where air
“turns over,” a reference to the appreciable vertical mixing
of air in this lowermast zone, The troposphere is the chief
focus of metecrologists, because it is in this layer that essen-
tially all important weather phenomena occur.,

The temperature decrease in the troposphere js called the
environmental lapse rate. Its average value is 6.5°C per kilo-
meter (3.5°F per 1,000 fect}, a figure known as the rnormal lapse
rate. It should be emphasized, however, that the environ-
mental lapse rate is not a constant, but rather can be highly
variable, and must be regularly measured. To determine the
actual environmental lapse rate as well as gather information
about verlical changes in pressure, wind, and humidity, ra-
diosondes are used. The radiosonds is an instrument package
thal is attached to a balloon and transmits data by radio as it
ascends through the atmosphere (Figure 16.9).

The thickness of the troposphere is nof the same every-
where; it varies with latitude and the season. On the average,
the {emperature drop continues to a height of about 12 kilo-
meters {7.4 miles). The outer boundary of the roposphere is
the tropopause.

Stratosphere Beyond the tropopause is the stratosphere. In
the stratosphere, the temperature remains constant to a height
of about 20 kilometers (12 miles) and then begins a gradual
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< BOX 17.1 » PEOPLE AND THE ENVIRONMENT F—
Atmospheric Stability and Air Pollution

Air quality is nol jusl a funetion of the quan-
tity and types of pollutants emitted into the
air, but jt is also closely linked to the atmo-
sphere’s ability to disperse these noxious
substances. Perhaps you have heard this
well-known phrase: “The solution to pollu-
tion s dilution.” To a significant degree this
is true. If the air into which the pollution is
released is not dispersed, the air will be-
come more toxic, Two of the most impor-
tant atmospheric conditions affecting the
dispersion of pollutants are the strength of
the wind and the stability of the air. These
factors are eritical because they determine
how rapidly pollutants are diluted by mix-
ing with the surrounding air affer leaving
the source,

The way In which wind speed influences
the concentration of pollutants is straight-
forward, When winds are weak or calm, the
concentration of pollutants is higher than
when winds are strong. High wind speeds
mix polluted air into a greater volume of |
surrounding air and therefore cause the pol-
lution to be: more diluled. When winds are
light, there is less turbulence and mixing, so
the concentration of pollutants is higher.

Whereas wind speed govemns the amount
of air into which pollutants are initially
mixed, atmospheric stability determines the
extent to which vertical motions will mix the
pollution with cleaner air above. The dis-
tance between Barth's surfuce and the heighl
o which vertical air movementis extend is
termed the mixing depth. Generally, the
greater the mixing depth, the better the air

quality. When the mixing depth is several
kilometers, pollutants are mixed through a
large volume of cleaner air and dilute rap-
idly. When the mixing depth is shallow, pal-
Jutants are confined to a much smaller
volume of air and concentrations can reach
unhealthy Jevels. When air is stable, vertical
motions are suppressed and mixing depths
are small. Conversely, an unstable atmo-
sphere promotes vertical air movements and
preater mixing depths. Because heating of
Earth’s surface by the Sun enhances con-
vectional movements, mixing depths are

FIGURE 17.A Alr pollution in downtown Los Angeles. Temperature inversions act as lids to trapy

usually preater during the aftermnqgy
For the same: reason, mixing depthg g oy,
the summer months are typically g
than during the winter months,
Temperature inversiun represents
tion in which the atmosphero ig vey
and the mixing depth is Sign{ﬁcanﬂy.
stricted. Warm air overlying cooler g £
as a lid and prevents upward movegss -
leaving the pollutants trapped in a rely A
narrow zone near the ground (Figuré ':.;
Inversions ate gencrally classifigq
one of two categories—those that formj

; rpsalt 15 that the air close to the ground is

; zhallow, they may be quite thick in regions
“where (he land surface is uncven. Because
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und and those that form aloft. A sur-
‘ « inversion develops close to the ground
“deat and relatively calm nights. 1t forms
hecause the ground is a more effective ra-
tor than the air above. This being the
550, radintion from the ground to the clear
ioht sky couses more rapid cooling at the
rface than higher in the dtmosphere. The

Jed more than the air above, yielding a
perature profile similar to the one
hown in Figure 17.B. After sunrise the ) Cold slifface ] ‘
-ound is heated and the inversion disap- - e LT P )

ipers- " Increasing temperature. S

5 Althuugh surface inversions are usually

Increasing altitude —

FIGURE 17.B Generalized temperature profile for a surfaca inversion.

rold air is denser (heavier) than warm air,

: the chilled air near the surface gradually

poliutants below. {Photo by Ted Spiegel/Black Star) e

< rzins from the uplands and slepes into
adjpcent lowlands and valleys. As might
be expected, these thicker surface inver-

FIGURE 17.C Inversions aloft frequantly develop in association with slow-moving
canters of high pressure where the air aleft subsides and warms by compression.
The turbulent surface zene does not subside as much, Thus, an inversion often

sons will not clissipate us quickly after

forms between the lower turbulent zone and the subsiding iayers above.

suprise.
Many extensive and long-lived air-
pollution episodes are linked to tempera-
ture inversions that develop in association
with the sinking ait that characlerizes slow-
maving centers of high pressure (Figure
7.C) As the alr sinks to lower alfitudes, it
i compressed and so its temperature rises.
B Because turbulence Is almost always pres-
entrear the ground, this lower-most portion
f the atmosphere 1y generally prevented
o participating in the general subsi-
lence, Thus, an inversion develops aloft be-
‘tween the lower turbulent zone and the

bsiding warmed layers above.

Stability and Daily Weather

From the previous discussion, we can conclude that stable
air resisls vertical movement, wihereas unstable air ascends
freely because of its own buoyancy. But how do these facts
manifest themselves in our daily weather?

Because siable air resists upward movement, we might con-
clude that clouds will not form when stable conditions prevail
n the atmosphere. Although this seems reasonable, recall that
processes exist that force air aloft. These include orographic life-
ing, frontal wedging, and convergence, When stable air is
forced aloft, the clouds that form are widespread and have lit-
tle vertical thickness when compared to their horizontal di-
mensgion, and precipitation, if any, is light to moderate.

By confrast, clouds associated with the lifting of unstable
air are towering and often generate thunderstorms and oc-
casionally even a tornado. For this reagon, we can conclude
that on a dreary, overcast day with light drizzle, slable air has

Generally, there must be a surface on which the water vapor
@ncondense. When dew occurs, objects at or near the ground
- such as grass and car windows serve this purpose. But when
tondensation occurs in the air above the ground, tiny bits of
particulate malter, known as condensation nuclei, serve as
“ Surfaces for water-vapor condensation. These nuclei arc very
impartant, for in their absence a relative humidity well in ex-
ss of 100 percent is needed to produce clouds.
Condensation nuclei such as microscopic dust, smoke, and

been forced aloft. On the other hand, during a day when
cauliflower-shaped clouds appear to be growing as if b
bles of hot air are surging upward, we can be fairly certaf
that the ascending air is unstable. ,

Insummary, stability plays an important role in deteﬁl_‘lﬂ'"
ing cur daily weather. To a large degree, stability determin®
the type of clouds that develop and whether precipitation ,’u
come as a [;enr]e showerora heavy downpout.

in the formation of a cloud consisting of millicns upon mil-
lions of tiny water droplets, all so fine that they remainsus-
pended in air. When cloud formation eccurs at below-freezing
temperalures, tiny ice Crystals form, Thus, a cloud mightcon-
sist of water droplets, ice crystals, or both,

The slow growth of cloud droplets by additional conden-
sation and the immense size difference between cloud
droplets and raindrops suggest that condensation alone is
not responsible for the formatien of drops large enough to
fall as rain. We first examine clouds and then retum to the

To review briefly, condengation cccurs when water vapo

the air changes to a liquid. The result of this process may P
dew, fog, or clouds. For any of these forms of condensatio?
to occur, the air must be saturared. Saturation occurs 210
commonly when air is cooled to its dew point, ot less 0!
when water vapor is added to the air. ;

. saltparticles (from the ocean) are profuse in the lower atmo-
. phere, Because of this abundance of particles, relative hu-

- Moisture, scopic = to seck) nuclei. When condensation takes
Place, the initial growth rate of cloud droplets is rapid. It di-

questions of how precipitation forms.
Midity rarely exceeds 101 percent. Some particles, such as
fean salt, are particularly good nuclei because they absorb
Water. These particles are termed hygroscopic {fygro =

Types of Clouds

Clouds are among the most conspicuous and observable as-
pects of the atmosphere and ifs weather. Clouds are a form
of condensation best described as visible aggrogates of min-

Minisheg quickly because the excess water vapor is quickly
wte droplets of water or tiny crystals of ice. In addition to being

bsorbed by the numerous competing particles. This results

i
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BOX 17,2 » UNDERSTANDING EARTH -

Science and Serendipity™

Serendipity is defined by Nobel Laureate [rv-
Ing Langmuir as “the art of profiting from
unexpected occurrences.” In other words, if
you are observing something and the en-
tirely unexpected happens, and if you see
in this accident a new and meaningful
discovery, then you have experienced
serendipity. Most nonscientists, same sci-
entists, and, alas, many teachers are not
aware that many of the great discoveries in
science were serendipitous.

An excellent example of serendipity in
science occurred when Tor Bergeron, the
great Swedish meteorologist, discovered the
importance of ice crystals in the initiation
of precipitation in supercooled clouds. Berg-
eron’s discovery occurred when he spent
several weeks at a health resort at an alll-
tude of 430 meters (1,400 feet) on a hill near
CQslo, Norway. During his stay, Bergeron
noted that this hill was often “fogged-in” by
alayer of superceoled douds. As he walked
along a narrow road in the fir forest along
the hillside, he noticed that the “fog” did
not enter the “road tunnel” at lemperatures
below =5°C, but did enter it when the tem-
perature was warmer than 0°C. (Profiles of
the hill, trees, and fog for the two tempera-
ture regimes is shown in Figuie 17.D.)

Bergeron immediately concluded that
af temperatures below about —5°C the
branches of the firs acted as freezing nuclel
upon which some of the supercooled
croplets crystallized. Once the ice crystals
developed, they grew rapidly at the expense
of the remaining water droplets (see Figure
17.D), The result was the growth of ice crys-
tals (rime) on the branches of the firs ac-

Maisture, Clouds, and Precipitation

e
Warmer fed

with Respect to Water is 100 Percent
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How Pracipitation Forms

TABLE 17.3 Relative Humidity with Respect to Ice When Relative Humidity

Relative Humidity with Respect to:

=10°C)

Temperature ("C) Water (%) Ice (%)
i 0 100 100
5 100 105
10 100 10
Golder gL o e
~20 100 121

E Supersﬂfur’“tfoﬂ When ait is saturated (100 percent relative
4 humidity) with respect to water, it is supersaturated (relative

humidity is greater than 100 percent) with respect to ice. Table
17.3 shows that at —10°C (14°F), when the rclative humidity

FIGURE 17.D Distiibution ol fog when the temperature is above freezing and when the

temperature falls to =10 °C,

companied by a “clearing-off” between the
trees and along the “road-tuanel.”

From this experience, Bergeron realized
that, if ice crystals somehow were to appear
in the midst of a cloud of supercooled
droplets, they would grow rapidly as water
molecules diffused toward them from the
evaporating cloud droplets. This rapid
growth forms snow crystals that, depend-
ing on the air temperalure beneath the
cloud, fall to the ground as snow or rain.
Bergeron had thus discovered one way that
minuscule cloud droplets can grow large
enough to fail as precipitation (see the dis-
cussion titled “Precipitation {rom Cold
Clouds: The Bergeron Process,” p. 501-503).

Serendipity influences the entire realm
of science. Can we conclude that anyone

is 100 percent with respect to water, the relative humidity
with respect lo ice is nearly 110 percent. Thus, ice crystals
cannot coexist with water droplets, because the air always
“appears” supersaturated to the ice crystals, Hence, the ice
crystals begin to consume the “excess” water vapor, which
lowers the relative humidity near the surrounding droplets.
< Inturn, the water droplets evaporate to replenish the dimin-
ishing water vapor, thereby providing a continual source of
vapor for the growth of the ice cryslals (Figure 17.26).

Because the level of supersaturation with respect to ice can
" be quite great, the growth of ice crystals is generally rapid
enough to generate crystals iarge enough to fall. During their
descent, these ice crystals enlarge as they intercept cloud
drops, which freeze upon them. Air movement will some-
times break up these delicate crystals and the fragments will
serve as freezing nuclei. A chain reaction develops, produc-
ing many ice crystals, which by accretion form into large erys-
tals called snowflakes.

In summary, the Bergeron process can produce precipita-
tion throughout the year in the middle latitudes, provided at
east the upper portions of clouds are cold enough to gener-
! ateice crystals. The type of precipitation (snow, sleet, rain, or

who makes observations will necessaril'f
make a major discovery? Not st all. A
ceptive and inquiring mind is requi
mind that has heen searching for orde
labyrinth of facts. As Langmuir said, the:
expected occurrence is not enoug
must know how to profit from it. Lout
ieur observed that “In the field of o
tion, chance favors only the prepdr
mind.” The discoverer of vitamin C, N
Laureat Albert Szent-Gyorgyi, remal
that discoveries are made by those who
what everybody else has seen, and
what nobody else has thought.” Serend
is at the heart of science itself.

*Based on madesiul prepared by Dancan C. Plan:

freezing rain) that reaches the ground depends on the tem-
perature profile in the lower few kilometers of the atmo-
sphere, When the surface temperature is above 4°C (39°F},

snowflakes usually mett before they reach the ground and

freeze until it reaches a temperature of nearly —40°C
(=40°F). Water in the Liquid state below 0°C is referred to as
supercooled. Supercooled water will readily freeze if it im-
pacts an object. This explains why airplancs collect ice when
they pass through a clond composed of supercooled
droplets.

In addition, supercocled water droplets will freeze upon
contact with solid particles that have a crystai form closely
resembling that of ice. Such malerials are termed freezing
nuclei. The need for freczing nuclei to initiate the freezing
process is similar to the requirement for condensation nuclei
in the process of condensation.

In contrast to condensation nuclel, freezing nuclei are
very sparse in the atrosphere and do not generally become
active until the temperature reaches —10°C (14°F) or less.

rontinue their descent as rain, Even on a hot summer day, a
heavy downpour may have begun as a snowstorm high in
the clouds overhead.

.S;;(uc/c’nfd _S;met‘ime:i.,/d.d/e Ce

What is the snowiest city in the Uniled States?

According to National Weather Service records, Rochester, N
York, which averages nearly 239 centimeters (94 inches) of s2
annually, is the snowiest city in the United States, However, B
falo, New York, is a close runner-up,

Precipitation from Warm Clouds:
The Collision-Coalescence Process

Afew decades ago, meteorologists believed that the Bergeron
. Process was responsible for the formation of most precipita-
tion, However, it was discovered that copious rainfall canbe
associated with clouds located well below the freezing level
{warm clouds), particularly in the tropics. This led to the pro-
Posal of a second mechanism thought to produce precipita-
tion-—the collision—coalescence process.

Only at temperatures well below freezing will ice crys&
begin to form in clouds, and even at that, they will be:
and far between. Once ice crystals form, they are in fU
compelition with the supercooled droplets for the availat
water vapor.

Research has shown that clouds composed entirely of lig-
uid droplets must contain some droplets larger than 20 mi-
crometers (0.02 millimeters) if precipitation isto form. These
large droplets form when “giant” condensation nuclei are
present, or when hygroscopic particles such as sea salt exist.
Hygroscopic particles begin to remove water vapor from the
air at relative humidities under 100 percent and can grow
quite large. Because the rate at which drops fall is size-
depenclent, these “giant” droplets fall most rapidly. As they
plummet, they collide with smaller, slower dropiets and co-
alesce. Growing larger in the process, they fall even more rap-

FIGURE 17.28 The Bergeron process. lce crystals grow at the expense
of cloud droplets until they are large enough to fall. The size of these
particles has been greatly exaggerated.

i
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Local Winds 2L

—1 BOX 18.1 » PEOPLE AND THE ENVIRONMENT |
Wind Energy—An Alternative with Potential

Aifr has mass, and when it moves (i.e., when
the wind blows), it contains the energy of
that motion—kinetic encrgy. A portion of
that energy can be converted into other
forms—mechanical force or electricity-~that
we can use o perform work (Figure 18.A),
Mechanical energy from wind is com-
monly used for pumping water in rural or

remote places, The “farm windmill,” still a
famiiar site in many rural areas, is an ex-
ample. Mechanical energy converted from
wind can also be used for other purposes,
such as sawing logs, grinding grain, and
propelling sailboats. By contrast, wind-
powered electric turbines generate electricity
for homes, businesses, and for sale o utilites,

FIGURE 18.A These wind turbines are oparating near Palm Springs, California. Callfornia
is second fo Texas among the states in wind-power development. As of January 2007,
California had a total of 2,361 megawatts of installad capacity. Texas is the l=ading state

e s litfle energy 1o be harvlesied at very
w wind speeds (6-mph winds contain
) {han one-gighth the energy of 12-mph
Approximately 025 percent i, 68
quarter of 1 percent) of the solac ENeTEy o
reaches the lower atmosphere is tra
formed into wind. Although it is just :
nuscule percentage, the absolute amoypy
energy is enormous. According to tne g5
mate, North Dakota alone is theorcﬁca]]y

pable of producing enough wind-generaies
power to meet more than one-third of Ug
clectricity demand. Wind speed is a ey
element in determining whether a place

£ .
; WT: 1§chmlogy has improved, efficiency
: 5 increased and the costs of wind-
nerated clectricity have become mlnre
mpetitive. Since 1983, technological ad-
nees have substantially cut the cn;t'of
a-md power. Asa yesult, the growth of in-
iaﬂed capacity has grown dramatically

with 2,768 megawaits of capacity in January 2007. {Photo by John Meud/Science Plolo

Library/Photo Researchers, Inc.)
= . poemnm

suitable site for inslalling a wind-energy.
cility. Generally a minimum, anaual average
wind speed of 21 kilometers {13 miles) pats
hour is necessary for a utility-scale wir
power plant.

The power available in the wind is pry*
portional to the cube of its speed. Thus

{ABEE 18.A World Leaders
inWind Energy Capacity

Capacity (megawatts®)

20,622

. . Germany -
turbine operating at a site with an averap Spain 11,615
wind speed of 12 mph could in theory ger United States 11,608
erate about 33 percent more clactricity than Jncha 6,270
one at an 11-mph site, because the cube g Denmark 3,136
12 (1,768) is 33 percent larger than the cube ohina 2,604
of 11 (1,331). (In the real world, the turbing ltaly 2,123
will not produce quite that much electric? Unigd Kingdom 1,963
ity, but it will stil] generate much maore Portugal 1,716
than the 9 percent difference in wind France 1,567
speed.) The important thing to understand Rest of world 11,004
is that what seems like a small difference World total o —

“ ma-gE\;aitis snou_g-.elsmmiwto supply
250-300 average American households.
source: Global Wind Energy Council,

in wind speed can mean a large difference
in available energy and in electricity pro:
duced, and therefore a large difference in
the cost of the electricity generated. Also

to Pacific storms, which move toward Alaska during the
warm months, thus producing an extended dry season for
much of the West Coast. The number of cyclones generated
is seasonal as well, with the largest number occurring in the
coaler months when the temperature gradients are greatest.
This fact is in agreement with the role of cyclonic storms in the
distribution of heat across the midlatitudes.

Local Winds

Having examined Earth's large-scale circulation, let us turn
briefly to winds that influence much smaller arcas, Remem-
ber that all winds are produced for the same reason: pressure
differences that arise because of temperature differences that
are caused by unequal heating of Earth’s surface. Local winds
are simply small-scale winds produced by a locally gener-
ated pressure gracient. Those described here are cavsed either
by topographic effects or variations in surface compaosition
in the immediate area.

Land and Sea Breezes

In coasta) areas during the warm summer months, the Jand *:
surface is heated more intensely during the daylight hours .

than is the adjacent body of water (see the section “Land and
Water” in Chaptcr 16). As a result, the air above the land sur-
face heats, expands, and rises, creating an area of lower pres-
sure. A sea breeze then develops, because cooler air over the
water (higher pressure) moves toward the warmer land
(lower pressure) (Figure 18.18A). The sea breeze begins to de-
velop shortly before noon and generally reaches its grealest
intensity during the mid- to late afternoon. These relatively .
cool winds can be a significant moderating influence on af-

the waler moves onto the
fhan the sea, generating an offshore

-5

<1000 mb ‘——*!'7"— =

1004 b el
ternoon temperatures in coastal areas. 1008 mib _,“k\
Atnighl, the reverse may take place. The land cools more r )

rapicly than the sca, and the land bieeze develops (Figure 1016 mb S

18.18B). Small-scale sea breezes can also develop along the -
shores of large lakes. People who live in a city near the Great
Lakes, such as Chicago, recognize this lake effect, especjauy

in the summer. They are reminded daily by weather reports A Sea hreeze

(Table 18.A}. Worldwide, the total umou:nF
of installed wind power grew from 7,636
megawatts in 1997 to 74,223 megawatts al
the chose of 2006, That is enough to supp]y
more than 16 million average American
households. By the end of 2006, U.?.‘capac—
ity exceeded 11,600 megawatis and in 2007
an additional 3,000 megawatts of capacity
were expected to be added (Rigure 18.B).
The U.S. Department of Energy has an-
nounced a goal of obtaining 5 percent of

FIQURE 188 U S -installed
wind-power capacity (in
megawatis). Growth in lrecenl
years has been dramatic. By
January 2007, U.S. capacity
reached 11,603 megawalts,
That is enough elactricity
1o serve the equivatent of
3 million average U.S.
nouseholds, Utllity wind-
pawer projects plannad for
2007 will add an additional
3,000 megawatts of wind
capacity. (Data from u.s
Department of Energy and
Amarican Wind Energy
Assocition)

i the air
HGURE 18.18  llustration of & sea breeze and a land breeze. A, During the daﬂgz;::::“ m.:lr
" i Cooler al
, creating an area of lower presaure
e e 1 T;r?;n::n:vaﬂngz gea breaze. B, At night the land cools more rapidly
: flow called a fand breeze.

B. Land breeze

U.8. electricity from wind_by the_ year
2020—a goal that seems consistent w1th. the
curtent growth rate of wind enerpy nation-
wide. Thus, wind-generatv:d cleﬁlt[rmry
ceems to be shifting from being an alter-
native” to being a “mainstream” energy

soutrce.

+ American Wind Energy Association, “Wind Encrgy

Basics” http: Hw-mw.awen.mg.'hqlww{,basiu,hunl
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558 CHAPTER 19  Weaiher Patterns and Severs Storms

Enhanced Fujita Intensity Scale
Wind Spead

TABLE 19,1

Scale  KmHr MifHr Damage .

EF-0 105137  65-85 Light. Some damage to siding and shinglas, : i

EF-1 138-177 86-110 Moderate. Considerable roof damage. Winds can upraot trees and overtumn single-wide moblle homes, .
Flagpoles bend.

EF-2 178-217 111-135 Considarable. Mast single-wide homes destroyed. Permanent homes can shift off foundations, Flagpoles
collapse, Softwood trees debarked.

EF-3 218-265 136-185 Severe. Hardwood trees debarked. All but small portlons of houses destroyed,

EF-4 266-322 166-200 Devastating. Complete destruction of well-built residences, large sections of sehool bulldings.

EF-8 =322 =200 Incredible. Significent structural deformation of mid- and high-rise buildings.

:Ths original Fulita scale was developed by T. Theadlore Fujita in 1971 and put into use In 1973. The Enhanced Fujita Scale I8 a revision that was pu;
_into use in Fabruary 2007. Wind speeds are estimates (not measurerents) based on damage. i

.._Sofu(/(m[;s ._gimwfrfm.eé_/dsé wrena

Someone told me that my house could explode if I don't open
windows when a tornado is approaching. Is that true?

No.The drop in atmospheric pressure associated with the pas-
sage of a tornado plays a minar role in the damage process, Most
structures have sufficient venting to allow for the sudden drop
in pressure. Opening windows, once thought to be a way of min-
imizing damage by allowing inside and outside atmospheric
pressure to equalize, is no longer recommended. In fact, if a tor-
nado gets close enough to a structure for the pressure drap to be
experienced, the strong winds will have already caused signifi-
cant damage.

some question as to the causes of tomadocs, there certainly
is no question about the destructive effects of these violent
storms (Pigure 19.228).

Tornado Forecasting

Because severe thunderstorms and tornadoes are small and
relatively short-lived phenomena, they are among the most
difficult weather features to forecast precisely. Nevertheless,
the prediction, the detection, and the monitoring of such
storms are among the most important services provided by
professional meteorologists. The timely issuance and dis-
semination of watches and warnings are both critical to the
protection of life and property (Box 19.2).

The Storm Prediction Center (SPC) located in Norman, Ok-
Iahoma, is part of the National Weather Service (NWS) and
the National Centers for Environmental Prediction (NCEP),
Tts mission is to provide timely and accurate forecasts and
watches for severe thunderstorms and tormadoes.

Severe thunderstorm outlooks are issued several times daily.
Day 1 outlooks identify those areas likely to be affected by se-
vere thunderstorms during the next 6-30 howrs, and day 2 out-
looks extend the forecast through the following day. Both
outlooks describe the type, coverage, and intensity of the se-
vere weather expected. Many local NWS field offices also issue
severe weather outlooks that provide a more local description
of the severe weather potential for the next 12-24 hours.

Tornado Watches and Warnings  Tornado watches alegt e
public to the possibility of tornadoes over a specified area fo;
a particular time interval. Watches serve to fine-tune forecast.
areas already identified in severe weather outlooks. A typiea]
watch covers an area of about 65,000 square kilometers.
(25,000 square miles) for a four- to six-hour period. A tornads
watch is an important part of the tornado alert system be:
cause it sets in motion the procedures necessary to deal ade:
quately with detection, tracking, warning, and response:
Watches are generally reserved for organized severe weather
events where the tornado threat will affect at least 26,600
square kilometers (10,000 square miles) and/or persist for at
least three hours. Watches typically are nol issued when thi
threat is thought to be isalated and /or short-lived.
Whereas a fornado watch is designed to alert people to the
possibility of tornadoes, 2 tornado warning is issued by local
officcs of the National Weather Service when a tornado has ac-
tually becn sighted in an area or is indicated by weather radar.
It warns of a high probability of imminent danger. Wamings
are fssued for much smaller areas than watches, usually cov-
ering portions of a county or counties, In addition, they are in
effect for much shorter periods, typically 30-60 minutes, B
causc a tomado warning may be based on an actual sighting,
warnings are occasionally issued after a tornado has already
developed. However, most warnings are issued prior to for-
nado formation, sometimes by several tens of minutes, based
on Doppler radar data and/or spotter reports of funnel clouds.
If the direction and the approximate speed of the storm
are known, an estimate of its most probable path can be made.
Because tornadoes often move erratically, the waining areais .

..S)fuc/en[:s _g)omefimed./‘f;d/; -

What 1s the most destructive tornado on record?

One tornado easily ranks above all others as the single most dan- 2
gerous and destructive. Known as the Tri-state tornado, it 0 5
curred on March 18, 1925, Its path is labeled on Figure 19.21.
Starting in southeastern Missouri, the tornado remained on the
ground for 352 kilometers (219 miles), finally ending in Indjana.
The losses included 695 dead and 2,027 injured. Properly losses
were also great, with several small towns almost totally destroyed.-

p0X 19.2 » PEOPLE AND THE ENVIRONMENT |
Surviving a Violent Tornado

About 11:00 AM. on Tuesday, July 13, 2004,
much of northern and central llinois was

ut on a tornado watch. A large supercell
had developed in the northwestern part of
the state and was moving southeast into a

very unstable environment (Figure 19.B}. A

few houre later, as the supercell entered

“Woodford County, rain began to fali and the

stormshowed signs of becorning severe. The
National Weather Service (NWS) issued a
sepere thunderstorm waring at 2:29 pm. CDT.
Minutes afterward a tornado developed.
Twenty-three minutes later, the quarter-
mile-wide twister had carved a 9.6-mile-long
path across the rural Tinois coundryside.
What, if anything, made this storm spe-
cial or unique? After all, it was just one of a
record-high 1,819 tornadoes that were re-
ported in the Uniled States in 2004. For one,
this tornado attained FF4 status for a por-
tion of it life. The NWS estimated that max-
imum winds reached 240 miles per hour.
Fewer than 1 percent of tornadoes attain this
level of severity. However, what was most
rematkalile s that no one was killed or in-
jured when the Parsons Manufacturing fa-
cility west of the small town of Roanoke
took a direct hit while the storm was most
intenge. At the time, 150 people were in
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" FIGURE 19.B On July 13, 2004, an EF4

tornado cut a 23-mile path through the rural
liinois countryside near the Woodford County
town of Roanoke. The Parsons Manufacturing
plant was just west of town.

three buildings thal comprised the plant.
The 250,000-square-foot facility was flat-
tened, cars were twisted into gnarled
masses, and debris was strewn for miles
(Figure 19.C).

How did 150 people escape death or in-
jury? The answer is foresight and planning.
More than 30 yenrs earlier, company owner
Boh Parsons was inside his first factory
when a small tormadoe passed close enough
to blow windows ouf. Later, when he built
a new plant, he made sure that the rest-

rooms were constructed to double as tor-
nado shelters with steel-reinforced concrete
walls and eight-inch-thick concrete ceilings.
In addition, the company developed a se-
vere weather plan. When the severe thun-
detstorm warning was issued at 2:29 PM. on
Tuly 13, the emergency respanse team leader
at the Parsans plant was immediately noti-
fied. A few moments later he went outside
and observed a rotating wall cloud with a
developing funnel cloud. He radiced back
to the office to institute the company’s se-
vere weather plan, Employees were told to
immediately go to their designated storm
shelter. Dveryone knew where to go and
what to do because the plant conducted
semi-annual tornado drills. All 150 people
reached a shelter in less than four minutes.
The emergency response team leader was
the last person to reach shelter, less than two
minutes before the tornado destroyed the
plant at 2:41 EM.

The total number of tornado deaths in
2004 for the entire United States was just 36.
The toll could have been much higher, The
building of tornado shelters and the devel-
opment of an effective yevere storm plan
made the difference between life and death
for 150 people at Parsons Manufacturing.

FIGURE 19.C The quarter-mile-wide ternado had wind speasds reaching 240 miles per hour. The
destruction at Parsons Manufacturing was devastating. (Photos courtesy of NOAA)

fan-ghaped downwind from the point where the tornado has
been spotted, Improved forecasts and advances in technol-
ogy have contributed to a significant decline in tornado
deaths over the past 50 years.

Dappler Radar Many of the difficulties that once limited the
accuracy of tornado warnings have been reduced or elimi-
nated by an advancement in radar technology called Doppler
radar. Doppler radar not only performs the same tasks as con-
ventional radar but also has the ability to detect motion di-

rectly (Figure 19.23). Doppler radar can detect the inittal for-
mation and subsequent development of a imesocyclone. Almost
all mesocyclones produce damaging hail, severe winds, or tor-
nadoes, Those that preduce tornadoes (about 50 percent) can
sometimes be distinguished by their stronger wind speeds
and their sharper gradients of wind speeds.

[t should alse be pointed out that not all tornado-bearing
storms have clear-cut radar signatures and that other storms
can give false signatures. Detcction, therefore, is sometimes
asubjective process and a given display could be interpreted




