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Exploring the Changing Global Environment

features written by expert
contributors present brief case
studies on natural and human-caused
environmental change, exploring
important contemporary events and
implications for the future.

EnvironmentalAnalysis_Cloud Climatology

The International Satellite Cloud
Climatology Project (ISCCP) collects
cloud data from weather satellites of
several nations to help us understand
the role of clouds in climate.

DATA (v
Cloud Climatology|

di 2.html, the
ISCCP website. Retain the variable “Total Cloud Amount (%)”
and time period “Mean Annual”; then click “View.”

1. The map indicates the average annual percentage of
cloud-covered sky. What is the range of cloud cover
amounts in the far north? In the far south?

2. In general, is cloud cover higher over oceans or land?
What would cause this?

Go back and select the variable “Mean Precipitable Water

for 1000680 mb”; then click “View.”

3. The map indicates how much moisture is available for
precipitation in the lower half of the troposphere.
How much precipitable water is available in the far
north?

4. Notice that precipitable water amounts are high in
equatorial regions and decrease poleward, as do
temperatures. Why are precipitable water and tem-
perature related in this way?

Go back and select the variable “Mean Precipitable Water

for 680-310 mb”; then click “View."

5. The map indicates how much moisture s available for
precipitation in the upper half of the troposphere.
Again, precipitable water is most abundant in equato-
rial regions. What type of cloud is likely to form there?

6. Recall the patterns of cloud cover (Activity 1) and
precipitable water (Activity 3) in the far north. What
types of clouds are most likely to form in the far
north? It may help to refer to Figure 6-14.

@ Growing a City in the Desert

Bradley Shellito, Youngstown State University

At the end of 2015, the world population
was an estimated 7.3 billion people, up
from 5 billion in 1987. As a result of this tre-
mendous growth, extensive demand is under
way to provide housing, industries, and
amenities for everyone across the planet—
sometimes in the unlikeliest of environments.
For instance, in Saudi Arabia, crops are grown
in the desert, while China's Pearl River Delta,
which was mostly rural only 30 years ago, is
now the world's largest urban area.

Viva Las Vegas: For several years, Las
Vegas, Nevada, has been one of the fastest-
growing cities in the United States. Accord-
ing to the U.S. Census Bureau, the Las Vegas
area grew to over 1.1 million persons by 2014,
almost a 300 percent growth rate from 1990.
In addition, visitors in 2014 numbered over
41 million, about double the number in 1990.
That's a huge amount of people living, work-
ing, and touring in a city built in the middle
of a desert ecosystem. Las Vegas sits within a
basin in the Mojave Desert, and sidewalks in
new housing developments at the city's edges
lead straight into the desert.

This level of urban development in a
desert environment brings plenty of chal-
lenges and questions, particularly concern-
ing water usage and sustainability. Water
levels in a reservoir of the Colorado River at
Lake Mead, the main source of water for the
region, have been dropping. Water conserva-
tion efforts are now in place to aid sustaina-
bility, including returning indoor wastewater
consumption to the lake, limits and prohi-
bitions on the planting of turf grass, and
watering restrictions in public places.

Geospatial technologies can be used to
examine the “big picture” of the growth of Las
Vegas and its environs and provide the moni-
toring needed to maintain sustainable growth
measures. Satellite remote sensing allows us
o view the expansion of urban development
spatially, so we can see where the ity is grow-
ing and at what rates. For instance, the Landsat
satellite archive, stretching back over 40 years
for intervals of every 16 days, allows us to keep
a constant eye on urban growth within fragile
ecosystems. Landsat imagery of Las Vegas in
1984 and 2011 (Figure 2-A) gives a dramatic
look at the growth in urban developments
(including houses, shops, utilities, and tourist
locations) necessary to accommodate the grow-
ing population and visitors. With this monitor-
ing, we can then use geographic information
systems (GIS; discussed later in this chapter) to
analyze different planning and water manage-
ment strategies for the city.

Artificial Archipel-
ago: Las Vegas is not
the only site for which
geospatial technologies
can help in monitoring
and planning. For exam-
ple, the Palm Islands in
the Persian Gulf, just off
the coast of Dubai in the
desert country of the
United Arab Emirates, is
an archipelago that was
built for touristry. Build-
ing a series of islands
out of sand and rocks to
be used as resorts and
hotels brings with it a
series of environmental
challenges, but their
growth can be moni-
tored through remote
sensing technologies
(Figure 2-B). Remote
sensing is especially use-
ful for monitoring envi-
ronmental conditions
such as water quality

(b) Las Vegas, 2011

in the region as well as 4 Figure 2-A Las Vegas in (a) 1984 and (b) 2011 as viewed by the

documenting urbaniza-
tion and the environ-
mental consequences of development. For
example, see the growth of the Palm Islands at
httpi/earthobservatory.nasa.gov, NASA's Earth
Observatory (search for "World of Change:
Urbanization of Dubai*). Similarly, the Time-
lapse app (http:/world.time.com/imelapse/)
allows you to view yearly Landsat imagery
from 1984 until 2012 of locations around Earth
(including Las Vegas and Dubai).

Looking Ahead: Earth's population is
expected to climb to 9 billion people by 2040
and to continue to grow. This dramatic growth
will carry with it a variety of environmental
impacts all around the world. Remote sensing
satellites will allow us to monitor these kinds

(a) Dubai, 2000

Landsat 5 TM sensor.

of impacts and growth; GIS will et us analyze

the patterns. By looking through the lens of
patial we can

global environmental impacts and plan for a

sustainable future.

Questions

1. How can ity officials use satellite
imagery taken at regular intervals to
make decisions for smart growth or sus-
tainability strategies?

2. What other types of sustainability chal-
lenges do urban developments in desert
and coastal ecosystems face? How can
remote sensing be used to address them?

Palm Islands

A Figure 2-B Satellite imagery of Dubai in (a) 2000 and (b) 2011. Here vegetation appears in red.

at the end of each chapter send students online
to use a variety of interactive science resources
and data sets to perform data analysis and critical

thinking tasks.


http://earthobservatory.nasa.gov
http://world.time.com/timelapse/
https://goo.gl/9EFghL
http://isccp.giss.nasa.gov/products/browsed2.html

Mobile-Ready Media Brings Geography to Life

have students
accompany acclaimed
photographer and pilot
Michael Collier in the air
and on the ground to
explore iconic landscapes
of North America and
beyond. Readers scan
Quick Response (QR) links
in the book to access the
20 videos as they read.
Also available within
MasteringGeography.

take students out into
the field through narrated and annotated quadcopter footage, exploring
the physical processes that have helped shape North American landscapes.
Also available within MasteringGeography.
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Structured Lea

rning to Guide Students

frame the big ideas and
important topics of each

chapter, and inform the

Learning Outcomes in the
MasteringGeography item library.

integrated throughout chapter
sections give students a chance to
stop and check their understanding
as they read. Answers are available
at the back of the book.

As you study this chapter, think about these KeyQuestions:
¢ How is a map different from a globe?
e What is meant by the scale of a map?

¢ What are the differences between equivalent (“equal area”) maps and
conformal maps?

¢ Why are different map projections needed?

* How do isolines convey information on a map?
¢ How does a GPS unit know where we are?

¢ What is remote sensing?

* How does GIS help us analyze geographic data?

LearningCheck 2-9 How does a digital elevation model
convey the topography of Earth’s surface?

LearningCheck 2-10 How does GPS determine locations?

LearningCheck 2-11 what are the differences between
near infrared and thermal infrared images, and what kinds of
features might be studied with each?

at the beginning and end of each chapter ask students to perform

visual analysis and critical thinking

tasks that test their initial

assumptions before they read the chapter and their understanding

of key chapter concepts after they

have read the chapter.

Geographically

Look again at the photograph of the tornado at the beginning of the chapter (p. 174).
How might the topography of this region influence the likelihood of tornadoes?

Why are spring and early summer the most common times for tornadoes? Why does the

funnel cloud
the ground?

look different near the cloud base than where it comes in contact with



http://www.windows2universe.org
http://www.ncdc.noaa.gov
https://goo.gl/NjmQEK
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Acoaslal engineer wishes to know what
will be the future impact of sea-level
rise and increased storm surge on coastal
wetlands. An emergency manager needs to
know how best to evacuate residents during
a hurricane. A city planner wants to know
the future impact that land-use changes will
have on the emission of carbon dioxide and
other greenhouse gases. In each case, geo-
graphic information systems (GIS) can help
bring together geographic facts that are
relevant to decisions about natural and built
environments. Such a system first assimilates
and brings together spatial data—data that
include geographic location or coordinates—
from multiple sources, which may include
government data clearinghouses, state agen-
cies, and field measurements. It then overlays
all of the data in a common reference frame
of coordinates as layers (see Figure 2-26).

photo

features highlight the
real-world people and

professions in geography

and science today.

features provide
coverage of
renewable and
nonrenewable
energy resources,
authored by expert
contributors.

(a) 1992

Geographic Decision Making

Keith Clarke, University of California—Santa Barbara

(b) 2050

A Figure 2-D Land use in Little Rock, Arkansas, (a) in 1992; (b) as predicted for 2050
by GIS modeling. (Red = developed; orange = cropland; yellow = pasture; dark green =
evergreen forest.)

PracticingGeography

icingGeography

_ Pract

Real-World Applications of Physical Geography

features,
many written
by expert
contributors,
present
in-depth

case studies
of special
applied topics
in physical
geography.

Transitioning from Fossil Fuels

» Michael E. Mann, Penn State University

Fossil fuels (coal, oil, and natural gas) are
the product of millions of years of accu-
mulated energy from sunlight, absorbed in
plant life and trapped as hydrocarbon matter
beneath Earth’s surface. Although fossil fuels
have been the primary energy source power-
ing human civilization since the dawn of the
industrial revolution, a transition to newer,
cleaner forms of energy is now underway.

Historical Significance of Fossil
Fuels: Before the use of fossil fuels, people
did most mechanical work by using their own
muscle power and that of animals, both ulti-
mately derived from the Sun’s energy stored
in plants through photosynthesis and plant-
eating animals (discussed in Chapter 10). The
shift to fossil fuels led to machinery that ran
without the force of muscle power, such as
steam engines, and eventually to electri-
cal power generation and automobiles. This
change allowed for dramatic gains in labor
productivity and the growth of transportation
networks. Moreover, the increasing reliance
on fossil fuels freed up thousands of acres that

which required scrubbers in factory smoke
stacks to remove SO, emissions, has largely
alleviated that problem. However, a more
fundamental environmental threat arises
from the fact that all fossil fuel use emits
carbon dioxide (CO,), the primary human-
produced greenhouse gas causing global
climate change (discussed in Chapter 4).
Moreover, the uneven distribution of fos-
sil fuels creates geopolitical conflict over
access to, and control over, energy resources.
Although this problem is most visible in con-
flicts over oil (as in the Middle East), other
areas of contention include natural gas pipe-
lines in the Ukraine and North America and
“fracking” (see Chapter 13) and mountain-
top coal mining in the United States.

Alternative Energy: Support for
switching to alternative energy has been
growing among scientists, policymakers,
and the public in recent decades. Most
alternatives to fossil fuels generate electric-
ity. Electricity is primarily generated by the
combustion of coal or gas to create steam

PracticingGeography

A Figure 3-E National Renewable Energy
Laboratory scientists experimenting with ways to
make solar cells more efficient..

to generate electricity ultimately depends
on when the wind blows. Solar power har-
nesses direct sunlight to generate electricity
through either photovoltaic cells or the boil-
ing of water to create steam (see Chapter 4).
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Before, During, and After Class

Mobile Media and Reading Assignments Ensure Students Come to Class Prepared.
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gives students access
to the text whenever and wherever they can access the internet. eText
personalize each features include:

student’s learning e Now available on smartphones and tablets.

experience. Created * Seamlessly integrated videos and other rich media.

to allow students to e Fully accessible (screen-reader ready).

acquire knowledge e Configurable reading settings, including resizable type and night
on their own and reading mode.

be better prepared e Instructor and student note-taking, highlighting, bookmarking, and
for class discussions search.

and assessments, this

mobile app is available ) . -
for i0S and Android Pre-Lecture Reading Quizzes are easy to customize

devices. & assign
NEW! Reading Questions ensure that students complete the assigned
reading before class and stay on track with reading assignments.
Reading Questions are 100% mobile ready and can be completed by
students on mobile devices.



with MasteringGeography™

DURING CLASS
Learning Catalytics™ and Engaging Media

What has Teachers and Students excited?
Learning Cataltyics, a ‘bring your own device’
student engagement, assessment, and classroom
intelligence system, allows students to use their
smartphone, tablet, or laptop to respond to
questions in class. With Learning Cataltyics, you
can:

e Assess students in real time using open-
ended question formats to uncover student
misconceptions and adjust lecture accordingly.

e Automatically create groups for peer instruction
based on student response patterns, to optimize
discussion productivity.

Coeagpapty Professor | Teanon | Log o
sees0 Verizon LTE 12:55 PM o 80% .

F—— & learningcatalytics.com  C
64572001 | 2 students

[ Session 64922001

Click on one area where the oldest oceanic
lithosphere could be found:

FA Sand A massana in the instnictor

Enrich Lecture with Dynamic Media

Teachers can incorporate dynamic media into lecture, such as Videos,
Mobile Field Trip Videos, MapMaster Interactive Maps, Project Condor
Quadcopter Videos, and Geoscience Animations.



Mastering Geography™

MasteringGeography delivers engaging, dynamic learning opportunities—focusing on course
objectives and responsive to each student’s progress—that are proven to help students absorb
physical geography course material and understand challenging geography processes and concepts.

Easy to Assign, Customizable, Media-Rich, and Automatically Graded Assignments
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from such
sources as the BBC and The Financial Times
are now included in addition to the videos
from Television for the Environment’s Life and
Earth Report series in MasteringGeography.
Approximately 200 video clips for over
30 hours of footage are available to students
and teachers in MasteringGeography.

are inspired by GIS, allowing students
to layer various thematic maps to analyze
spatial patterns and data at regional and global
scales. This tool includes zoom and annotation
functionality, with hundreds of map layers
leveraging recent data from sources such as
NOAA, NASA, USGS, United Nations, and the CIA.

have students accompany acclaimed
photographer and pilot Michael Collier
in the air and on the ground to explore
iconic landscapes of North America and
beyond. Readers scan Quick Response
(QR) links in the book to access the 20
videos as they read. Also available within
MasteringGeography with assignable
assessments.




www.MasteringGeography.com

Part A - Typns of convergent plate boundaries
Idanaty aach fype of convergent piate boundary. are

highly visual and data-rich coaching items
with hints and specific wrong answer
feedback that help students master the
toughest topics in geography.

comerpanes || emergercs |

take students out into the
field through narrated and annotated
quadcopter video footage, exploring the
physical processes that have helped shape
North American landscapes.

(Google Earth)
activities provide rich, interactive
explorations of physical geography
concepts, allowing students to visualize
spatial data and tour distant places on
the virtual globe.

North ¢ =\ »
America - 23 74NN FNorth Afiantic

i P ¥ . Ocean help students visualize the most
challenging physical processes
in the physical geosciences with
schematic animations that include
audio narration. Animations
include assignable multiple-choice
quizzes with specific wrong
answer feedback to help guide
students toward mastery of these
core physical process concepts.


http://www.MasteringGeography.com
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Covering the most difficult-to-visualize topics in physical geography, the Geoscience Animations can be accessed by
students with mobile devices through Quick Response Codes in the book, or through the MasteringGeography™ Study

GEOSCIENCE ANIMATIONS

Area. Teachers can assign these media with assessments in MasteringGeography™.
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1

10

"

Introduction to Earth

Mobile Field Trip: Introduction to Physical
Geography

Portraying Earth

Mobile Field Trip: Introduction to Physical
Geography

Studying Fires Using Multiple Satellite Sensors

Introduction to the Atmosphere

Ozone Hole

Coriolis Effect Merry Go Round

Insolation and Temperature

Seasonal Radiation Patterns

Ocean Circulation Patterns—Subtropical Gyres
Seasonal Changes in Temperature

Atmospheric Pressure and Wind

El Nifio

La Nina

Mobile Field Trip: El Nifio

Atmospheric Moisture

Hydrological Cycle

Mobile Field Trip: Clouds: Earth’s Dynamic
Atmosphere

Atmospheric Disturbances
2005 Hurricane Season
Hurricane Sandy

Climate and Climate Change

Mobile Field Trip: Climate Change in the Arctic
18,000 Years of Pine Pollen

Temperature and Agriculture

The Hydrosphere

Hydrological Cycle

Mobile Field Trip: Moving Water Across
California

Mobile Field Trip: Mammoth Cave

Cycles and Patterns in the Biosphere

Global Carbon Uptake by Plants

Mobile Field Trip: Forest Fires in the West

Terrestrial Flora and Fauna

Mobile Field Trip: Cloud Forest

Climate, Crops, and Bees

12

13

14

15

16

17
18

19

20

VIDEO (M
Yosemite

Soils https://goo.gl/iXSy3f
Mobile Field Trip: The Critical Zone
Maps of Soil Moisture

California Drought

Introduction to Landform Study
Mobile Field Trip: Yosemite

Mobile Field Trip: Oil Sands

Black Smokers

The Internal Processes

Mobile Field Trip: San Andreas Fault

Mobile Field Trip: Kilauea Volcano

Project Condor: Cinder Cones and Basaltic Lava
Flows

Project Condor: Monoclines of the Colorado
Plateau

Project Condor: Identifying Anticlines
and Synclines

Project Condor: Faults versus Joints

Weathering and Mass Wasting
Project Condor: Jointing
Mobile Field Trip: Landslide!

Fluvial Processes

Mobile Field Trip: Streams of the Great Smoky
Mountains

Project Condor: Meandering Rivers

Mobile Field Trip: Mississippi Delta

Project Condor: River Terraces and Base Level

Karst and Hydrothermal Processes
Mobile Field Trip: Mammoth Cave

The Topography of Arid Lands
Project Condor: Characteristics of Alluvial Fans
Mobile Field Trip: Desert Geomorphology
Glacial Modification of Terrain
Mobile Field Trip: The Glaciers of Alaska
Mobile Field Trip: Climate Change in the Arctic
Coastal Processes and Terrain
Summertime/Wintertime Beach Conditions
Mobile Field Trip: Gulf Coast Processes
Movement of Sand in Beach Compartment
Mobile Field Trip: Cape Cod: Sculpted by Ice
& Storm

XV


https://goo.gl/iXSy3f

GEOSCIENCE ANIMATIONS xiv
VIDEOS xv

PREFACE xxv

DIGITAL & PRINT RESOURCES  xxviii
DEDICATION xxx

ABOUT THE AUTHORS  xxxi

1 Introduction to
Earth 2

Geography and Science 4
Studying the World Geographically 4
The Process of Science 6
Numbers and Measurement Systems 6
FOCUS p Citizens as Scientists 7

Environmental Spheres and Earth Systems 8
Earth’s Environmental Spheres 8
Earth Systems 9

Earth and the Solar System 10
The Solar System 10
The Size and Shape of Earth 11

The Geographic Grid—Latitude and Longitude 12
Latitude 13
Longitude 15
Locating Points on the Geographic Grid 16

Earth-Sun Relations and the Seasons 17
Earth Movements 17
The Annual March of the Seasons 19
Seasonal Transitions 20
Significance of Seasonal Patterns 22

Telling Time 22
Standard Time 22
International Date Line 23

GLOBAL ENVIRONMENTAL CHANGE » Images of Earth

at Night 25
Daylight-Saving Time 25
LearningReview 25
EnvironmentalAnalysis 27

XVi

2 Portraying Earth

Maps and Globes 30
Maps 30

Map Scale 30
Scale Types 30
Large-Scale and Small-Scale Maps 32

Map Projections and Properties 32
Map Projections 33
Map Properties 33

Families of Map Projections 34
Cylindrical Projections 34
Planar Projections 35
Conic Projections 36
Pseudocylindrical Projections 36

Conveying Information on Maps 37
Map Essentials 37
Isolines 37
Portraying the Three-Dimensional Landscape 39

GNSS—Global Navigation Satellite System 40

Remote Sensing 41
Aerial Photographs 41

28

GLOBAL ENVIRONMENTAL CHANGE » Growing a City

in the Desert 42
Visible Light and Infrared Sensing 43
Thermal Infrared Sensing 43
Multispectral Remote Sensing 44
Geographic Information Systems (GIS) 47
Overlay Analysis 48
GIS in Decision Making 48
Tools of the Geographer 49
FOCUS P GIS for Geographic Decision Making 50

LearningReview 51
EnvironmentalAnalysis 52

3 Introduction to
the Atmosphere

Size and Composition of the Atmosphere 56
Size of Earth’s Atmosphere 56
Development of Earth’s Modern Atmosphere 56
Composition of the Modern Atmosphere 57

54



Permanent Gases 57
Variable Gases 57
Particulates (Aerosols) 58

Vertical Structure of the Atmosphere 59
Thermal Layers 59
Pressure 60
Composition 61

Human-Caused Atmospheric Change 62

Depletion of the Ozone Layer 62

Air Pollution 64
PEOPLE & THE ENVIRONMENT » The UV Index 65
GLOBAL ENVIRONMENTAL CHANGE » Aerosol Plumes
Circling the Globe 66

Energy Production and the Environment 67

Weather and Climate 67
Weather 67
ENERGY FOR THE 21ST CENTURY » Transitioning from
Fossil Fuels 68
Climate 69
The Elements of Weather and Climate 69
The Controls of Weather and Climate 69
The Coriolis Effect 71
LearningReview 73
EnvironmentalAnalysis 74

4 Insolation and
Temperature 76

The Impact of Temperature on the Landscape 78

Energy, Heat, and Temperature 78
Energy 78
Temperature and Heat 79
Measuring Temperature 79

Solar Energy 80
Electromagnetic Radiation 80

ENERGY FOR THE 21ST CENTURY P Solar Power 81
Insolation 83

Basic Warming and Cooling Processes
in the Atmosphere 83
Radiation 83
Absorption 84
Reflection 84
Scattering 84
Transmission 85
Conduction 87
Convection 87
Advection 87
Adiabatic Cooling and Warming 87
Latent Heat 88

Earth’s Solar Radiation Budget 88
Long-Term Energy Balance 88
Global Energy Budget 89

Contents  xvii

Variations in Insolation by Latitude and Season 90
Latitudinal and Seasonal Differences 90
Latitudinal Radiation Balance 91

Land and Water Temperature Contrasts 92
Warming of Land and Water 93
Cooling of Land and Water 93
Implications 93

Mechanisms of Global Energy Transfer 94
Atmospheric Circulation 94
Oceanic Circulation 94

Vertical Temperature Patterns 97
Environmental Lapse Rate 97
Average Lapse Rate 97
Temperature Inversions 97

Global Temperature Patterns 98

Prominent Controls of Temperature 98

Seasonal Patterns 99

Annual Temperature Range 100

Measuring Global Temperatures 100

Urban Heat Islands 100
GLOBAL ENVIRONMENTAL CHANGE » The Deadly Heat
Waves of 2015 101

FOCUS » Measuring Earth’s Surface Temperature
by Satellite 102

Climate Change and Global Warming 103
Temperature Change Over the Last Century 103
Increasing Greenhouse Gas Concentrations 103
Intergovernmental Panel on Climate Change

(IPCC) 105

LearningReview 105
EnvironmentalAnalysis 107

5 Atmospheric Pressure
and Wind 108

The Impact of Pressure and Wind
on the Landscape 110

The Nature of Atmospheric Pressure 110
Factors Influencing Atmospheric Pressure 110
Mapping Pressure with Isobars 112

The Nature of Wind 112
Direction of Movement 112
Wind Speed 114

Cyclones and Anticyclones 115
ENERGY FOR THE 21ST CENTURY » Wind Power 116

The General Circulation
of the Atmosphere 117
Idealized Circulation Patterns 117
Seven Components
of the General Circulation 118
Subtropical Highs 119




xviii Contents

Trade Winds 121

Intertropical Convergence Zone (ITCZ) 122
The Westerlies 122

Polar Highs 124

Polar Easterlies 124

Polar Front 124

Vertical Patterns of the General Circulation 125

Modifications of the General Circulation 125
Seasonal Variations in Location 125
Monsoons 126

Localized Wind Systems 127

Sea and Land Breezes 127
GLOBAL ENVIRONMENTAL CHANGE » Changes
in the South Asian Monsoon 129

Valley and Mountain Breezes 130

Katabatic Winds 130

Foehn and Chinook Winds 130

Santa Ana Winds 131

El Nino-Southern Oscillation 131
Effects of El Nifio 131
Normal Pattern 132
El Nifio Pattern 132
La Nina 133
Causes of ENSO 133
Teleconnections 134
FOCUS » Multiyear Atmospheric and Oceanic
Cycles 135
LearningReview 136
EnvironmentalAnalysis 137

The Impact of Atmospheric Moisture
on the Landscape 140

The Nature of Water: Commonplace but Unique 140
The Hydrologic Cycle 140
The Water Molecule 140
Important Properties of Water 141

Phase Changes of Water 142
Latent Heat 142
Importance of Latent Heat in the Atmosphere 144

Water Vapor and Evaporation 144
Evaporation and Rates of Evaporation 144
Evapotranspiration 145

Measures of Humidity 145

Actual Water Vapor Content 145

Relative Humidity 146

Related Humidity Concepts 147
GLOBAL ENVIRONMENTAL CHANGE » Extreme Dew Point
Temperatures 148

Condensation 149
The Condensation Process 149

Adiabatic Processes 149
Dry and Saturated Adiabatic Rates 149

Significance of Adiabatic Temperature Changes 151

Clouds 151
Classifying Clouds 151
Fog 154
Dew 155
Clouds and Climate Change 155

Atmospheric Stability 155
Buoyancy 155
The Stability of Air 155
Determining Atmospheric Stability 156

Precipitation 157
The Processes 158
Forms of Precipitation 160

Atmospheric Lifting and Precipitation 161
FOCUS > GOES Weather Satellites 162
Convective Lifting 163
Orographic Lifting 163
Frontal Lifting 164
Convergent Lifting 164

Global Distribution of Precipitation 165
Regions of High Annual Precipitation 165
Regions of Low Annual Precipitation 165
Seasonal Precipitation Patterns 166
Precipitation Variability 167

Acid Rain 167
Sources of Acid Precipitation 168

LearningReview 171
EnvironmentalAnalysis 173

7 Atmospheric
Disturbances

The Impact of Storms on the Landscape 176

Air Masses 176
Characteristics 176
Origin 176
Classification 176
Movement and Modification 176
North American Air Masses 177

Fronts 178
Types of Fronts 178
Cold Fronts 179
Warm Fronts 179
Stationary Fronts 179
Occluded Fronts 179
Air Masses, Fronts, and Major
Atmospheric Disturbances 179

174



Midlatitude Cyclones 180
Characteristics 180
Movements 182
Life Cycle 182
Weather Changes with the Passing of a Midlatitude
Cyclone 184

Occurrence and Distribution 184
FOCUS » Conveyor Belt Model of Midlatitude
Cyclones 185
Midlatitude Anticyclones 186

Characteristics 186

Relationships of Cyclones and Anticyclones 186

Easterly Waves 187

Tropical Cyclones: Hurricanes 187
Categories of Tropical Disturbances 187
Characteristics 188
Origin 189
Movement 189
Damage and Destruction 191
Hurricanes and Climate Change 193

Localized Severe Weather 194
Thunderstorms 194
Tornadoes 196

GLOBAL ENVIRONMENTAL CHANGE » Are Tornado

Patterns Changing? 197
Severe Storm Watches and Warnings 199

FOCUS » Weather Radar 200

LearningReview 201
EnvironmentalAnalysis 203

Change 204

8 Climate and Climate

Climate Classification 206
The Koppen Climate Classification System 206
Climographs 207
World Distribution of Major Climate Types 208

Tropical Humid Climates (Group A) 209
Tropical Wet Climate (Af) 209
Tropical Savanna Climate (Aw) 211
Tropical Monsoon Climate (Am) 213

Dry Climates (Group B) 214
Subtropical Desert Climate (BWh) 215
Midlatitude Desert Climate (BWk) 217

Mild Midlatitude Climates (Group C) 218
Mediterranean Climate (Csa, Csb) 219
Humid Subtropical Climate (Cfa, Cwa, Cwb) 220
Marine West Coast Climate (Cfb, Cfc) 222

Severe Midlatitude Climates (Group D) 223
Humid Continental Climate (Dfa, Dfb, Dwa, Dwb) 223
Subarctic Climate (Dfc, Dfd, Dwc, Dwd) 225

Contents

Polar and Highland Climates (Groups E and H) 226
FOCUS P> Signs of Climate Change in the Arctic 227
Tundra Climate (ET) 228
Ice Cap Climate (EF) 229
Highland Climate (Group H) 230
Global Patterns Idealized 231

Global Climate Change 232
Time Scales of Climate Change 233
Determining Climates of the Past 233
Dendrochronology 233
Oxygen Isotope Analysis 234
Ice Cores 235
Pollen Analysis 236
Remnant Glacial Landforms 236
Speleothems 236

Causes of Climate Change 236
Atmospheric Aerosols 236
Fluctuations in Solar Output 237
Variations in Earth-Sun Relations 238
Greenhouse Gas Concentrations 238
Feedback Mechanisms 239
The Roles of the Ocean 239

Anthropogenic Climate Change 240
Observed Current Climate Change 240
Natural or Anthropogenic Climate

Change? 241

Future Climate Change 242
Using Models to Predict Future Climate 242
Projections of Future Climate 243

Addressing Climate Change 244

GLOBAL ENVIRONMENTAL CHANGE » Disappearing
and Novel Climates 245

Xix

ENERGY FOR THE 21ST CENTURY P> Strategies for Reducing

Greenhouse Gas Emissions 246
International Climate Change Agreements 247
Newly Industrialized Countries 247
Mitigating and Adapting 247

LearningReview 248

EnvironmentalAnalysis 249

9 The
Hydrosphere 250

The Hydrologic Cycle 252
Surface-to-Air Water Movement 252
Air-to-Surface Water Movement 253
Movement On and Beneath Earth’s
Surface 253
Residence Times 253
Energy Transfer in the Hydrologic Cycle 254

The Oceans 254
How Many Oceans? 254




XX Contents

Characteristics of Ocean Waters 255

Movement of Ocean Waters 256
Tides 257
Ocean Currents 258
PEOPLE & THE ENVIRONMENT » The Great Pacific
Garbage Patch 260
Waves 261
Permanent Ice—The Cryosphere 261
Permafrost 262
Surface Waters 264
Lakes 264
Wetlands 267
Rivers and Streams 268
Groundwater 269
Movement and Storage of Groundwater 269
Zone of Aeration 270
Zone of Saturation 270
Waterless Zone 271
Groundwater Mining 271

GLOBAL ENVIRONMENTAL CHANGE » Monitoring
Groundwater Resources from Space 273

LearningReview 275
EnvironmentalAnalysis 276

10 Cycles and
Patterns in the
Biosphere 278

The Impact of Plants and Animals on the Landscape 280

The Geographic Approach to the Study of Organisms 280
Biogeography 280
The Search for a Meaningful Classification Scheme 281
Biogeochemical Cycles 281
The Flow of Energy 282
The Hydrologic Cycle 284
The Carbon Cycle 284
ENERGY FOR THE 21ST CENTURY p> Biofuels 285
The Nitrogen Cycle 286
The Oxygen Cycle 287
Mineral Cycles 289

Food Chains 289
Food Pyramids 290
Pollutants in the Food Chain 290

Biological Factors and Natural Distributions 292
Evolutionary Development 292
Migration and Dispersal 293
GLOBAL ENVIRONMENTAL CHANGE » Honey Bees
atRisk 294
Reproductive Success 295
Population Die-off and Extinction 295
Plant Succession 296

Environmental Factors 297
The Influence of Climate 297

FOCUS P What's Killing Our Forests? 299
Edaphic Influences 300

Topographic Influences 300
Wildfire 300

Environmental Correlations 302
The Example of Tropical Rainforest 302

LearningReview 304
EnvironmentalAnalysis 305

11 Terrestrial Flora
and Fauna 306

Ecosystems and Biomes 308
Ecosystem: A Concept for All Scales 308
Biome: A Scale for All Biogeographers 308

Terrestrial Flora 309
Characteristics of Plants 309
Environmental Adaptations 310
Global Distribution of Plant Associations 311
Vertical Zonation 313
Local Variations 314

Terrestrial Fauna 314

Characteristics of Animals 315

Kinds of Animals 315

Environmental Adaptations 316
FOCUS » Changing Climate Affects Bird
Populations 318

Competition among Animals 320

Cooperation among Animals 320

Zoogeographic Regions 321

The Major Biomes 323
Tropical Rainforest 323
Tropical Deciduous Forest 324
Tropical Scrub 325
Tropical Savanna 325
Desert 327
Mediterranean Woodland and Shrub 328
Midlatitude Grassland 328
Midlatitude Deciduous Forest 329
Boreal Forest 330
Tundra 332

Human Modification of the Biosphere 333
Physical Removal of Organisms 333
Habitat Modification 333
GLOBAL ENVIRONMENTAL CHANGE P Rainforest Loss
in Brazil and Southeast Asia 335
Introduction of Exotic Species 336
Loss of Biodiversity 337
PEOPLE & THE ENVIRONMENT » Invasive Species
in Florida 338
LearningReview 339
EnvironmentalAnalysis 341



12 soils 342

v NN

Soil and Regolith 344
Soil as a Component of the Landscape 344
From Regolith to Soil 344

Soil-Forming Factors 344
The Geologic Factor 344
The Climatic Factor 345
The Topographic Factor 345
The Biological Factor 346
GLOBAL ENVIRONMENTAL CHANGE » Invasive
Earthworms Change Soils as We Know Them! 347
The Time Factor 348

Soil Components 348
Inorganic Materials 348
Organic Matter 349
Soil Air 349

Soil Water 349

Soil Properties 351
Color 351
Texture 352
Structure 352

Soil Chemistry 353
Colloids 353

Cation Exchange 354
Acidity/Alkalinity 354

Soil Profiles 354
Soil Horizons 354

Pedogenic Regimes 356
Laterization 356
Podzolization 356
Gleization 357
Calcification 357
Salinization 357
Climate and Pedogenic Regimes 358

Soil Classification 358
The Soil Taxonomy 358

FOCUS » Soil Differences—They’re All About Scale 359
The Mapping Question 360

Global Distribution of Major Soils 360
Entisols (Very Little Profile Development) 362
Inceptisols (Few Diagnostic Features) 362
Andisols (Volcanic Ash Soils) 363
Gelisols (Cold Soils with Permafrost) 363
Histosols (Organic Soils on Very Wet Sites) 364
Aridisols (Soils of Dry Climates) 364
Vertisols (Swelling and Cracking Clays) 364
Mollisols (Dark, Soft Soils of Grasslands) 365
Alfisols (Clay-Rich B Horizons,

High Base Status) 366
Ultisols (Clay-Rich B Horizons,
Low Base Status) 366

Contents

Spodosols (Soils of Cool, Forested Zones) 367
Oxisols (Highly Weathered and Leached) 367
Distribution of Soils in the United States 368

LearningReview 369
EnvironmentalAnalysis 371

13 Introduction
to Landform
Study 372

XXi

The Structure of Earth 374
Earth’s Hot Interior 374
The Crust 374
The Mantle 374
The Inner and Outer Cores 375
Plate Tectonics and the Structure of Earth 375

The Composition of Earth 375
Minerals 376
Rocks 377
Igneous Rocks 378
Sedimentary Rocks 381
Metamorphic Rocks 384
ENERGY FOR THE 21ST CENTURY » Unconventional
Hydrocarbons and the Fracking Revolution 385
The Rock Cycle 386
Continental and Ocean Floor Rocks 387
Isostasy 388
Utilizing Earth’s Mineral Resources 389
The Study of Landforms 389
GLOBAL ENVIRONMENTAL CHANGE » Technological
Gadgets and the Mining of Rare Earths 389
Some Critical Concepts 390
Internal and External Geomorphic Processes 390
Uniformitarianism 391
Geologic Time 392
Scale and Pattern 394
An Example of Scale 394
Pattern and Process in Geomorphology 395

LearningReview 396
EnvironmentalAnalysis 397

14 The Internal
Processes 398

The Impact of Internal Processes on the
Landscape 400
From Rigid Earth to Plate Tectonics 400
Wegener’s Continental Drift 400
The Theory of Plate Tectonics 402
The Evidence 402
Seafloor Spreading 402
Plate Tectonic Theory 405




xxii Contents

Plate Boundaries 406
Divergent Boundaries 406
Convergent Boundaries 408
Transform Boundaries 409
Plate Boundaries over Geologic Time 411
Additions to Plate Tectonic Theory 412
Hot Spots and Mantle Plumes 412
Accreted Terranes 415
Remaining Questions 416
Volcanism 416
Volcano Distribution 416
Magma Chemistry and Styles of Eruption 418
Lava Flows 418
Volcanic Peaks 420
Volcanic Hazards 423
Volcanic Gases 423
Lava Flows 424
Eruption Column and Ash Fall 424
Pyroclastic Flows 424
GLOBAL ENVIRONMENTAL CHANGE » Have Volcanic
Aerosols Offset Greenhouse Gas Warming? 425
Volcanic Mudflows (Lahars) 426
Monitoring Volcanoes 426
PEOPLE & THE ENVIRONMENT » Human Impacts of Recent
Volcanic Eruptions 428
Intrusive Igneous Features 429
Plutons 429
Tectonism: Folding 430
The Process of Folding 430
Types of Folds 431
Topographic Features Associated with
Folding 432
Tectonism: Faulting 432
Types of Faults 433
Landforms Associated with Normal Faulting 434
Landforms Associated with Strike-Slip Faulting 435
Earthquakes 436
Seismic Waves 436
Earthquake Magnitude 437
Shaking Intensity 437
Earthquake Hazards 437
Ground Shaking 437
Tsunami 438
Earthquake Hazard Warnings 439
Complexities of the Internal Processes—Example of the
Northern Rockies 439
FOCUS » Earthquake Prediction 440
LearningReview 441
EnvironmentalAnalysis 443

15 Weathering and
Mass Wasting 444

Denudation 446

The Impact of Weathering
and Mass Wasting on the Landscape 446

Weathering and Rock Openings 446
Types of Rock Openings 446
The Importance of Jointing 447

Weathering Agents 447
Mechanical Weathering 448
Chemical Weathering 450
Biological Weathering 452
Differential Weathering 453
Climate and Weathering 453

Mass Wasting 453
Factors Influencing Mass Wasting 454

Types of Mass Wasting 454
Fall 454
Slide 456

GLOBAL ENVIRONMENTAL CHANGE » Are Rockfalls
Becoming More Common Around the World? 457
Flow 458
PEOPLE & THE ENVIRONMENT » The Oso Landslide 460
Creep 461
LearningReview 463
EnvironmentalAnalysis 464

16 Fluvial
Processes 466

The Impact of Fluvial Processes on the
Landscape 468

Streams and Stream Systems 468
Streamflow and Overland Flow 468
Valleys and Interfluves 468
Drainage Basins 468
Stream Orders 469
ENERGY FOR THE 21ST CENTURY » Hydropower 470

Fluvial Erosion and Deposition 471
Erosion by Overland Flow 471
Erosion by Streamflow 471
Transportation 472
Deposition 472
Perennial and Intermittent Streams 473
Floods as Agents of Erosion and Deposition 473

Stream Channels 475
Channel Flow 475
Stream Channel Patterns 475

Structural Relationships 477
Consequent and Subsequent
Streams 477
Antecedent and Superimposed
Streams 477
Stream Drainage Patterns 478
The Shaping and Reshaping of Valleys 480
Valley Deepening 480
Valley Widening 482
Valley Lengthening 483
Deposition in Valleys 485



Floodplains 486
Floodplain Landforms 486
Modifying Rivers for Flood
Control 488
Flood Control on the Mississippi
River 488

Stream Rejuvenation 490

PEOPLE & THE ENVIRONMENT » The Future of the
Mississippi River Delta 491

GLOBAL ENVIRONMENTAL CHANGE P Restoring Urban

Streams 492

Theories of Landform Development 494
Davis’s Geomorphic Cycle 494
Penck’s Theory of Crustal Change and Slope
Development 495
Equilibrium Theory 495
LearningReview 495
EnvironmentalAnalysis 497

17 Karst and
Hydrothermal
Processes 498

The Impact of Solution Processes
on the Landscape 500

Dissolution and Precipitation 500

Dissolution Processes 500
Precipitation Processes 500

Caverns and Related Features 501
Speleothems 501

Karst Topography 502
GLOBAL ENVIRONMENTAL CHANGE » Caverns Hold
Evidence of Climate Change 503

Karst Landforms 504
Hydrothermal Features 507

Hot Springs 507
ENERGY FOR THE 21ST CENTURY P Geothermal
Energy 508

Geysers 509

Fumaroles 509

Hydrothermal Features in Yellowstone 510

LearningReview 512
EnvironmentalAnalysis 513

18 The Topography
of Arid Lands 514

A Specialized Environment 516
Special Conditions in Deserts 516

Running Water in Waterless Regions 517
Surface Water in the Desert 517

Contents  xxiii

Fluvial Erosion in Arid Lands 519
Fluvial Deposition in Arid Lands 521
Climate Change and Deserts 522

The Work of the Wind 522
GLOBAL ENVIRONMENTAL CHANGE » Desertification 523
Aeolian Erosion 524
Aeolian Transportation 524
Aeolian Deposition 525
Aeolian Processes in Nondesert Regions 527

Characteristic Desert Landscape Surfaces 529
Erg—A Sea of Sand 529
Reg—Stony Deserts 529
Hamada—Barren Bedrock 530
Two Representative Desert Landform
Assemblages 530

Basin-and-Range Landforms 530
The Ranges 530
Piedmont Zone 531
The Basins 531

Mesa-and-Scarp Terrain 532
FOCUS » Death Valley's Extraordinary Basin-and-Range
Terrain 533
Structure of Mesa-and-Scarp Landforms 534
Erosion of Escarpment Edge 534
Arches and Natural Bridges 535
Badlands 535
LearningReview 536
EnvironmentalAnalysis 537

19 Glacial Modification
of Terrain 538

The Impact of Glaciers on the Landscape 540

Types of Glaciers 540
Mountain Glaciers 540
Continental Ice Sheets 540

Glaciations Past and Present 541
Pleistocene Glaciation 541
Indirect Effects of Pleistocene Glaciations 542
Contemporary Glaciation 544

Glacier Formation and Movement 546
Changing Snow to Ice 546
PEOPLE & THE ENVIRONMENT » Disintegration of
Antarctic Ice Shelves 547
Glacier Movement 548
Glacier Flow versus Glacier Advance 549

The Effects of Glaciers 549
Erosion by Glaciers 549
Transportation by Glaciers 550
Deposition by Glaciers 550

Continental Ice Sheets 551
Development and Flow 551
Erosion by Ice Sheets 552




xxiv Contents

Deposition by Ice Sheets 553 Stream Outflow 578

Glaciofluvial Features 555 GLOBAL ENVIRONMENTAL CHANGE » Impact of
Mountain Glaciers 556 Sea-Level Rise on Islands 579

Development and Flow of Mountain Glaciers 556 Coastal Sediment Transport 579
GLOBAL ENVIRONMENTAL CHANGE » Shrinking Coastal Depositional Landforms 580
Glaciers 557 Sediment Budget of Depositional

Erosion by Mountain Glaciers 558 Landforms 580

Deposition by Mountain Glaciers 562 Beaches 581
The Periglacial Environment 562 sPltS’. 581

Patterned Ground 563 Barrier Islands ) 582 )

Proglacial Lakes 563 Human Alteration of Coastal Sediment

Budgets 584

Causes of the Pleistocene Glaciations 564 .
Shorelines of Submergence and Emergence 585

Climate Factors and the Pleistocene 565
Are We Still in an Ice Age? 565 Coastal Submergence 585
LearningReview 565 Coastal Emergence 587
EnvironmentalAnalysis 567 Coral Reef Coasts 588
Coral Polyps 588
Coral Reefs 589

. LearningReview 592
and Terrain 568 EnvironmentalAnalysis 593

Learning Check Answers AK-1

The Impact of Waves and Currents on the Landscape 570 Appendix | The International System of Units (SI) A-1

Coastal Processes 570

Appendix Il U.S. Geological Survey Topographic Maps A-3
The Role of Wind in Coastal Processes 570 PP g y fopograp P

Coastlines of Oceans and Lakes 570 Appendix Ill Meteorological Tables A-8
Waves 570 Appendix IV The Weather Station Model A-13
Wave Motion 570 Appendix V  Koppen Climate Classification A-19

Wave Refraction 572

Wave Erosion 572 Appendix VI Biological Taxonomy A-21

Tsunami 574 Appendix VII The Soil Taxonomy A-23
Important Shoreline-Shaping Processes 576 Glossary G-1

Tides 5 76 Credits C-2

Changes in Sea Level and Lake Level 576
ENERGY FOR THE 21ST CENTURY P Tidal Power 577 Index |1

Ice Push 578
Organic Secretions 578




McKnight’s Physical Geography: A Landscape Appreciation
presents the concepts of physical geography in a clear, readable
way to help students comprehend Earth’s physical landscape.
The 12th edition of the book has undergone a thorough revision,
while maintaining the time-proven approach to physical
geography first presented by Tom McKnight over 30 years ago.

NEW TO THE 12TH EDITION

Users of earlier editions will see that the overall sequence of
chapters and most topics remains the same, with material
added and updated in several key areas. Changes to the new
edition include the following;:

NEW Global Environmental Change features written by
expert contributors present brief case studies on natural and
human-caused environmental change, exploring important
contemporary events and implications for the future.

NEW Mobile Field Trip Videos have students accompany
acclaimed photographer and pilot Michael Collier in the air
and on the ground to explore iconic landscapes of North
America and beyond. Readers scan Quick Response (QR)
links in the book to access the 20 videos as they read. Also
available within MasteringGeography.

NEW Project Condor Quadcopter Videos, linked via QR
codes, take students out into the field through narrated
quadcopter footage, exploring the physical processes that
have helped shape North American landscapes.

Chapters now open with new “Have You Ever
Wondered...?” questions to engage students in the everyday
big-picture questions for that chapter.

Updated Seeing Geographically features at the beginning
and end of each chapter in the Learning Review ask
students to perform visual analysis and critical thinking
tasks that test their initial assumptions before they read the
chapter and their understanding of key chapter concepts
after they have read the chapter.

New Practicing Geography photo features highlight the
real-world people and professions in geography and science
today.

Energy for the 21st Century features have been updated
with topics including Transitioning from Fossil Fuels; Solar
Energy; Wind Power; Strategies for Reducing Greenhouse
Gas Emissions; Biofuels; Unconventional Hydrocarbons
and the Fracking Revolution; Hydropower; Geothermal
Energy; and Tidal Power.

New Focus features include Citizens as Scientists; GIS for
Geographic Decision Making; Multiyear Atmospheric
and Oceanic Cycles; Soil Differences—They’re All About
Scale; and Death Valley’s Extraordinary Basin-and-Range
Terrain.

Updated and revised Focus features include Measuring
Earth’s Surface Temperature by Satellite; GOES Weather
Satellites; Conveyor Belt Model of Midlatitude Cyclones;
Weather Radar; Signs of Climate Change in the Arctic;
What’s Killing Our Forests?; Changing Climate Affects

Bird Populations; Earthquake Prediction; and Imperiled
Coral Reefs.
Several new People & the Environmment special content features
have been added: Invasive Species in Florida; Human Impacts
of Recent Volcanic Eruptions; and The Oso Landslide. Several
more have been revised for currency: The UV Index; The Great
Pacific Garbage Patch; The Future of the Mississippi River
Delta; and Disintegration of Antarctic Ice Shelves.
The entire art program has continued its thorough revision
and updating by illustrator Dennis Tasa. Over 200 new
diagrams, maps, and photographs are found throughout.
Even the figures that have remained essentially the same
have been updated with minor changes to improve usability.
Each chapter includes a refined learning path, beginning
with a series of new Key Questions to help students
prioritize key issues and concepts.
Throughout each chapter, new and revised Learning Check
questions periodically confirm a student’s understanding of
the material.
An expanded end-of-chapter Learning Review now includes
a capstone activity called Environmental Analysis that
sends students online to use a variety of interactive science
resources and data sets to perform data analysis and critical
thinking tasks.
The findings of the IPCC’s Fifth Assessment Report have
been incorporated throughout.
In Chapter 2, material on GPS and GIS has been updated
and expanded.
In Chapter 4, the material on the greenhouse effect has been
updated and revised.
New diagrams in Chapter 5 illustrate the consequences of
El Nifo.
Chapter 7 includes discussion and illustrations of some of
the latest storms, including 2015’s Hurricane Patricia.
Chapter 8, Climate and Climate Change, has been thoroughly
updated and revised with the latest data and applications,
fully incorporating the latest findings of the IPCC.
Many new and revised diagrams appear in Chapter 14 to
illustrate the internal processes.
Over 130 Quick Response (QR) Codes are integrated
throughout the book to enable students with mobile devices
to access Mobile Field Trips, Condor Quadcopter Videos,
and mobile-ready versions of the Geoscience Animations and
other videos as they read, for just-in-time visualization and
conceptual reinforcement. These media are also available in
the Student Study Area of MasteringGeography, and many
can also be assigned by teachers for credit and grading.
The book is supported by MasteringGeography™, the
most widely used and effective online homework, tutorial,
and assessment system for the sciences. Assignable media
and activities include Geoscience Animations, Videos,
Mobile Field Trip Videos, Project Condor Quadcopter
Videos, Encounter Physical Geography Google Earth™
Explorations, GIS-inspired MapMaster™ interactive
maps, coaching activities on the toughest topics in physical
geography, end-of-chapter questions and exercises, reading
quizzes, and Test Bank questions.
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XXVi Preface

TO THE STUDENT

Welcome to McKnight’s Physical Geography: A Landscape
Appreciation. Take a minute to skim through this book to see
some of the features that will help you learn the material in
your physical geography course:

e You’ll notice that the book includes many diagrams,
maps, and photographs. Physical geography is a visual
discipline, so studying the figures and their captions is just
as important as reading through the text itself.

e Many photographs have “locator maps” to help you learn
the locations of the many places we mention in the book.

e A reference map of physical features of the world is found
inside the front cover of the book, and a reference map of
the countries of the world is found inside the back cover.

® Practicing Geography photo features highlight the real-
world people and professions in geography and science
today.

e Each chapter begins with a quick overview of the material,
as well as a series of questions—think about these questions
as you study the material in that chapter.

e Look at the photograph that begins each chapter. The
Seeing Geographically questions for this photograph will
get you thinking about the material in the chapter and
about the kinds of things that geographers can learn by
looking at a landscape.

* As you read through each chapter, you’ll come across
short Learning Check questions. These quick questions are
designed to check your understanding of key information in
the text section you’ve just read. Answers to the Learning
Check questions are found in the back of the book.

e Each chapter concludes with a Learning Review. Begin
with the Key Terms and Concepts questions—these will
check your understanding of basic factual information
and key terms (which are printed in bold type throughout
the text). Then, answer the Study Questions—these will
confirm your understanding of major concepts presented
in the chapter. Finally, you can try the Exercises—for
these problems you’ll interpret maps or diagrams and use
basic math to reinforce your understanding of the material
you’ve studied.

o Environmental Analysis activities at the end of each chapter
will direct you to interactive science resources and data sets
for broader data analysis and critical thinking.

e Finish the chapter by answering the Seeing Geographically
questions at the end of the Learning Review. To answer
these questions, you’ll put to use things you’ve learned in
the chapter. As you progress through the book, you begin
to recognize how much more you can “see” in a landscape
after studying physical geography.

e The alphabetical glossary at the end of the book provides
definitions for all of the key terms.

e All chapters include Quick Response (QR) codes/icons
that direct you to Mobile Field Trips, Project Condor
Quadcopter Videos, online animations, and other videos
that you can access with your mobile device. Download
free QR scanning apps from the app store for your mobile
device. The animations and videos help explain important
concepts in physical geography and also provide real-world
case studies of physical geography in action. The animations
and videos can also be accessed through the Student Study
Area in MasteringGeography, and can also be assigned for
credit by teachers.
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Instructor Resource Manual (Download) (0134326385).
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SeeingGeographically

NASA created this natural-color, composite satellite image of Earth. What evidence of human presence do you
see here? What might cause the different colors of the ocean areas? The different colors of the land areas?
What relationship might exist between the color of land surfaces and the presence or absence of cloud cover?



Introduction
to Earth

Have You Ever Wondered how we know that human activity is
changing global climate? Or why Seattle residents need to worry about earthquakes
but Minneapolis residents don’t? Or why kangaroos are native to Australia but not to
China? Or even why the days are longer in summer than in winter? These are the kinds
of questions we answer in physical geography.

If you opened this book expecting that the study of geography was going to be
memorizing names and places on maps, you'll be surprised to find that geography is
much more than that. Geographers study the location and distribution of things—
tangible things such as rainfall, mountains, and trees, as well as less tangible things such
as language, migration, and voting patterns. In short, geographers look for and explain
patterns in the physical and human landscape.

In this book you learn about fundamental processes and patterns in the natural
world—the kinds of things you can see whenever you walk outside: clouds in the sky,
mountains, streams and valleys, and the plants and animals that inhabit the landscape.
You also learn about human interactions with the natural environment—how events
such as hurricanes, earthquakes, and floods affect our lives and the world around us, as
well as how human activities are increasingly altering our global environment. By the
time you finish this book, you’ll understand—in other words, you’ll appreciate—the
landscape in new ways.

As you study this chapter, think about these KeyQuestions:
¢ How do geographers study the world?
¢ How do we make sense of different environments on Earth?
¢ How does Earth fit in with the solar system?
¢ How do we describe location on Earth?
¢ Why do the seasons change?

¢ How do global time zones work?

MOBILE Mobile Field Trip videos,
FIELD TRIP @ created by renowned Earth
Introduction to Science writer, photographer,
Physical Geography and pilot Michael Collier, are
virtual field trips that explore
physical geography from
the air and ground. This first
Mobile Field Trip introduces
you to the study of physical
geography.
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4 Physical Geography: A Landscape Appreciation

Geography and Science

The word geography comes from the Greek words mean-
ing “Earth description.” Several thousand years ago many
scholars were indeed “Earth describers,” and therefore
geographers, more than anything else. Nonetheless, over
the centuries there was a trend away from generalized Earth
description toward more specialized disciplines—such as
geology, meteorology, economics, and biology—so geogra-
phy as a field of study was somewhat overshadowed. Over
the last few hundred years, however, geography reaffirmed
its place in the academic world, and today geography is an
expanding and flourishing field of study.

Studying the World Geographically

Geographers study how things differ from place to place—
the distributional and locational relationships of things
around the world (what is sometimes called the “spatial”
aspect of things). Figure 1-1 shows the kinds of “things”
geographers study, divided into two groups representing
the two principal branches of geography. The elements of
physical geography are natural in origin, and for this rea-
son physical geography is sometimes called environmental
geography. The elements of human geography are those of
human endeavor; this branch includes such subfields as cul-
tural geography, economic geography, political geography,
and urban geography. The almost unlimited possible com-
binations of these various elements create the physical and
cultural landscapes of the world that geographers study.
All of the items shown in Figure 1-1 are familiar to
us, and this familiarity highlights a basic characteristic
of geography as a field of learning: geography doesn’t
have its own body of facts or objects that only geogra-
phers study. The focus of geology is rocks, the attention
of economics is economic systems, demography exam-
ines human population, and so on. Geography, on the

Elements of Geography
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Figure 1-1 The elements of geography can be grouped into two broad
categories. Physical geography primarily involves the study of natural
science, whereas human geography primarily entails the study of social
science.
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other hand, is much broader in scope than most other
disciplines, “borrowing” its objects of study from related
fields. Geographers, too, are interested in rocks and eco-
nomic systems and population—especially in describing
and understanding their location and distribution. We
sometimes say that geography asks the fundamental ques-
tion, “Why is what where, and so what?”

LearningCheck 1-1 what are the differences between
physical geography and human geography? (Answer on p. AK-1)

Another basic characteristic of geography is its interest
in interrelationships. One cannot understand the distribu-
tion of soils, for example, without knowing something
about the rocks from which the soils were derived, the
slopes on which the soils developed, and the climate and
vegetation under which they developed. Similarly, it is
impossible to comprehend the distribution of agriculture
without an understanding of climate, topography, soil,
drainage, population, economic conditions, technology,
historical development, and many other factors, both
physical and cultural. Because of its wide scope, geogra-
phy bridges the academic gap between natural science and
social science, studying all of the elements in Figure 1-1 in
an intricate web of geographic interrelationships.

In this book we concentrate on the physical elements of
the landscape, the processes involved in their development,
their distribution, and their basic interrelationships. As we
proceed from chapter to chapter, this notion of landscape
development by natural processes and landscape modifica-
tion by humans serves as a central focus. We pay attention
to elements of human geography when they help to explain
the development or patterns of the physical elements—
especially the ways in which humans influence or alter the
physical environment.

Global Environmental Change: Several broad geo-
graphic themes run through this book. One of these themes
is global environmental change—both the human-caused
and natural processes that are currently altering the land-
scapes of the world. Some of these changes can take place
over a period of just a few years, whereas others require
many decades or even thousands of years (Figure 1-2). We
pay special attention to the accelerating impact of human
activities on the global environment: in the chapters on the
atmosphere we discuss such issues as human-caused climate
change, ozone depletion, and acid rain, whereas in later
chapters we look at issues such as rainforest removal and
coastal erosion.

Rather than treat global environmental change as a sep-
arate topic, we integrate this theme throughout the book.
To help with this integration, we supplement the main text
with short boxed essays, such as those titled “People & the
Environment” that focus on specific cases of human inter-
action with the natural environment, as well as boxes titled
“Energy for the 21st Century” that focus on the challenge
of supplementing—and perhaps eventually replacing—
fossil fuels with renewable sources of energy. These essays
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Figure 1-2 Earth's climate
is changing. This image shows
the difference in temperature (the
temperature anomalyin °C) during the
year 2014 compared with the average
temperatures for the baseline period
1951 to 1980. (NVASA)
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serve to illustrate the connections between many aspects
of the environment—such as the relationships between
changing global temperatures, changing sea level, chang-
ing quantities of polar ice, and the changing distribution
of plant and animal species—and the global economy and
human society.

Furthermore, in each chapter you’ll see boxed essays
titled “Global Environmental Change.” These essays intro-
duce special topics and include activities and questions that
will help you understand the scope of both natural and
human-caused environmental changes.

Globalization: A related but less obvious theme running
through this book is globalization. In the broadest terms,
globalization refers to the processes and consequences of
an increasingly interconnected world—connections among
the economies, cultures, and political systems of the world.
Although globalization is most commonly associated with
the cultural and economic realms of the world, it is impor-
tant to recognize the environmental components of global-
ization as well. For example, the loss of tropical rainforest
for timber or commercial agriculture in some regions of the
world is driven in part by growing demand for commodi-
ties in countries far from the tropics (Figure 1-3). Similarly,
rapid economic growth in newly industrialized countries is
contributing to the already high atmospheric greenhouse gas
emissions of industrialized countries—the interconnected
economies of the world are thus interconnected in their
influence on the natural environment.

Because of geography’s global perspective and its inter-
est in both the natural and human landscapes, geographers
are able to offer insights into many of the world’s most
pressing problems—problems too complex to address
from a narrower perspective. For example, the detrimen-
tal consequences of climate change cannot be addressed
if we ignore the economic, social, historical, and political
aspects of the issue. Similarly, global inequities of wealth
and political power cannot be addressed if we ignore envi-
ronmental and resource issues.

+2.5

Just about everything in the world is in one way or
another connected with everything else! Geography helps
us understand these connections.

LearningCheck 1-2  why are physical geographers
interested in globalization?

Figure 1-3 Deforestation in some parts of the tropics is influenced by
consumer demand in other parts of the world. This logging operation is in
Sarawak, Borneo, Malaysia.
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6 Physical Geography: A Landscape Appreciation

The Process of Science

Because physical geography is concerned with processes
and patterns in the natural world, knowledge in physical
geography is advanced primarily through the study of sci-
ence. It is useful for us to say a few words about science
in general.

Science is often described—although somewhat
simplistically—as a process that follows the scientific method:

1. Observe phenomena that stimulate a question or
problem.

2. Offer an educated guess—a hypothesis—about the
answer.

3. Design an experiment to test the hypothesis.

4. Predict the outcome of the experiment if the
hypothesis is supported and if the hypothesis is not
supported.

5. Conduct the experiment and observe what actually
happens.

6. Draw a conclusion or formulate a simple generalized
“rule” based on the results of the experiment.

In practice, however, science doesn’t always work
through experimentation; in many fields of science, data
collection through observation of a phenomenon is the
basis of knowledge. In some regards science is best thought
of as a process—or perhaps even as an attitude—for gain-
ing knowledge. The scientific approach is based on obser-
vation, experimentation, logical reasoning, skepticism of
unsupported conclusions, and the willingness to modify or
even reject long-held ideas when new evidence contradicts
them. For example, up until the 1950s most Earth scientists
thought it impossible that the positions of continents could
change over time. However, as we see in Chapter 14, by
the late 1960s enough new evidence had been gathered
to convince them that their earlier ideas were wrong—the
configuration of continents has changed and continues to
change!

Although the term “scientific proof” is sometimes used
by the general public, strictly speaking, science does not
“prove” ideas. Instead, science works by eliminating alter-
native explanations—eliminating explanations that aren’t
supported by evidence. In fact, in order for a hypothesis to
be “scientific,” there must be some test or possible observa-
tion that could disprove it. If there is no way to disprove an
idea, then that idea simply cannot be supported by science.

The word “theory” is often used in everyday conversa-
tion to mean a “hunch” or conjecture. However, in science
a theory represents the highest order of understanding for
a body of information—a logical, well-tested explanation
that encompasses a wide variety of facts and observa-
tions. Thus, the “theory of plate tectonics” presented in
Chapter 14 represents an empirically supported, broadly
accepted, overarching framework for understanding pro-
cesses that operate within Earth.

The acceptance of scientific ideas and theories is based
on a preponderance of evidence, not on “belief” and not on
the pronouncements of “authorities.” New observations

and new evidence often cause scientists to revise their con-
clusions and theories or those of others. Much of this self-
correcting process for refining scientific knowledge takes
place through peer-reviewed journal articles. Peers—that
is, fellow scientists—scrutinize a scientific report for sound
reasoning, appropriate data collection, and solid evidence
before it is published; reviewers need not agree with the
author’s conclusions, but they strive to ensure that the
research meets rigorous standards of scholarship before
publication.

Because new evidence may prompt scientists to change
their ideas, good science tends to be somewhat cautious in
the conclusions that are drawn. For this reason, the findings
of many scientific studies are prefaced by phrases such as
“the evidence suggests” or “the results most likely show.”
In some cases, different scientists interpret the same data
quite differently and so disagree in their conclusions. Fre-
quently, studies find that “more research is needed.” The
kind of uncertainty sometimes inherent in science may lead
the general public to question the conclusions of scientific
studies—especially when presented with a simple, and per-
haps comforting, nonscientific alternative. It is, however,
this very uncertainty that often compels scientists to push
forward in the quest for knowledge and understanding!

In this book we present the fundamentals of physical
geography as it is supported by scientific research and
evidence. In some cases, we describe how our current
understanding of a phenomenon developed over time; in
other cases we point out where uncertainty remains, where
scientists still disagree, or where intriguing questions still
remain.

LearningCheck 1-3 why is the term “theory” sometimes
misunderstood by the general public?

With the widespread use of cell phones and other mobile
devices, nonprofessionals are increasingly able to contrib-
ute to scientific studies. Volunteer “citizen scientists” col-
lect data and report their observations or images of various
phenomena to researchers—see the box Focus: Citizens as
Scientists.

Numbers and Measurement Systems

Because so much of science is based on observation and
measurable data, any thorough study of physical geogra-
phy entails the use of mathematics. Although this book
introduces physical geography primarily in a conceptual
way without the extensive use of mathematical formulas,
numbers and measurement systems are nonetheless impor-
tant for us. Throughout the book, we use numbers and
simple formulas to help illustrate concepts—the most obvi-
ous of which are numbers used to describe distance, size,
weight, or temperature.

Two quite different measurement systems are used today.
In the United States, much of the general public is most
familiar with the English System of measurement—with
measurements such as miles, pounds, and degrees Fahrenheit.



Citizens as Scientists

Christopher J. Seeger, lowa State University

Snap a photo of an insect, a bird, or a
landscape while you are hiking in a
park; track the temperature of a neigh-
borhood stream; record sounds in the for-
est; or document some other aspect of the
environment as you interact with it—and
you could contribute your data to a partici-
patory science research project. By sharing
your findings through educational web-
sites, interactive atlases, or wikis, such as
http://greatnatureproject.org, you can be-
come involved in environmental monitoring,
inventorying of species, or conservation plan-
ning and management. Although these proj-
ects use data collected by trained experts,
information is also provided by average
citizens interacting with the environment
(Figure 1-A). Participants are often referred
to as citizen scientists as they collectively
help build repositories of scientific data.

Volunteered Geographic Informa-
tion (VGI): This process of voluntarily
creating and sharing data that include geo-
graphic information is referred to as volun-
teered geographic information (VGI) and is
a form of geospatial crowdsourcing. Today's
integration of GPS-enabled smartphones and
online mapping tools, allowing citizens to
overlay spatial information on satellite imag-
ery, makes it easy to create and share data.
VGl is a valuable tool that allows individuals
who may not be trained as professionals in a
specific field to contribute to large research
projects, sharing personal observations or
perceptions to allow for more informed de-
cision making or provide on-the-ground up-
dates during natural disasters or times of civil
unrest.

Data Validity: with VGI data, we can
acquire large quantities of up-to-date infor-
mation locally and quickly. Facilitated-VG/
(f-VGI) builds upon VGI by providing a col-
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A Figure 1-A Volunteers count albatross nests on Midway Atoll, in the Pacific.

lection mechanism that sets parameters as to
the type and location of the data. F-VGI can
also provide reliability by requiring the data
to be collected on-site or by a contributor
who is local to the area of interest. Reliability
is further established by having multiple peo-
ple submit information about a location.

Examples: Participatory science pro-
jects can vary greatly in purpose and scope.
For instance, the Appalachian Mountain
Club (www.outdoors.org/conservation/
mountainwatch/vizvols-how.cfm) invites
volunteers to submit pictures of mountains
so that scientists can study air quality and
haze pollution. The Did You Feel It? program
(http://earthquake.usgs.gov/earthquakes/
dyfi/) invites users to describe their experi-
ence in and the effects and extent of dam-
age of an earthquake event (Figure 1-B).
VGl is a significant aid in mapping bio-
diversity. For example, citizen scientists
submit sightings of plants and animals at
local, regional, or national levels to the
Atlas of Living Australia (www.ala.org.au).
The Unified Butterfly Recorder app
(www.reimangardens.com/collections/
insects/unified-butterfly-recorder-app/) is a
tool for recording butter-
fly sightings that ties the
data to location, time of
day, and weather. The What

an impacted region can aid responders by
allowing them to display and analyze the
data information in near real time. During
the 2015 earthquakes around Nepal, thou-
sands of “volunteer mappers” provided
humanitarian support. By digitizing the data
from aerial imagery or collecting data from
users on the ground and applying it to local
maps, they helped fill in gaps.

The Future of VGI: The ability to pro-
vide near-instant sharing of relevant geo-
graphic information is having a significant
impact on those involved in geographic
science. As more people become equipped
with geospatially enabled devices, the notion
of citizens as sensors will become more
commonplace.

Questions

1. Provide an example of how VGI might
be implemented for monitoring
weather.

2. When might VGI data not provide valid
information?

USGS Community Internet Intensity Map
BONIN ISLANDS, JAPAN REGION

Do Birds Eat? project
(www.whatdobirdseat.
com) invites volunteers to
submit geo-tagged photos
that an expert can verify
before the data are added
to a map.

VG| can also provide
assistance in disaster recov-
ery. In such crisis mapping,
data gathered by a large
number of individuals across

373 responses in 138 cities (Max CDI = VI
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A Figure 1-B Map of Japan, showing shaking intensity reports to
the U.S. Geological Survey “Did You Feel It?” website for a May 2015
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TABLE 1-1

Unit Conversions—Quick Approximations

S.l. to English Units

English to S.I. Units

Distance: 1 centimeter = a little less than !/, inch
1 meter = a little more than 3 feet
1 kilometer = about /3 mile
Volume: 1 liter = about 1 quart
Mass: 1 gram = about 1/30 ounce
1 kilogram = about 2 pounds
Temperature: 1°C change = 1.8°F change

1 inch = about 21/2 centimeters
1 foot = about /5 meters

1 yard = about 1 meter

1 mile = about 1/, kilometers
1 quart = about 1 liter

1 gallon = about 4 liters

1 ounce = about 30 grams

1 pound = about !/, kilogram

1°F change = about 0.6°C change

For exact conversion formulas, see Appendix 1.

However, most of the rest of the world—and the entire scien-
tific community—uses the International System of measure-
ment (abbreviated S.I. from the French Systeme International,
also called the “metric system”)—with measurements such as
kilometers, kilograms, and degrees Celsius.

This book gives measurements in both S.I. and English
units. Table 1-1 provides some quick approximations of
the basic equivalents in each; detailed tables of conver-
sion formulas between English and S.I. units appear in
Appendix L.

Environmental Spheres
and Earth Systems

From the standpoint of physical geography, the surface of
Earth is a complex interface where four principal compo-
nents of the environment meet and to some degree overlap
and interact (Figure 1-4). These four components are often
referred to as Earth’s environmental spheres.

Earth’s Environmental Spheres

The solid, inorganic portion of Earth is sometimes called
the lithosphere! (litho is Greek for “stone”), comprising
the rocks of Earth’s crust as well as the unconsolidated
particles of mineral matter that overlie the solid bedrock.
The lithosphere’s surface is shaped into an almost infinite
variety of landforms, both on the seafloors and on the sur-
faces of the continents and islands.

The gaseous envelope of air that surrounds Earth is the
atmosphere (atmo is Greek for “air”). It contains the com-
plex mixture of gases needed to sustain life. Most of the
atmosphere is close to Earth’s surface, being densest at sea

As we will see in Chapter 13, in the context of plate tectonics and our
study of landforms, the term “lithosphere” is used specifically to refer
to large “plates” consisting of Earth’s crustal and upper mantle rock.

level and rapidly thinning with increased altitude. It is a
very dynamic sphere, kept in almost constant motion by
solar energy and Earth’s rotation.

The hydrosphere (hydro is Greek for “water”) com-
prises water in all its forms. The oceans contain the vast
majority of the water found on Earth and are the mois-
ture source for most precipitation. A subcomponent of the

Atmosphere
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A Figure 1-4 Earth’s physical landscape is composed of four overlapping,
interacting systems called “spheres.” The atmosphere is the air we breathe.
The hydrosphere is the water of rivers, lakes, and oceans, the moisture in
soil and air, as well as the snow and ice of the cryosphere. The biosphere is
the habitat of all life, as well as the life-forms themselves. The lithosphere is
the soil and bedrock that cover Earth’s surface. This scene shows Wonder
Lake and Denali (formerly Mt. McKinley) in Denali National Park, Alaska.
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hydrosphere is known as the cryosphere (cry comes from
the Greek word for “cold”)—water frozen as snow and ice.

The biosphere (bio is Greek for “life”) encompasses all
the parts of Earth where living organisms can exist; in its
broadest and loosest sense, the term also includes the vast
variety of earthly life-forms (properly referred to as biota).

These “spheres” are not discrete entities but rather are
considerably interconnected. This intermingling is read-
ily apparent when we consider an ocean—a body that is
clearly a major component of the hydrosphere yet may
contain a vast quantity of fish and other organisms that
are part of the biosphere. An even better example is soil,
which is composed largely of bits of mineral matter (litho-
sphere) but also contains life-forms (biosphere), along with
air (atmosphere), soil moisture (hydrosphere), and perhaps
frozen water (cryosphere) in its pore spaces.

The environmental spheres can help us broadly organize
concepts for the systematic study of Earth’s physical geog-
raphy and are used that way in this book.

LearningCheck 1-4 Briefly define the lithosphere,
atmosphere, hydrosphere, cryosphere, and biosphere.

Earth Systems

Earth’s environmental spheres operate and interact through
a complex of Earth systems. By “system” we mean a col-
lection of things and processes that are connected and

Energy Input:
Solar
Material Input: radiation
Snow

and ice

Material Input:
Rock and
debris

A Figure 1-5 A simplified view of a glacier as an open system. The primary material inputs of
a glacier include snow, ice, and rock and debris; its outputs include meltwater, water vapor, and
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operate as a whole. In the human realm, for example, we
talk of a global “financial system” that encompasses the
exchange of money between institutions and individuals,
or of a “transportation system” that involves the move-
ment of people and commodities. In the natural world, sys-
tems entail the interconnected flows and storage of energy
and matter.

Closed Systems: Effectively self-contained systems, which
are therefore isolated from influences outside that system,
are called closed systems. It is rare to find closed systems in
nature. Earth as a whole is essentially a closed system with
regard to matter—currently there is no significant increase
or decrease in the amount of matter (the “stuff”) of Earth,
although relatively small but measurable amounts of mete-
oric debris arrives from space, and tiny amounts of gas are
lost to space from the atmosphere. Energy, on the other
hand, does enter and exit the Earth system constantly.

Open Systems: Most Earth systems are open systems—
both matter and energy are exchanged across the system
boundary. Matter and energy that enter the system are
called inputs, and losses from the system to its surroundings
are called outputs. For example, as we see in Chapter 19,
a glacier behaves as an open system (Figure 1-5). The mate-
rial inputs to a glacier include water in the form of snow
and ice, along with rocks and other debris picked up by
the moving ice; the material outputs of a glacier include the
meltwater and water vapor lost to the atmosphere, as well

Energy Output:
Latent heat exchanged
between ice,
liquid water, and
water vapor

Material Output:
Meltwater and
water vapor

Material Output:
Rock and
debris

rock and debris transported by the flowing ice. The energy interchange includes incoming solar
radiation and the exchange of latent heat between ice, liquid water, and water vapor.
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as the rock and debris transported and eventually deposited
by the ice. The most obvious energy input into a glacial sys-
tem is solar radiation, which melts the ice by warming the
surrounding air and by direct absorption into the ice itself.
But also at work are less obvious exchanges of energy that
involve latent heat—energy stored by water during melting
and evaporation, and released during freezing and condensa-
tion. (Latent heat is discussed in detail in Chapter 6.)

Equilibrium: When inputs and outputs balance over time,
the conditions within a system remain the same; we describe
such a system as being in equilibrium. For instance, a glacier
will remain the same size over many years if its inputs of snow
and ice are balanced by the loss of an equivalent amount of ice
through melting. If, however, the balance between inputs and
outputs changes, equilibrium will be disrupted—increasing
snowfall for several years, for example, can cause a glacier to
grow until a new equilibrium size is reached.

Interconnected Systems: In physical geography we study
the myriad of interconnections among Earth’s systems and
subsystems. Continuing with our example of a glacier: the
system of an individual glacier is interconnected with many
other Earth systems, including Earth’s solar radiation budget
(discussed in Chapter 4), wind and pressure patterns (dis-
cussed in Chapter 5), and the hydrologic cycle (discussed
in Chapter 6). If inputs or outputs in those systems change,
a glacier may also change. For instance, if air temperature
increases through a change in Earth’s solar radiation budget,
both the amount of water vapor available to precipitate as
snow and the rate of melting of that snow may change, caus-
ing an adjustment in the size of the glacier.

LearningCheck 1-5 What does it mean when we say a
system is in equilibrium?

Feedback Loops: Some systems produce outputs that
“feed back” into that system, reinforcing change. As we see
in Chapter 8, over the last few decades increasing tempera-
tures in the Arctic have reduced the amount of highly reflec-
tive summer sea ice. As the area of sea ice has diminished, the
darker, less reflective ocean has absorbed more solar radiation,
contributing to the temperature increase—which in turn has
reduced the amount of sea ice even more, further reducing
reflection and increasing absorption. Were Arctic tempera-
tures to decrease, an expanding cover of reflective sea ice
would reduce absorption of solar radiation and so reinforce
a cooling trend. These are examples of positive feedback
loops—change within a system continuing in one direction.

Conversely, negative feedback loops tend to inhibit a
system from changing—in this case, increasing a system
input tends to decrease further change, keeping the system
in equilibrium. For example, an increase in air temperature
may increase the amount of water vapor in the air; the
extra water vapor may in turn condense and increase the
cloud cover—which can reflect incoming solar radiation
and so prevent a further temperature increase.

Although systems may resist change through negative
feedback loops, a system may reach a tipping point or
threshold. Beyond that point, the system becomes unstable
and changes abruptly until it reaches a new equilibrium.
For instance, as we see in Chapter 9, the increasing fresh-
water runoff from melting glaciers in the Arctic could one
day disrupt the energy transfer of the slow deep ocean
thermobhaline circulation in the Atlantic Ocean, triggering
a sudden change in climate.

The preceding examples are not intended to confuse you
but rather to illustrate the great complexity of Earth’s inter-
connected systems! Because of this complexity, in this book
we often first describe one process or Earth system in isolation
before we present its interconnections with other systems.

LearningCheck 1-6 what is the difference between a
positive feedback loop and a negative feedback loop?

Earth and the Solar System

Earth is part of.a largf?r solar system—an - [" 0
open system with which Earth interacts. Solar System
Earth is an extensive rotating mass of Formation
mostly solid material that orbits the enor- Ok 0]
mous ball of superheated gases we call the ’
Sun. The geographer’s concern with spa- @h

tial relationships properly begins with the | .00 giatizy

relative location of this “spaceship Earth”
in the universe.

The Solar System

Earth is one of eight planets of our solar system, which
also contains more than 160 natural satellites or “moons”
revolving around the planets; an uncertain number of smaller
dwarf planets, such as Pluto; scores of comets (bodies com-
posed of frozen liquid and gases together with small pieces
of rock and metallic minerals); more than 500,000 asteroids
(small, rocky, and sometimes icy objects, mostly less than
a few kilometers in diameter); and millions of meteoroids
(most of them the size of sand grains).

The medium-massed star we call the Sun is the central body
of the solar system and makes up more than 99.8 percent of its
total mass. The solar system is part of the Milky Way Galaxy,
which consists of at least 200,000,000,000 stars arranged
in a disk-shaped spiral that is about 100,000 light-years in
diameter and 10,000 light-years thick at the center. (One light-
year equals the distance a beam of light travels over a period
of one year—about 9.5 trillion kilometers.) The Milky Way
Galaxy is only one of hundreds of billions of galaxies in the
universe.

Origins: The origin of Earth, and indeed of the universe,
is incompletely understood. It is generally accepted that the
universe began with a cosmic event called the big bang.
The most widely held view is that the big bang took place
about 13.7 billion years ago—similar to the age of the oldest
known stars. The big bang began in a fraction of a second
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The solar system (not drawn to scale). The Sun is not exactly at the center of the solar system—
the planets revolve around the Sun in elliptical orbits. The Kuiper Belt, which includes dwarf planets such as

Pluto, begins beyond Neptune.

as an infinitely dense and infinitesimally small bundle of
energy containing all of space and time started to expand in
all directions at extraordinary speeds, pushing out the fabric
of space and filling the universe with the energy and matter
we see today.

Our solar system originated between 4.5 and 5 billion
years ago when a nebula—a huge, cold, diffuse cloud of
gas and dust—began to contract inward due to gravita-
tional collapse, forming a hot, dense protostar. This hot
center became our Sun, and the cold revolving disk of gas
and dust around it eventually condensed and coalesced to
form the planets.

All of the planets revolve around the Sun in ellipti-
cal orbits, with the Sun located at one focus. (If we look
“down” on the solar system from a vantage point high
above the North Pole of Earth, the planets appear to orbit
in a counterclockwise direction around the Sun.) All the
planetary orbits are in nearly the same plane ( ),
perhaps revealing their relationship to the original spinning
direction of the nebular disk.

The Planets: The four inner terrestrial planets—Mercury,
Venus, Earth, and Mars—are generally smaller, denser, and
less oblate (more nearly spherical) than the four outer Jovian
planets—]Jupiter, Saturn, Uranus, and Neptune. The inner
planets are composed principally of mineral matter and,
except for airless Mercury, have diverse but relatively shal-
low atmospheres. The four large Jovian planets are more
massive (although they are less dense) and less perfectly
spherical because they rotate more rapidly. The Jovian
planets have deep atmospheres and are mostly composed
of elements such as hydrogen and helium—Iliquid near the
surface, but frozen toward the interior—as well as ices of
compounds such as methane and ammonia.

It was long thought that tiny Pluto was the ninth and
outermost planet in the solar system. However, astrono-
mers have discovered other icy bodies that are similar to
Pluto and orbit the Sun beyond Neptune in what is known
as the Kuiper Belt or trans-Neptunian region. In June 2008
the International Astronomical Union reclassified Pluto as a

special type of dwarf planet known as a plutoid. There may
be several dozen yet-to-be-discovered plutoids and other
dwarf planets in the outer reaches of our solar system.

LearningCheck 1-7 cContrast the characteristics of the
terrestrial and Jovian planets in our solar system.

The Size and Shape of Earth

Is Earth large or small? The answer to this question depends
on one’s frame of reference. If the frame of reference is the
universe, Earth is almost infinitely small. The diameter of
our planet is only about 13,000 kilometers (7900 miles), a
tiny distance at the scale of the universe—for instance, the
Moon is 385,000 kilometers (239,000 miles) from Earth,
the Sun is 150,000,000 kilometers (93,000,000 miles) away,
and the nearest star is 40,000,000,000,000 kilometers
(25,000,000,000,000 miles) distant.

The Size of Earth: In a human frame of reference, how-
ever, Earth is impressive in size. Its surface varies in elevation
from the highest mountain peak, Mount Everest, at about
8850 meters (29,035 feet) above sea level, to the deepest
oceanic trench, the Mariana Trench of the Pacific Ocean, at
about 11,033 meters (36,198 feet) below sea level—a total
difference in elevation of 19,883 meters (65,233 feet).
Although prominent on a human scale of perception,
this difference is minor on a planetary scale ( ). If
Earth were the size of a basketball, Mount Everest would
be an imperceptible pimple no greater than 0.17 millimeter
(about 7 thousandths of an inch) high. Similarly, the Mari-
ana Trench would be a tiny crease only 0.21 millimeter
(about 8 thousandths of an inch) deep—this represents a
depression smaller than the thickness of a sheet of paper.
Our perception of the relative size of topographic irreg-
ularities on Earth is often distorted by maps and globes
that emphasize such landforms. To portray any noticeable
appearance of topographic variation, the vertical dimen-
sion on such maps are usually exaggerated 8 to 20 times—
as are many diagrams used in this book. Furthermore,
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A Figure 1-7 Earth is large relative to the size of its surface features.
Earth’s maximum relief (the difference in elevation between the highest and
lowest points) is 19,883 meters (65,233 feet) or about 20 kilometers (12 miles)
from the top of Mount Everest to the bottom of the Mariana Trench in the
Pacific Ocean.

many diagrams illustrating features of the atmosphere also
exaggerate relative sizes to convey important concepts.

More than 2600 years ago, Greek scholars correctly rea-
soned Earth to have a spherical shape. About 2200 years ago,
Eratosthenes, the director of the Greek library at Alexandria,
calculated the circumference of Earth trigonometrically. He
determined the angle of the noon Sun’s rays at Alexandria
and at the city of Syene, 800 kilometers (500 miles) away.
From these angular and linear distances, he was able to esti-
mate an Earth circumference of almost 43,000 kilometers
(26,700 miles), which is reasonably close to the actual figure
of 40,000 kilometers (24,900 miles).

The Shape of Earth: Earth is not quite spherical. The
cross section revealed by a cut through the equator would
be circular, but a similar cut from pole to pole would be
an ellipse rather than a circle. Any rotating body has a
tendency to bulge around its equator and flatten at the
polar ends of its rotational axis. Although the rocks of
Earth may seem quite rigid, they are sufficiently pliable
to allow Earth to develop a bulge around its middle. The
slightly flattened polar diameter of Earth is 12,714 kilome-
ters (7900 miles), whereas the slightly bulging equatorial

North
Pole

Resulting
cross section

South Pole

Resulting
cross section
(b) A diameter through the equator

A Figure 1-8 Earth is not quite a perfect sphere. Its surface flattens
slightly at the North Pole and the South Pole and bulges out slightly around
the equator. Thus, (a) a cross section through the poles has a diameter
slightly less than the diameter of (b) a cross section through the equator.

diameter is 12,756 kilometers (7926 miles), a difference
of only about 0.3 percent (Figure 1-8). Thus, our planet is
properly described as an oblate spheroid rather than a true
sphere. However, because this variation from true spheric-
ity is exceedingly small, in most cases in this book we will
treat Earth as if it were a perfect sphere.

LearningCheck 1-8 what are Earth’s highest and lowest
points, and what is the approximate elevation difference
between them?

The Geographic Grid—
Latitude and Longitude

Any understanding of the distribution of geographic fea-
tures over Earth’s surface requires some system of accurate
location. The simplest technique for achieving this is a grid
system consisting of two sets of lines that intersect at right
angles, allowing the location of any point on the surface
to be described by the appropriate intersection (Figure 1-9).
Such a rectangular grid system has been reconfigured for
Earth’s spherical surface.

If our planet were a nonrotating body, the problem of
describing location would be more difficult than it is: imag-
ine trying to describe the location of a particular point on
a perfectly round, perfectly clean ball. Because Earth does



A Figure 1-9 An example of a grid system. The location of point X can be
described as 2B or as B2; the location of Y is 3D or D3.

rotate, we can use its rotation axis as a starting point to
describe locations.

Earth’s rotation axis is an imaginary line passing through
Earth that connects the points on the surface called the
North Pole and the South Pole (Figure 1-10). Furthermore,
if we visualize an imaginary plane passing through Earth
halfway between the poles and perpendicular to the axis of
rotation, we have another valuable reference feature: the
plane of the equator. Where this plane intersects Earth’s
surface is the imaginary midline of Earth, called simply
the equator. We use the North Pole, South Pole, rotational
axis, and equatorial plane as natural reference features for
measuring and describing locations on Earth’s surface.

North Pole

South Pole

A Figure 1-10 Earth spins around its rotation axis, an imaginary line that
passes through the North Pole and the South Pole. An imaginary plane
bisecting Earth midway between the two poles defines the equator.
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Great Circles: Any plane that is passed through the center
of a sphere bisects that sphere (divides it into equal halves)
and creates what is called a great circle where it intersects
the surface of the sphere (Figure 1-11a). The equator is a great
circle. Planes passing through any other part of the sphere
produce what are called small circles where they intersect
the surface (Figure 1-11b).
Great circles have two properties of special interest:

1. A great circle is the largest circle that can be drawn
on a sphere, dividing its surface into two equal halves,
or hemispheres. As we see later in this chapter, the
dividing line between the daytime and nighttime
halves of Earth is a great circle.

2. A path between two points along the arc of a great circle
is always the shortest route between those points. Such
routes on Earth are known as great circle routes. (We
discuss great circle routes in more detail in Chapter 2.)

The geographic grid used as the locational system for Earth
is based on the principles just discussed. This locational
system is closely linked with the various positions assumed
by Earth in its orbit around the Sun. Earth's grid system,
called a graticule, consists of lines of latitude and longitude.

LearningCheck 1-9 what is a great circle? Provide one
example of a great circle.

Latitude

Latitude is a description of location expressed as an angle
north or south of the equator. As shown in Figure 1-12, we
can project a line from any location on Earth’s surface to

North Pole

(b) Forming small circles

A Figure 1-11 (a) A great circle results from the intersection of Earth’s
surface with any plane that passes through Earth’s center. (b) A small circle
results from the intersection of Earth’s surface with any other plane.
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North Pole
90° N

A Figure 1-12 Measuring latitude. An imaginary line from Kuji, Japan,

to Earth’s center makes an angle of 40° with the equator. Therefore, Kuji's
latitude is 40° N. An imaginary line from Bowen, Australia, to Earth’s center
makes an angle of 20°, giving this city a latitude of 20° S.

the center of Earth. The angle between this line and the
equatorial plane is the latitude of that location.

Latitude is expressed in degrees, minutes, and seconds.
There are 360 degrees (°) in a circle, 60 minutes (') in one
degree, and 60 seconds (") in one minute. With the advent
of GPS navigation (discussed in Chapter 2), it is increas-
ingly common to see latitude and longitude designated
using decimal notation. For example, 38°22'47” N can be
written 38°22.78' N (47" is 78 percent of one minute) or
even 38.3797° N (22' 47" is 37.97 percent of one degree).

Latitude varies from 0° at the equator to 90° north at
the North Pole and 90° south at the South Pole. Any posi-
tion north of the equator is north latitude, and any position
south of the equator is south latitude. The equator itself is
simply assigned a latitude of 0°.

A line connecting all points of the same latitude is called
a parallel—because it is parallel to all other lines of latitude
(Figure 1-13). The equator is the parallel of 0° latitude, and
it, alone of all parallels, constitutes a great circle. All other
parallels are small circles—all aligned in true east-west
directions on Earth’s surface.

Although we could visualize an unlimited number of
parallels, seven latitudes are of particular significance in a
general study of Earth (Figure 1-14):

1. Equator, 0° (Figure 1-15)
Tropic of Cancer, 23.5° N
Tropic of Capricorn, 23.5° S
Arctic Circle, 66.5° N
Antarctic Circle, 66.5° S
North Pole, 90° N

South Pole, 90° S

Noawnpwh

A Figure 1-13 Lines of latitude indicate north—south location. They are
called parallels because they are always parallel to each other.

The North Pole and South Pole are points rather than lines,
but we can think of them as infinitely small parallels. The
significance of these seven parallels is explained later in this
chapter when we discuss the seasons.

LearningCheck 1-10 why are lines of latitude called
parallels?

North Pole
90°N

South Pole
90°S

A Figure 1-14 Seven important latitudes. As we will see when we discuss

the seasons, these latitudes represent special locations where rays from
the Sun strike Earth’s surface on certain days of the year.
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OCEAN COLOMBIA

Ca Quitoe
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A Figure 1-15 The equator, like all other parallels of latitude, is an
imaginary line. Here at Mitad del Mundo near Quito, Ecuador, its nearby
location is commemorated by a monument.

Descriptive Zones of Latitude: Regions on Earth are
sometimes described as falling within general bands or zones
of latitude. The following common terms associated with
latitude are used throughout this book (notice that some
terms overlap):

e Low latitude—generally between the equator and
30°Nand S

o Midlatitude—between about 30° and 60° N and S

e High latitude—Ilatitudes greater than about 60° N and S

o Equatorial—within a few degrees of the equator

o Tropical—within the tropics (between 23.5° N and
23.5°9)

o Subtropical—slightly poleward of the tropics,
generally around 25-30° N and S

¢ Polar—within a few degrees of the North or South Pole

Nautical Miles: Each degree of latitude on the surface of
Earth covers a north-south distance of about 111 kilometers
(69 miles). The distance varies slightly with latitude because
of the flattening of Earth at the poles. The distance mea-
surement of a nautical mile—and the description of speed
known as a knot (one nautical mile per hour)—is defined
by the distance covered by one minute of latitude (1'), the
equivalent of about 1.15 statute (“ordinary”) miles or about
1.85 kilometers.

Longitude

Longitude describes east-west location on Earth—like lati-
tude, it is an angular description of location measured in
degrees, minutes, and seconds.
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Longitude is represented by imaginary lines extend-
ing from pole to pole and crossing all parallels at right
angles. These lines, called meridians, are not parallel to
one another except where they cross the equator. Notice
that any pair of meridians is farthest apart at the equa-
tor, becoming increasingly close together northward and
southward and finally converging at the poles (Figure 1-16).

Establishing the Prime Meridian: The equator is a natu-
ral baseline from which to measure latitude, but no such
natural reference line exists for longitude. Consequently, for
most of recorded history, there was no accepted longitudinal
baseline; each country selected its own “prime meridian”
as the reference line for east—-west measurement. At least
13 different prime meridians were in use in the 1880s.

In 1884 an international conference was convened in
Washington, D.C., to establish global time zones and select
a single prime meridian. After weeks of debate, the delegates
chose the meridian passing through the Royal Observatory
at Greenwich, England, just east of central London, as
the prime meridian for all longitudinal measurement
(Figure 1-17). The principal argument for adopting the Green-
wich meridian as the prime meridian was a practical one:
more than two-thirds of the world’s shipping lines already
used the Greenwich meridian as a navigational base.

Thus, an imaginary north—south plane passing through
Greenwich and through Earth’s axis of rotation represents the
plane of the prime meridian. The angle between this plane and
a plane passed through any other point and the axis of Earth
is a measure of longitude. For example, the angle between the
Greenwich plane and a plane passing through the center of
the city of Freetown (in the western African country of Sierra
Leone) is 13 degrees, 15 minutes, and 12 seconds. Because
the angle is formed west of the prime meridian, the longitude
of Freetown is written 13°15’12" W (Figure 1-18).

A Figure 1-16 Lines of longitude, or meridians, indicate east-west
location and all converge at the poles.
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A Figure 1-17 The prime meridian of the world, longitude 0°0°0” at Greenwich,
England, which is about 8 kilometers (5 miles) from the heart of London.

North _':,14.: ]j

Pole

A Figure 1-18 The meridians that mark longitude are defined by
intersecting imaginary planes passing through the poles. Shown here are
the planes for the prime meridian through Greenwich, England, and the
meridian through Freetown, Sierra Leone, at 13° west longitude.

180°

A Figure 1-19 A polar view of meridians radiating from the North Pole.
Think of each line as the top edge of an imaginary plane passing through
both poles. All the planes are perpendicular to the plane of the page.

Measuring Longitude: Longitude is measured both east
and west of the prime meridian to a maximum of 180° in
each direction. Exactly halfway around the globe from the
prime meridian, in the middle of the Pacific Ocean, is the
180° meridian (Figure 1-19). All places on Earth, then, have
a location that is either east longitude or west longitude,
except for points exactly on the prime meridian (described
simply as 0° longitude) or exactly on the 180th meridian
(described as 180° longitude).

The distance between any two meridians varies predict-
ably. At the equator, the surface length of one degree of
longitude is about the same as that of one degree of lati-
tude. However, because meridians converge at the poles,
the distance covered by one degree of longitude decreases
poleward (Figure 1-20), diminishing to zero at the poles,
where all meridians meet.

Locating Points on the Geographic Grid

The network of intersecting parallels and meridians cre-
ates a geographic grid over the entire surface of Earth
(see Figure 1-20). The location of any place on Earth’s
surface can be described with great precision by reference
to detailed latitude and longitude data. For example, at
the 1964 World’s Fair in New York City, a time capsule
was buried. For reference purposes, the U.S. Coast and
Geodetic Survey determined that the capsule was located
at 40°28'34.089” N and 73°43'16.412” W. At some time
in the future, if a hole were to be dug at the spot indicated
by those coordinates, it would be within 15 centimeters
(6 inches) of the capsule.

LearningCheck 1-11 Are locations in North America
described by east longitude or west longitude? Locations in
China?
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A Figure 1-20 The complete grid system of latitude and longitude—the

graticule. Because the meridians converge at the poles, the distance of 1°
of longitude is greatest at the equator and diminishes to zero at the poles,

whereas the distance of 1° of latitude varies only slightly (due to the slight
flattening of Earth at the poles).

Earth-Sun Relations

and the Seasons

Nearly all life on Earth depends on
solar energy; therefore, the relationship
between Earth and the Sun is of vital (=]
importance. Because of the perpetual |MP/g00g/Xvidiy
motions of Earth, this relationship does

not remain the same throughout the year. We begin with
a description of Earth movements and the relationship of
Earth’s axis to the Sun, and then we offer an explanation
of the change of seasons.

ANIMATION (v)
Earth-Sun
Relations

EIAS =]

Earth Movements

Two basic Earth movements—its daily rotation on its axis
and its annual revolution around the Sun—along with the
inclination and “polarity” of Earth’s rotation axis, com-
bine to change Earth’s orientation to the Sun—and there-
fore produce the change of seasons.

Earth’s Rotation on Its Axis: Earth rotates from west to
east on its axis (Figure 1-21), a complete rotation requiring
24 hours. (From the vantage point of looking down at the
North Pole from space, Earth is rotating counterclockwise.)
The Sun, the Moon, and the stars appear to rise in the east
and set in the west—this is, of course, an illusion created by
the steady eastward spin of Earth.

Rotation causes all parts of Earth’s surface except the
poles to move in a circle around Earth’s axis. Although the
speed of rotation varies by latitude (see Figure 1-21), it is
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constant at any given place on Earth; thus we experience
no sense of motion. This is the same reason that we have
little sense of motion on a smooth jet airplane flight at
cruising speed—only when speed changes, such as during
takeoff and landing, does motion become apparent.

Rotation has several important effects on the physical
characteristics of Earth’s surface:

1. The most obvious effect of Earth’s rotation is the
diurnal (daily) alternation of daylight and darkness, as
portions of Earth’s surface are turned first toward and
then away from the Sun. This variation in exposure
to sunlight greatly influences local temperature,
humidity, and wind movements. Except for organisms
that live in caves or in the deep ocean, nearly all
forms of life have adapted to this sequential pattern of
daylight and darkness. For example, we humans fare
poorly when our circadian (24-hour cycle) rhythms
are disrupted by long-distance, high-speed air travel,
leaving us with a sense of fatigue known as “jet lag.”

2. The rotation of Earth brings any point on the surface
through the increasing and then decreasing gravitational
pull of the Moon and the Sun. Although the land areas
of Earth are too rigid to be significantly moved by these
oscillating gravitational attractions, oceanic waters
move onshore and then recede in a rhythmic pattern of
tides, discussed further in Chapter 9.

3. Earth’s constant rotation also causes an apparent
deflection in the paths of both wind and ocean
currents—to the right in the Northern Hemisphere
and to the left in the Southern Hemisphere. This
phenomenon is called the Coriolis effect and is
discussed in detail in Chapter 3.

North Pole

Rotation axis North Pole:

Equator:
1670 kph
(1040 mph)

South Pole

A Figure 1-21 Earth rotates from west to east. Looking down at the North
Pole from above, Earth appears to rotate counterclockwise. The speed of
Earth’s rotation is constant but varies by latitude, being greatest at the equator
and effectively diminishing to zero at the poles. The speed of rotation at different
latitudes is shown in kilometers per hour (kph) and miles per hour (mph).
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A Figure 1-22 Earth reaches perihelion (its closest point to the Sun) on about January 3 and aphelion (its farthest point from the Sun)
on about July 4. The plane of the ecliptic is the orbital plane of Earth. Because Earth’s rotation axis is tilted, the plane of the ecliptic and
the equatorial plane do not coincide. The path Earth follows in its revolution around the Sun is an ellipse with the Sun at one focus. (In
this diagram the elliptical shape of Earth’s orbit is greatly exaggerated.) Notice that Earth's axis always points in the same direction

throughout its orbit.

Earth’s Revolution around the Sun: Another significant
Earth motion is its revolution or orbit around the Sun.
Each revolution takes 365 days, 5 hours, 48 minutes, and
46 seconds, or 365.242199 days. This is known officially
as the tropical year and for practical purposes is usually
simplified to 365.25 days.

The path followed by Earth in its journey around the Sun
is not a true circle but an ellipse (Figure 1-22). Because of
this elliptical orbit, the Earth-Sun distance is not constant.
Rather, it varies from approximately 147,100,000 kilometers
(91,400,000 miles) at the closest or perihelion position
(peri is from the Greek and means “around” and belios
means “Sun”) on about January 3, to approximately
152,100,000 kilometers (94,500,000 miles) at the farthest
or aphelion position (ap is from the Greek and means
“away from”) on about July 4. The average Earth—-Sun
distance is defined as one astronomical unit (1 AU)—about
149,597,871 kilometers (92,960,117 miles).

Earth is 3.3 percent closer to the Sun during the Northern
Hemisphere winter than during the Northern Hemisphere
summer, an indication that variations in the distance
between Earth and the Sun do n0o¢ cause the change of sea-
sons. Instead, two additional factors in the relationship of
Earth to the Sun—inclination and polarity—work together
with rotation and revolution to produce the change of
seasons.

LearningCheck 1-12 Distinguish between Earth’s rotation
and its revolution.

Inclination of Earth’s Axis: Earth’s rotation axis is not
perpendicular to the imaginary plane defined by Earth’s
orbital path around the Sun, called the plane of the ecliptic
(see Figure 1-22). Rather, the axis is tilted about 23.5°
from the perpendicular (Figure 1-23) and maintains this tilt

South Pole

A Figure 1-23 Earth’s rotation axis is inclined 23.5° from a line
perpendicular to the plane of the ecliptic.



throughout the year. This tilt is referred to as the inclination
of Earth’s axis.

Polarity of Earth’s Axis: Not only is Earth’s rotation
axis inclined relative to its orbital path, but also no matter
where Earth is in its orbit around the Sun, the axis always
points in the same direction relative to the stars—toward the
North Star, Polaris (Figure 1-24). This characteristic is called
the polarity of Earth’s axis (or parallelism, because at any
time of the year Earth’s axis is parallel to its orientation at
all other times).

The combined effects of rotation, revolution, inclina-
tion, and polarity result in the seasonal patterns experi-
enced on Earth. Notice in Figure 1-24 that at one point in
Earth’s orbit, during the Northern Hemisphere summer,
the North Pole is oriented most directly toward the Sun,

March Equinox
March 20

(a) Oblique view

June Solstice
June 21

September
Equinox
September 22

Circle of
illumination

=~ Vertical ray

(b) June solstice, side view
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whereas six months later, during the Northern Hemisphere
winter, the North Pole is oriented most directly away from
the Sun. This is the most fundamental feature of the annual
march of the seasons.

LearningCheck 1-13 Does the North Pole lean toward
the Sun throughout the year? If not, how does the North Pole’s
orientation change during the year?

The Annual March of the Seasons

During a year, the changing relationship of Earth to the Sun
results in variations in day length and in the angle at which
the Sun’s rays strike the surface of Earth. These changes are
most obvious in the mid- and high latitudes, but important
variations take place within the tropics as well.

December Solstice
December 21

Verticalray -~ _

* Vertical ray

Sou't.h/
Pole
(d) December solstice, side view

(c) September equinox, side view

A Figure 1-24 (a) The annual march of the seasons, showing Earth-Sun relations on the June solstice, September equinox,
December solstice, and March equinox (the dates shown are approximate). (b) On the June solstice, the vertical rays of the
noon Sun strike 23.5° N latitude. The circle of illumination is the dividing line between the daylight and nighttime halves of Earth.
(c) On the March equinox and September equinox, the vertical rays of the noon Sun strike the equator. (d) On the December

solstice, the vertical rays of the noon Sun strike 23.5° S latitude.
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As we discuss the annual march of the seasons, we pay
special attention to three conditions:

1. The latitude receiving the vertical rays of the Sun (rays
striking the surface at a right angle), referred to as the
declination of the Sun.

2. The solar altitude (the height of the noon Sun above
the horizon) at different latitudes.

3. The length of day (number of daylight hours) at
different latitudes.

Initially, we emphasize the conditions on four special
days of the year: the March equinox, the June solstice,
the September equinox, and the December solstice (see
Figure 1-24a). As we describe the change of seasons, the
significance of the “seven important parallels” discussed
earlier in this chapter will become clear. We begin with
the June solstice.

June Solstice: On the June solstice, which occurs on
or about June 21 (the exact date varies slightly from year
to year), Earth reaches the position in its orbit where the
North Pole is oriented most directly toward the Sun. On
this day, the vertical rays of the Sun strike the Tropic of
Cancer, 23.5° north of the equator (Figure 1-24b). Were
you at the Tropic of Cancer on this day, the Sun would be
directly overhead in the sky at noon (in other words, the
solar altitude would be 90°). The Tropic of Cancer marks
the northernmost latitude reached by the vertical rays of the
Sun during the year.

The dividing line between the daylight half of Earth
and nighttime half of Earth is a great circle called the
circle of illumination. On the June solstice, the circle of
illumination bisects the equator (Figure 1-24b), so on this
day the equator receives equal day and night—12 hours
of daylight and 12 hours of darkness. However, as we
move north of the equator, the portion of each parallel in
daylight increases—in other words, day length increases.
Conversely, day length decreases as we move south of the
equator.

Notice in Figure 1-24b that on the June solstice, the cir-
cle of illumination reaches 23.5° beyond the North Pole to
a latitude of 66.5° N. As Earth rotates, all locations north
of 66.5° remain continuously in daylight and so experi-
ence 24 hours of daylight. By contrast, all points south of
66.5° S are always outside the circle of illumination and so
have 24 continuous hours of darkness. These special par-
allels defining the equatorward limit of 24 hours of light
and dark on the solstices are called the polar circles. The
northern polar circle, at 66.5° N, is the Arctic Circle; the
southern polar circle, at 66.5° S, is the Antarctic Circle.

The June solstice is called the summer solstice in the
Northern Hemisphere and the winter solstice in the South-
ern Hemisphere. (These are commonly called the “first day
of summer” and the “first day of winter” in their respective
hemispheres.)

LearningCheck 1-14 what is the latitude of the vertical
rays of the Sun on the June solstice?

September Equinox: Three months after the June solstice,
on about September 22, Earth experiences the September
equinox. Notice in Figure 1-24c¢ that the vertical rays of the
Sun strike the equator. Notice also that the circle of illumina-
tion just touches both poles, bisecting all other parallels—
on this day all locations on Earth experience 12 hours of
daylight and 12 hours of darkness. (The word “equinox”
comes from the Latin, meaning “the time of equal days and
equal nights.”) At the equator—and only at the equator—
every day of the year has virtually 12 hours of daylight and
12 hours of darkness; all other locations have equal day and
night only on an equinox.

The September equinox is called the autumnal equinox
in the Northern Hemisphere and the vernal equinox in
the Southern Hemisphere. (These are commonly called the
“first day of fall” and the “first day of spring” in their
respective hemispheres.)

December Solstice: On the December solstice, which
occurs on about December 21, Earth reaches the position in
its orbit where the North Pole is oriented most directly away
from the Sun. The vertical rays of the Sun now strike 23.5° S,
the Tropic of Capricorn (Figure 1-24d). Once again, the
circle of illumination reaches to the far side of one pole and
falls short on the near side of the other pole, so areas north of
the Arctic Circle are in continuous darkness, whereas areas
south of the Antarctic Circle are in daylight for 24 hours.

The relationships between Earth and the Sun on the
June solstice and the December solstice are very similar;
the conditions in each hemisphere are simply reversed. The
December solstice is called the winter solstice in the North-
ern Hemisphere and the summer solstice in the Southern
Hemisphere (the “first day of winter” and the “first day of
summer,” respectively).

March Equinox: Three months after the December solstice,
on approximately March 20, Earth experiences the March
equinox. The relationships of Earth and the Sun are virtually
identical on the March equinox and the September equinox
(Figure 1-24c¢). The March equinox is called the vernal equi-
nox in the Northern Hemisphere and the autumnal equinox
in the Southern Hemisphere (the “first day of spring” and
the “first day of fall,” respectively). Table 1-2 summarizes
the conditions present during the solstices and equinoxes.

LearningCheck 1-15 How much does day length at the
equator change during the year?

Seasonal Transitions

In the preceding discussion of the solstices and equinoxes,
we emphasized the conditions on just four special days of
the year. It is important to understand the transitions in day
length and Sun angle that take place on other days as well.

Latitude Receiving the Vertical Rays of the Sun: The
vertical rays of the Sun strike Earth only between the Tropic
of Cancer and the Tropic of Capricorn. After the March
equinox, the vertical rays of the Sun migrate north from the
equator, striking the Tropic of Cancer on the June solstice



TABLE 1-2

Conditions on Equinoxes and Solstices
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March Equinox

June Solstice

September Equinox

December Solstice

21

Latitude of vertical 0° 23.5°N 0° 23.5°S

rays of Sun

Day length at equator 12 hours 12 hours 12 hours 12 hours

Day length in 12 hours Becomes longer with 12 hours Day length becomes

midlatitudes of Northern increasing latitude shorter with increasing

Hemisphere north of equator latitude north of equator

Day length in 12 hours Becomes shorter with 12 hours Day length becomes

midlatitudes of Southern increasing latitude longer with increasing

Hemisphere south of equator latitude south of equator

24 hours of daylight Nowhere From Arctic Circle to Nowhere From Antarctic Circle to
North Pole South Pole

24 hours of darkness Nowhere From Antarctic Circle to Nowhere From Arctic Circle to
South Pole North Pole

Season in Northern Spring Summer Autumn Winter

Hemisphere

Season in Southern Autumn Winter Spring Summer

Hemisphere

(the day the Sun is highest in the sky for all latitudes north
of the Tropic of Cancer). After the June solstice, the verti-
cal rays migrate south, striking the equator again on the
September equinox and reaching the Tropic of Capricorn
on the December solstice (the day the Sun is lowest in the
sky in the Northern Hemisphere). Following the December
solstice, the vertical rays migrate northward, reaching the
equator once again on the March equinox. The changing
latitude of the vertical rays of the Sun during the year is
shown graphically in Figure 1-25.

Day Length: Only at the equator is day length constant
throughout the year—virtually 12 hours of daylight every
day of the year.

For all regions in the Northern Hemisphere up to the
latitude of the Arctic Circle, following the shortest day of
the year on the December solstice, the number of hours
of daylight gradually increases, reaching 12 hours on the
March equinox. After the equinox, day length continues
to increase until the longest day of the year, on the June
solstice. (During this period, day length is diminishing in
the Southern Hemisphere.)

Following the longest day of the year in the Northern
Hemisphere, the June solstice, the pattern is reversed: the
days get shorter in the Northern Hemisphere—reaching
12 hours on the September equinox. Day length con-
tinues to diminish until the shortest day of the year, on

< Figure 1-25 The latitude
receiving the vertical rays of the

noon Sun (the declination of the
Sun) throughout the year. The
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Day Length and Noon Sun Angle

on the June Solstice

Noon Sun Angle
(degrees above

Latitude Day Length horizon)
90° N 24 h 23.5
60° N 18 h 53 min 53.5
30°N 14 h 05 min 83.5
0° 12 h 07 min 66.5
30°S 10 h 12 min 36.5
60° S 05 h 52 min 6.5
90° S 0 0

Source: After Robert J. List, Smithsonian Meteorological Tables, 6th
rev. ed. Washington, D.C.: Smithsonian Institution, 1963, Table 171.

the December solstice. (During this period, day length is
increasing in the Southern Hemisphere.)

Overall, the annual variation in day length is the least
in the tropics and the greatest at high latitudes (Table 1-3).

LearningCheck 1-16 on which days of the year do the
vertical rays of the Sun strike the equator?

Day Length in the Arctic and Antarctic: The patterns
of day and night in the Arctic and Antarctic deserve special
mention. For an observer exactly at the North Pole, the Sun
rises on the March equinox and is above the horizon contin-
uously for the next six months—circling the horizon higher
and higher each day until the June solstice, after which it cir-
cles lower and lower until setting on the September equinox.

Week by week following the March equinox, a growing
region surrounding the North Pole experiences 24 hours of
daylight—until the June solstice, when the entire region from
the Arctic Circle to the North Pole experiences 24 hours of
daylight. Following the June solstice, the region of 24 hours
of daylight diminishes week by week until the September
equinox—when the Sun sets at the North Pole and remains
below the horizon continuously for the next six months.

Week by week following the September equinox, the
region around the North Pole experiencing 24 hours of
darkness grows until the December solstice—when the
entire region from the Arctic Circle to the North Pole
experiences 24 hours of darkness. Following the Decem-
ber solstice, the region experiencing 24 hours of darkness
diminishes week by week until the March equinox—when
the Sun again rises at the North Pole.

In the Antarctic region of the Southern Hemisphere,
these seasonal patterns are simply reversed.

Significance of Seasonal Patterns

Both day length and the angle at which the Sun’s rays strike
Earth determine the amount of solar energy received at any
particular latitude. In general, the higher the Sun is in the
sky, the more effective is the warming. Furthermore, short
periods of daylight in winter and long periods of daylight

in summer contribute to seasonal differences in tempera-
ture in the mid- and high-latitude regions.

Thus, the tropical latitudes are generally always warm
because they have high Sun angles and consistent, near-
12-hour days all year long. Conversely, the polar regions
are consistently cold because they always have low Sun
angles—even the 24-hour days in summer do not compen-
sate for the low angle of incidence of sunlight. Seasonal tem-
perature differences are large in the midlatitudes because of
sizable seasonal variations in Sun angles and length of day.
This topic will be explored further in Chapter 4.

LearningCheck 1-17  For how many months of the year
does the North Pole go without sunlight?

Telling Time

To comprehend time around the world, we need an under-
standing of both (1) the geographic grid of latitude and
longitude and (2) Earth—Sun relations.

In prehistoric times, the rising and setting of the Sun
were probably the principal means of telling time. Local
solar noon was determined by watching for the moment
when an object cast its shortest shadows. The Romans used
sundials to tell time (Figure 1-26) and gave great importance
to the noon position, which they called the meridian—the
Sun’s highest (meri) point of the day (diem). Our use of
AM. (ante meridian: “before noon”) and p.M. (post merid-
ian: “after noon”) was derived from the Roman world.

When nearly all transportation was by foot, horse, or sail-
ing vessel, it was difficult to compare time at different locali-
ties. Each community set its own time by correcting its local
clocks to high noon at the moment of the shortest shadow.

Standard Time

As the telegraph and railroad began to speed words and
passengers between cities, the use of many different local

Figure 1-26 Atypical sundial. The edge of the vertical gnomon slants
upward from the dial face at an angle equal to the latitude of the sundial,
pointing toward the North Pole in the Northern Hemisphere and the South
Pole in the Southern Hemisphere. As the Sun appears to move across
the sky during the course of a day, the position of the shadow cast by the
gnomon changes. The time shown on this sundial is about 2:00 p.m.
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Figure 1-27 The time zones of the world, each based on central meridians spaced 15° apart. Especially over

land areas, these boundaries have been significantly adjusted.

times created increasing problems. Eventually, the railroads
stimulated the development of a standardized time system.

At the 1884 International Prime Meridian Conference in
Washington, D.C., countries established 24 central merid-
ians, 15° of longitude apart, in order to divide the world into
standard time zones. The mean (averaged) local solar time of
the Greenwich prime meridian was chosen as the standard
for the entire system. The prime meridian became the center
of a time zone that extends 7.5° of longitude to the west and
7.5° to the east of the prime meridian. Similarly, the merid-
ians that are multiples of 15° both east and west of the prime
meridian were set as the central meridians for the other time
zones (Figure 1-27). When you cross into the next time zone
from west to east, the time becomes one hour later.

Although Greenwich Mean Time (GMT) is now referred
to as Universal Time Coordinated (UTC), the prime merid-
ian is still the reference for standard time. To know the exact
local time, we usually need to know only how many hours
later or earlier our local time zone is compared with the time
in Greenwich. Notice that a few countries, such as India, do
not adhere to standard one-hour-interval time zones.

Most countries lie totally within a single time zone.
However, some large countries may encompass several
zones: Russia extends across time zones defined by 10 cen-
tral meridians; including Alaska and Hawai‘i, the United
States spreads over six (Figure 1-28a).

In international waters, time zones are exactly 15° wide.
Over land areas, however, boundaries vary to coincide with
political and economic boundaries. For example, the Cen-
tral Standard Time Zone of the United States, centered on

90° W, extends all the way to 105° W (which is the central
meridian of the Mountain Standard Time Zone) in Texas to
keep most of that state within the same zone. But El Paso,
Texas, is officially within the Mountain Standard Time Zone
in accord with its role as a major market center for southern
New Mexico, which observes Mountain Standard Time. At
another extreme, China extends across four 15° zones, but
the entire country, at least officially, observes the time of the
120° east meridian near Beijing.

In each time zone, the central meridian marks the loca-
tion where clock time is the same as mean Sun time (i.e., the
Sun reaches its highest point in the sky at 12:00 noon). On
either side of that meridian, clock time does not coincide
with Sun time. The deviation between the two is shown for
one U.S. zone in Figure 1-28b.

LearningCheck 1-18 what happens to the hour when
you cross from one time zone to the next from west to east?

International Date Line

In 1519, Ferdinand Magellan set out westward from Spain,
sailing for East Asia with 241 men in five ships. Three years
later, the remnants of his crew (18 men in one ship) suc-
cessfully completed the first circumnavigation of the globe.
Although a careful log had been kept, the crew found that
their calendar was one day short of the correct date. This
was the first human experience with time change on a
global scale, the realization of which eventually led to the
establishment of the International Date Line.




24 Physical Geography: A Landscape Appreciation

< Figure 1-28 (a) Times zones for
Canada, the United States, northern
Mexico, and part of Greenland. The
number in each time zone refers to
the number of hours earlier than UTC
(GMT). (b) Standard clock time versus
Sun time. The Sun reaches its highest
point in the sky at 12:00 noon in St. Louis
] and New Orleans because both cities
e . lie on the central meridian. East of the
5 - central meridian, the Sun is highest in
)

the sky a few minutes before standard
>

time noon; to the west, local solar noon
g s

is a few minutes after. In Chicago, for
instance, the Sun is highest in the sky at
11:50 A.m.; in Dallas, at 12:28 p.m.
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One advantage of establishing the Greenwich merid- o

ian as the prime meridian is that its opposite arc is in the
Pacific Ocean. The 180th meridian, transiting the sparsely
populated mid-Pacific, was chosen as the meridian at
which new days begin and old days exit from the surface
of Earth. The International Date Line deviates from the
180th meridian in the Bering Sea to include all of the Aleu-
tian Islands of Alaska within the same day and again in
the South Pacific to keep islands of the same group—such
as Fiji and Tonga—within the same day (Figure 1-29). The
extensive eastern displacement of the date line in the cen-
tral Pacific is due to the widely scattered locations of the
many islands of the country of Kiribati.

The International Date Line is in the middle of the time
zone defined by the 180° meridian. Consequently, there is no
time (i.e., hourly) change when you cross the International
Date Line—only the calendar day changes, not the clock.
When you cross the International Date Line from west to
east, it becomes one day earlier (e.g., from January 2 to Janu-
ary 1); when you move across the line from east to west, it
becomes one day later (e.g., from January 1 to January 2).
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(b) Clock time versus Sun time

LearningCheck 1-19 what happens to the day when you
cross the International Date Line from west to east?

Satellite images of Earth can help us trace the expan-
sion of human activities taking place day and night around
the globe. Commerce, transportation, industry, and many
aspects of urban life are no longer constrained by dark-

A Figure 1-29 The International Date Line generally follows the 180th
meridian, but it deviates around various island groups—most notably Kiribati.
. . . o When you cross the International Date Line as you travel from west to east
ness or time differences between distant cities—see the box on Sunday, the day becomes Saturday; when you cross the International

Global Environmental Change: Images of Earth at Night.  Date Line from east to west, Saturday becomes Sunday.



