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ach generation has its unique needs and aspirations. When Charles Wiley first
opened his small printing shop in lower Manhattan in 1807, it was a generation
of boundless potential searching for an identity. And we were there, helping to
define a new American literary tradition. Over half a century later, in the midst
of the Second Industrial Revolution, it was a generation focused on building the
future. Once again, we were there, supplying the critical scientific, technical, and
engineering knowledge that helped frame the world. Throughout the 20th
Century, and into the new millennium, nations began to reach out beyond their
own borders and a new international community was born. Wiley was there,
expanding its operations around the world to enable a global exchange of ideas,
opinions, and know-how.

For 200 years, Wiley has been an integral part of each generation’s journey,
enabling the flow of information and understanding necessary to meet their needs
and fulfill their aspirations. Today, bold new technologies are changing the way
we live and learn. Wiley will be there, providing you the must-have knowledge
you need to imagine new worlds, new possibilities, and new opportunities.

Generations come and go, but you can always count on Wiley to provide you the
knowledge you need, when and where you need it!
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SN A0S AN From the Publisher

isualizing Physical Geography is designed to help your students learn ef-
fectively. Created in collaboration with the National Geographic Society
and our Wiley Visualizing Consulting Editor, Professor Jan Plass of New
York University, Visualizing Physical Geography integrates rich visuals and
media with text to direct students’ attention to important information. This approach
represents complex processes, organizes related pieces of information, and integrates
information into clear representations. Beautifully illustrated, Visu-

alizing Physical Geography shows your students what the discipline is Ocean
all about—its main concepts and applications—while also instilling
an appreciation and excitement about the richness of the subject.
Visuals, as used throughout this text, are instructional compo-
nents that display facts, concepts, processes, or principles. They cre- l
ate the foundation for the text and do more than simply support :lgzg
the written or spoken word. The visuals include diagrams, graphs,
maps, photographs, illustrations, schematics, animations, and | gmal shift
videos and are designed to direct attention, display processes, and |in latitude
organize and integrate information.
Why should a textbook based on visuals be effective? Research
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shows that we learn better from integrated text and visuals than
from either medium separately. Beginners in a subject benefit most from reading
about the topic, attending class, and studying well-designed and integrated visuals. A vi-
sual, with good accompanying discussion, really can be worth a thousand words!

Well-designed visuals can also improve the efficiency with which a learner processes
information. The more effectively we process information, the more likely it is that we
will learn. This processing of information takes place in our working memory. As we
learn, we integrate new information in our working memory with existing knowledge
in our long-term memory.

Have you ever read a paragraph or a page in a book, stopped, and said to yourself:
“I don’t remember one thing I just read?” This may happen when your working mem-
ory has been overloaded, and the text you read was not successfully integrated into
long-term memory. Visuals don’t automatically solve the problem of overload, but well-
designed visuals can reduce the number of elements that working memory must
process, thus aiding learning.

You, as the instructor, facilitate your students’ learning. Well-designed visuals, used
in class, can help you in that effort. Here are six methods for using the visuals in the
Visualizing Physical Geography in classroom instruction.

1. Assign students visuals to study in addition to reading the text.
Instead of assigning only one medium of presentation, it is important to make
sure your students know that the visuals are just as essential
as the text.

2. Use visuals during class discussions or presentations.
By pointing out important information as the students look
at the visuals during class discussions, you can help focus
students’ attention on key elements of the visuals and help .
them begin to organize the information and develop an in-
tegrated model of understanding. The verbal explanation
of important information combined with the visual repre-
sentation can be highly effective.

Evaporation and
transpiration
from land

Evaparation
Runoff from acean



3. Use visuals to review content knowledge.
Students can review key concepts, principles, processes, vocabulary, and rela-
tionships displayed visually. Better understanding results when new informa-
tion in working memory is linked to prior knowledge.

4. Use visuals for assignments or when assessing learning.
Visuals can be used for comprehension activities or assessments. For example,
you could ask students to identify examples of concepts portrayed in visuals.
Higher-level thinking activities that require critical thinking, deductive and in-
ductive reasoning, and prediction can also be based on visuals. Visuals can be
very useful for drawing inferences, for predicting, and for problem solving.

5. Use visuals to situate learning in authentic contexts.
Learning is made more meaningful when a learner can apply facts, concepts,
and principles to realistic situations or examples. Visuals can provide that real-
istic context.

6. Use visuals to encourage collaboration.
Collaborative groups often are required to practice interactive processes such
as giving explanations, asking questions, clarifying ideas, and arguing a case.
These interactive, face-to-face processes provide the information needed to
build a verbal mental model. Learners also benefit from collaboration in many
instances such as decision making or problem solving.

Visualizing Physical Geography not only aids student learning with extraordinary use
of visuals, but it also offers an array of remarkable photos, media, and film from the
National Geographic Society collections. Students using Visualizing Physical Geography
also benefit from the long history and rich, fascinating resources of the National Geo-
graphic Society.

The National Geographic Society has also performed an invaluable service in fact-
checking Visualizing Physical Geography: they have verified every fact in the book with
two outside sources, ensuring the accuracy and currency of the text.

Given all of its strengths and resources, Visualizing Physical Geography will immerse
your students in the discipline, and its main concepts and applications, while also in-
stilling an appreciation and excitement about the richness of the subject area.

Additional information on learning and instructional design is provided in a special
guide to using this book, Learning from Visuals: How and Why Visuals Can Help Students
Learn, prepared by Matthew Leavitt, of Arizona State University. This article is available at
the Wiley Web site: www.wiley.com/college /visualizing. The online Instructor’s Manual
also provides guidelines and suggestions on using the text and visuals most effectively.

Visualizing Physical Geography also offers a rich selection of visuals in the supplemen-
tary materials that accompany the book. To complete this robust package, the follow-
ing materials are available: Test Bank (with visual materials used for assessment),
PowerPoint slides, Image Gallery (a digital version of all the visuals used in the text),
Web-based learning materials for homework and assessment including images, video,
and media resources from National Geographic.
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ORGANIZATION

Physical geography is concerned with processes resulting from two vast energy flows—a
stream of solar electromagnetic radiation that drives surface temperatures and flows of
surface and atmospheric gases and fluids, and a stream of heat from the Earth’s inte-
rior that manifests itself in the slow motion of earth materials in the upper layers of the
Earth’s crust. These flows interact at the Earth’s surface, which is the province of the
physical geographer. At this interface, the biological realm exploits these flows, adding
a third element to the landscape. Following this schema, we present physical geogra-
phy beginning with weather and climate, then turn to earth materials, geomorphology,
and finally ecology and biogeography.

The book’s opening three chapters cover core physical principles and lay the
groundwork for understanding climate, surface features, and global biodiversity dis-
cussed in later chapters. In the first chapter, the student examines the effects of the
Earth’s rotation and revolution about the Sun on changing patterns of insolation
around the globe. Insolation and electromagnetic radiation are covered in more detail
in Chapter 2, while Chapter 3 builds on this foundation to explain daily and annual air
temperature patterns at different locations. These chapters also introduce the green-
house effect and global warming—describing both their physical origin and the most
recent evidence for them, and expounding upon their possible impact in the future.
The issues of climate change are revisited throughout the text.

Chapters 4, 5, and 6 of Visualizing Physical Geography investigate weather systems, in-
cluding the development of precipitation and global wind patterns. The concepts are
presented with references to examples covering the globe, including a discussion of
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PREFACE

isualizing Physical Geography encompasses the science of human environ-
ments from local to global scales. Using a uniquely visual approach, we
take students on a journey from the top layers of the Earth’s atmos-
phere to the rocks underlying the ocean basins to the forests of the far-

thest continents. Our primary goal is to help students understand and explain the

many common natural phenomena that they experience .
y p y p Latitude scale Latitude zones:

every day, from the formation of a thunderstorm to the proportional to area: —_

North polar
Arctic
Subarctic

building of a sand dune on a beach. We also aim to excite

them about the diversity of the Earth’s environments, with

the hope that they will be motivated to experience at first Arc1tic Circle North Midlatitude
hand as much of the Earth’s physical geography as they can. 6628
Our treatment builds on basic science principles from mete- Subtropical
orology, climatology, geology, geomorphology, soil science, Tropical

ecology, and biogeography, weaving them together to de-

scribe the physical processes that shape the varied land-
Equatorial

scapes of our planet. Throughout, we build understanding
using the principles of visual learning, relying not only on
the heritage of classic visuals that are part of the Strahler tra- Tropi
ropical

dition, but also on the vast resources of the National Geo-
graphic Society, ranging from their superb collection of Subtropical
maps and graphics to their archive of famous photographs. Antarctic
We begin Visualizing Physical Geography by stepping back Circle 663°S  South Pole

and introducing the student to the Earth as a planet. We in-

Midlatitude

Subantarctic

Antarctic

vestigate our planet’s relationship with the Sun, explaining South polar

how temperature differences around our world originate.

Later chapters then focus in on the globe, showing how different weather patterns
arise, culminating in the world’s climate regions. We then zoom in to investigate the
Earth’s surface features in detail, beginning with a discussion of plate tectonics and ex-
amining a variety of processes that create our planet’s landforms.

However, Visualizing Physical Geography does not simply describe the physical
processes at play on the Earth’s surface and in the atmosphere as abstract phenomena
unrelated to human activity. Physical geography investigates the physical setting for hu-
man, animal, and plant life and examines the interconnections between human activi-
ties and natural processes. In the final chapters of the book, we examine how, why, and
where biodiversity occurs. Throughout the book, the student is invited to consider cli-
mate change processes—how these processes occur and what their future implications
may be for the fate of our planet.

This book is an introductory text aimed primarily at undergraduate nonscience
majors, and we assume little prior knowledge of physical geography. The accessible for-
mat of Visualizing Physical Geography allows students to move easily from jumping-off
points in the early chapters to more complex concepts covered later. Chapters are de-
signed to be as self-contained as possible, so that instructors can choose chapter order-

ings and emphases that suit their needs. Our book is appropriate for use in
one-semester physical geography courses offered by a variety of departments, includ-
ing geography, earth sciences, environmental studies, biology, and agriculture. vii



the causes and consequences of some of the most dramatic recent weather events seen
within the United States and around the world. In Chapter 7 we combine the founda-
tional concepts from the core chapters on insolation and air temperature with the in-
formation on weather patterns from Chapters 4, 5, and 6 in a detailed discussion of
climate regions. The student is invited to revisit the topic of climate change with this
new understanding.

Chapters 8 to 15 deal with the formation of landforms and features on the Earth’s
surface. We begin with a simple yet thorough introduction to rock types, plate tecton-
ics, and weathering processes. We then discuss volcanic and tectonic landforms, as well

as features created by running water, waves and wind, and glaciers and ice, and provide

a detailed discussion of soil formation and soil types around the globe.

The final two chapters of Visualizing Physical Geography turn to ecological, historical,
and global biogeography, and the student is invited to see how the climates, surface
features, and environments discussed earlier can affect living organisms now and in
the future.

ILLUSTRATED BOOK TOUR

The topics covered in Visualizing Physical Geography are ideally suited to a visual-based
teaching approach. Physical geography encompasses a range of highly varied and often
technical concepts, which can be greatly simplified with graphics and diagrams, and
placed within a real-world context with the aid of maps and photographs. We have de-
veloped a number of pedagogical features using visuals, specifically for Visualizing Phys-
ical Geography. The Illustrated Book Tour on the following pages provides a guide to
the diverse features contributing to Visualizing Physical Geography’s pedagogical plan.
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LLUSTRATED

CHAPTER INTRODUCTIONS focus on key geographical concepts that will be visited in the
chapter, using concise but intriguing stories to give the student a sense of the scope,
implications, and ramifications of the topics they are about to encounter. These narratives
are featured alongside striking accompanying photographs. The chapter openers also
include illustrated Chapter Outlines that use thumbnails of illustrations from the chapter to
refer visually to the content.

The Earth as a

Rotating Planet

STONEHENGE

he hushed crowd stands among the ruins,
waiting for sunrise. It is the summer sol-
stice—the longest day of the year.

A ruby gleam brightens the sky as the first
light rays become visible. Slowly, the red solar
disk emerges. The sky is bathed in reds and pinks,
fading to deep blue. Small, puffy clouds above
glow a spectacular rosy pink. And then it ap-
pears. The red solar ball hangs just to the left of
the Slaughter Stone, the immense slab that
marks the entrance to Stonehenge

The old stone monument was built three to
four thousand years ago. Legend tells us that
Merlin the wizard magically transported this vast
structure to Salisbury, England. Although we now
know this is a myth, the structure’s precision re-
mains wondrous. The ancient peoples hauled
huge sandstone slabs hundreds of miles to this
site. They carefully arranged five pairs of im-
mense vertical slabs—each pair crowned by a
horizontal stone—into a giant horseshoe. Three
pairs are still erect today, while single stones re-
main in the place of the other two.

The Slaughter Stone is missing its twin slab.
Had it been present, the Sun would have ap-
peared perfectly centered between the two verti-
cal monoliths on this midsummer’s morning. And
the long shadows of the twins would have drawn
a broad sunlit path stretching to the horseshoe
center.

Although human society has changed over
four thousand years, we share a fascination with
the motion of the Sun across the sky, and its pro-
found consequences for our planet and for us.

The Earth’s Revolution Around

s 1.2 - the Sun p. 24
[ &e5enic Visualizing
2 Stonehe Global Precipitati

GLOBAL CIRCULATION

Water vapor is carried far fro
together or rise over mountains

s source by atmospheric circulation patterns. Where air currents converge
ouds and precipitation form.

" «Precipitation and global
circulation The circulation of
% the atmosphere mixes warm,
moist ar with cool, dry air in
storm systems called cy-
ones. Where storms are
bundant, so s precipitation
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. VISUALIZING PLATES are
D) specially designed multipart
visual spreads that appear in a
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chapter. They bring together key
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2P use National Geographic maps

> ol and photographs, as well as

farmers plant a new crop.
while sheltered by woven rain

: % figures, to highlight the most
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BOOK TOUR

PROCESS DIAGRAMS
break down complex
processes into a series
of simple figures, helping
students to observe,
follow, and understand
the process.

Life history of a wave cyclone (“low”)

willbegin at step (el

weidelq $s920.d

precipitation.

P S, <
N 5 Open stage The wave along the cold and warm
\ £ :.eij._.._\ o ror cold y
-

e www wiey com
oneal collegelstrahier
o zone along the cold front,

-+
8 This figure shows the path
{ll i the sun at this time of day, at the equator. A A A A A
O You can see from the figure that the angle of What is happenmg in this pICture
OQ the sun’s rays is much lower than it would
have been at noon in the same spot.
o
=
Thermal infrared radiation can be seen us- Which regions would you expect to be the
Imagine yourself sitting in a beach chair here on Bora Bora, watching the sunset. Will you be warm or cool? ing a special sensor. Here we can see a sub- warmest, and which should be the coolest
The beach at sunset will be quite a different place from what it was at noon, a few hours earlier. The long shadows and the i i o ”
position of the glow in the sky show that the Sun is not far from the horizon. As a resut, insolation will be much lower than at urban street on a cool night. Different in this scene?
noon, when the Sun is near the top of the sky. q d
The Sun will also seem weaker because, at such a low angle, its direct rays pass through more atmosphere. As a result, P reglons are rep| ted by
more of the solar beam will be absorbed or scattered than at noon. different colors in the image.

Seated in your chair, directly facing the Sun, however, you will be doubly warmed—first by the direct rays of the Sun on
your body and second by the sunlight reflected off the still water.
With this analysis, a geographer would safely conclude that the temperature will be. .. just about perfect!

WHAT A GEOGRAPHER SEES features demonstrate WHAT IS HAPPENING IN THIS PICTURE? is an end-of-

how a professional in the field interprets real-world chapter feature that presents students with a photograph
situations. Photographs or satellite images depict relevant to chapter topics but that illustrates a situation
intriguing and puzzling geographical phenomena, and students are not likely to have encountered previously.
accompanying figures and graphs are used to explain The photograph is paired with questions and a discussion
integral concepts. The features help students to develop of the image designed to stimulate creative thinking.

observational skills and to analyze images given the ideas
met within the chapter.
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Air Quality

List substances that act as air pollutants.

Explain where air pollutants come from.

ost people living in or near urban areas ~ percent in winter. The ozone in
have experienced air pollution first  olet radiation, at times compl
hand. Perhaps you’ve felt your eyes sting ~ reaching the ground. Althoug
or your throat tickle as you drive an ur- ~ human skin cancer, it may also
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LEARNING OBJECTIVES at the beginning
of each section head identify the key points
in the section that follows, providing active
goals to guide students’ learning as they
Explain what causes smog. read the text and indicating what they must
Describe acid rain, its causes and effects. be able to do to demonstrate mastery of
the material in the chapter.

CONCEPT CHECK

Define evolution. what are What is the difference between allopatric
the two sources of variation? speciation and sympatric speciation? Give an
example of each.

Whatis speciation? Name the

four key processes that lead What term describes the distribution pattern of
to speciation. ratite birds? How was this pattern created?

508 E©HAPTER 16 Biogeographic Processes

CONCEPT CHECK questions at the end of each section give students the
opportunity to test their comprehension of the learning objectives, before
moving on to the next subject.

MARGINAL GLOSSARY TERMS (in green
boldface) introduce each chapter’s most
important terms, often reinforced with a
thumbnail photograph. The second most
important terms appear in italics and are
defined within the chapter text and included
in a full glossary at the end of the text.
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Global Locator

GLOBAL LOCATOR MAPS, prepared specifically for this book by National Geographic,

Qosqo by night Ficure 3.7

Urban power consumption in Qosqo (formerly Cuzco) keeps nighttime
temperatures higher than in the surrounding areas.

accompany figures addressing issues encountered in a particular geographic region to help
students visualize where the area discussed is situated around the globe.

ILLUSTRATIONS AND PHOTOS
support and elaborate on
concepts covered in the text,
allowing students to visualize
theoretical concepts within a real-
world setting and contextualize
their learning. Many of the photos
are from the National Geographic
Society’s rich resources.

After the heavy rainfall began, several hours
elapsed before the stream began to show an
increased discharge. In this interval, called the lag
time, the branching system of channels acted as a
temporary reservoir. In this case, the lag time was

A Iquitos Frequent rainfall is a way of life on the Amazon River, near Iquitos,

Peru. (Iquitos is located on Figure 7.9.)

abar graph giving the

number of centimeters of
precipitation in each two-hour
period.

After the peak flow, discharge
slowly subsides for several days.

about 18 hours. _
35 Midpoint f
! Lag time -4——=| Midpoint o
3.0 | of precip- g " runoff volume r 25,000 700 1.2
Before the storm, itation .
Rainfall ~ 600
Sugar Creekwas 55 [volume 20,000 < 2 1.0
carrying a small b ! k2 L 500 mg
discharge. This G 2.0 il s 08
15,000 & L
flow, supplied by {=':1 5 Flood runoff g gl g’ | o6
the seepage of € L 10,000 5 ~ 300 '4:‘3 '
ground water into & 1.0 S 8 o4
[ R ) 200
the channel, is 000
called base flow. 0.5 | ——— =100  -02
------------- o
0 Aug 8 Aug 9

Sugar Creek hydrograph Ficure 11.18

The graph shows the discharge of Sugar Creek (smooth line), the main stream of the drainage basin, during a four-day period
that included a heavy rainstorm. The average total rainfall over the watershed of Sugar Creek was about 15 cm (6 in.). About
half of this amount passed down the stream within three days’ time. Some rainfall was held in the soil as soil water, some
evaporated, and some infiltrated to the water table to be held in long-term storage as ground water.
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Annual total: 262 cm (103 in.)
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TABLES AND GRAPHS, with
data sources cited at the end
of the text, summarize and

organize important
information.

A Iquitos climograph lquitos, in Peru

(lat. 3° ), is located in the upper Amazon




The VISUAL SUMMARY revisits
each learning objective, with
relevant accompanying images
taken from the chapter that act as
visual cues, reinforcing important
elements from the chapter. Each
marginal glossary term is redefined
and included in a list of Key Terms,
so that students can review
vocabulary words in the context of
related concepts.

Water and
the Hydrosphere

1. Water can change state by evaporating, condensing, melting,
freezing, and through sublimation and deposition.

2. The hydrosphere is the realm of water in all its forms. The fresh
water in the atmosphere and on land in lakes, streams, rivers,
and ground water is only a very small portion of the total water
in the hydrosphere.

3. Precipitation is the fall of liquid or solid water from the atmos-
phere to reach the Earth’s land or ocean surface.

-

. What is atmospheric pressure? Why does it occur? How is at-
mospheric pressure measured, and in what units? What is the
normal value of atmospheric pressure at sea level? How does
atmospheric pressure change with altitude?

o

Describe a simple convective wind system. In your answer, ex-
plain how air motion arises.

w

How do land and sea breezes form? How do they illustrate the
concepts of pressure gradient and convection loop?

4. Define cyclone and anticyclone. What type of weather is associ-
ated with each and why? Draw four spiral patterns showing out-
ward and inward flow in clockwise and counterclockwise
directions. Explain why different diagrams are needed for the
northern and southern hemispheres.

5. What is the Asian monsoon? What are its features in summer

and winter? How is the ITCZ involved? How is the monsoon cir- expect to find In the upper atmosphere as the airplane travels?
! " ] . -

culation related to seasonal high- and low-pressure centers What et streams will be encountered? Will they slow or speed
e q A >
fim AR the aircraft on its way?

6. On tl
oceal 1. This cutaway diagram of the Earth's interior shows several lay- 5. Shale, shown in the photograph, is formed from layered accu-

ers. Label the mantle, outer core, inner core, asthenosphere, mulations of mineral particles derived mostly by weathering
L — and lithosphere. Indicate whether the layer is solid, plastic, or and erosion of preexisting rocks. Which rock class does it be-

Lo
]

Fiso
Vorticalscao s 10¢
| the horizonal scale
y

Kilometers

Temperature
and prossure
with depth

2.4 is a naturally occurring, inorganic substance
that usually possesses a definite chemical composition and
characteristic atomic structure.

a. crystal <. rock
b. mineral d. metamorphic rock

<. hardness, compared to extrusive igneous rocks
d. darker colors

4.The quivalent of sandstone is
which is formed by the addition of silica to fill completely the
open spaces between the grains.

liquid. long to?
a. Sedimentary rocks
b. Igneous rocks

8. Alltime older than 570 million years before the present is
a. Cambrian
b. Mesozoic

the following on your sketch: dol-

drums, equatorial trough,
Hadley cell, ITCZ, northeast
trades, polar easterlies,
polar front, polar out-
break, southeast trades,
subtropical high-pressure
belts, and westerlies.

&

Compare the winter and
summer patterns of high and
low pressure that develop in the
northern hemisphere with those that de-
velop in the southern hemisphere.

An airline pilot is planning a nonstop flight from Los Angeles to
Sydney, Australia. What general wind conditions can the pilot

c. Metamorphic rocks

W/\/\/\—//\

10. The diagram shows two basic forms of tectonic activity. Identify
and describe both processes. Which would we expect to see called
between separating oceanic plates? Which occurs between
converging plate boundaries?

2 Humidity

. Humidity describes the amount of water vapor present in air.

-

)

Warm air can hold much more water vapor than cold air.

6

Specific humidity mea- Temperature, °F

sures the mass of water L - ELEVL
vapor in a mass of air,
in grams of water vapor
per kilogram of air. Rel-
ative humidity mea-
sures water vapor in
the air as the percent-
age of the maximum
amount of water vapor
that can be held at the
given air temperature.

100 120

Maximum specific humidity
(grams of water per kilograms of air)
o

0
40 30 20 10 0 10 20 30 40 50
Temperature, °C

'S

. Condensation occurs at
the dew-point temperature.

CRITICAL AND CREATIVE THINKING
QUESTIONS bring together each
chapter’s important concepts. They
range from simple to more advanced
levels, encouraging the students to
think critically and develop an
analytical understanding of the ideas
discussed in the chapter.

13. The process in which one plate is carried beneath another is

a. advection
b. convection

c. liposuction
d. subduction

d. Volcanic rocks

1. plate boundaries with in

progress are zones of intense tectonic and volcanic activity.

SN «

a. Transform, subduction
b. Subduction, orogeny

c. Converging, subduction
d. Spreading, axial motion

5. Alfred Wegener, a German meteorologist and geophysicist,
suggested in 1915 that the continents had once been adjoined
asa inent, which he named

c. Pangea

d. Laurasia

a. Wegener Land

) b. Gondwanaland

6. The theory describing the motions and changes through time
of the continents and ocean basins, and the processes that
fracture and fuse them, is called
a. continental drift
b. Earth dynamics

c. plate tectonics
d. the Wilson cycle aln)

a. cordillera, rift

7. The is a soft, plastic layer that underlies the
3. Intrusive igneous rocks are noted for their: lithosphere. b. midocean ridge, rft
a. large mineral crystals & (o <. inner core . midocean ridge, axial rift
b. interesting mineral composition i, GIEErEEE dia=thenosphere: d. ridge, axial rift

nental margins are

c. Triassic E

d. Precambrian
continental crust.

11. Ocean basins are characterized by a central
consisting of submarine hills that rise gradually to a rugged
central zone delineated by a narrow, trench-like feature called

12. Some continental margins are
late thick deposits of continental sediments while other conti-

marking the location at which ocean crust s sliding beneath

Africa

and accumu-

s.
and have trenches America

SELF TESTS combine multiple-choice and short answer questions to allow students to assess
their own progress upon completing the chapter. The tests include questions based on graphs,
diagrams, and images taken from the text, encouraging the students to actively and visually

engage with the material.



MEDIA AND SUPPLEMENTS

Visualizing Physical Geography is accompanied by a rich array of media and supplements
that incorporate the visuals from the textbook extensively to form a pedagogically co-
hesive package. For example, a process diagram from the book appears in the Instruc-
tor’s Manual with suggestions on using it as a PowerPoint in the classroom; it may be
the subject of a short video or an online animation; and it may also appear with ques-
tions in the Test Bank, as part of the chapter review, homework assignment, assessment
questions, and other online features.

MEDIA ADVISORY BOARD

Special thanks to the following people who contributed to creation and organization
of the media for Visualizing Physical Geography: Miriam Helen Hill and Jon Van de Grift.

INSTRUCTOR SUPPLEMENTS
VIDEOS

A collection of videos, many of them from the award-winning National Geographic
Film Collection, have been selected to accompany and enrich the text. Each chapter
includes video clips, available online as digitized streaming video, that illustrate and ex-
pand on a concept or topic to aid student understanding.

NATIONAL indicates video drawn from the award-winning archives

A NP of the National Geographic Society.

Accompanying each of the videos is contextualized commentary and questions that
can further develop student understanding.

www.wiley.com/

The videos are available on the main Web site:
college/strahler

POWERPOINT PRESENTATIONS AND IMAGE GALLERY

A complete set of highly visual PowerPoint presentations by Jake Armour of the Uni-
versity of North Carolina at Charlotte is available online to enhance classroom presen-
tations. Tailored to the text’s topical coverage and learning objectives, these
presentations are designed to convey key text concepts, illustrated by embedded
text art.

All photographs, figures, maps, and other visuals from the text are online in elec-
tronic files that allow you to easily incorporate them into your PowerPoint presenta-
tions as you choose, or to create your own overhead transparencies and handouts.

Preface

XV


http://www.wiley.com/

XVi

www.wiley.com/

college/strahler

" WILEY

PLUS

Preface

TEST BANK
(AVAILABLE IN WILEYPLUS AND ELECTRONIC FORMAT)

The visuals from the textbook are also included in the Test Bank by Jake Armour of the
University of North Carolina at Charlotte, Miriam Helen Hill of Jacksonville State Uni-
versity, and Steven Namikas of Louisiana State University. The test items include multi-
ple-choice and essay questions testing a variety of comprehension levels. The test bank
is available in two formats: online in MS Word files and a Computerized Test Bank, a
multiplatftorm CR-ROM. The easy-to-use text-generation program fully supports graph-
ics and prints tests, student answer sheets, and answer keys. The software’s advanced
features allow you to create an exam to your exact specifications.

INSTRUCTOR’S MANUAL
(AVAILABLE IN ELECTRONIC FORMAT)

The Manual begins with a special introduction on Using Visuals in the Classroom, pre-
pared by Matthew Leavitt of the Arizona State University, in which he provides guide-
lines and suggestions on how to use the visuals in teaching the course. For each
chapter, materials by James Duvall of Contra Costa College include suggestions and di-
rections for using Web-based learning modules in the classroom and for homework
assignments.

WEB-BASED LEARNING MODULES

A robust suite of multimedia learning resources have been designed for Visualizing
Physical Geography, again focusing on and using the visuals from the book. Delivered via
the Web, the content is organized in the following categories:

Tutorial Animations: Animations visually support the learning of a difficult con-
cept, process, or theory, many of them built around a specific feature such as a Process
Diagram, Visualizing piece, or key visual in the chapter. The animations go beyond the
content and visuals presented in the book, providing additional visual examples and
descriptive narration.

BOOK COMPANION SITE
(WWW.WILEY.COM/COLLEGE/STRAHLER)

Instructor Resources on the book companion site include the Test Bank, Instructor’s
Manual, all illustrations and photos in the textbook in jpeg format, and select flash ani-
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WILEYPLUS

Visualizing Physical Geography is available with WileyPlus, a powerful online tool that
provides instructors and students with an integrated suite of teaching and learning re-
sources in one easy-to-use Web site.
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The Earth as a

Rotating Planet

STONEHENGE

he hushed crowd stands among the ruins,
waiting for sunrise. It is the summer sol-
stice—the longest day of the year.

A ruby gleam brightens the sky as the first
light rays become visible. Slowly, the red solar
disk emerges. The sky is bathed in reds and pinks,
fading to deep blue. Small, puffy clouds above
glow a spectacular rosy pink. And then it ap-
pears. The red solar ball hangs just to the left of
the Slaughter Stone, the immense slab that
marks the entrance to Stonehenge.

The old stone monument was built three to
four thousand years ago. Legend tells us that
Merlin the wizard magically transported this vast
structure to Salisbury, England. Although we now
know this is a myth, the structure’s precision re-
mains wondrous. The ancient peoples hauled
huge sandstone slabs hundreds of miles to this
site. They carefully arranged five pairs of im-
mense vertical slabs—each pair crowned by a
horizontal stone—into a giant horseshoe. Three
pairs are still erect today, while single stones re-
main in the place of the other two.

The Slaughter Stone is missing its twin slab.
Had it been present, the Sun would have ap-
peared perfectly centered between the two verti-
cal monoliths on this midsummer’s morning. And
the long shadows of the twins would have drawn
a broad sunlit path stretching to the horseshoe
center.

Although human society has changed over
four thousand years, we share a fascination with
the motion of the Sun across the sky, and its pro-
found consequences for our planet and for us.

NATIONAL
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Stonehenge at dawn.
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The Shape of the Earth

Explain how we know the Earth’s approximate shape.

Describe the actual shape of the Earth.

e are so familiar with the image of our

spherical planet, that we rarely ques-

tion whether or not it is perfectly

round. But what do we actually know
about the Earth’s shape?

We all grew up with globes in our homes and class-
rooms. Meanwhile, pictures from space, taken by astro-
nauts or sent to us by orbiting satellites, display our
round planet in its full glory (Fisure 1.1). Today it
seems almost nonsensical that many of our ancestors
thought the world was flat. But to ancient sailors voyag-
ing across the Mediterranean Sea, the true shape and

Earth curvature FiGure 1.1

This astronaut photo shows
the Earth’s curved horizon from
low-Earth orbit.

www.wiley.com/

college/strahler

breadth of the Earth’s oceans and lands were hidden.
Imagine standing on one of their ships, looking out at
the vast ocean, with no land in sight. The surface of the
sea would seem perfectly flat, stretching out and meet-
ing the sky along a circular horizon. Given this view,
perhaps it is not so surprising that many sailors believed
the Earth was a flat disk and feared their ships would
fall off its edge if they ventured too far (FIGURE 1.2).
We also see information about the shape of the
Earth when we watch the sunset with clouds in the sky
(FiIcGurE 1.3). Arotating, spherical Earth explains
the movement of solar illumination across the clouds.
The familiar images of our round planet that we
take for granted are a little misleading. The Earth is not
perfectly spherical. The Earth’s equatorial diameter, at
about 12,756 km (7926 mi), is very slightly larger than
the polar diameter, which is about 12,714 km (7900 mi).
As the Earth spins, the outward force of rotation causes

Distant ship Ficure 1.2

If the telescope had been invented then, an-
cient sailors might have peered through the
lens at a distant ship sailing along the hori-
zon. The ship’s decks are mysteriously im-
mersed below the water line—a clear
demonstration of the Earth’s curvature.



http://www.wiley.com/

Cloud illumination Ficure 1.3

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

the sky.

it to bulge slightly at the equator and flatten at An even more accurate representation of the
the poles (FiIcure 1.4). The difference is very = Earth’s shape is the geoid, which is a reference surface
small—about three-tenths of 1 percent—but strictly =~ based on the pull of gravity over the globe. It is defined
speaking, the Earth’s squashed shape is closer to what is by a set of mathematical equations and has many appli-
known as an oblate ellipsoid, not a sphere. cations in mapmaking.

North pole North pole

The direction of rotation of the Earth can be thought of as C This is a greatly exaggerated geoid, in which small depar-
A counterclockwise at the North Pole, or B from left to right tures from a sphere are shown as very large deviations.
(eastward) at the equator.

Earth rotation Ficure 1.4

The Earth’s rotation causes it to bulge slightly at the equator.

CONCEPT CHECK

HOW do we know the approximate shape of Wh at simple shape closely approximates

the Earth? the true shape of the Earth?

The Shape of the Earth 5



The Earth’s Rotation

Define the axis and poles.

he Earth spins slowly on its

axis—an imaginary straight

line through its center and

poles—through day and
night. It makes one full turn with respect to
the Sun every day. We define a solar day by
one rotation, and for centuries we have cho-
sen to divide the solar day into exactly 24
hours.

The North and South Poles are defined
as the two points on the Earth's surface
where the axis of rotation emerges. If we
want to work out the direction of the Earth’s rotation,
we can use the poles to guide us.

ENVIRONMENTAL EFFECTS
OF THE EARTH’S ROTATION

The most obvious effect of the Earth’s rotation is that it
gives us our measure of time. All walks of life on the

CONCEPT CHECK

HOW are the Earth’s axis
and the poles defined?

6 G©CHAPTER 1 The Earth as a Rotating Planet

AXiS Animaginary
straight line through
the center of the
Earth around which
the Earth rotates.

Poles The two
points on the Earth’s
surface where the
axis of rotation
emerges.

Describe the environmental effects of the Earth’s rotation.

planet’s surface are governed by the daily
rhythms of the Sun and its regular beats as
it changes from day to night. Green plants
store solar energy during daylight, consum-
ing it at night. Some animals are active dur-
ing the day, while others move around at
night.

The daily influx of solar energy and the
cycle of fluctuating air temperature it pro-
duces will be analyzed later in this book.

The directions of large motions of the
atmosphere and oceans are also affected, as
the turning planet makes their paths curve. Our
weather systems respond to this phenomenon, which is
known as the Coriolis effect.

Finally, the Earth’s rotation combined with the
Moon’s gravitational pull on the planet creates the
rhythmic rise and fall of the ocean surface that we wit-
ness as the tides. The ebb and flow of tidal currents is a
life-giving pulse for many plants and animals and pro-
vides a clock regulating many daily human activities in
the coastal zone.

What are the main
effects of the Earth’s
rotation on its axis?



and a large pool of warm, moist air has been forced aloft.

996

NS

X y \\‘\‘\‘ This simplified weather map shows the occluded stage of a midlatitude cyclone—
‘\;’1 | the “comma-shaped cloud” in the photo. A cold front has overtaken a warm front,

>

What a Geographer Sees

In this photo from the Meteosat geostationary satellite, Earth appears as a round ball, obscured by swirls of cloud.

Countries with distinctive shapes, like Great Britain, Ireland, Greece, Turkey, Sweden and Denmark, are easily recogniz-
able. We can also pick out the white lines of cloud and snow that run along the Pyrenees and the Alps.

But to a geographer, these white lines reveal more than just the position of mountains—they mark the edges of crustal
Earth plates, which are slowly colliding and pushing up these mountain chains. A geographer would also recognize that the
comma-shaped cloud patterns on the top left of the image are cyclones moving eastward. The inset shows how a weather
map might depict such a midlatitude cyclone.

The Earth’s Rotation 7



The Geographic Grid

Define parallels, meridians, latitude, and longitude.

Explain how we determine position on the globe.

t is impossible to lay a flat sheet of paper
over a sphere without creasing, folding,
or cutting it—as you know if you have
tried to gift wrap a ball. This simple fact
has caused mapmakers problems for centuries. Because
the Earth’s surface is curved, we cannot divide it into a
rectangular grid, anymore than we could smoothly

h Geographic grid
Network of parallels

and meridians used

to fix location on the
Earth.

¥ Parallel East-west
circle on the Earth’s
surface, lyingin a
plane parallel to the
equator.

M Meridian North-
south line on the
Earth’s surface, con-
necting the poles.

8 CHAPTER 1

wrap a globe in a sheet of graph
paper. Instead, we divide the
Earth into what is known as a
geographic grid. This is made
up of a system of imaginary
circles, called parallels and
meridians, which are described
in FIGURE 1.5.

PARALLELS AND
MERIDIANS

Imagine cutting the globe just as
you might slice an onion to make
onion rings (FIGURE 1.5A).

S

=

A Parallels of latitude divide the
globe crosswise into rings.

Lay the globe on its side, so that h Equator Parallel of
latitude lying midway
between the Earth’s
poles; it is desig-
nated latitude 0°.

the axis joining the North and
South Poles runs parallel to your
imaginary chopping board and
begin to slice. Each cut creates a

circular outline that passes right )
# Latitude Arcofa

meridian between
the equator and a
given point on the
globe.

around the surface of the globe.
This circle is known as a parallel
of latitude, or a parallel. The
Earth’s longest parallel of latitude
is the equator, which lies midway

between the two poles. We use the

@ Longitude Arcof
equator as a fundamental refer- ongitude Arco

a parallel between
the prime meridian
and a given point on
the globe.

ence line for measuring position.
Now, imagine slicing the Earth
through the axis of rotation in-

stead of across it, just as you would

cut up a lemon to produce wedges (FIGURE 1.58).
The outlines of the cuts form circles on the globe, each
of which passes through both poles. A meridian of lon-
gitude, or simply meridian, is formed by half of this cir-
cular outline, which connects one pole to the equator.
Meridians and parallels define geographic direc-
tions. When you walk directly north or south, you fol-
low a meridian; when you walk east or west you follow a
parallel. There are an infinite number of parallels and
meridians that can be drawn on the Earth’s surface, just
as there are an infinite number of positions on the
globe. Every point on the Earth is associated with a

\\Yr

w

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

Parallels and meridians Ficure 1.5

The Earth as a Rotating Planet



unique combination of one parallel
and one meridian. The position of the
point is defined by their intersection.

LATITUDE AND LONGITUDE

We label parallels and meridians by
their latitude and longitude (Ficure
1.6). The equator divides the globe
into two equal portions, or hemi-
spheres. All parallels in the northern
hemisphere are described by a north
latitude, and all points south of the
equator are given as south latitude
(NorS).

Meridians are identified by longi-
tude, which is an angular measure of
how far eastward or westward the
meridian is from a reference meridian,
called the prime meridian. The prime
meridian is sometimes known as the
Greenwich meridian because it passes
through the old Royal Observatory at
Greenwich, near London, England
(Fisure 1.7). It has a value longi-
tude 0°.

The longitude of a meridian on the
globe is measured eastward or west-
ward from the prime meridian, de-
pending on which direction gives the
smaller angle. So longitude ranges
from 0° to 180°, east or west (E or W).

Latitude/ "~._
angle .

Longitude
angle

Prime
meridian

S~

A The latitude of a parallel is the B Longitude is the angle between a plane
angle between a point on the paral- passing through the meridian and a plane
lel (P) and a point on the equator at passing through the prime meridian.

the same meridian (Q) as measured The longitude of a meridian is the angle
from the Earth’s center. between a point on that meridian at the

equator (Q) as measured at the Earth’s center

Latitude and longitude angles Ficure 1.6

Prime meridian Ficure 1.7

Global Locator




A A topographic map of Mount Everest
combining topographic contours with
shaded relief.

A A map centered on the Atlantic Ocean as
it appeared on the cover of the first National
Geographic Atlas of the World.

Applying projections onto flat paper

> Geometry at work
The surface of a sphere cannot be made to lie
flat, but planes, cones, and cylinders can. Us-
ing these “developable surfaces” and apply-
ing calculations, cartographers can project
the Earth’s features onto flat paper. Some dis-
tortion is unavoidable. Only at exactly the
points where the developable surface
touches the globe is the flat map completely
accurate. The farther from these points of
contact, the more stretched or squeezed fea-
tures become. Thus, map-makers place the
points of contact at the part of the globe they
wish to map most faithfully (right).

Cartographic projections of the Earth

Orthographic

Designed to show the Earth as seen

from a distant point in space, the or-

. thographic is usually used to por- fa=t

. tray hemispheres. Distortion atthe . QRN | e
edges, however, compresses land LRI |

masses. \

Lambert Azimuthal Equal-Area
Distortion away from the center “

Stereographic
Like the orthographic, this projec-

EXAMPLES OF MAPS

4 A map of Arctic Re-
gions from 1925,
showing a large sec-
tion of the Arctic as
“unexplored.”

Oblique Mercator

This projection wraps a cylinder
around the globe along any great cir-
cle other than a meridian or the
equator. The result: high accuracy
along the shortest route between
two points.

4 Mercator

Straight lines plotted on the Mercator
show true compass direction, ideal for
navigation. Areas are increasingly en-
larged toward the poles. For example,
Alaska looks as big as Brazil; it is less
than a fifth the size. Greenland appears
17 times as large as it really is.

Azimuthal Equidistant
Map-makers can choose any center
point, from which directions and
distances are true, but in outer ar-
eas shapes and sizes are distorted.
On this projection, Antarctica, the
Arctic Ocean, and several conti-
nents appear.

Albers Conic Equal-Area
The Albers is a good format for

makes this projection a poor choice |
for world maps but useful for fairly
circular regions, such as the lunar
hemispheres.

NATIONAL
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tion was used in the second century
B.C. by Hipparchus. It was one of the
first to show the world as round. All
points lie in true direction from the
center, but outer areas are
stretched.

mapping mid-latitude regions that
are larger east to west than north to
south.




Visualizin

Map Projecti

MAPPING AS A SCIENCE AND AN ART

A map projection changes the geographic (latitude-longitude) grid of the globe into a
grid that can be displayed as a flat map. Making a map is both a science and an art.<

> An artist applies
color shading to a map
of the ocean floor.

4 The National Geographic’s
chief cartographer and art direc-
tor create layouts of map and
satellite data for the eighth edi-
tion of the National Geographic
Atlas of the World.

4 How maps differ

. Some map projections are

* based on cones and cylin-
ders; others derive from flat
paper held against the
globe. The orthographic
projection represents the
Earth as if from a point in
space. The stereographic
projection appears as if

Conic

The ancient Greeks developed
the conic projection to chart
the known world. A cone sits
atop the globe like a dunce
cap, and accuracy is greatest
along the circle it touches—

Conic—Two Standard Parallels
Cones can be drawn that appear to
slice through the globe, giving two
standard parallels. Cone place-
ment can follow any broad mid-
latitude region of limited
north-south extent, such as the

7 4 Polyconic

seen from a point on the
opposite side of the globe;
the gnomonic, as viewed
from the center of the
Earth. Such perspective pro-
jections plot what the eye
would see from the vantage

Good for mapping narrow regions extending
north and south, the polyconic uses a series
of cones that produce collar-shaped strips;
the curving ends must be stretched in order
to join. Thus, the farther from the central

points at which the maps
are projected and drawn.
The diagram (left) illustrates
how these methods change

the standard parallel. United States and China. 7

Mollweide

In 1805 Carl B. Mollweide, a German mathe-

This equal-area projection,
first presented in 1949, pro-
duces axes oblique to each
other. Unlike many conven-
tional world projections

meridian, the greater the distortion.

Oblique Flat Polar Quartic 'w' i AT

Interrupted Goode Homolosine
To minimize distortion of scale and shape, this pro-

the position of a parallel.

Mercator
Named for Gerardus Mercator, the Flemish ge-
ographer who invented it in 1569, this most

that display the two poles famous of all map projections was intended

jection interrupts the globe. Its equal-area quality

matician, devised this elliptical equal-area pro-
jection that represents relative sizes accurately
but distorts shapes at the edges. Many the-
matic maps use the Mollweide.

www.wiley.com/
college/strahler

as lines, poles appear here
as points, with less
distortion.

makes it suitable for mapping distributions of vari-
ous kinds of information.

for navigation. Useful for showing constant
bearings as straight lines, the Mercator
greatly exaggerates areas at higher latitudes.

4 Eckert Equal-Area

Produced by German educator Max
Eckert, line-poles for this projection are
half the length of the equator. Polar re-
gions are less compressed than on el-
liptical projections; low-latitude land
masses are elongated.
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Latitude and longitude of a point Ficure 1.8

When both the latitude and longitude of a point are
known, it can be accurately and precisely lo-
cated on the geographic grid. The point P lies
on the parallel of latitude at 50° north
(50° from the equator) and on the merid-
ian at 60° west (60° from the prime
meridian). Its location is therefore
lat. 50° N, long. 60° W.

Together, latitude and longitude pinpoint locations
on the geographic grid (FIGurE 1.8). Fractions of
latitude or longitude angles are described using min-
utes and seconds. A minute is 1/60 of a degree, and a
second is 1/60 of a minute, or 1/3600 of a degree. So,
the latitude 41°, 27 minutes ('), and 41 seconds (")

CONCEPT CHECK

What is the difference
between a parallel and
a meridian?

What is the difference

between latitude and
longitude?

HOW do we label
position on the Earth’s
surface?

12 cHAPTER 1 The Earth as a Rotating Planet

north (lat. 41°27'41" N) means 41° north plus 27/60 of
a degree plus 41/3600 of a degree. This cumbersome
system has now largely been replaced by decimal nota-
tion. In this example, the latitude 41°27'41" N trans-
lates to 41.4614° N.




Map Projections

Explain what a map projection is.

Discuss the differences between the Mercator, the Polar,
and the Goode projection.

he problem of just how to display
the Earth has puzzled cartographers,
or map-makers, throughout history
(FiIsure 1.9). The oldest maps were
limited by a lack of knowledge of the world, rather than
by difficulties caused by the Earth’s curvature. They
tended to represent political or religious views rather
than geographic reality—ancient Greek maps from the

=,

Ptolemy’s map of the world Ficure 1.9

6th century B.C. show the world as an island, with
Greece at its center, while medieval maps from the 14th
century placed Jerusalem at the focus.

But by the 15th century, ocean-faring explorers
such as Columbus and Magellan were extending the
reaches of the known world. These voyagers took map-
makers with them to record the new lands that that they
discovered, and navigation charts were highly valued.
Map-makers, who now had a great deal of information
about the world to set down, were forced to tackle the
difficulty of representing the curved surface of the
Earth on a flat page.

For any map to be useful, we must know how the
shapes on the flat page relate to the three dimensional
world around us. Every map has a scale fraction—a

This atlas page shows a reproduction of a map of the world as it was known in ancient Greece.

Map Projections 13



ratio that tells us how to convert between the distances
drawn on our map and true Earth distances. A scale
fraction of 1:50,000, for example, means that one unit
of map distance equals 50,000 units of distance on the
Earth (Ficure 1.10).

A 1:20,000. Channel contours give depth below
mean water level.

Lake
Centennial

4

|t25Q000

B 1:250,000. Waterline only shown to depict channel.

14 cHAPTER 1 The Earth as a Rotating Planet

But because we cannot project a curved surface
onto a flat sheet without some distortion, the scale frac-
tion of a map will only be true for one point or for one
or two single lines on the map. Away from that point or
line, the scale fraction will be different. This variation is
only a problem for maps that show large regions, such
as continents or hemispheres. One of the earliest at-
tempts to tackle the curvature problem for large-scale
maps was made by the Belgian cartographer, Gerardus
Mercator, in the 16th century,
and it is still used today. There Map projection
A system of parallels
and meridians repre-
senting the Earth’s
curved surface
drawn on a flat
surface.

are a number of other systems,
or map projections, which
have been developed to trans-
late the geographic grid to a flat
one. The feature called, “Visual-
izing: Map Projections” pro-
vides many examples of map
projections. We will concentrate on the three most use-
ful types, including Mercator’s. Each has its own advan-
tages and drawbacks.

us 80

C 1:3,000,000. Channel shown as a solid line symbol.

Scale fractions Ficure 1.10

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

for reproduction. Modified from U.S. Army Corps of Engineers.)



MERCATOR PROJECTION

Gerardus Mercator invented his navigator’s map in
1569. It is a classic that has never gone out of style.

In the Mercator projection, the meridians form a
rectangular grid of straight vertical lines, while the par-
allels form straight horizontal

Mercator lines. The meridians are evenly

projection Map
projection with hori-
zontal parallels and
vertical meridians.

spaced, but the spacing between
parallels increases at higher lati-
tude so that the spacing at 60° is
double that at the equator. As

the map reaches closer to the
poles, the spacing increases so much that the map must

be cut off at some arbitrary parallel, such as 80° N. This
change of scale enlarges features near the pole.

The Mercator projection has several special proper-
ties. Mercator’s goal was to create a map that sailors could
use to determine their course. A straight line drawn any-
where on his map gives you a line of constant compass di-
rection. So a navigator can simply draw a line between
any two points on the map and measure the bearing, or
direction angle of the line, with respect to a nearby
meridian on the map. Since the meridian is a true north-
south line, the angle will give the compass bearing to be
followed. Once aimed in that compass direction, a ship
or an airplane can be held to the same compass bearing
to reach the final point or destination (FIGURE 1.1 1).
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A The compass line connecting two locations, such as Port-
land and Cairo, shows the compass bearing of a course di-
rectly connecting them. However, the shortest distance
between them lies on a great circle, which is a longer, curv-
ing line on this map projection.

The Mercator projection Ficure 1.11

globe as the crow flies,
appears as a curved
line on the Mercator

180°

B The true shortest dis-
tance, drawn over the

projection.

15



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

Because the Mercator projection shows the true
compass direction of any straight line on the map, it is
used to show many types of straight-line features. These
include wind and ocean current flow lines, directions
of crustal features (such as chains of volcanoes), and
lines of equal values, such as lines of equal air tempera-
ture or equal air pressure. That’s why the Mercator pro-
jection is chosen for maps of temperatures, winds, and
pressures.

THE GOODE PROJECTION

The Goode projection (FIcure 1.1 2) is named af-
ter its designer, J. Paul Goode. It has one very impor-

The Goode projection Ficure 1.12

tant property—it indicates the true sizes of regions on
the Earth’s surface. So, if we drew a small circle on a
sheet of clear plastic and moved it over all parts of the
Goode world map, all the regions enclosed would share
the same actual area in square kilometers or square
miles. So we can easily scan over regions and get a feel
for the relative sizes of places affected by different fea-
tures. This makes the Goode map ideal for showing the
world’s climate, soils, and vegetation.

Although the Goode map preserves the relative sur-
face areas of different regions, it has a serious defect. It
distorts the shapes of places, particularly in high lati-
tudes and at the far right and left edges.

h Goode
projection Equal-
area map projection
often used to display
information such as
climate or soil type.

The Goode projection does not use straight lines to represent its meridians. Instead, the
meridians follow sine curves between lat. 40° N and lat. 40° S, and ellipses between lat. 40°
and the poles. The entire globe can be shown because the ellipses converge to meet at the
pole. The straight, horizontal parallels make it easy to scan across the map at any given level

to compare regions most likely to be similar in climate.

80N _— I o
RSN
60°N Logh RS

9

40°N

20°N/ ””” / :
[ |

|Uses sine
curves between

20°S

A

North America centered g,

40°S ! Uses ellipses
160°W— poleward of

60°S L 40th parallels

80°S
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POLAR PROJECTION

The polar projection (Ficure
1.1 3) is normally centered on either
the North or the South Pole. It is essen-

tial for weather

Polar projection | ™aps of the po-
Map projection cen- lar regions. The
tered on Earth’s map is usually
North or South Pole. cut off to show

only one hemi-

sphere so that the equator forms the
outer edge of the map.

CONCEPT CHECK

A polar projection Ficure 1.13

150°E

120°E

The map is centered on the North Pole. All meridians are straight lines radiating
from the center, and all parallels are concentric circles. The scale fraction increases
in an outward direction, making shapes toward the edges of the map appear
larger. Because the intersections of the parallels with the meridians always form
true right angles, this projection shows the true shapes of all small areas. The
shape of a small island will always be shown correctly, no matter where it appears
on the map.

|dent|fy three types of map projections used in this book.

Wh | Ch projection should you use if you want to easily compare the sizes of

regions on the map?

Wh | Ch projection is most useful for plotting directions?

|dent|fy an important application of the polar projection.

Map Projections 17



Global Time

Describe how the Sun’s position regulates global time. Explain why we use Daylight Saving Time.

Discuss the need for world time zones.

here’s an old Canadian joke that goes, Humans long ago decided to divide the solar day into
“The world will end at midnight, or 24 units, called hours, and devised clocks to keep track of
12:30 a.m. in Newfoundland.” It high-  hours in groups of 12. But different regions around the
lights the fact that one single instant = world set their clocks differently—when it is 10:03 a.m. in

across the world—no matter how cataclysmic—is simul- =~ New York, it is 9:03 a.m. in Chicago, 8:03 a.m. in Denver,
taneously labeled by different times in different local =~ and 7:03 a.m. in Los Angeles. These times differ by ex-
places (FIGURE 1.14). actly one hour. How did this system come about? How

Ty A

i VAL SRR TR
AT e R ). {%ﬂ'i Iy
B This version of a sundial at the University of Arizona is a solar

Building. timekeeper. The user selects a standing position based on the day
of the year and reads the time from his or her shadow.

Timekeepers Ficure 1.14
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does it work? The Earth’s geographic grid and the rota-
tion of the Earth help define global time.

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

Imagine for a moment that you are in Chicago
(FiIsure 1.15). The time is noon, and the Sun is at
or near its highest point in the sky. You call a friend in
New York and ask about the position of the Sun. Your
friend will say that the Sun has already passed solar
noon, its highest point, and is beginning its downward
descent. Meanwhile, a friend in Portland will report
that the Sun is still working its way up to its highest
point. But a friend in Mobile, Alabama, will tell you that
the time in Mobile is the same as in Chicago and that
the Sun is at about solar noon. How do we explain these
different observations?

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

STANDARD TIME

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

Some of that chaos was seen in the 19th century,
before World Standard Time was introduced. As new
railroads were developed in the United States, people
were able to cross large distances with new ease. But
each railroad used its own standard time, based on the

www.wiley.com/
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Time and the Sun FiIGureE 1.15

When it is noon in Chicago, it is 1:00 p.m. in
New York, and only 10:00 a.m. in Portland. Yet
in Mobile, which is about 1600 km (1000 mi)
away, it is also noon. This is because time is de-
termined by longitude, not latitude.
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| The relation of longitude totime

The relation of longitude to time

In Los Angeles, which lies
roughly on the 120° W
meridian, the time is 4:00 a.m.

The alignment of meridians
with hour numbers tells us the
time in other locations aound
the globe. We can read off the
time in New York, which lies
roughly on the 75° W
meridian. It is 7:00 a.m.

The outer ring gives
the time in hours.

The meridians are drawn
as spokes radiating out
from the pole.

The prime meridian is directly under
the Sun—that is, at this moment, the
0° meridian is directly on the 12:00
noon mark—the highest point of its
path in the sky in Greenwich, England.

This figure shows a polar projection of the northern
hemisphere, centered on the North Pole.

Since the Earth turns 360° in a
24-hour day, the rotation rate
is 360° + 24 =15° per hour. So
15° of longitude equate to an
hour of time.

h Standard time
Time system based
on the local time of a
standard meridian
and applied to belts
of longitude extend-
ing roughly 7 1/2° on
either side of that
meridian.

200 CHAPTER 1

local time at its headquarters—
so train timetables were often
incompatible.

The introduction of stan-
dard time solved these time-

keeping problems. In the

The Earth as a Rotating Planet

standard time system, the globe is divided into time
zones. People within a zone keep time according to a
standard meridian that passes through their zone.
Since the standard meridians are usually 15 degrees
apart, the difference in time between adjacent zones is
normally one hour, but in some geographic regions,



Time zones the difference is only one-half U.S. Zones Meridian
Zones or belts within hour. FiIGure 1.1 6 shows the
which standard time time zones observed in North Atlantic 60°
is applied. America. Eastern 75°
The United States and its Central 90°
Caribbean possessions are covered by seven time zones. Mountain 105°
Their names and standard meridians of longitude are Pacific 120°
as follows: Alaska 135°
Hawaii—Aleutian 150°

Newfoundland
Standard
Time
523" West
-3

Atlantic
Standard
Time
60° West

4

7 Daylight time
//% not observed

120°W 75'W

Time zones of North America FIGure 1.16

The name, standard meridian, and number code are shown for each time zone. Note that
time zone boundaries often follow preexisting natural or political boundaries. For exam-
ple, the Eastern time—Central time boundary line follows Lake Michigan down its center,
and the Mountain time—-Pacific time boundary follows a ridge-crest line also used by the
Idaho—-Montana state boundary.
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WORLD TIME ZONES

According to our map of the world’s time zones
(FIGURE 1.17), the country spanning the greatest
number of time zones is Russia. From east to west
Russia spans 11 zones, but these are grouped into eight
standard time zones. China covers five time zones but
runs on a single national time using the standard
meridian of Beijing.

A few countries, such as India and Iran, keep time
using a meridian that is positioned midway between
standard meridians, so that their clocks depart from

- -----12 MIDNIC

ate Line |/

International

Time zones of the world FiIcure 1.17

Prime Meridian

=

those of their neighbors by 30 or 90 minutes. Some
regions within countries also keep time by 7 1/2°
meridians, such as the Canadian province of Newfound-
land and the interior Australian states of South Aus-
tralia and Northern Territory.

INTERNATIONAL DATE LINE

Take a world map or globe with 15° meridians. Start at
the Greenwich 0° meridian and count along the 15°
meridians in an eastward direction. You will find that

-------12 MIDNIC

This figure shows the principal standard time zones of the world. World time zones are labeled at the bottom of the figure by
the number of hours difference between that zone and Greenwich. So the number —7 tells us that local time is seven hours be-
hind Greenwich time, while a +3 indicates that local time is three hours ahead of Greenwich time. 15° meridians are dashed
lines, while the 7 1/2° meridians, which form many of the boundaries between zones, are bold lines. Alternate zones appear in
color. The top line shows the time of day in each zone when it is noon at the Greenwich meridian.
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the 180th meridian is number 12 and that the time
at this meridian is therefore 12 hours later than
Greenwich time. Counting in a similar manner west-
ward from the Greenwich meridian, we find that the
180th meridian is again number 12 but that the time is
12 hours earlier than Greenwich time. We seem to have
a paradox. How can the same meridian be both 12
hours ahead of Greenwich time and 12 hours behind
it? The answer is that each side of this meridian is expe-
riencing a different day.

Imagine that you are on the 180th meridian on
June 26. At the exact instant of midnight, the same
24-hour calendar day covers the entire globe. Step-
ping east will place you in the very early morning of
June 26, while stepping west will place you very late in
the evening of June 26. You are in the same calendar
day on both sides of the meridian but 24 hours apart
in time.

Doing the same experiment an hour later, at 1:00
a.m., stepping east you will find that you are in the early
morning of June 26. But if you step west you will find
that midnight of June 26 has passed, and it is now
the early morning of June 27. So on the west side
of the 180th meridian, it is also 1:00 a.m., but it is
one day later than on the east side. For this reason,
the 180th meridian serves as the international date
line (FiIcure 1.18). This means that if you travel
westward across the date line, you must advance your
calendar by one day. If you are traveling eastward, you
set your calendar back by a day.

Air travelers between North America and Asia cross
the date line. On an eastward flight from Tokyo to San
Francisco, you may actually arrive the day before you
take off, taking the date change into account!

CONCEPT CHECK

HOW is longitude related to time?

Why do we need a standard time system?

HOW is the world divided into time zones?

International date line Ficure 1.18

The international date line passes here through
Taveuni Island, Fiji. Standing to the left of the sign, the
day to the right of the sign is tomorrow. Standing to
the right, the day to the left is yesterday.

DAYLIGHT SAVING TIME

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

LEARNING OBJECTIVES

Explain how the seasons are created.
Define solstice and equinox.

Describe the different conditions at solstice and equinox.

o far, we have discussed the importance
of the Earth’s rotation on its axis. But
what about the Earth’s movement as it
orbits the Sun?

The Earth takes 365.242 days to travel around the
Sun—almost a quarter of a day longer than the calen-
dar year of 365 days (FIGURE 1.19). Every four
years, this time adds up to a whole extra day, which we
account for by inserting a 29th day into February in
leap years.

The point in its orbit at which the Earth is nearest
to the Sun is called perihelion. The Earth is usually at
perihelion on or about January 3. It is farthest away
from the Sun, or at aphelion, on or about July 4. But this
elliptical orbit is still very close to a circle, so the dis-

Orbit of the Earth Around the Sun Ficure 1.19

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

and the Earth varies with the time of year.
Summer solstice
June 21

Aphelion I

July 4 152,000,000 km

94,500,000 mi

Center of
ellipse

tance between Sun and Earth only varies by about 3 per-
cent during one revolution. For most purposes we can
treat the orbit as circular.

Imagine yourself in space, looking down on the
North Pole of the Earth. From this position, you would
see the Earth traveling counterclockwise around the
Sun (Ficure 1.19). Thisis the same direction as the
Earth’s rotation.

The Moon rotates on its axis and revolves about
the Sun in the same direction as the Earth. But the
Moon’s rate of rotation on its axis is synchronized
with the time it takes to orbit the Earth. This lock-
step synchronization means that one side of the Moon
is always permanently directed toward the Earth
(FIGurRE 1.20A), while the far side of the Moon is
always hidden from us. It was only when a Soviet space-
craft passing the Moon transmitted photos back to
Earth in 1959 that we caught our first glimpse of this
far side (FIGURE 1.20B).

The phases of the Moon are determined by the po-
sition of the Moon in its orbit around the Earth, which
in turn determines how much of the sunlit Moon is
seen from the Earth.

www.wiley.com/
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Vernal equinox
March 21

Perihelion

147,000,000 km Jan. 3

000 mi

500
Focus of ellipse

Winter solstice
Dec. 22

Autumnal equinox
Sept. 23
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A The near side of the Moon always faces the Earth, although the
sunlit portion of the surface we see varies through the lunar month.

Sides of the Moon Ficure 1.20

TILT OF THE EARTH’S AXIS

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

Seasons arise because the Earth’s axis is not per-
pendicular to the plane containing the Earth’s orbit
around the Sun, which is known as the plane of the eclip-
tic. FIGURE 1.2 1 shows this plane as it intersects
the Earth.

The tilt of the Earth’s axis of rotation with
respect to its orbital plane Ficure 1.21

As the Earth moves in its orbit, its rotational axis remains
pointed toward Polaris, making an angle of 66 1/2° with the
ecliptic plane. We can see that the axis of the Earth is tilted at
an angle of 23 1/2° away from a right angle to the plane of the
ecliptic.

B The far side of the Moon can be imaged only by
spacecraft.

If we extend the imaginary axis out of the North
Pole into space, it always aims toward Polaris, the North
Star. The direction of the axis does not change as the
Earth revolves around the Sun.

Plane of 4
_ecliptic
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THE FOUR SEASONS

FIGURE 1.2 2 shows the full Earth orbit traced on the
plane of the ecliptic. On December 22, the north polar
end of the Earth’s axis leans at the maximum angle
away from the Sun, 23 1/2°. This event is called the
winter solstice in the northern hemisphere. At this
time, the southern hemisphere
is tilted toward the Sun and
enjoys strong solar heating. Be-

Winter solstice
Solstice occurring on
December 21 or 22,
when the subsolar
pointis at 23 1/2°S;
also termed Decem-
ber solstice.

cause it is summer in the south-
ern hemisphere at this point, we
often call this the December solstice
to avoid confusion.

Six months later, on June 21,
the Earth has traveled to the opposite side of its orbit.
This is known as the summer solstice in the northern
hemisphere (June solstice). The north polar end of the

Summer
solstice
June 21

axis is tilted at 23 1/2° toward the
Sun, while the South Pole and
southern hemisphere are tilted
away.

The equinoxes occur midway
between the solstice dates. At an
equinox, the Earth’s axis is not
tilted toward the Sun or away
from it. March 21 is known as the
vernal (March) equinox and the
autumnal (September) equinox oc-
curs on September 23. The con-
ditions at the two equinoxes are

Summer
solstice Solstice
occurring on June 21
or 22, when the sub-
solar point is at 23
1/2° N; also termed
June solstice.

Equinox Instantin
time when the sub-
solar point falls on
the Earth’s equator
and the circle of illu-
mination passes

identical as far as the Earth-Sun through both poles.
relationship is concerned. The

date of any solstice or equinox in a particular year may
vary by a day or so, since the Earth’s revolution period

is not exactly 365 days.

Vernal equinox
March 21

'—kg' al
Sun’s rays ‘E __Cirele of
illumination
| N e\

! Winter
solstice
December
22

ON /4
&~ ArcticCircle ¢ Earth's orbit
__Equator 1 Autum®

Autumnal equinox
September 23

Plane of the ecliptic

www.wiley.com/
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The Four Seasons. Earth-Sun relations through the year Ficure 1.22

The four seasons occur because the Earth’s tilted axis tips the northern hemisphere toward the Sun for the June solstice and away
from the Sun for the December solstice. Both hemispheres are illuminated equally at the equinoxes. This figure shows the Earth as it
revolves around the Sun over a year, passing through each of its four seasons.
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Equinox conditions Ficure 1.23

At equinox, the Earth’s axis of rotation is exactly at right angles to
the direction of solar illumination. The circle of illumination passes

through the North and South Poles. The subsolar point lies on the
equator. At both poles, the Sun is seen at the horizon.

www.wiley.com/
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EQUINOX CONDITIONS

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

At equinox, the circle of illumination passes
through the North and South Poles, as we see in
Fisure 1.23. The Sun’s rays graze the surface at
both poles, so the surfaces at the poles receive very little
solar energy. The subsolar point falls on the equator.
Here, the angle between the Sun’s rays and the Earth’s
surface is 90°, so that point receives the full force of so-

-
———24-hour day
«—Arctic Circle

%

Subsolar
point
Night
24-hour day~ . W
24-h0l{ Antarctic Circle&
- —

il Summer solstice

North Pole
0° Sun's rays

€

Night
90°
~—
Circle of Subsolar
illumination point
——
South Pole

lar illumination. At noon at latitudes in between, such
as 40° N, the Sun strikes the surface at an angle that is
less than 90°. The angle that marks the Sun’s elevation
above the horizon is known as the noon angle. Simple
geometry shows that the noon angle is equal to 90° mi-
nus the latitude, for equinox conditions, so that at
40° N, the noon angle is 50°. One important feature of
the equinox is that day and night are of equal length
everywhere on the globe.

SOLSTICE CONDITIONS

Now let’s examine the solstice conditions in FIGURE
1.24. Summer (June) solstice is shown on the left.
Imagine that you are back at a point on the lat. 40° N

Solstice Conditions
FIGURE 1.24

At the solstice, the north end of the
Earth’s axis of rotation is fully tilted
either toward or away from the Sun.
Because of the tilt, polar regions
experience either 24-hour day or
24-hour night. The subsolar point lies
on one of the tropics at lat. 23 1/2° N
orS.

Winter solstice
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parallel. Unlike at equinox, the circle of illumination
no longer divides your parallel into equal halves be-
cause of the tilt of the northern hemisphere toward
the Sun. Instead, daylight covers most of the parallel,
with a smaller amount passing through twilight and
darkness. For you, the day is now considerably longer
(about 15 hours) than the night (about 9 hours). Now
step onto the equator. You can see that this is the only
parallel that is divided exactly into two. On the equa-
tor, daylight and nighttime hours will be equal
throughout the year.

The farther north you go, the more this effect in-
creases. Once you move north of lat. 66 1/2°, you will
find that the day continues unbroken for 24 hours.
Looking at FIGURE 1.24, we can see that is because
the lat. 66 1/2° parallel is positioned entirely within the
daylight side of the circle of illumination. This parallel
is known as the Arctic Circle. Even though the Earth ro-
tates through a full cycle during a 24-hour period, the
area north of the Arctic Circle will remain in continu-
ous daylight. We can also see that the subsolar point is
at a latitude of 23 1/2° N. This parallel is known as the
Tropic of Cancer. Because the Sun is directly over

CONCEPT CHECK

What is the main effect of
the tilt of the Earth’s axis?

28 ©cHAPTER 1 The Earth as a Rotating Planet

When do the solstices and

equinoxes occur?

the Tropic of Cancer at this solstice, solar energy is
most intense here.

The conditions are reversed at the winter solstice.
Back at lat. 40° N, you will now find that the nightis
about 15 hours long while daylight lasts about 9 hours.
All the area south of lat. 66 1/2° S lies under the Sun’s
rays, inundated with 24 hours of daylight. This parallel
is known as the Antarctic Circle. The subsolar point has
shifted to a point on the parallel at lat. 23 1/2° S,
known as the Tropic of Capricorn.

The solstices and equinoxes are four special events
that occur only once during the year. Between these
times, the latitude of the subsolar point travels north-
ward and southward in an annual cycle, looping be-
tween the Tropics of Cancer and Capricorn. We call the
latitude of the subsolar point the Sun’s declination.

In polar regions, the areas bathed in 24-hour day-
light or hooded in 24-hour night shrink and then grow,
as the seasonal cycle progresses. At other latitudes, the
length of daylight changes slightly from one day to the
next, except at the equator, as mentioned above. In this
way, the Earth experiences the rhythm of the seasons as
it continues its revolution around the Sun.

What is the length of
daylight at the North Pole on
each of the equinoxes and
solstices?



What is happening in this picture

Midnight in June,
Lake Clark
National Park,
Alaska.

Although it is mid-
night, the Sun is
only just below the
horizon, bathing the
scene in soft

twilight.

What can we tell
about the position
of the Sun, from the
way that the Moon
is lit?

Is it to the left or
the right of the

picture?
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1 The Shape The Earth’s

of the Earth Rotation
1. We know that the Earth is approxi- 1. The Earth rotates on its axis once in
mately a sphere from space images. 24 hours.
2. The Earth’s shape is closer to an 2. The intersection of the axis with the
oblate ellipsoid than to a sphere. Earth’s surface marks the North and
The geoid is a close approximation South Poles.

of the Earth’s exact shape.
3. The daily alternation of sunlight and

darkness, the tides, and some curving
motions of the atmosphere and oceans
are caused by the Earth’s rotation.

The Geographic Map
Grid Projections
1. The geographic grid, which consists of meridians and 1. Map projections display the Earth’s curved surface on a flat page.

parallels, helps us mark location on the globe.
2. The Mercator projection is useful for displaying direction. The Goode

2. Geographic location is labeled using latitude and longi- projection shows the correct relative areas of land masses. The polar
tude. The equator and the prime meridian act as refer- projection is centered on either pole.
ence lines.
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Global
Time

. We keep time according to standard

meridians that are normally 15°
apart, so clocks around the globe
usually differ by whole hours.

. As you cross the international date

line, the calendar day changes.

. Daylight Saving Time advances the

clock by one hour.

axis p. 6

poles p. 6
geographic grid p. 8
parallel p. 8
meridian p. 8
equator p. 8

. How do we know that the Earth is ap-
proximately spherical? What is the
Earth’s true shape?

2. Describe three environmental effects of

the Earth’s rotation on its axis.

3. Discuss the geographic grid, mention-

ing parallels and meridians. How do lat-
itude and longitude help us determine
position on the globe?

4. Name three main types of map projec-

tions and describe the advantages and
defects of each one briefly.

1. The seasons arise from the
Earth’s revolution around the
Sun and the tilt of the Earth’s
axis.

2. At the summer (June) solstice,
the northern hemisphere is
tilted toward the Sun. At the
winter (December) solstice, the
southern hemisphere is tilted
toward the Sun. At the
equinoxes, day and night are of
equal length.

The Earth’s Revolution
Around the Sun

latitude p. 8

longitude p. 8

map projection p. 14
Mercator projection p. 15
Goode projection p. 16
polar projection p. 17

5. Explain the global timekeeping system.

Mention standard time, standard
meridians, and time zones in your
answer.

6. What is meant by the “tilt of the Earth’s

axis”? How does this tilt cause the
seasons?

7. Sketch a diagram of the Earth at

equinox. Show the North and South
Poles, the equator, and the circle of illu-
mination. Show the direction of the
Sun’s incoming rays on your sketch and
shade the night portion of the globe.

Critical and Creative Thinking Questions

standard time p. 20
time zones p. 21
winter solstice p. 26
summer solstice p. 26
equinox p. 26

8. Suppose that the Earth’s axis were
tilted at 40° to the plane of the ecliptic,
instead of 23 1/2°. How would the sea-
sons change at your location? What
would be the global effects of the
change?
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1. The shape of the Earth is best described as a(n) 3. Describe the position of point P, shown here on the geographic
grid, in terms of its latitude and longitude.

a. perfect sphere c. oblate ellipsoid
b. ellipsoid d. spherical ellipsoid

Point P°

=

2]

4. The single major problem all maps have in common is

a. that they are flat c. shape distortion
b. distortion d. area distortion

5. The projection is normally centered on the
North or South Pole and contains meridians that are repre-
sented as lines.

a. Mercator, curved

b. Goode, straight

c. polar, straight

d. Lambert’s conic conformal, curved

6. The projection is a rectangular grid of meridi-
ans and parallels depicted as straight vertical and horizontal
lines, respectively.

a. polar c. Mercator
b. Goode d. conic
7. While the projection portrays the relative ar-

eas of land masses on the Earth’s surface correctly, their shapes
become distorted near the poles.

a. Mercator C. conic
b. Goode d. polar
2. The Earth about its axis and 8. time is based on twenty-four,
around the Sun. degree wide time zones.
a. revolves, rotates c. rotates, revolves a. Polar,7 1/2 c. Standard, 7 1/2
b. spins, rotates d. revolves, orbits b. World, 15 d. Standard, 15
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9. Chicago’s latitude is approximately 42° N, and its longitude is 12. The tilt of the Earth’s axis is .
approximately 87° W. At 3:00 p.m. in Greenwich, England, what a. 23 1/2 degrees from the plane of the ecliptic
time is it in Chicago? Mumbai is in time zone +5 1/2. Along b. 66 1/2 degrees from a perpendicular to the plane of the
which meridian does it lie, roughly? Use the diagram to ecliptic
help you. c. 23 1/2 degrees from the Sun

d. 23 1/2 degrees from a perpendicular to the plane of the
ecliptic

13. The divides the Earth into a sunlit side and a
night side.
a. international date line c. circle of illumination
b. prime meridian d. Arctic Circle

14. During an equinox, the circle of illumination passes through the

a. North and South Poles c. Arctic Circle
b. Antarctic Circle d. equator

15. What time of year is represented by this diagram?
Label the Tropic of Capricorn and explain its significance during
this time.

10. The purpose of Daylight Saving Time is to make the daylight

period of the day .

a. correspond more closely with the pace of modern society
and is accomplished by moving the clock back one hour

b. longer by moving all clocks ahead by one hour

c. correspond more closely with the pace of modern society
and is accomplished by moving the clock ahead one hour

d. longer and results in a slight savings in electricity

Antarctic Circl

11. The Earth completes a(n) revolution around
the sunin days.
a. circular, 366 c. elliptical, 365 1/4
b. elliptical, 365 d. circular, 365
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The Earth’s Global
Energy Balance

ur Sun is a fiery ball of constantly churning

gas. This average-sized star is the largest
object in our solar system, containing more than
98 percent of the solar system’s mass. At its core,
the temperature reaches 15 million °C (27 million
°F), and the pressure is 340 billion times Earth’s
air pressure at sea level—conditions intense
enough to cause the nuclear reactions that give
the Sun its immense power.

Energy generated in the core takes millions of
years to reach the Sun’s swirling surface, where
the temperature is about 6000°C (about
11,000°F). Immense clouds of glowing gas erupt
from the turbulent surface, forming towering
loops that stretch thousands of kilometers before
plunging back down to the surface. Radiant en-
ergy speeds out through space, traveling the 150
million km (93 million mi) from the Sun to the
Earth in just over eight minutes.

The Earth receives about 28,000 times more
energy from the Sun than human society con-
sumes each year—an enormous source of en-
ergy that is just waiting to be harnessed.

We are already starting to tap into this re-
source. Some people place solar heat collectors
on their roofs to drive heating systems. Solar pan-
els are used to power a variety of devices, from
calculators to outdoor lights. And solar power
plants focus sunlight on fluid-filled tubes or reser-
voirs to ultimately produce steam to generate
electricity.

Today, as we become increasingly concerned
about our dependence on nonrenewable fossil fu-
els, it seems likely that the Sun will become an
even more important energy provider.

Hot gases erupting from the Sun’s surface form
huge loops that radiate vast amounts of energy
to space and toward Earth, as shown in this
computer simulation.

NATIONAL
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Electromagnetic Radiation

LEARNING OBJECTIVES

Define and describe different types of electromagnetic
radiation.

Contrast shortwave radiation from the Sun and longwave
radiation from the Earth.

Describe how radiation is absorbed and scattered in the
atmosphere.

11 surfaces—from the fiery Sun in the

sky to the skin covering our bodies—

constantly emit radiation. Very hot ob-

jects, such as the Sun or a light bulb
filament, give off radiation that is nearly all in the form
of light. The Earth receives energy from the flow of the
Sun’s light—Ilargely visible light, made up of the colors
of a rainbow (FIGURE 2. 1), and also ultraviolet and
infrared light that cannot be seen. All of these emis-
sions are types of electromagnetic radiation.

Rainbow Ficure 2.1

In the rainbow, tiny drops of
water refract sunlight, splitting
it into its component colors.

h Electromagnetic
radiation wave-
like form of energy
radiated by any sub-
stance possessing
heat; it travels
through space at the
speed of light.

Cooler objects than the Sun,
such as Earth surfaces, also emit
heat energy. So, our planet’s sur-
face and its atmosphere con-
stantly emit heat. Over the long
run, the Earth emits exactly as

much energy as it absorbs, creat-
ing a global energy balance.

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

Wavelength is the distance separating one wave
crest from the next wave crest, as you can see in FiG-
URE 2.2. In this book, we will measure wavelength in
micrometers. A micrometer is one millionth of a meter
(1075 m). The tip of your little finger is about 15,000

Wavelength of electromagnetic radiation
FIGURE 2.2

Electromagnetic radiation is a collection of energy waves with
different wavelengths. Wavelength is the distance from one
wave crest to the next.

Long waves




micrometers wide. We use the abbreviation pm for the
micrometer. The first letter is the Greek letter ., or mu.

Electromagnetic waves differ in wavelength
throughout their entire range, or spectrum (FIGURE
2.3). Gamma rays and X rays lie at the short-
wavelength end of the spectrum. Their wavelengths are
normally expressed in nanometers. A nanometer is one
one-thousandth of a micrometer, or 107? m, and is ab-
breviated nm. Gamma and X rays have high energies
and can be hazardous to health. Ultraviolet radiation
begins at about 10 nm and extends to 400 nm or
0.4 pm. It can also damage living tissues.

Visible light begins at about 0.4 wm with the color
violet. Colors then gradually change through blue,
green, yellow, orange, and red, until we reach the end
of the visible spectrum at about 0.7 pum. Next is near-

The electromagnetic spectrum Ficure 2.3

infrared radiation, with wavelengths from 0.7 to 1.2 um.
This radiation is very similar to visible light—most of it
comes from the Sun. We can’t see near-infrared light
because our eyes are not sensitive to radiation beyond
about 0.7 pm.

Shortwave infrared radiation also mostly comes
from the Sun, and lies between 1.2 and 3.0 wm. Middle-
infrared radiation, from 3.0 pm to 6.0 wm, can come
from the Sun or from very hot sources on the Earth,
such as forest fires and gas well flames.

Next we have thermal infrared radiation, between
6 pm and 300 wm. This is given off by bodies at temper-
atures normally found at the Earth’s surface. Following
infrared wavelengths we have microwaves, radar, and
wavelengths associated with communications transmis-
sions, such as radio and television.

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

Gamma rays and X rays lie at the
short-wavelength end of the spectrum.

Ultraviolet radiation begins at
about 10 nm and extends to 400 nm.

/
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Visible light spans the
wavelength range of about
0.4 to 0.7um.
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Greater wavelength regions
include near-infrared radiation,
shortwave infrared radiation,
middle-infrared radiation,
thermal infrared radiation, and
finally microwaves, radar,
television, and radio wavelengths.
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RADIATION AND TEMPERATURE

There are two important physical principles to remem-
ber about the emission of electromagnetic radiation.
The first is that hot objects radiate much more energy
than cooler objects. The flow of radiant energy from
the surface of an object is directly related to the ab-
solute temperature of the surface, measured on the
Kelvin absolute temperature scale, raised to the fourth
power. So if you double the absolute temperature of an
object, it will emit 16 times more energy from its sur-
face. Even a small increase in temperature can mean a
large increase in the rate at which radiation is given off
by an object or surface. For example, water at room
temperature emits about one third more energy than
when it is at the freezing point.

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

SOLAR RADIATION

Our Sun emits energy in straight lines or rays, traveling
out at a speed of about 300,000 km (about 186,000 mi)
per second—the speed of light. At that rate, it takes the
energy about 8 1/3 minutes to travel the 150 million
km (93 million mi) from the Sun to the Earth.

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

Solar energy is generated by nuclear fusion reac-
tions inside the Sun, as hydrogen is converted to he-
lium at very high temperatures and pressures. A vast
quantity of energy is generated this way, which finds its
way to the Sun’s surface. The rate of solar energy pro-
duction is nearly constant, so the output of solar radia-
tion also remains nearly constant, as does the amount
of solar energy received by the Earth. The rate of in-
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coming energy, known as the solar constant, is measured
beyond the outer limits of the Earth’s atmosphere, be-
fore any energy has been lost in the atmosphere.

You've probably seen the watt (W) used to describe
the power, or rate of energy flow, of a light bulb or other
home appliance. When we talk about the intensity of
received (or emitted) radiation, we must take into ac-
count both the power of the radiation and the surface
area being hit by (or giving off) energy. So we use units
of watts per square meter (W/m?). The solar constant
has a value of about 1367 W/m?2.

CHARACTERISTICS OF
SOLAR ENERGY

Let’s look at the Sun’s output as it is received by the
Earth, shown in FiIcure 2.4. The left side shows how
the Sun’s incoming electromagnetic radiation varies
with wavelength. The Sun’s output peaks in the visible
part of the spectrum. We can see that human vision is
adjusted to the wavelengths where solar light energy is
highest.

The solar radiation actually reaching the Earth’s
surface is quite different from the solar radiation mea-
sured above the Earth’s atmosphere. This is because
solar radiation is both absorbed and scattered by vary-
ing amounts at different wave-

Absorption
Process in which
electromagnetic en-
ergy is transferred to
heat energy when ra-
diation strikes mole-
cules or particlesin a
gas, liquid, or solid.

lengths as it passes through the
atmosphere.

Molecules and particles in
the atmosphere intercept and
absorb radiation at particular
wavelengths. This atmospheric
absorption directly warms the
atmosphere in a way that affects

the global energy balance, as we i
Scattering

Process in which par-
ticles and molecules

will discuss toward the end of
this chapter.
Solar rays can also be scat-

tered into different directions
when they collide with mole-
cules or particles in the atmos-
phere. Rays can be diverted
back up into space or down to-
ward the surface.

deflect incoming so-
lar radiation in differ-
ent directions on
collision; atmos-
pheric scattering can
redirect solar radia-
tion back to space.
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Shortwave radiation from the sun Some wavelengths in the range of longwave
radiation from the Earth seem to be missing;
between about 6 and 8 um, between 14 and
17 um, and above 21 um. These wavelengths
are absorbed by the atmosphere.

h Shortwave

Solar energy received at the
radiation Electro-
magnetic energy in
the range from 0.2 to
3 wm; most solar ra-
diation is shortwave
radiation.

surface ranges from about 0.3
pm to 3 pm. This is known as
shortwave radiation. We will
now turn to the longer wave-
lengths of energy that are emit-

ted by the Earth and atmosphere.

LONGWAVE RADIATION
FROM THE EARTH

Remember that an object’s temperature controls both
the range of wavelengths and the intensity of radiation
it emits. The Earth’s surface and atmosphere are much

colder than the Sun’s surface, so we would predict that
our planet radiates less energy than the Sun and that
this energy is emitted at longer wavelengths.

The right side of Figure 2.4 shows exactly that. The
irregular red line shows energy

h Longwave
radiation Electro-
magnetic radiation in
the range 3 to 50
pwm; the Earth emits
longwave radiation.

emitted by the Earth and atmos-
phere, as measured at the top of
the atmosphere. It peaks at
about 10 pm in the thermal in-
frared region. This thermal in-
frared radiation emitted by the

Earth is longwave radiation.

We can see that some wavelengths in this range
seem to be missing. These wavelengths are almost
completely absorbed by the atmosphere before they
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The global radiation balance

The Sun continually radiates shortwave energy in all directions. The Earth intercepts a tiny portion of this radia-
tion, absorbing it, and in turn emitting longwave radiation. Over time, this gain/loss of radiant energy is balanced,
so the Earth’s solar-heated surface remains at a constant average temperature. Diagrams A-F show how.

Nuclear reactions in the Sun

Under intense heat and pressure, two hydrogen nuclei (protons) collide
to form an atom of heavy hydrogen (deuterium), containing one proton
and one neutron. This releases large amounts of energy. Many of these
nuclear reactions continually occur, radiating bountiful energy into

space.

B Sun

Internal heat transfer

Heat is transferred from the Sun's core to
its surface by slow convection of the dense,
hot gases.

Shortwave radiation
The Sun transmits this energy through
space in all directions.

Shortwave radiation reaches the Earth
The Sun provides a nearly constant flow of shortwave radiation to the Earth.
The Earth is a tiny target in space, intercepting only about one-half of

one-billionth of the Sun's total energy output.

can escape. Water vapor and carbon dioxide are the
main absorbers, playing a large part in the greenhouse
effect, which we will discuss shortly.

There are still three “windows” where the flow of
outgoing longwave radiation from the Earth to space is
significant—4 to 6 um, 8 to 14 wm, and 17 to 21 pm.
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We have seen that the Earth is constantly absorbing
solar shortwave radiation and emitting longwave radia-
tion. This creates a global radiation balance, which is
shown in more detail in the Process Diagram, The
Global Radiation Balance.



Incoming shortwave radiation Reflected

Absorbed,
scattered

Some shortwave radiation is reflected

Molecules and particles in the atmosphere absorb and scatter incoming shortwave radiation, as does the
Earth's surface. So, some shortwave radiation is directly reflected back to space.

The Earth emits longwave radiation
Shortwave radiation is absorbed by the Earth and the atmosphere,

increasing earthly temperatures and generating longwave radiation
that radiates back to space.

CONCEPT CHECK

Whatis What are the major HOW is an object’s What wavelengths What wavelengths

electromagnetic regions of the temperature of radiation does are emitted by the

radiation? electromagnetic related to the the Sun emit? Earth?
spectrum? nature and amount
of electromagnetic
radiation it emits?
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Insolation over the Globe

Define insolation and explain why it is important.

Identify the factors that affect daily insolation.

ost natural phenomena on the Earth’s

surface—from the downhill flow of a

river to the movement of a sand dune to

the growth of a forest—are driven by the
Sun, either directly or indirectly. It is the power source
for wind, waves, weather, rivers, and ocean currents, as
we will see here and in later chapters.

Although the flow of solar radiation to the Earth
as a whole remains constant, different places on the
planet receive different amounts of energy at differ-
ent times. What causes this variation?

Incoming solar radiation is known as insolation. It is
measured in units of watts per square meter (W/m?),
and depends on the angle of the Sun above the horizon.

—

Describe how annual insolation is related to latitude.

Explain how the globe can be divided into latitude zones.

It is greatest when the Sun is di- h Insolation The

rectly overhead, and it decreases
when the Sun is low in the sky,
since the same amount of solar
energy is spread out over a
greater area of ground surface
(FIGURE 2.5).

flow of solar energy
intercepted by an ex-
posed surface as-
suming a uniformly
spherical Earth with
no atmosphere.

DAILY INSOLATION THROUGH

THE YEAR

Daily insolation is the average insolation over a 24-hour

day. At any location it depends on two factors: (1) the an-
gle at which the Sun’s rays strike the Earth, and (2) how

1 unit of surface area 1.4 units of surface area 2 units of surface area

One unit of light is concentrated One unit of light is dispersed One unit of light is dispersed
over one unit of surface area. over 1.4 units of surface area. over 2 units of surface area.
A Sunlight (represented by the B-C Toward the poles, the light hits the surface more and more
flashlight) that shines vertically near obliquely, spreading the same amount of radiation over larger and
the equator is concentrated on the larger areas.

Earth’s surface.

Solar intensity and latitude Ficure 2.5

The angle at which the Sun’s rays strike the Earth varies from one geographic location to another owing to the

Earth’s spherical shape and its inclination on its axis.
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long the place is exposed to the rays. In Chapter 1 we
saw that both of these factors are controlled by latitude
and the time of year. At midlatitude locations in summer,
for example, days are long and the Sun rises to a posi-
tion high in the sky, heating the surface more intensely.

How does the angle of the Sun vary during the day?
It depends on the Sun’s path. Near noon, the Sun is
high above the horizon—the Sun’s angle is greater, and
so insolation is higher. FiIGURE 2.6 shows the typical
conditions found in midlatitudes in the northern hemi-
sphere, for example, at New York or Denver. An ob-
server standing on a wide plain will see a small area of
the Earth’s surface bounded by a circular horizon. The
Earth’s surface appears flat, and the Sun seems to travel
inside a vast dome in the sky.

Daily insolation will be greater at the June solstice
than at the equinox since the Sun is in the sky longer
and reaches a higher angle at noon.

At the December solstice, the Sun’s path is low in
the sky, reaching only 26 1/2° above the horizon, and is
only visible for about 9 hours. Sunrise is to the south of
east and sunset is to the south of west. So, daily insola-
tion reaching the surface at the December solstice will
be less than at the equinox and much less than at the
June solstice.

The actual insolation values confirm these predic-
tions. The daily average insolation at 40°N ranges from
about 160 W/m? at the December solstice to about
460 W/m? at the June solstice. Equinox values are
around 350 W/m?.

Daily insolation measures the flow of solar power
available to heat the Earth’s surface, so it is the most
important factor in determining air temperatures, as
we will see in later chapters. The change in daily insola-
tion with the seasons at any location is therefore a ma-
jor determinant of climate.

The path of the Sun in the sky at 40°N latitude Ficure 2.6

The Sun’s path changes greatly in position and height above the horizon through the seasons.

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

southern sky.

Sunrise

The Sun is above the horizon for
exactly 12 hours at equinox, which
is shown in this illustration by the
hour numbers along the Sun's path.

At the June solstice, the Sun's path rises
much higher in the sky—at noon it will be
73 1/2° above the horizon.The Sun is
above the horizon for about 15 hours,
and it rises at a point on the horizon that
is well to the north of east and sets well
to the north of west.
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Latitude

The red line shows
the actual curve.

ANNUAL INSOLATION BY LATITUDE

How does latitude affect annual insolation—the rate of
insolation averaged over an entire year? FIGURE 2.7
shows two curves of annual insolation by latitude—one
for the actual case of the Earth’s axis tilted at 23 1/2°,
and the other for an Earth with an untilted axis.

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

Now let’s look at what would happen if the Earth’s
axis was not tilted. With the axis perpendicular to the
plane of the ecliptic, the situation would be quite dif-
ferent. In this case, there are no seasons. Annual insola-
tion is very high at the equator because the Sun passes
directly overhead at noon every day throughout the

Annual insolation from equator to pole
for the Earth Ficure 2.7

Gigajoules per m? per year

2 4 6 8 10
90° ! \ \ \ \
Added
80° |- i lati
nsolatio s
70° /tllted
60° |-
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50° — perpendicular
40° |-
30°
20° |- Reduced
insolation
10°
0° \ \ | | J
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Annual insulation, watts per m?2

The blue line shows what the
annual insolation would be if

the axis were perpendicular to
the plane of the ecliptic.
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year. But annual insolation at the poles is zero, because
the Sun’s rays always skirt the horizon.

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

WORLD LATITUDE ZONES

We can use the seasonal pattern of daily insolation to di-
vide the globe into broad latitude zones (FIGURE 2.8).
We do this for convenience in this book, and the
zone limits given here should not be taken as rigid
definitions.

The equatorial zone covers the latitude belt roughly
10° north to 10° south of the equator. The Sun provides
intense insolation here throughout most of the year,
and days and nights are of roughly equal length. The
tropical zones span the Tropics of Cancer and Capri-
corn, ranging from latitudes 10° to 25° north and
south. They have a marked seasonal cycle and high an-
nual insolation.

Moving toward the poles we come to the subtropi-
cal zones. These lie roughly between the latitude belts
25° to 35° north and south. These zones have a strong
seasonal cycle and a large annual insolation.

The midlatitude zones are next, between 35° and
55° north and south latitude. The length of a day can
vary greatly from winter to summer here, and seasonal
contrasts in insolation are quite strong. So these regions
experience a large range in annual surface temperature.

The subarctic and subantarctic zones border the
midlatitude zones at 55° to 60° north and south lati-
tudes. The arctic and antarctic zones lie between lati-
tudes 60° and 75° N and S, astride the Arctic and
Antarctic Circles. These zones have an extremely large
yearly variation in day lengths, yielding enormous con-
trasts in insolation over the year.

Finally, the north and south polar zones range from
about 75° latitude to the poles. They experience the
greatest seasonal insolation contrasts of all, and have a
six-month day and six-month night.



Subarctic zone Much of

; : the subarctic zone is cov-
The Earth’s diverse environments by latitude P A EF e @ cred by evergreen forest,
FIGURE 2.8 & e 5 ) ., y seen here with a ground
: gt 2 ‘ % cover of snow. Near
Churchill, Hudson Bay re-
gion, Canada.
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60; é&%;ctic landscape in the Tus-
o cany region of Italy.
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World latitude zones A geographer’s system of latitude
zones, based on the seasonal patterns of daily insolation
observed over the globe.

Equatorial zone An
equatorial rainforest,
as seen along a
stream in the Gunung
Palung National Park,
Borneo, Indonesia.

CONCEPT CHECK

Wh | Ch two factors control the amount of daily HOW is annual insolation HOW can we divide the globe

insolation at a given location on the globe? related to latitude? into broad latitude zones?
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Composition of the Atmosphere

LEARNING OBJECTIVES

Describe the gases that make up the atmosphere.
Explain the vital role of ozone to Earthly life.

Describe human impact on the ozone layer.

he Earth is surrounded by air—a mix-

ture of various gases that reach up to a

height of many kilometers. This enve-

lope of air makes up our atmosphere

(FiIcurRe 2.9). Itis held in place by the Earth’s grav-

ity. Almost all the atmosphere (97 percent) lies within

30 km (19 mi) of the Earth’s surface. The upper limit

of the atmosphere is at a height of approximately

10,000 km (about 6000 mi) above the Earth’s surface—

a distance that is nearly as large as the Earth’s diameter.

The proportion of gases in dry air is highly uniform

up to an altitude of about 80 km (50 mi). Pure, dry air

is mostly made up of nitrogen (about 78 percent by vol-

ume) and oxygen (about 21 percent) (FIGURE

2.10). The remaining 1 percent of dry air is mostly

argon, an inactive gas of little importance in natural

processes, with a very small amount of carbon dioxide
(CO,), amounting to about 0.035 percent.

Air and sky Ficure 2.9

Air is a mixture of gases dominated by nitrogen and oxygen.
Water vapor, another important constituent, can condense into
clouds of liquid water droplets.

Nitrogen molecules in the atmosphere contain two
nitrogen atoms (N,). Nitrogen gas does not easily react
with other substances, so we can think of it as a mainly
neutral substance. Soil bacteria do extract very small
amounts of nitrogen, which can be used by plants, but
otherwise nitrogen is largely a “filler,” adding inert bulk
to the atmosphere.

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

The two main component gases of the lower atmos-
phere are perfectly mixed, so pure, dry air behaves as if
it is a single gas with very definite physical properties.
We've already learned that CO, absorbs incoming
shortwave radiation and outgoing longwave radiation
in specific wavelength regions. The greenhouse effect is
caused when longwave radiation is absorbed by CO,
molecules in the lower atmosphere, which reradiate
some of that heat back to the surface. Carbon dioxide
is also used by green plants, which convert CO, into its
chemical compounds to build up their tissues, organs,
and supporting structures during photosynthesis.

Component gases of the lower atmosphere
FIGURE 2.10

Values show percentage by volume for dry air. Nitrogen and
oxygen form 99 percent of our air, with other gases, principally
argon and carbon dioxide, accounting for the final 1 percent.

1\
Oxygen
21% 1% Argon
(approx.) 0.93%
Nitrogen 78%
——
Carbon Other
dioxide gases

0.035%



Water vapor is another important atmospheric gas.
Individual water molecules are mixed freely through-
out the atmosphere, just like the other gases. But un-
like the other component gases, water vapor can vary
highly in concentration. Water vapor usually makes up
less than 1 percent of the atmosphere, but under very
warm, moist conditions, as much as 2 percent of the air
can be water vapor. Since it is a good absorber of heat
radiation, like carbon dioxide, it plays a major role in
warming the lower atmosphere. The atmosphere also
contains dust and tiny floating particles (ash, pollen,
etc.) that absorb and scatter radiation.

OZONE IN THE UPPER ATMOSPHERE

0zone Form of Another small but important

oxygen with a mole-
cule consisting of
three atoms of
oxygen O,.

constituent of the atmosphere is
ozone—a form of oxygen in
which three oxygen atoms are
bonded together (O,). Ozone is

found mostly in the upper part
of the atmosphere, in a layer called the stratosphere,
about 14 to 50 km (9 to 31 mi) above the surface.

Ozone is most concentrated in a layer that begins at
an altitude of about 15 km (about 9 mi) and extends to
about 55 km (about 34 mi) above the Earth. It is pro-
duced in gaseous chemical reactions that require en-
ergy in the form of ultraviolet radiation. The reactions
are quite complicated, but the net effect is that ozone
(Oy), molecular oxygen (O,), and atomic oxygen (O)
are constantly formed, destroyed, and reformed in the
ozone layer, absorbing ultraviolet radiation with each
transformation.

Because the ozone layer absorbs ultraviolet light
from the Sun, it protects the Earth’s surface from this
damaging form of radiation. The presence of the ozone
layer is thus essential for life on this planet to survive. If
the full intensity of solar ultraviolet radiation ever hit
the Earth’s surface, it would destroy bacteria and se-
verely damage animal tissue.

Certain forms of air pollution, such as chlorofluoro-
carbons, or CFCs, reduce ozone concentrations substan-
tially. CFCs are synthetic industrial chemical compounds
containing chlorine, fluorine, and carbon atoms.

Although CFCs were banned in aerosol sprays in the
United States in 1976, they are still used as cooling fluids
in some refrigeration systems. When appliances contain-
ing CFCs leak or are discarded, their CFCs are released
into the air.

CFC molecules move up to the ozone layer where
they decompose to chlorine oxide (ClO), which attacks
ozone, converting it to ordinary oxygen by a chain reac-
tion. With less ozone, there is less absorption of ultravi-
olet radiation.

A “hole” in the ozone layer was discovered over the
continent of Antarctica in the mid-1980s (FIGURE
2.1 1).Inrecent years, the ozone layer has thinned
during the early spring of the southern hemisphere,
reaching a minimum during the month of September
or October. Typically, the ozone hole slowly shrinks and
ultimately disappears in early December.

Since 1978, surface-level ultraviolet radiation has
been increasing. Over most of North America, the in-
crease has been about 4 percent per decade. Crop
yields and some forms of aquatic life may also suffer.
Today, we are all aware of the dangers of harmful ultra-
violet rays to our skin and the importance of using sun-
screen before going outdoors.

In response to the global threat of ozone depletion,
23 nations signed a treaty in 1987 to
cut global CFC consumption by
50 percent by 1999. The treaty
was effective. By late 1999,
scientists confirmed that

Ozone hole, September 24, 2006

FIGURE 2.1 1

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

This figure shows the path and position of
the sun at this time of day, at the equator.
You can see from the figure that the angle of
the sun’s rays is much lower than it would
have been at noon in the same spot.

Imagine yourself sitting in a beach chair here on Bora Bora, watching the sunset. Will you be warm or cool?

The beach at sunset will be quite a different place from what it was at noon, a few hours earlier. The long shadows and the
position of the glow in the sky show that the Sun is not far from the horizon. As a result, insolation will be much lower than at
noon, when the Sun is near the top of the sky.

The Sun will also seem weaker because, at such a low angle, its direct rays pass through more atmosphere. As a result,
more of the solar beam will be absorbed or scattered than at noon.

Seated in your chair, directly facing the Sun, however, you will be doubly warmed—first by the direct rays of the Sun on
your body and second by the sunlight reflected off the still water.

With this analysis, a geographer would safely conclude that the temperature will be. . . just about perfect!

stratospheric chlorine concentrations had topped out in CONCEPT CHECK

1997 and were continuing to fall. Although the ozone

layer is not expected to be completely restored until the Which gases make up Why is 0zone important
middle of the twenty-first century, this is a welcome the most of the air in in climate change?

observation. our atmosphere?
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Sensible Heat and Latent Heat Transfer

LEARNING OBJECTIVES

Define sensible heat and latent heat.

ensible heat is actually very familiar—
it’s what you feel when you touch a
warm object. We are measuring sensible

heat when we use a ther-

mometer. Sensible heat moves from
warmer to colder objects, either by conduc-
tion or by convection, when they are put
into contact.

By contrast, latent heat—or hidden
heat—cannot be measured by a thermome-
ter. It is heat that is taken up and stored as
molecular motion when a substance
changes state from a solid to a liquid, from
a liquid to a gas, or from a solid directly to a

gas. For example, to change liquid water to

water vapor, or ice to liquid water, you need

Ocean-atmosphere energy transfer
FIGURE 2.12

Sensible heat
An indication of the
intensity of kinetic
energy of molecular
motion within a
substance; it is
measured by a
thermometer.

Latent heat Heat
absorbed and stored
ina gas or liquid dur-
ing the processes of
evaporation, melt-
ing, or sublimation.

Latent heat flows from the ocean to
the atmosphere when ocean water
evaporates. That energy is later released to

the atmosphere when the water vapor
condenses to form cloud droplets.

Describe why latent heat transfer is important in the Earth-atmosphere system.

to put in energy. This energy is stored in free fluid mo-
tion of the liquid water molecules or in the fast random
motion of free water vapor molecules.

Although we can’t measure the latent
heat of water vapor in air with a thermome-
ter, energy is stored there just the same.
When the vapor turns back to a liquid or
solid, the latent heat is released, warming
the surroundings. In the Earth-atmosphere
system, latent heat transfer occurs when wa-
ter from a moist land surface or from open
water evaporates (FIGURE 2.12).0Ona
global scale, latent heat transfer is a very im-
portant mechanism for transporting large
amounts of energy from one region of the
Earth to another.

CONCEPT CHECK
What is sensible heat?

What is latent heat?

HOW is latent heat
transferred from water
vapor? Why is this
process important on a
global scale?
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The Global Energy System

LEARNING OBJECTIVES

Describe the fate of solar radiation as it passes through the
atmosphere.

Define albedo.

uman activity around the globe has
changed the planet’s surface cover and
added carbon dioxide to the atmos-
phere. Have we irrevocably shifted the
balance of energy flows? Is our Earth absorbing more
solar energy and becoming warmer? Or is it absorbing
less and becoming cooler? If we want to understand hu-
man impact on the Earth-atmosphere system, then we
need to examine the global energy balance in detail.
The flow of energy from the Sun to the Earth and
then back out into space is a complex system. Solar en-
ergy is the ultimate power source for the Earth’s sur-
face processes, so when we trace the energy flows
between the Sun, surface, and atmosphere, we are
really studying how these processes are driven.

SOLAR ENERGY LOSSES
IN THE ATMOSPHERE

Let’s examine the flow of insolation through the atmos-
phere on its way to the surface. FIGurRE 2.1 3 gives
typical values for losses of incoming shortwave radia-
tion in the solar beam as it penetrates the atmosphere.
Gamma rays and X rays from the Sun are almost
completely absorbed by the thin outer layers of the at-
mosphere, while much of the ultraviolet radiation is
also absorbed, particularly by ozone.

As the radiation moves deeper through denser lay-
ers of the atmosphere, it can be scattered by gas mole-
cules, dust, or other particles in the air, deflecting it in
any direction. Apart from this change in direction, it is
unchanged. Scattered radiation moving in all directions
through the atmosphere is known as diffuse radiation.
Some scattered radiation flows down to the Earth’s sur-
face, while some flows upward. This upward flow of dif-
fuse radiation escaping back to space amounts to about
3 percent of incoming solar radiation.

50 ©HAPTER 2 The Earth’s Global Energy Balance

Define counterradiation and explain how it leads to the
greenhouse effect.

What about absorption? As we saw earlier, mole-
cules and particles can absorb radiation as it passes
through the atmosphere. Carbon dioxide and water are
the biggest absorbers, but because the water vapor con-
tent of air can vary greatly, absorption also varies from
one global environment to another. About 15 percent
of incoming solar radiation is absorbed, raising the tem-
perature of atmospheric layers. After taking into ac-
count absorption and scattering, about 80 percent of
the incoming solar radiation reaches the ground.

Fate of incoming solar radiation Ficure 2.13

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

Scattering
and diffuse
reflection:
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Clouds can greatly increase the amount of incom-
ing solar radiation reflected back to space. Reflection
from the bright white surfaces of thick low clouds de-
flects about 30 to 60 percent of incoming radiation
back into space. Clouds also absorb as much as 5 to 20
percent of the radiation.

ALBEDO

The proportion of shortwave radiant energy scattered
upward by a surface is called its albedo and is measured
on a scale of 0 to 1. For example, a surface that reflects
40 percent of incoming shortwave radiation has an
albedo of 0.40. Snow and ice

have high albedos (0.45 to 0.85),
reflecting most of the solar radia-
tion that hits them, and absorb-
ing only a small amount. By

Albedo Ppropor-
tion of solar radia-
tion reflected
upward from a
surface.

contrast, a black pavement,

which has a low albedo (0.03), absorbs nearly all the in-
coming solar energy (FIGURE 2.14). The albedo of
water depends on the angle of incoming radiation. Itis
very low (0.02) for nearly vertical rays hitting calm wa-
ter. But when the sun shines on a water surface at a low
angle, much of the radiation is directly reflected as Sun
glint, producing a higher albedo. The energy absorbed
by a surface warms the air immediately above it by con-
duction and convection, so surface temperatures are
warmer over low-albedo than high-albedo surfaces.
Fields, forests, and bare ground have intermediate albe-
dos, ranging from 0.03 to 0.25.

Certain orbiting satellites carry instruments that
can measure shortwave and longwave radiation at the
top of the atmosphere, helping us estimate the
Earth’s average albedo. The albedo values obtained
in this way vary between 0.29 and 0.34. This means
that the Earth-atmosphere system reflects slightly less
than one-third of the solar radiation it receives back
into space.

A Bright snow A layer of new, fresh snow reflects
most of the sunlight it receives. Only a small portion
is absorbed.

Albedo contrasts Ficure 2.14

B Blacktop road Asphalt paving reflects little
light, and so appears dark or black. It absorbs
nearly all of the solar radiation it receives.
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COUNTERRADIATION
AND THE GREENHOUSE EFFECT

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

FIGURE 2.1 5 shows the energy flows between the
surface, atmosphere, and space. On the left we can see
the flow of shortwave radiation from the Sun to the sur-
face. Some of this radiation is reflected back to space,
but much is absorbed, warming the surface.

Meanwhile, the Earth’s surface emits longwave radi-
ation upwards. Some of this radiation escapes directly
to space, while the remainder is absorbed by the
atmosphere.

What about longwave radiation emitted by the at-
mosphere? Although the atmosphere is colder than the
surface, it also emits longwave radiation, which is emit-
ted in all directions, and so some radiates upward

to space while the remainder

Counterradiation
Longwave atmos-
pheric radiation
moving downward
toward the Earth’s
surface.

radiates downward toward the
Earth’s surface. We call this
downward flow counterradia-
tion. It replaces some of the heat
emitted by the surface.

%\‘{% Atmosphere

Counter-
radiation

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

This mechanism is known as
the greenhouse effect, because
it is similar to the principle used

Greenhouse
effect Accumula-
tion of heat in the
lower atmosphere
through the absorp-
tion of longwave ra-
diation from the
Earth’s surface.

in greenhouses to trap solar
heat. The process diagram, How
a greenhouse works, illustrates
how in a greenhouse, the glass
windows let in shortwave energy,
but absorb and block longwave
energy from escaping.

The energy flows we have been looking at between
the Sun and the Earth’s atmosphere and surface must
balance over the long term. The global energy budget
takes into account all the important energy flows that

Counterradiation and the
greenhouse effect
FIGURE 2.15

Shortwave radiation passes through
the atmosphere and is absorbed at
the surface. This warms the surface,
which emits longwave radiation.
Some of this flow passes directly to
space (A), but most is absorbed by
the atmosphere (B). In turn, the at-
mosphere radiates longwave energy
back to the surface as counterradia-
tion (D) and also to space (C). The
counterradiation is the greenhouse

Surface
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How a greenhouse works

Sun’s short waves

Infrared rays
radiate from
ground and
cannot pass
through the

Some longwave
radiation is emitted
by the warm glass

Short waves
heat the
ground

Warmed air
rises and heats
the greenhouse

we have met so far and helps us to understand how
global change might affect the Earth’s climate.

For example, suppose that clearing forests for agri-
culture and turning agricultural lands into urban and
suburban areas decreases surface albedo. In that case,
more energy would be absorbed by the ground, raising
its temperature. That, in turn, would increase the flow
of surface longwave radiation to the atmosphere, which
would be absorbed and would then boost counterradia-
tion. The total effect would probably be to amplify
warming through the greenhouse effect.

Short waves

Troposphere

Earth's surface

Methane and carbon
dioxide act like glass,
allowing ultraviolet
rays through but
absorbing and re-
radiating infrared.

Long waves

CH“‘, ™

o CO

The Earth’s atmosphere acts like the glass in a
greenhouse, admitting solar shortwave radiation
but blocking the passage of outgoing longwave
radiation.

www.wiley.com/

college/strahler

What if air pollution causes more low, thick clouds
to form? Since low clouds increase shortwave reflection
back to space, the Earth’s surface and atmosphere will
cool. What about increasing condensation trails from
jet aircraft? These could create more high, thin clouds,
which absorb more longwave energy than they reflect
shortwave energy. This would make the atmosphere
warmer, boosting counterradiation and increasing the
greenhouse effect. The energy flow linkages between
the Sun, surface, atmosphere, and space are critical

components of our climate system.

CONCEPT CHECK

Whatis
counterradiation? How
does it lead to the
greenhouse effect?

What is albedo? Give
one example of an
object with a high
albedo and one with a
low albedo.

Describe two

processes through

which solar energy is
lost in the atmosphere.
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THE GREENHOUSE EFFECT

The Earth’s atmosphere acts like a blanket on a cold night, trapping heat to warm the Earth’s surface.

P Greenhouse heat trap

The atmosphere acts like a greenhouse, allowing sunlight to filter THE GREENHOUSE
through. Gases such as carbon dioxide, water vapor, methane, EFFECT
ozone, and nitrous oxide help the atmosphere hold heat. This Greenholse

heating is key in the Earth’s ability to stay warm and sustain life. gases e
; ! i Y Solar \ ﬁrappcd -
radiation .

“'Qb“'

<« Fossil fuel burning

When fossil fuels are burned to produce
power, CO, is released. As global CO, levels
rise, the greenhouse effect is enhanced.

What shapes the Earth’s climate P>

Much of the Sun’s heat (1) is held in the atmos-
phere (2) by greenhouse gases as well as in the
top layer of oceans. Oceans (3) distribute heat;
evaporation lifts moisture (4). Clouds (5) reflect
sunlight and cool the Earth; they also warm it by
trapping heat. Ice and snow (6) reflect sunlight, |
cooling the Earth. Land (7) can influence the for- |
mation of clouds, and human use (8) can alter | _ o act A
natural processes. [ _ ! Phytoplankton

Terrestrial (algae)
radiation /

Global vegetation P>

Plants take up CO,

in photosynthesis, remov-
ing it from the atmos-
phere. But when Y § _ : _
the plants die, i 7 " 8 HUMAN INFLUENCES ="
microorganisms digest ’ s 3 : . o .

the plant matter, return-
ing the CO, to the atmos-
phere. CO, is also
released by burning.

NATIONAL
GEOGRAPHIC




Visualizin

The Greenhouse Effect and Global Energy Flows

GLOBAL ENERGY FLOWS AND THE EARTH’S CLIMATE

Energy exchanges between oceans, lands, and atmosphere control the Earth’s climate system.

< Solar power

Shortwave
radiation from the
Sun is the power
source that heats
the Earth.

A Oceans

Oceans play a key role in the climate system. Ocean
currents carry warm water poleward and cool water
equatorward, moving heat around the globe. Ocean
waters evaporate, carrying latent heat upward into the
atmosphere. When the water vapor condenses, the
latent heat is released at a different location.

2 THE ATMOSPHERE

Sea-ice heat
exchange

underground watep, " Y
t S P LD 7 -
g N A Clouds
Clouds are also an important part of the climate
system. Low, thick clouds reflect solar energy back to
space, which tends to cool the Earth. High, thin clouds
absorb upwelling longwave radiation, enhancing the
greenhouse effect and warming the Earth.

www.wiley.com/
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Net Radiation, Latitude, and the Energy Balance

LEARNING OBJECTIVES

Define net radiation.

he heat level of our planet rises as it ab-
sorbs solar energy. But at the same time, it
radiates energy into outer space, cooling
itself. Over time, these incoming and out-
going radiation flows balance for the Earth as a whole.
But these flows do not have to balance at each particular
place on the Earth, nor do they have to balance at all

times. At night, for example, there

Net radiation
The difference in
energy flow between
all radiant energy
coming into a sur-
face and all radiant
energy leaving the
surface.

is no incoming radiation, yet the
Earth’s surface and atmosphere
still emit outgoing radiation.

In places where radiant en-
ergy flows in faster than it flows
out, net radiation is positive,

Poleward
transport

&,

Poleward

‘ transport

Explain how net radiation depends on latitude.

providing an energy surplus. In other places, net radia-
tion can be negative. For the entire Earth and atmos-
phere, the net radiation is zero over year.

We saw earlier that solar energy input varies
strongly with latitude. What is the effect of this varia-
tion on net radiation? To answer this question, let’s
look at FiIcGurE 2.1 6, which shows the net radiation
profile from latitude 90° N to 90° S. The lower part of
the figure shows the global profile of net radiation from
pole to pole. Between about 40° N and 40° S there is a
net radiant energy gain, labeled “energy surplus.” In
other words, incoming solar radiation exceeds outgo-
ing longwave radiation throughout the year. Poleward
of 40° N and 40° S, the net radiation is negative and is

Annual surface net radiation from pole
to pole FiIcure 2.16

Where net radiation is positive, incoming solar radi-
ation exceeds outgoing longwave radiation. There is
an energy surplus, and energy moves poleward as
latent heat and sensible heat. Where net radiation is
negative, there is an energy deficit. Latent and sen-
sible heat energy moves from regions of excess to
regions of deficit, carried by ocean currents and at-
mospheric circulation.

N Latitude S
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Atmospheric circulation and energy transport Ficure 2.17

Tropical cyclones, such as the four hurricanes from 2004 shown here in a composite image, are formed when atmospheric
circulation mixes warm, moist air with cooler, drier air. As the cyclones move poleward, they carry energy from warm tropi-
cal oceans to higher latitudes. Global-scale imbalances in net radiation are the primary drivers of atmospheric circulation.

labeled “energy deficit™—meaning that outgoing long-
wave radiation exceeds incoming shortwave radiation.

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

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

Keep in mind that this poleward heat transfer, dri-
ven by the imbalance in net radiation between low and
high latitudes, is the power source for broad-scale

atmospheric circulation patterns and ocean currents
that help sustain marine life by redistributing nutrient
rich waters (FIcUrRe 2.1 7). Without this circulation,
low latitudes would heat up and high latitudes would
cool down until a radiative balance was achieved, leaving
the Earth with much more extreme temperature
contrasts—very different from the planet that we are
familiar with now.

CONCEPT CHECK

What is net radiation?

H OW do differences in net radiation across the globe
drive ocean and atmospheric flow patterns?
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What is happening in this picture

Thermal infrared radiation can be seen us-
ing a special sensor. Here we can see a sub-

urban street on a cool night. Different

in this scene?

temperatures regions are represented by

different colors in the image.

Electromagnetic
Radiation

1. All objects give off electromagnetic

radiation.

. Hotter objects emit greater amounts of
electromagnetic radiation. They also
emit radiation at shorter wavelengths
than cooler objects.

. The Sun emits mostly shortwave radia-
tion, while the Earth gives off longwave
radiation.

2 Insolation
over the Globe

. Insolation is the rate of solar radiation

flow at a location at a given time.

. Daily insolation is greater when there is

more daylight and the Sun is higher in
the sky.

. Annual insolation is greatest at the

equator and least at the poles.

. We can divide the globe into latitude

zones according to how much insolation
different latitudes receive.

Which regions would you expect to be the

warmest, and which should be the coolest

3 Composition

of the Atmosphere

1. The Earth’s atmosphere is dominated

by nitrogen and oxygen.

. Carbon dioxide and water vapor

enhance the greenhouse effect by
absorbing longwave radiation.

. Ozone (0,) helps absorb ultraviolet

radiation, sheltering the Earth from
ultraviolet rays.




4 Sensible Heat

The Global
and Latent Heat Transfer

Energy System

1. Latent heat is taken up or released

when substances change between
solid, liquid, and gaseous states.

2. Sensible heat is held within a sub-
stance and can be transferred by
conduction or convection.

1. Incoming solar radiation is partly absorbed or
scattered by molecules in the atmosphere.

2. The albedo of a surface is the proportion of solar
radiation it reflects.

3. The atmosphere absorbs longwave energy from
the Earth, and counterradiates some of it back to
the Earth, creating the greenhouse effect.

Net Radiation, Latitude, and
the Energy Balance

1. Net radiation describes the balance between incoming and outgoing radiation.

2. At latitudes below 40 degrees, annual net radiation is positive, while it is nega-
tive at higher latitudes.

E
|
|

3. This imbalance drives latent and sensible heat toward the poles, creating
broad-scale atmospheric circulation patterns
and ocean currents that help sustain marine life.

-
—-—
—

-—

—

-
-
-
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insolation p. 42
ozone p. 47

electromagnetic radiation p. 36
absorption p. 38

scattering p. 38

shortwave radiation p. 39
longwave radiation p. 39

latent heat p. 49
albedo p. 51

1. What is electromagnetic radiation?
How is it characterized? Identify the
major regions of the electromagnetic
spectrum.

sensible heat p. 49

4. Sketch the world latitude zones on a
circle representing the globe and give
their approximate latitude ranges. How
does insolation vary across these

B counterradiation p. 52
B greenhouse effect p. 52
B net radiation p. 56

7. Imagine that you are following a beam
of either (a) shortwave solar radiation
entering the Earth’s atmosphere head-
ing toward the surface, or (b) a beam of

) zones? longwave radiation emitted from the
2. What is the Earth’s global energy bal- o surface heading toward space. How
ance, and how are shortwave and long- 5. Why are carbon dioxide and water va- will the atmosphere influence the

wave radiation involved?

por levels in the atmosphere impor-

beam?

tant? How does the ozone layer help

3. Suppose the Earth’s axis was not tilted.
How would global insolation be

affected? 6. Describe the counterradiation process

protect life on Earth?

8. What is net radiation? What is the role
of poleward heat transport in balancing
the net radiation budget by latitude?

and how it relates to the greenhouse

effect.

1. Label the regions of the electromagnetic spectrum that corre-
spond to (a) visible light, (b) gamma rays, (c) X rays, and (d)
ultraviolet light.

LIAVAVANZANP NN

Microwaves

Infrared Radar
EHF  SHF UHF VHF HF LF

TV, radio
0.001  0.01 0.1 1 10 0.1 10 100 0.1 1 10 1 10 100
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om oM 0 M O
S ST WO R
o o OO0 O o o
)
°
>
0.3 0.4 05 06 07 080910 12 15 2 3 4 5 6

Micrometers
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. In the case of electromagnetic energy, objects

radiate more energy at shorter wavelengths than
objects.

a. hotter, cooler

b. rotating, stationary

c. cooler, hotter
d. larger, smaller

. The highest energy, shortest wavelength form of electromagnetic

radiation emitted by the sun is:
a. shortwave infrared
b. visible light

c. thermal infrared radiation
d. ultraviolet radiation

. The Earth, maintaining a significantly cooler surface tempera-

ture than the Sun, emits .
a. ultraviolet radiation c. longwave radiation
b. shortwave infrared radiation d. visible light

. The amount of incoming solar radiation, or insolation, received

by the surface of the Earth, is most dependent upon the

a. angle at which the insolation is received by the Earth’s
surface

b. total solar radiation output of the Sun

amount of glacial coverage in a particular area

d. amount of ocean surface in a particular region

2



6. The

10.

11.

12

. The chemical formula

regions of the Earth receive the greatest
amount of insolation.

a. polar c. midlatitude
b. equatorial d. subtropical
. The Earth’s regions have the greatest insola-

tion variation.
a. polar
b. equatorial

c. midlatitude
d. tropical

. The diagram shows the proportion of gases that make up our

atmosphere. Label the following gases on the figure: (a) argon,
(b) carbon dioxide, (c) nitrogen, and (d) oxygen.

T

—

represents ozone.
L d. co,

a. 0, b. 0? c. O

Of the following gases,
prolific destruction of ozone.
a. nitrogen

b. carbon dioxide

c. chlorofluorocarbons (CFCs)
d. argon

result(s) in the most

Sensible heat transfer refers to the flow of heat between the
Earth’s surface and the atmosphere

a. that can be measured with a thermometer

b. by advection

c. occurring between the various states of water

d. by conduction and/or convection

Scattered radiation moving in all directions through that atmos-
phere is known as

a. diffuse radiation
b. diffuse reflection

c. direct radiation
d. refracted radiation

13.

14.

15.

16.

The percentage of shortwave radiant energy scattered upward
by a surface is termed its
a. outflow
b. output

c. albedo
d. reflection

While the Earth’s surface can only radiate longwave radiation
, the atmosphere radiates longwave radiation

upwards, downwards
upwards, in all directions
downwards, upwards
upwards, at right angles to the upwards flow

o0 oo

from the atmosphere helps to warm the
Earth’s surface through a process known as the

Outbound longwave radiation, ozone effect
Insolation, greenhouse effect
Counterradiation, greenhouse effect
Counterradiation, ozone effect

Q0 T o

, driven by the imbalance in net radiation
between low and high latitudes, is the power source for ocean
currents and broad-scale atmospheric circulation patterns.

a. Midlatitude heat transfer c. Surface net radiation
b. Poleward heat transfer d. Energy balance

Poleward
transport

Poleward
transport

Net radiation
N
Energy surplus

Energy
deficit

Energy
deficit

Net radiation, gigajoules per m? per year
|

70° 50° 40° 30° 20° 10° °10°  20° 30° 40°50° 70°
0° 60° 60° 90°
N Latitude
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n 1991, a sleeping giant awoke with a roar.

Mount Pinatubo, a volcano in the Philippines
that had lain dormant for more than 500 years,
produced one of the most violent eruptions of
the twentieth century. At its climax, the eruption
blew off the top of the mountain, ejecting be-
tween 8 and 10 square kilometers of material.
Floods of lava spewed out, and hundreds of cubic
meters of sand- and gravel-sized debris rained
down on the mountain’s upper slopes.

Before the eruption, many people lived on
the mountain’s forested lower slopes. Early rum-
blings warned geologists of the impending erup-
tion, and more than 50,000 people were
evacuated. But several hundred people died as
roofs collapsed under the weight of falling ash.
Villages were destroyed and tens of thousands
suffered the effects of mudslides, ash-clogged
rivers, and crop devastation.

Reverberations were also felt globally. The
volcano sent a vast plume of sulfur dioxide gas
and dust high into the atmosphere—some 15 to
20 million tons. A haze of sulfuric acid droplets
spread throughout the stratosphere over the year
following the eruption. These particles, though
tiny, had an important impact on the global cli-
mate. They reduced the sunlight reaching the
Earth’s surface by 2 to 3 percent for the year, and
average global temperatures fell by about 0.3°C
(0.5°F).

Our planet’s atmosphere is a dynamic system
that responds readily to many types of change,
and we must keep a close watch on the natural
and artificial phenomena that can perturb it.

NATIONAL
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Surface and Air Temperature

LEARNING OBJECTIVES

Explain how air temperatures close to the ground are related to
surface temperatures.

Explain how surface type affects urban and rural temperatures.

urn on the evening news and you are

bound to hear about the threat of global

warming. The Earth is becoming in-

creasingly warmer, bringing with it a rise
in sea level and more frequent bouts of severe weather,
and strong scientific evidence points to human activity
as the cause.

Global warming, its causes, and its effects, are a com-
plicated story. We have already touched on some of the
issues related to climate change, and we will return to
them again later in this chapter. But first we need to un-
derstand the interplay between surface and air tempera-
tures and examine how and why air temperature changes
from day to day, month to month, and year to year.

SURFACE TEMPERATURE

Temperature is a very familiar concept. We all know
that when a substance—gas, liquid, or solid—receives a
flow of radiant energy, such as sunlight, its temperature
rises. Similarly, when a substance loses energy, its tem-
perature falls.

Temperature scales FiGure 3.1

At sea level, the freezing point of water is at Celsius tempera-
ture (C) 0°, while it is at 32° on the Fahrenheit (F) scale. Boiling
occurs at 100°C, or 212°F.

Explain how and why conditions change at high elevation.

Define temperature inversion.

In the United States, temperature is still widely
measured and reported using the Fahrenheit scale.
The freezing point of water on the Fahrenheit scale is
32°F, and the boiling point is 212°F. In this book, we
use the Celsius temperature scale, which is the inter-
national standard. On the Celsius scale, the freezing
point of water is 0°C and the boiling point is 100°C
(FIGURE 3.1).

Let’s think about what happens when sunlight hits
the ground surface (FiIcure 3.2). The flow of en-
ergy moves in and out of the surface. The solar short-
wave radiation is quickly absorbed by a very thin layer
of soil, which then radiates longwave radiation out to
space. Recall from Chapter 2 that we use the term net
radiation to describe the balance between the solar
shortwave radiation absorbed and the longwave radia-
tion emitted.

Energy can also move to or from a surface by con-
duction, latent heat transfer, and convection. Sensible
heat flows by conduction from warm objects to colder
ones when they are placed in contact. This is how heat
is transferred deeper into soil, from its warm surface
during the day. During the night, the soil surface be-
comes colder than the inner layers, so heat is con-
ducted back up to the soil surface from below.

Fahregnheit siale Freezing Boiling
F=5C +32 point point
-100 -80 -60 -40 -20 0 20 32° 40 60 80 100 120 140 160 180 200 212° F
e B B Y Y} s S B B S B I ) e | T
— :/)\@D
G
C L L L L L L L L L L L L L L L L L 1 1 :;\:é)
-80 -70 -60 50 40 -30 -20 -10 ©0° 20 30 40 50 60 70 80 90 100° C

Celsius scale
C=2(F-329
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Solar energy flow Ficure 3.2

Solar light energy strikes the Earth’s surface and is largely ab-
sorbed, warming the surface.

Latent heat transfer is also important. When water
evaporates at a surface, changing from a liquid to a gas,
it takes away latent heat. This cools the surface. Simi-
larly, when water condenses at a surface, latent heat is
released, giving a warming effect. Finally, convection

redistributes heat in a fluid by mixing. Let’s look at how
these processes affect temperatures near the ground.

TEMPERATURES CLOSE
TO THE GROUND

The air temperature is one piece of weather informa-
tion that affects us daily. So far we have looked at
surface temperatures. We will see shortly that air tem-
perature can be different from surface temperature.
When you walk across a parking lot on a clear summer
day, you will notice that the pavement is a lot hotter
than the air against the upper part of your body. In gen-
eral, air temperatures measured at the standard height
of 1.2 m (4.0 ft) above a surface reflect the same trends
as ground surface temperatures, but ground tempera-
tures are likely to be more extreme.

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

16 —
m
15
L \ \ Daily temperature profiles
12l s close to the ground
4 FIGURE 3.3
5-4 <
1.0 - The red curves show a set of tempera-
1, ture profiles for a bare, dry soil sur-
s B . face from about 30 cm (12 in.) below
the surface to 1.5 m (4.9 ft) above it at
£ ¥ five times of day. At 8 a.m. (curve 1),
5 06 —2 B thetemperature of air and soil is the
T £ same, producing a vertical line on the
0.4 | graph. By noon (curve 2), the surface
i is considerably warmer than the air at
02 standard height, and the soil below
' 5A.M. 8 PM. 8 A.M. Noon 3PM. the surface has been warmed as well.
/ / \ \ By 3 p.m. (curve 3), the soil surface is
0 0 much warmer than the air at standard
\/ Soil height. By 8 p.m. (curve 4), the sur-
—02 face is cooler than the air, and by
4 5 a.m. (curve 5), it is much colder.

Cold ¢ Temperature

Hot



ENVIRONMENTAL CONTRASTS:
URBAN AND RURAL TEMPERATURES

So far we have looked at the movement of heat through

a soil surface. But are temperature patterns different

when we look at artificial surfaces? Human activity has

altered much of the Earth’s land surface. Vegetation

has been removed to build cities, and soils have been

covered with pavement.

When you walk across a parking lot on a hot day,

the ground can become hot enough to burn your bare

feet. It is different when you step across a grassy field—

the ground does not feel as hot, even if the air tempera-

ture is similar. The reason is the surface material, which

h Transpiration
The process by
which plants lose
water to the atmos-
phere by evapora-
tion through leaf
pores.
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Temperature

plays a large part in determining
temperature. “What a Geogra-
pher Sees: Rural Surfaces and
Urban Surfaces” discusses these
effects on temperature. We see
that two of the key processes that
help to keep rural surfaces
cool are transpiration and evap-

66 CHAPTER 3 Air Temperature

oration, which together are h Evapotranspiration
known as evapotranspiration. The combined water
flow to the atmos-
phere by evapora-
tion from soil and
transpiration from
plants.

THE URBAN HEAT
ISLAND

Because urban surfaces tend to ¥ Urban heat

island Area at the
center of a city that
has a higher temper-
ature than surround-
ing regions.

be warmer than rural ones, city
centers tend to be several
degrees warmer than the sur-
rounding suburbs and country-
side. We call this center an

urban heat island because it
has a significantly elevated temperature. Such a large
quantity of heat is stored in the ground during the day-
time hours that the heat island remains warmer than its
surroundings during the night too (FIGURE 3.4).
The urban heat island effect has important eco-
nomic consequences. We use more air conditioning
and more electric power to combat higher tempera-
tures in the city center. And smog is more likely to form

Thermal infrared images
of downtown Atlanta
FIGURE 3.4

These thermal infrared images of the
Atlanta central business district in
May 1997 demonstrate the heat is-
land effect. On the left is a daytime
image, on the right a nighttime im-
age. Note that the heat island effect
is strongest at night.



in warm temperatures. Many cities are now planting
more vegetation in an attempt to counteract these
problems.

HIGH-MOUNTAIN ENVIRONMENTS

We have seen that the ground surface affects the tem-
perature of the air directly above it. But what happens
as you travel to higher elevations? For example, as you
climb higher on a mountain, you may become short of
breath and you might notice that you sunburn more
easily (FIGURE 3.5). You also feel the temperature
drop, as you ascend. If you camp out, you’ll see that the

High elevation Ficure 3.5

nighttime temperature gets lower than you might ex-
pect, even given that temperatures are generally cooler
the farther up you go.

What causes these effects? At high elevations there
is significantly less air above you, so air pressure is low. It
becomes harder to breathe simply because of the re-
duced oxygen pressure in your lungs. And with fewer
molecules to scatter and absorb the Sun’s light, the
Sun’s rays will be stronger as they beat down on you.
There is less carbon dioxide and water vapor, and so the
greenhouse effect is reduced. With less warming, tem-
peratures will tend to drop even lower at night. Later in
this chapter, we will see how this pattern of decreasing
air temperature extends high up into the atmosphere.

The peaks of this mountain range climb to about 3500 m (about 12,000 ft). At higher elevation, there is less air to
absorb solar radiation. The sky is deep blue and temperatures are cooler. Wind River Range, Wyoming.
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Rural surfaces and urban surfaces

ﬁ40% Evapotranspiration

25% Shallow
infiltration

9

10% Runoff

'30% i Evapotranspiration

AL Bl e

l ! 10% Shallow 1y
[ ; l | infiltratio
5% Deep’,

filtration

"'l

On a hot day, the rural ground will feel far cooler to your bare feet than a city sidewalk. How would a geographer explain the

cooling effect?

In rural areas, water is taken up by plant roots and moved to the leaves, in a natural process called transpiration. This wa-
ter evaporates, cooling leaf surfaces, which in turn cool nearby air. Soil surfaces are moist because water seeps into the soil
during rainstorms. It is drawn upward and evaporates when sunlight warms the surface, again producing cooling. The inset fig-
ure illustrates the difference between a natural ground cover and a typical urban ground cover (pavement) on evapotranspira-

tion, runoff, and infiltration.

There are other reasons why
urban surfaces are hotter than rural
ones. Many city surfaces are dark
and absorb rather than reflect solar
energy. In fact, asphalt paving ab-
sorbs more than twice as much so-
lar energy as vegetation.

Rain runs off the roofs, side-
walks, and streets into storm sewer
systems. Because the city surfaces
are dry, there is little evaporation
to help lower temperatures.

What else might you notice
about the city’s layout? The build-
ings of the city provide many verti-
cal surfaces that reflect radiation
between surfaces. This traps solar
energy, which bounces back and
forth until most of it is absorbed.

CHAPTER 3 Air Temperature
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The effect of elevation on air temperature cycles Ficure 3.6

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

FIGURE 3.6 shows temperature graphs for five  at 4380 m (14,370 ft). The range between maximum
stations at different heights in the Andes Mountain = and minimum temperatures also increases with eleva-
range in Peru. Mean temperatures clearly decrease with  tion, except for Qosqo. Temperatures in this large city
elevation, from 16°C (61°F) at sea level to —1°C (30°F) do not dip as low as you might expect because of its ur-
ban heat island (FIGURE 3.7).

Qosqo by night Ficure 3.7

Urban power consumption in Qosqo (formerly Cuzco) keeps nighttime
temperatures higher than in the surrounding areas.

Global Locator



TEMPERATURE INVERSION Air temperature, °F

24 26 28 30 32 34 36 38 40 42 44

1200 N O A A E S N I N
So far, air temperatures seem to decrease
with height. But is this always true? Think o
about what happens on a clear, calm night. 1000 1= g L
The ground surface radiates longwave en- - — 3000
ergy to the sky, and net radiation becomes |
] . 800

negative. The surface cools. This means that
air near the surface also cools. If the surface S s

~ . — — o
stays cold, a layer of cooler air above the 2 600 2000 B

>
ground will build 2 ]
Warmer air
Temperature up under a layer of 200
inversion Rever- warmer air, as shown 3 . L 000
sal of normal tem- in FIGURE 3.8. 3 "
perature pattern so This is a temperature 200 [~ e
nversion
that air temperature inversion. = : .
increases with In a temperature | | | A/ Fro‘st | | ".‘ | Co‘ld ey |
altitude i ; 0 0
: inversion, the tem- 5 4 3 2 -1 0 1 2 3 4 5 6

. . Air temperature, °C
perature of the air

near the ground can fall below the freezing Temperature inversion FiGure 3.8

point. This temperature condition can cause
While air temperature normally decreases with altitude (dashed line), in an

inversion, temperature increases with altitude. In this example, the surface
temperature is at —1°C (30°F), and temperature increases with altitude (solid
line) for several hundred meters (1000 ft or so) above the ground. Tempera-
ture then resumes a normal, decreasing trend with altitude.

a killing frost—even though actual frost may
not form—because of its effect on sensitive
plants during the growing season.

Growers of fruit trees or other crops use
several methods to break up an inversion.
Large fans can be used to mix the cool air at
the surface with the warmer air above, and
oil-burning heaters are sometimes used to
warm the surface air layer.

CONCEPT CHECK

HOW is the air HOW does surface type HOW does temperature Whatisa temperature

temperature directly affect air temperature in depend on elevation? inversion? Why is it bad

above a surface related the city and in rural What causes this effect? for crop growers?
to the temperature of areas? What is an urban
the ground? heat island?
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Daily and Annual Cycles of Air Temperature

coming shortwave radiation stops, but the Earth contin-

. _ _ _ ues to radiate longwave radiation, so net radiation be-
Describe the connection between cycles of insolation, net

- . comes negative. Because the air next to the surface is
radiation, and air temperature.

warmed or cooled as well, we get a daily cycle of air tem-

Explain why temperature patterns in maritime and
continental regions differ.

Explain how latitude affects annual air temperature cycles.

THE DAILY CYCLE
OF AIR TEMPERATURE

et’s turn to how, and why, air tempera-
tures vary around the world. Insolation
from the Sun varies across the globe, de-
pending on latitude. Net radiation at a
given place is positive during the day, as the surface
gains heat from the Sun’s rays. At night, the flow of in-

Daily cycles of insolation, net radiation,

and air temperature Ficure 3.9

These three graphs show idealized daily cycles for a midlati-
tude station at a continental interior location and illustrate
how insolation, net radiation, and air temperature are linked.

900
800 Insolation I
700 June solstice\

600

Equinoxes
500 /\

400 | December
300 solstice

200

100 /
0M24681012246810M
A.M. Noon P.M.

Insolation W/m?2

A Insolation At the equinox (middle curve), insolation be-
gins at about sunrise (6 a.m.), peaks at noon, and falls to zero
at sunset (6 p.m.). At the June solstice, insolation begins
about two hours earlier (4 a.m.) and ends about two hours
later (8 p.m.). The June peak is much greater than at equinox
and there is much more total insolation. At the December
solstice, insolation begins about two hours later than at
equinox (8 a.m.) and ends about two hours earlier (4 p.m.).
The daily total insolation is greatly reduced in December.

peratures (FIGURE 3.9).
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B Net radiation Net radiation curves strongly follow the
insolation curves in (A). At midnight, net radiation is nega-
tive. Shortly after sunrise, it becomes positive, rising
sharply to a peak at noon. In the afternoon, net radiation
decreases as insolation decreases. Shortly before sunset,
net radiation is zero—incoming and outgoing radiation are
balanced. Net radiation then becomes negative.

30
25
20
15

Air Temperature °C
Air Temperature °F

M 2 4 6 810 12 2 4 6 8 10 M
A.M. Noon P.M.

C Air temperatures All three curves show that the mini-
mum daily temperature occurs about a half hour after sun-
rise. Since net radiation has been negative during the night,
heat has flowed from the ground surface, and the ground
has cooled the surface air layer to its lowest temperature.
As net radiation becomes positive, the surface warms
quickly and transfers heat to the air above. Air temperature
rises sharply in the morning hours and continues to rise
long after the noon peak of net radiation.
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Why does the temperature peak in the midafter-
noon? We might expect it to continue rising as long
as the net radiation is positive. But on sunny days in
the early afternoon, large convection currents de-
velop within several hundred meters of the surface,
complicating the pattern. They carry hot air near the
surface upwards, and they bring cooler air down-
wards. So the temperature typically peaks between 2
and 4 p.m. By sunset, air temperature is falling
rapidly. It continues to fall more slowly throughout
the night.

The height of the temperature curves varies with
the seasons. In the summer, temperatures are warm
and the daily curve is high. In winter, the tempera-
tures are colder. The September equinox is consider-
ably warmer than the March equinox even though net
radiation is the same. This is because the temperature
curves lag behind net radiation, reflecting earlier

conditions.

LAND AND WATER CONTRASTS

There is another factor that influences the annual tem-
perature cycle. If you have visited San Francisco, you
probably noticed that this magnificent city has a unique
climate. It’s often foggy and cool, and the weather is
damp for most of the year. Its cool climate is due to its
location on the tip of a peninsula, with the Pacific
Ocean on one side and San Francisco Bay on the other.
A southward-flowing ocean current sweeps cold water
from Alaska down along the northern California coast,
and winds from the west move cool, moist ocean air, as
well as clouds and fog, across the peninsula. This air
flow keeps summer temperatures low and winter tem-
peratures above freezing.

FIGURE 3.10 shows a typical temperature record
for a week in the summer. Temperatures in San Fran-
cisco hover around 13°C (55°F) and change only a little
from day to night. The story is very different at locations
far from the water, like Yuma, in Arizona. Yuma is in the
Sonoran Desert, and average air temperatures here are
much warmer on the average—about 28°C (82°F).
Clearly, no ocean cooling is felt in Yuma! The daily

Maritime and continental temperatures
FIGuURE 3.10

A A recording thermometer made these continuous records of
the rise and fall of air temperature for a week in summer at San
Francisco, California, and at Yuma, Arizona.

B At San Francisco, on the Pacific Ocean, the daily air tempera-
ture cycle is very weak.

C At Yuma, a station in the desert, the daily cycle is strongly
developed.
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There are four key thermal differences that make land heat faster than water. These dif-
ferences explain why a coastal city has more moderate, uniform temperatures, but a city
inland has more extremes. The seacoast city’s summer heat is moderated by the pres-
ence of water, and so is cooler. Similarly, the seacoast city’s winter chill is moderated by
the water, and so is warmer.

Land-water contrasts
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Xcomng solar radiation
R
y Land

Incoming solar radiation

Solar rays strike the land and water surfaces equally. On
land, the radiation cannot deeply penetrate the soil or rock,
so heating is concentrated at the surface. On water,

much of the radiation penetrates below the surface,
distributing heat to a substantial depth.

Wind generates waves

Mixing

Water allows mixing, whereas rock is essentially
immobile, preventing mixing. In water, the warming
surface water mixes with cooler water at depth

to produce a more uniform temperature throughout. This
mixing is driven by wind-generated waves. In rock and
soil, no such mixing can occur.

Warmer

Warm

Heat capacity of water and rock is very different

Heat capacity is the amount of heat that a substance can
store. Rock (and soil) have a low specific heat capacity,
requiring less energy to increase temperature. But water

has a high specific heat capacity, requiring much more energy

to raise its temperature. It can take as much as five times
the heat energy to raise water temperature one degree as
it takes to raise the same volume of rock's temperature
one degree. The same is true for cooling—after losing the
same amount of energy, water temperature drops less
than rock temperature. Thus, water temperature

remains more uniform than land temperature.

Evaporation

Warm water
molecules
Warm water

molecules

Evaporation

As water molecules evaporate, exposed water surfaces
are easily cooled, absorbing heat from the
surroundings. Land surfaces also can be cooled by
evaporation if water exists near the soil surface,

but once the land surface dries, evaporation stops,

and so does cooling.

Process Diagram

range is also much greater—the hot desert drops by What is behind these differences? The important

nearly 20°C (36°F) from its daytime temperature, pro-  principle is this: the surface layer of any extensive, deep
ducing cool desert nights. The clear, dry air also helps =~ body of water heats more slowly and cools more slowly

the ground lose heat rapidly. than the surface layer of a large body of land when both
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are subjected to the same intensity of insolation. Be-
cause of this principle, daily and annual air tempera-
ture cycles will be quite different at coastal locations
than at interior locations. Together they make air tem-

Place Lat Annual avg W/m?2
Yakutsk 62°N 42
Hamburg| 54°N 47
200 Aswan 24°N 87
175 Manaus 356 98
150

125
100

(&2
o

25

Net radiation, W/m?2
~
o1

Yakutsk : Surplus
¢ Deficit

A A Net radiation At Manaus, Brazil, the average net radia-
tion rate is strongly positive every month. But there are two mi-
nor peaks, coinciding roughly with the equinoxes, when the Sun
is nearly straight overhead at noon. The curve for Aswan, Egypt,
shows a large surplus of positive net radiation every month. The
net radiation rate curve has a strong annual cycle—values for
June and July that are triple those of December and January.
The net radiation rate cycle for Hamburg, Germany, is also
strongly developed. There is a radiation surplus for nine
months, and a deficit for three winter months. During the long,
dark winters in Yakutsk, Siberia, the net radiation rate is nega-
tive, and there is a radiation deficit that lasts about six months.

>

peratures above water less variable than those over
land. Places located well inland and far from oceans
will tend to have stronger temperature contrasts from
winter to summer and night to day.

The relationship between net radiation and temperature Ficure 3.1 1
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Months

B Monthly mean air temperature Manaus has uniform air temperatures, averaging about 27°C (81°F) for the year. The tempera-
ture is also similar each month, with only a small difference of 1.7°C (3°F) between the highest and lowest mean monthly tempera-
ture. This is known as the annual temperature range. There are no temperature seasons. The Aswan data for temperature follows the
cycle of the net radiation rate curve, with an annual range of about 17°C (31°F). June, July, and August are terribly hot, averaging
over 32°C (90°F). The temperature cycle for Hamburg reflects the reduced total insolation at this latitude. Summer months reach a
maximum of just over 16°C (61°F), while winter months reach a minimum of just about freezing (0°C or 32°F). The annual range is
about 17°C (31°F), the same as at Aswan. In Yakutsk, monthly mean temperatures for three winter months are between —35 and
—45°C (about —30 and —40°F). In summer, when daylight lasts most of a 24-hour day, the net radiation rate rises to a strong peak.
Air temperatures rise phenomenally in the spring to summer—with monthly values of over 13°C (55°F). Because of Yakutsk’s high lat-
itude and continental interior location, its annual temperature range is enormous—over 60°C (108°F).
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ANNUAL NET RADIATION
AND TEMPERATURE CYCLES

We have seen that location—maritime or continental—
has an important influence on annual temperature
cycles. But the largest effect is caused by the annual
cycle of net radiation. Daily insolation varies over the
seasons of the year, owing to the Earth’s motion
around the Sun and the tilt of the Earth’s axis. That
rhythm produces a net radiation cycle that, in turn,
causes an annual cycle in mean monthly air tempera-
tures (FIGURE 3.1 1).

CONCEPT CHECK

Describe the factors influencing the daily cycle of
air temperature.

Why do San Francisco, California, and Yuma, Arizona,
have such different daily temperature cycles?

Wh atisthe relationship between net radiation and
the temperature cycle?

D Yakutsk, Siberia
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World Patterns of Air Temperature

LEARNING OBJECTIVES

Learn how to read air temperature maps.
Describe what isotherms are and why they are useful.

Identify and explain world temperature patterns.

e have learned some important prin-

ciples about air temperatures in this

chapter. Surface type (urban or

rural), elevation, latitude, daily and
annual insolation cycles, and location (maritime or
continental) can all influence air temperatures. Now
let’s put all these together and see how they affect world
air temperature patterns.

First, we need a quick explanation of air tempera-
ture maps. FIGURE 3.1 2 shows a set of isotherms—
lines connecting locations that have the same
temperature. Usually, we choose isotherms that are sep-
arated by b- or 10-degrees, but they can be drawn at any
convenient temperature interval.

Isothermal maps clearly show centers of high or low
temperatures. They also illustrate the directions along
which temperature changes,
which are known as tempera-
ture gradients.

In the winter, isotherms dip

Isotherm Line on
a map drawn
through all points
with the same
temperature.

equatorward, while in the sum-
mer, they arch poleward (FiG-
URE 3.13). FIGURE 3.14

Temperature provides a map of the annual

gradient Rate of
temperature change
along a selected line
or direction.

range in temperature, which is
greatest in northern latitudes be-
tween 60 and 70 degrees.

FACTORS CONTROLLING AIR
TEMPERATURE PATTERNS

We have already met the three main factors that explain
world isotherm patterns. The first is latitude. As lati-
tude increases, average annual insolation decreases,
and so temperatures decrease as well, making the poles
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Isotherms FicureE 3.12

Isotherms are used to make temperature maps. Each line con-
nects points having the same temperature. Where temperature
changes along one direction, a temperature gradient exists.
Where isotherms close in a tight circle, a center exists. This ex-
ample shows a center of low temperature.

Ocean Land Ocean
July

A
_l_10°c Large shift 50°F —
—10°C in latitude 50°F—
Small shift
in latitude \

January

Seasonal migration of isotherms Ficure 3.13

Continental air temperature isotherms shift over a much wider
latitude range from summer to winter than do oceanic air tem-
perature isotherms. This difference occurs because oceans heat
and cool much more slowly than continents.



ol 120°E  140°E
B

AV

" \il

160°E

N

180°  160°W

— 3oa

A

=~ St — —
~—_73° - -
N~ - 10°

-40°S

BEREEiy

——— 0~ 20°E  40°F  60°E— 80°E~OT00°E ~120°F  140°E

160°E

40°S-

180° 160°W  140°W  120°W  100°W —80°W— 60°W-50_40°W____|
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This figure shows the annual range of air temperature, defined as the difference between January and July means. The inset
box shows the conversion of Celsius degrees to Fahrenheit for each isotherm value.

colder than the equator. Latitude also affects seasonal
temperature variation. For example, the poles receive
more solar energy at the summer solstice than the equa-
tor. So we must remember to note the time of year and
the latitude when looking at temperature maps.

The second factor is the maritime-continental con-
trast. As we’ve noted, coastal stations have more uniform
temperatures, and are cooler in summer and warmer in
winter. Interior stations, on the other hand, have much
larger annual temperature variations. Ocean currents
can also have an effect because they can keep coastal wa-
ters warmer or cooler than you might expect.

Elevation is the third important factor. At higher el-
evations, temperatures will be cooler, so we expect to
see lower temperatures near mountain ranges.

WORLD AIR TEMPERATURE PATTERNS
FOR JANUARY AND JULY

In this section, we’ll look at world temperature maps
for two months, January and July. First we’ll examine
polar projections (FiIcure 3.15) for these two
months, then Mercator projections (FIGURE 3.16).
Polar maps show higher latitudes well, while Mercator
maps are best for illustrating trends from the equator
to the midlatitude zones. From the maps, we can make
some important points about the temperature
patterns.

Look at Figures 3.15 and 3.16. What are the six im-
portant features that we can learn by comparing tem-
perature maps from January and July?
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Mean monthly air temperatures for January and July, polar projections Ficure 3.15

JANUARY
Large land masses located in the subarctic and Arctic zones Temperatures decrease from the equator to the poles. This is
dip to extremely low temperatures in winter. Look at North shown on the polar maps by the general pattern of the
America and Eurasia on the January north polar map. These isotherms as nested circles, with the coldest temperatures at
low-temperature centers are very clear. The cold center in the center, near the poles. The temperature decrease is driven
Siberia, reaches —50°C (—58°F), while northern Canada is also by the difference in annual insolation from the equator to the
quite cold (—35°C, —32°F). The high albedo of the snow helps poles.

keep winter temperatures low by reflecting much of the winter
insolation back to space.

Areas of perpetual ice and snow are always intensely cold. Our planet’s two great ice sheets are con-
tained in Greenland and Antarctica. Notice how they stand out on the polar maps as cold centers in both
January and July. They are cold for two reasons. First, their surfaces are high in elevation, rising to over

3000 m (about 10,000 ft) in their centers. Second, the white snow surfaces reflect much of the insolation.
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Mean monthly air temperatures for January and July, Mercator projections Ficure 3.16

Highlands are always colder
than surrounding lowlands,
because temperatures de-
crease with elevation. Look at
the pattern of isotherms around
|_ the Rocky Mountain chain in
western North America, and at
the northern end of the Andes
Mountains in South America on
the Mercator maps. In both
summer and winter, the
isotherms dip down around the
mountains because of the high
elevation.
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Temperatures in equatorial regions change little from January to July. This is because insolation at

the equator doesn’t vary greatly with the seasons. Look at the broad space between 25°C (77°F)

isotherms on both January and July Mercator maps. In this region, the temperature is greater than
25°C (77°F) but less than 30°C (86°F). Although the two isotherms move a bit from winter to summer,
the equator always falls between them, showing how uniform the temperature is over the year.
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Isotherms make a large north-
south shift from January to
July over continents in the
midlatitude and subarctic
zones. The 15°C (59°F) isotherm
lies over central Florida in Janu-
ary, but by July it has moved far
north, cutting the southern
shore of Hudson Bay and then
looping far up into northwest-
ern Canada. In contrast,
isotherms over oceans shift
much less. This is because conti-
nents heat and cool more
rapidly than oceans.
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JULY
CONCEPT CHECK

What is an isotherm? Why are isotherms useful?
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Temperature Structure of the Atmosphere

LEARNING OBJECTIVES

Define the different layers of the atmosphere.
Describe how temperature varies between these layers.

Explain what aerosols are, and why they are important.

e have looked at air temperature pat-

terns across the globe pretty thor-

oughly. But what happens farther up

in the sky? We noticed that air tem-
peratures decrease as you climb mountains to higher
elevations. Does that pattern extend upward into our
atmosphere (FIGURE 3.17)?

In general, the air is cooler at higher altitudes. Re-
member from Chapter 2 that most incoming solar radi-
ation passes through the atmosphere and is absorbed
by the Earth’s surface. The atmosphere is then warmed
at the surface by latent and sensible heat flows. So it

makes sense that, in general, air farther from the
Earth’s surface will be cooler.

We call the decrease in air temperature with in-
creasing altitude the lapse rate. We measure the
temperature drop in degrees C per 1000 m (or de-
grees F per 1000 ft). Fisure 3.1 8 shows how tem-
perature varies with altitude for a typical summer day
in the midlatitudes. Temperature drops at an average
rate of 6.4°C/1000 m (3.5°F/1000 ft). This average
value is known as the environmental temperature
lapse rate. Looking at the graph we see that when the
air temperature near the surface is a pleasant 21°C
(70°F), the air at an altitude of 12 km (40,000 ft) will
be a bone-chilling —55°C (—67°F). Keep in mind
that the environmental tem-

Lapse rate Rate
at which air tempera-
ture drops with in-
creasing altitude.

perature lapse rate is an aver-
age value and that on any
given day the observed lapse
rate might be quite different.

The atmosphere
FIGURE 3.17

The Earth’s atmosphere, shown
here in profile, is a thin layer sur-
rounding our planet. In the lower layer of
clouds and weather (troposphere), air
temperatures decrease with height.
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Temperature decreases with altitude in the troposphere. The rate
of temperature decrease with elevation, or lapse rate, is shown
at the average value of 6.48°C/1000 m (3.58°F/1000 ft), which is
known as the environmental temperature lapse rate. At the
tropopause, the decreasing trend stops. In the stratosphere
above, temperature is constant or increases slightly with altitude.

FiIGURE 3.1 8 shows another important feature.
For the first 12 km (7 mi) or so, temperature falls with
increasing elevation. But between 12 and 15 km (7 and

9 mi), the temperature stops de-

creasing. In fact, above that
Troposphere

Lowest layer of the
atmosphere, in
which temperature
falls steadily with in-
creasing altitude.

height, temperature slowly rises
with elevation. Atmospheric sci-
entists use this feature to define
two different layers in the lower
atmosphere—the troposphere
and the stratosphere.

TROPOSPHERE

The troposphere is the lowest atmospheric layer. All hu-
man activity takes place here. Everyday weather phe-
nomena, such as clouds and storms, mainly happen in
the troposphere. Here temperature decreases with in-
creasing elevation. The troposphere is thickest in the
equatorial and tropical regions, where it stretches from
sea level to about 16 km (10 mi). It thins toward the
poles, where it is only about 6 km (4 mi) thick.

The troposphere contains significant amounts of
water vapor. When the water vapor content is high, va-
por can condense into water droplets, forming low
clouds and fog, or the vapor can be deposited as ice
crystals, forming high clouds. Rain, snow, hail, or
sleet—collectively termed precipitation—are produced
when these condensation or deposition processes hap-
pen rapidly. Places where water vapor content is high
throughout the year have moist climates. In desert re-
gions water vapor is low, so there is little precipitation.

When water vapor absorbs and reradiates heat
emitted by the Earth’s surface, it helps to create the
greenhouse effect—a natural phenomenon that is re-
sponsible for warming the Earth to temperatures that
allow life to exist.

The troposphere contains countless tiny particles
that are so small and light that the slightest movements
of the air keep them aloft. These

are called aerosols. They are
swept into the air from dry desert
plains, lakebeds, and beaches, or,
as we saw in the chapter opener,
they are released by exploding

volcanoes. Oceans are also a

Aerosols Tiny
particles present in
the atmosphere, so
small and light that
the slightest air
movements keep

source of aerosols. Strong winds them aloft.

blowing over the ocean lift

droplets of spray into the air. These droplets of spray
lose most of their moisture by evaporation, leaving tiny
particles of watery salt that are carried high into the air.
Forest fires and brushfires also generate particles of
soot as smoke. And as meteors vaporize as they hit the
atmosphere, they leave behind dust particles in the up-
per layers of air. Closer to the ground, industrial
processes that incompletely burn coal or fuel oil release
aerosols into the air as well.

Aerosols are important because water vapor can
condense on them to form tiny droplets. When these
droplets grow large and occur in high concentration,
they are visible as clouds or fog. Aerosol particles scat-
ter sunlight, brightening the whole sky while slightly re-
ducing the intensity of the solar beam.

The troposphere gives way to the stratosphere
above it at the tropopause. Here, temperatures stop de-
creasing with altitude and start to increase. The altitude
of the tropopause varies somewhat with season, so the
troposphere is not uniformly thick at any location.

Temperature Structure of the Atmosphere 81



STRATOSPHERE AND UPPER LAYERS

The stratosphere lies above the tropopause. Air in the
stratosphere becomes slightly warmer as altitude in-
creases. The stratosphere reaches up to roughly 50 km

(about 30 mi) above the Earth’s

Stratosphere surface. It is the home of strong,

Layer of atmosphere
directly above the
troposphere; here
temperature slowly
increases with
height.

persistent winds that blow from
west to east. Air doesn’t really
mix between the troposphere
and stratosphere, so the stratos-
phere normally holds very little
water vapor or dust.

The stratosphere contains
the ozone layer, which shields Earthly life from intense,
harmful ultraviolet energy. It is the ozone molecules
that warm the stratosphere, causing temperature to in-
crease with altitude, as they absorb solar energy.

Temperatures stop increasing with altitude at the
stratopause. Above the stratopause we find the mesos-
phere, shown in Ficure 3.1 9. In the mesosphere,
temperature falls with elevation. This layer ends at the
mesopause, the level at which temperature stops falling
with altitude. The next layer is the thermosphere. Here,
temperature increases with altitude again, but because
the density of air is very thin in this layer the air holds
little heat.

The gas composition of the atmosphere is uniform
for about the first 100 km of altitude, which includes

CONCEPT CHECK

Wh at are the names of the layers of
the atmosphere as defined by
temperature?
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In genel’al, how does temperature
change with elevation? What are the
exceptions to this?

Air temperature, °F
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Temperature structure of the upper
atmosphere Ficure 3.19

Above the troposphere and stratosphere are the mesosphere
and thermosphere. The homosphere, in which air’s chemical
components are well mixed, ranges from the surface to nearly
100 km altitude.

the troposphere, stratosphere, mesosphere, and the
lower portion of the thermosphere. We call this region
the homosphere. Above 100 km, gas molecules tend to be
sorted into layers by molecular weight and electric
charge. This region is called the heterosphere.

What are aerosols?

Why are they
important?




Global Warming and the Greenhouse Effect

LEARNING OBJECTIVES

Describe the factors that contribute to global warming.

Explain how we know that global temperatures are
increasing.

Describe the possible impact of global warming in the
future.

he Earth is getting warmer. In February
2007, the Intergovernmental Panel on
Climate Change (IPCC), a United
Nations-sponsored group of more than
2000 scientists, issued a report saying that global warm-
ing is “unequivocal.”
Is this recent warming an effect of human activity?
In 1995 the IPCC concluded that human activity has
probably caused climatic warming by increasing the
concentration of greenhouse gases in the atmosphere.
This judgment, which was upgraded to “likely” in 2001
and “very likely” in 2007, was based largely on computer
simulations showing that the release of CO,, CH,, and
other gases from fossil fuel burning and human activity
over the last century has accounted for the pattern of
warming we have seen.

FACTORS INFLUENCING CLIMATIC
WARMING AND COOLING

Carbon dioxide (CO,) is a major cause of concern be-
cause of its role in the greenhouse effect. Burning fossil
fuels releases large amounts of the CO, into the atmos-
phere. As human energy consumption increases, so
does atmospheric CO,. Other gases that are normally
present in much smaller concentrations—methane
(CH,), the chlorofluorocarbons, tropospheric ozone
(O,), and nitrous oxide (N,O)—are also of concern.
Taken together with CO,, they are known as green-
house gases.

FiIcurRe 3.20 shows how a number of important
factors have influenced global warming since about
1850. Taken together, the total enhanced energy flow
to the surface produced by added greenhouse gases is
about 3 W/m?. That is about 1.25 percent of the solar
energy absorbed by the Earth and atmosphere.

Methane, CH,, is naturally released from wetlands
when organic matter decays. But human activity gener-
ates about double that amount in rice cultivation, farm
animal wastes, bacterial decay in sewage and landfills,
fossil fuel extraction and transportation, and biomass
burning. Chlorofluorocarbons (CFCs) have both a
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Factors affecting global warming and cooling Ficure 3.20

Greenhouse gases act primarily to enhance global warming, while aerosols, cloud changes,
and land-cover alterations caused by human activity act to retard global warming. Natural

factors may be either positive or negative.
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warming and cooling effect. The compounds are very
good absorbers of longwave energy, providing a warm-
ing effect. But CFCs also destroy ozone in the stratos-
phere, and since ozone contributes to warming, the
CFCs also have a cooling effect.

Air pollution also increases the amount of ozone in
the troposphere, leading to further warming. Nitrous
oxide, N,O, is released by bacteria acting on nitrogen
fertilizers in soils and runoff water. Motor vehicles also
emit significant amounts of N,O.

Human activity is also mostly responsible for the
next three factors listed in Ficure 3.20, which all
tend to cool the Earth-atmosphere system. Fossil fuel
burning produces tropospheric aerosols. They are a po-
tent form of air pollution including sulfate particles,
fine soot, and organic compounds. Aerosols scatter so-
lar radiation back to space, reducing the flow of solar
energy to the surface. They also enhance the formation
of low, bright clouds that reflect solar radiation back to
space. These, and other changes in cloud cover caused
directly or indirectly by human activity, lead to a signifi-
cant cooling effect.

The last two factors in FiIcure 3.20 are natural.
Solar output has increased slightly, causing warming.
You can see that volcanic aerosols have both a warming
and, at other times, a cooling effect.

THE TEMPERATURE RECORD

When we add all these factors together, the warming ef-
fects of the greenhouse gases outweigh the cooling
effects. The result is a net warming effect of about
1.6 W/m?, which is about 2/3 of 1 percent of the total
solar energy flow absorbed by the Earth and atmos-
phere. Has this made global temperatures rise? If not,
will it warm the Earth in the near future? To under-
stand the implications for the future, we must first look
back at the Earth’s surface temperature over the last
few centuries.

The Earth’s mean annual surface temperature from
1880 to 2006 is shown in FIGURE 3.2 1. We can see
that temperature has increased, especially in the last
fifty years. But there have also been wide swings in the
mean annual surface temperature. Some of this varia-
tion is caused by volcanic eruptions. As we noted above,
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volcanic activity propels particles and gases—especially
sulfur dioxide, SO,—into the stratosphere, forming
stratospheric aerosols. Strong winds spread the aerosols
quickly throughout the entire layer, where they reflect
incoming solar radiation, having a cooling effect.

The eruption of Mount Pinatubo in the Philippines
lofted 15 to 20 million tons of sulfuric acid aerosols into
the stratosphere in the spring of 1991. The aerosol layer
produced by the eruption reduced solar radiation
reaching the Earth’s surface between 2 and 3 percent
for the year or so following the blast. In response,
global temperatures fell about 0.3°C (0.5°F) in 1992
and 1993, which we can see caused a dip in the temper-
ature record in FIGURE 3.2 1.

We have direct records of air temperature measure-
ments dating to the middle of the nineteenth century.
If we want to know about temperatures at earlier times,
we need to use indirect methods, such as tree-ring,
coral, and ice core analysis (FIGURE 3.22).

In climates with distinct seasons, trees grow annual
rings. For trees along the timberline in North America,
the ring width is related to temperature—the trees grow
better when temperatures are warmer. Since only one
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Year

A Tree rings The width of annual tree rings varies with growing
conditions and in some locations can indicate air temperature.

ring is formed each year, we can work out the date of
each ring by counting backward from the present. Be-
cause these trees live a long time, we can extend the
temperature record back several centuries.

Corals, which survive for hundreds of years, are an-
other living record of past temperatures. As they grow,
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Reconstructing temperature records Ficure 3.22

<« Temperature variation over the last thousand years As
compared to the reference temperature of the 1961-1990
average, northern hemisphere temperatures trended

s slightly downward until the beginning of the twentieth cen-

7?, tury. The line shown is a 40-year moving average obtained

g* from thermometers, historical data, tree rings, corals, and

% ice cores. Annual data are shown after 1965.

<.

2

go Ice cores Chemical analysis of ice cores taken from

" glaciers and ice caps can provide a record of tempera-
ture at the time of ice formation.

<« Coral growth The constant growth of some corals provides
structures similar to annual rings in trees. Sampling the chemi-
cal composition of the coral from ring to ring can provide a
temperature record. Black lines drawn on the lower section
mark years, and red and blue lines mark quarters.

coral skeletons take up trace elements and atomic iso-
topes that depend on the temperature of the water.

Ice cores from glaciers and polar regions show an-
nual layers that are related to the precipitation cycles
over the years. The crystalline structure of the ice, the
concentrations of salts and acids, dust and pollen
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Air temperatures are slowly rising as our world warms.
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A CO, levels are rising Carbon dioxide levels have been steadily rising
since the beginning of the Industrial Revolution. These observations, made
at Mauna Loa, Hawaii, show both the rising trend and an annual cycle re-
lated to vegetation activity.

A Sea level rise rising sea levels could drown coral
atolls or swamp low islands.

A Arctic thawmg Longer summers and warmer
winters could disrupt native people’s way of life.

\RCTIC

OCEAN

8 b

4 ;%.%& { T TR ‘;‘%
oy *

Glacier Natmraf C’*ﬁ"; Londo‘ni,‘R Nﬁm ' m ?ﬁiﬁs B S’l' "
it o “ oNew York Wﬂ%ﬁ_ﬁ};ﬂ“&, e g }é‘\r:h 07 teTokyo
.‘:_', { aNaw Orleans A]e)é&ndrhnl"‘hz ﬁﬂﬁ 4, -Shanghm
Rk b E_-Ijm‘l" LANTIC Loy oy Mumbm- _.".DM-HOHQ l’(m‘.r? ACIFIC
PACIFIC ! Dakar@i, gce i AL - ‘eBingkok
i -: ) Lagush 'EEM'(‘. Kenya : \ OCEAN

v e Gl 7 B Kilimanjaro i
OCEAN % | ocear % Kilimanjaro ice AP i

fane et INDIAN
e

'
¢ - eRiode

W% Janeiro A
Habitat loss due e :.L\Buenos ~ Sl

to global warming i Aires i, ;
(risk over next 100 years) o . ¢ S
M Critical o S

[ High
[ Low

® City vulnerable
to sea-level rise

A Melting glaciers

lecaya i Tt
Quelecaya ice .:;1_9,@{'q

OCEAN

A Habitat loss Global warming will change habitats and ecosystems around the globe. The
risk of habitat loss is greatest at transitional areas, such as the northern and southern
boundaries of the boreal forest in North America and Eurasia.

NATIONAL
GEOGRAPHIC

WARMING WORLD

Earth is warming very rapidly
at present. Most scientists
agree that emissions of CO,
and other compounds by
power plants, factories, and
vehicles have enhanced the
atmosphere’s greenhouse ef-
fect, leading to excess warm-
ing. Predicted consequences
include the loss of boreal for-
est, more malaria cases, and
displacement of peoples by
rising sea levels.




trapped in the layers, and amounts of trapped gases
such as carbon dioxide and methane, all reveal infor-
mation about long-term climate change.

All direct and indirect methods of recording tem-
peratures show a striking upward turn in temperature
over the last century, which nearly all scientists attribute
to human activity.

FUTURE SCENARIOS

The year 2005 was the warmest year on record since the
middle of the nineteenth century, according to data
compiled by NASA scientists at New York’s Goddard In-
stitute of Space Science. It was also the warmest year of
the past thousand, according to reconstructions of past
temperatures using tree rings and glacial ice cores by
University of Massachusetts scientists. In fact, 2005,
1998, 2002, 2003, and 2006 ranked in order as the five
warmest years since 1400. In the past 30 years, the Earth
has warmed by 0.6°C (1.1°F). In the last century, it has
warmed by 0.8°C (1.4°F).

What will be the future effect of this greenhouse
warming? Using computer climate models, the scientists
of the IPCC projected that global temperatures will warm
between 1.8°C (3.2°F) and 4.0°C (7.2°F) by the year 2100.

That may not sound like very much, but the prob-
lem is that many other changes may accompany a rise
in temperature. One of these changes is a rise in sea
level, as glaciers and sea ice melt in response to the
warming. Current predictions call for a rise of 28 to
43 cm (11.0 to 16.9 in.) in sea level by the year 2100.
This would place as many as 92 million people within
the risk of annual flooding.

Climate change could also promote the spread of
insect-borne diseases such as malaria. Climate bound-
aries may shift their positions, making some regions
wetter and others drier. A shift in agricultural patterns
could displace large human populations as well as nat-
ural ecosystems.

Our climate could also become more variable. Very
high 24-hour precipitation—extreme snowstorms, rain-
stormes, sleet and ice storms—have become more fre-
quent since 1980. These more frequent and more
intense spells of hot and cold weather may be related to
climatic warming.

The world has become widely aware of these prob-
lems, and at the Rio de Janeiro Earth Summit in 1992,
nearly 150 nations signed a treaty limiting emissions of
greenhouse gases. Many details were ironed out at a sub-
sequent meeting in Kyoto, Japan, in 1997. The Kyoto
Protocol calls on 38 industrial nations to reduce their
greenhouse gas emissions to about 5 percent below 1990
levels. Nations of the European Union, the United
States, and Japan are to reduce average emissions dur-
ing 2008 and 2012 to levels that are 6, 7, and 8 percent
lower, respectively, than 1990 levels. Achieving these re-
ductions could have economic consequences ranging
from minor to severe, depending on the analysis.

In 1998, the participating nations met in Buenos
Aires and set timetables for greenhouse gas reduction
in 1999-2010. The conference adopted a plan to allow
countries to trade emission rights, as well as a “clean de-
velopment” mechanism that permitted industrial na-
tions to invest in emissions-reducing enterprises in
developing countries. For the first time, some develop-
ing countries pledged specific greenhouse gas reduc-
tions of their own.

But this international effort suffered a setback in the
spring of 2001, when President George W. Bush rejected
American participation in the Kyoto Protocol. Despite
this, 178 other nations pledged to join in the effort to
reduce greenhouse gas emissions. In 2005, representa-
tives of these nations met in Montreal to finalize the im-
plementation plan for greenhouse gas reductions.

These actions are vital first steps to reducing hu-
man impact on global climate. But the ultimate solu-
tion will almost inevitably involve our finding ways to
safely harness solar, wind, geothermal, and even nu-
clear energy sources, which produce power without
releasing CO,.

CONCEPT CHECK

Wh at are the main greenhouse gases? What role do they
play in global warming?

HOW do we construct temperature records stretching back
many centuries?

Wh at are the risks if global warming continues to escalate?
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What is happening in this picture

These remarkable photos of the
Portage Glacier, near Anchorage,
Alaska, show a major recession
of the glacier between 1950 and
2002. In the earlier photo, the
glacier is easily visible in the
middle of the image, its sloping
surface descending to the melt-
water lake in the foreground. By
2002, the sloping tongue of the
glacier had retreated into the far

background.

Is the retreat of the Portage Glac-
ier an effect of global warming? It
is hard to say for certain that the
retreat of an individual glacier is
caused by global warming. For
example, a drying climate rather
than warming climate could re-
duce the amount of snow that
feeds a glacier over a long period

of time.

But a very large number of
alpine glaciers are presently re-
treating in locations ranging
from the European Alps to
Alaska to Patagonia. Many equa-
torial zone glaciers, such as

those of Mount Kilimanjaro in

Tanganyika, are also shrinking.
Taken together, the conclusion
that the Earth’s alpine climates

are warming is inescapable.
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Surface and
Air Temperature

1. Energy is transferred through the ground and to and from the
air by radiation, conduction, latent heat transfer, and
convection.

2. Rural surfaces heat and cool slowly. Urban surfaces easily ab-
sorb and emit heat.

3. Air temperatures generally decrease with elevation.

4. When air temperature increases with elevation, it is known as
a temperature inversion.

2 Daily and Annual Cycles
of Air Temperature

1. Daily and annual air temperature cycles
are produced by the Earth’s rotation and
revolution, which create insolation and
net radiation cycles.

2. Maritime locations show smaller ranges
of both daily and annual temperature
than continental regions. This is be-
cause water heats more slowly, absorbs
energy throughout a surface layer, and
can mix and evaporate freely.

3. Annual air temperature cycles are influ-
enced by annual net radiation patterns,
which depend on latitude.

Visual Summary 89



3 World Patterns 4 Temperature Structure
of Air Temperature of the Atmosphere

1. Temperatures at the equator vary little from season to season. 1. Air temperatures normally fall with altitude in the
troposphere.
2. Poleward, temperatures decrease with latitude, and continental
surfaces at high latitudes can become very cold in winter. 2. In the stratosphere below, temperatures increase slightly
with altitude.

3. The annual range in temperature increases with latitude and is
greatest in northern hemisphere continental interiors.

/_\
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Global Warming
5 and the Greenhouse Effect

1. Global temperatures have increased over the past few decades.
CO, released by fossil fuel burning and other greenhouse gases
plays an important role in causing warming.

2. Aerosols have a cooling effect because they scatter sunlight
back to space and induce more low clouds.

3. Asignificant rise in global temperatures will be accompanied by
increasing sea level.
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B transpiration p. 66

B evapotranspiration p. 66

B urban heatisland p. 66

B temperature inversion p. 70

1. How is heat transferred between the

ground and the air directly above it?
How is heat transferred within the
ground? You should mention four
processes.

. Describe the changing conditions that
you might notice as you climb higher
up a mountain. Explain what causes
each of these changes.

. Explain how latitude affects the annual
cycle of air temperature through net ra-
diation by comparing Manaus, Aswan,
Hamburg, and Yakutsk.

B isotherm p. 76

B temperature gradient p. 76
B lapse rate p. 80

B troposphere p. 81

4. Why do large water bodies heat and

cool more slowly than land masses?
What effect does this have on daily and
annual temperature cycles for coastal
and interior stations?

. Describe and explain the following fea-

tures on the maps in Figures 3.15 and
3.16: (a) How annual range varies with
latitude; (b) where the greatest ranges
occur; (c) how the annual range differs
over oceans and over land at the same
latitude; (d) the size of the annual range
in tropical regions.

B aerosols p. 81
B stratosphere p. 82

6. What are aerosols? How do they enter

the atmosphere? Why are they impor-
tant, in terms of climate?

. Describe how global air temperatures

have changed in the recent past. Iden-
tify some factors or processes that in-
fluence global air temperatures on this
time scale extreme.
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1.

92

Temperature is .

a. a measure of the level of sensible heat of matter
b. only measured with a thermistor

c. ameasure of the level of latent heat of matter

d. measured only through advection

. Heat in the atmosphere is distributed through a vertical mixing

process called .
a. advection c. convection
b. particle acceleration d. conduction

. In the urban heat island, compared to parks and rural areas,

a. downtown areas are warmer during the day and cooler
at night

b. downtown areas are cooler during the day and warmer at
night

c. downtown areas are always warmer

d. downtown areas are always cooler

. Urban surface temperatures tend to be warmer than rural tem-

peratures during the day because

a. drier surfaces are cooler than wet soils

b. drier surfaces have less water to evaporate than do moist
soils

c. paved surfaces reflect so much heat away into the air

d. paved surfaces absorb little solar insolation

CHAPTER 3 Air Temperature

5. The urban heat island effect is not a desert environment phe-

nomenon because .

a. more transpiration is occurring in the city than in the sur-
rounding country side

b. the surrounding desert is hot too

deserts cool the cities which they surround

d. atmospheric mixing in the deserts is greater than in other
environments

2

. Sketch a line showing the relationship between air temperature

and elevation in a low-level temperature inversion on the graph.

What unwanted consequences can such an inversion have?
How do people attempt to combat these effects?

Air temperature, °F
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Air temperature, °C

. Positive net radiation values usually commence

a. atnoon c. inthe afternoon
b. shortly after sunrise d. atnight

. Minimum daily temperatures usually occur

a. just before sunrise

b. at midnight

c. one hour before sunrise

d. about one-half hour after sunrise

Elevation, ft



9. Continental locations generally experience

seasonal temperature variations than ocean adjacent locations.
a. weaker c. more stable
b. stronger d. unstable

10. Since large bodies of water heat and cool more

11.

compared to land surfaces, monthly tempera-
ture maximums and minimums tend to be delayed at coastal
stations.
a. slowly c. constantly
b. rapidly d. randomly

are lines of equal temperature drawn on a
weather map.
a. Isohyets c.
b. Isobars d.

Isopachs
Isotherms

® -26°
e -28°
-21°

° —5°

e 3

® 11° 70

e7° O
e 9° ®6° /
o Q
\ ®12 P

023°

12. The defining characteristic of the troposphere is its

poorly mixed atmospheric gases
paucity of weather
environmental temperature lapse rate
precipitation lapse rate

o n oo

13.

14.

15.

Gases are well mixed in the
atmosphere.

a. homosphere

b. heterosphere

region of the

c. mesosphere
d. thermosphere

Air temperature changes with altitude in the atmosphere. On
the graph, sketch a line showing how air temperature varies as
you travel from the troposphere up to the thermosphere.

Temperature, °F
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Temperature, °C
While greenhouse gases such as CO,, CH,, and N,O act primar-

ily to enhance global warming, , cloud
changes and land cover alterations caused by human activity
act to retard global warming.

a. aerosols c. tropospheric ozone

b. chlorofluorocarbons d. water vapor
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Atmospheric Moisture 4
and Precipitation

link. In the instant that your eyes were

closed there were 10 flashes of lightning in
the Earth’s atmosphere. Lightning is one of the
most awesome displays in nature—both in terms
of its beauty and its power.

Approximately 90 percent of all lightning
flashes are between clouds, but the remaining
10 percent shoot from the clouds to the Earth’s
surface. In fact, the Earth is struck by lightning
about 100 times every second. And when it is,
electricity flows between sky and ground, traveling :
at around a third of the speed of light and packing 1
a punch of 60,000 to 100,000 amps—thousands
of times as much as a household circuit.

A lightning bolt is actually an arc of
atmospheric gas atoms that is heated as high as
27,000°C (50,000°F)—a temperature hotter than
the surface of the Sun—as the current flows
through it. The hot gas emits light as a flash and
expands explosively to create the familiar crack
of thunder.

It is no wonder that lightning is one of the
most deadly natural phenomena. In an average
year, more people are killed around the world by
lightning than by tornadoes or hurricanes. An
estimated 400 people survive lightning strikes in
the United States annually. Around 200 other
people struck by lightning every year do not
survive. Between 1940 and 1991, lightning killed
8,316 people in the United States.

Lightning also presents science with one of
its greatest mysteries. We still do not know
exactly how lightning is caused. But if we hope to
find the answer one day, we must look in depth at
some of our atmosphere’s most elusive
processes.

Lightning strikes an isolated house
near Inverness, Scotland.

o

NATIONAL =
GEOGRAPHIC



Water and the Hydrosphere p. 96
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Water and the Hydrosphere

LEARNING OBJECTIVES

Describe the three states of water.

Explain how water changes state.

THE THREE STATES OF WATER

ater can exist in three states—as a

solid (ice), a liquid (water), or as an

invisible gas (water vapor), as shown

in FiIsure 4. 1. If we want to change

the state of water from solid to liquid, liquid to gas, or

solid to gas, we must put in heat energy. This energy,

which is drawn in from the surroundings and stored

within the water molecules, is called latent heat. When

the change goes the other way, from liquid to solid,

gas to liquid, or gas to solid, this latent heat is released
to the surroundings.

Sublimation is the direct transition from solid to

vapor. For example old ice cubes left in the freezer shrink

Gaseous state

Water

MELTING el

- | Latent heat released
bene& FREEZING -

Solid Latent heat absorbe

state

Liquid
state

Three states of water FiIcure 4.1

Arrows show the ways that any one state of water can change
into either of the other two states. Heat energy is absorbed or
released, depending on the direction of change.

96

Define hydrosphere.

Explain what precipitation is.

away from the sides of the ice cube tray and get smaller.
They shrink through sublimation—never melting, but
losing bulk directly as vapor. In this book, we use the
term deposition to describe the reverse process, when
water vapor crystallizes directly as ice. Frost forming on
a cold winter night is a common example of deposition.

Hydrosphere
Total water realm of
the Earth’s surface,
including the
oceans, surface
waters of the lands,
groundwater, and
water held in the
atmosphere.

THE HYDROSPHERE

The realm of water in all its forms,
and the flows of water among
ocean, land, and atmosphere, is
known as the hydrosphere. About
97.5 percent of the hydrosphere
consists of ocean salt water (FiG-
URE 4.2). The remaining 2.5
percent is fresh water. The next largest reservoir is fresh
water stored as ice in the world’s ice sheets and moun-
tain glaciers, which accounts for 1.7 percent of total
global water.

Fresh liquid water is found above and below the
Earth’s land surfaces. Subsurface water lurks in open-
ings in soil and rock. Most of it is held in deep storage as
groundwater, where plant roots cannot reach. Ground-
water makes up 0.75 percent of the hydrosphere.

The small remaining proportion of the Earth’s wa-
ter includes the water available for plants, animals, and
human use. Soil water is within the reach of plant roots.
Surface water is held in streams, lakes, marshes, and
swamps. Most of this surface water is in lakes, which are
about evenly divided between freshwater lakes and
saline (salty) lakes. An extremely small proportion
makes up the streams and rivers that flow toward the
sea or inland lakes.

Only a very small quantity of water is held as vapor
and cloud water droplets in the atmosphere—just 0.001
percent of the hydrosphere. But this small reservoir of

CHAPTER 4 Atmospheric Moisture and Precipitation



Water reservoirs of the hydrosphere Ficure 4.2

A Distribution of water Nearly all the Earth’s water is contained in
the world ocean. Fresh surface and soil water make up only a small
fraction of the total volume of global water.

Salt water 97.5%

Fresh water
2.5%

Fresh water
B Oceans Most of the Earth’s water is held by

Glaciers
. . . .
68.7% 5 o Surface anc_i its vast ocean. Here, a southern stingray swims
Lol atmospheric water along a shallow ocean bottom near Grand

8%
| B Cayman Island.

Surface and
atmospheric water

Freshwater lakes .
67.4% '\ Biota 0.8%
! /
Water Soil moisture I Rivers 1.6%
withdrawal 12.2%

Wetlands 8.5%

(from groundwater

and surface water) g
Atmosphere

< 9.5%
Agriculture
- 69%
. - Domestic
Industrial 10%
21%

C Ice Ice sheets and glaciers are the second largest reservoir
of water. Although glaciers are too cold and forbidding for most
forms of animal life, sea ice provides a habitat for polar bears
hunting seals and fish in arctic waters.

along the margin of a lake in search of tasty aquatic plants.

Water and the Hydrosphere

D Surface water Surface water, including lakes, is only a very
tiny fraction of Earth’s water volume. Here a bull moose wades
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WATER CYCLE

In the water cycle, solar-powered evaporation of water from ocean and moist land surfaces provides atmospheric
water vapor that can ultimately fall as precipitation.

P water cycle As the Sun warms
the surface of the Earth, water rises
from lakes, rivers, oceans, plants,
the ground, and other sources. The
vapor rises into the atmosphere,
providing the moisture that forms
clouds. It then returns to Earth in the
form of rain, snow, sleet, and other
precipitation. It fills lakes and wet-
lands, flows into rivers and oceans,
and recharges underground water
reserves. The process endlessly re-
cycles the Earth’s water.

NATIONAL
GEOGRAPHIC

Clouds

Evaporation and
transpiration
from land

Precipitation

< snow Where air temperatures are low, precipitation
falls as snow. This bison in Yellowstone National Park is
well prepared for the region’s cold weather.

VW Mean annual precipitation At a global scale, rainfall is greatest in the equa-
torial regions, where abundant solar energy drives evaporation. The world’s
deserts, most visible here in a crescent from the Sahara to central Asia, occur
where moisture sources are far away or where circulation patterns re-
tard precipitation formation. Mountain chains generate
orographic precipitation. At higher latitudes, precipitation
is abundant where circulation patterns spawn cyclonic
storms.

Mean annual precipitation
(in thousand millimeters)
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GLOBAL CIRCULATION

Water vapor is carried far from its source by atmospheric circulation patterns. Where air currents converge

together or rise over mountains, clouds and precipitation form.

Solar
Radiation

<« Precipitation and global
circulation The circulation of
the atmosphere mixes warm,
moist air with cool, dry air in
storm systems called cy-
clones. Where storms are

o abundant, so is precipitation.
3
| e
3 5
=
g TROPICAL
CYCLONE

WV Deserts Most deserts are
far from moisture sources or
lie within the rain shadows of
mountain ranges. A herd of
camels crosses Australia’s
Simpson Desert.

Atlantic
Ocean

<« Monsoon rainfall In tropi-
cal and equatorial regions,
rainfall can be abundant and
in some regions has a strong
seasonal cycle. Here rice
farmers plant a new crop
while sheltered by woven rain
shields called patlas.

Water and the Hydrosphere 99




water is enormously important. As we will see later in the
chapter, it supplies water and ice to replenish all freshwa-
ter stocks on land. And, in the next chapter, we will see
that the flow of water vapor from warm tropical oceans to
cooler regions provides a global flow of heat from low to
high latitudes.

THE HYDROLOGIC CYCLE

The hydrologic cycle, or water cycle, moves water from
land and ocean to the atmosphere (FIGURE 4.3). Wa-
ter from the oceans and from land surfaces evaporates,

changing state from liquid to vapor and entering the at-
mosphere. Total evaporation is about six times greater
over oceans than land because oceans cover most of the

planet and because land surfaces h
Precipitation
Particles of liquid
water or ice that
fall from the atmos-
phere and may
reach the ground.

are not always wet enough to
yield much water.

Once in the atmosphere, wa-
ter vapor can condense or deposit
to form clouds and precipitation,

The hydrologic cycle Ficure 4.3

In the hydrologic cycle, water moves among the ocean,
the atmosphere, the land, and back to the ocean in a
continuous process.

Water moves from
atmosphere to ocean
as precipitation—
rain, snow, sleet,

Water moves from
atmosphere to land
as precipitation—
rain, snow, sleet,

Atmosphere

Movement of
moist air
Condensation
(cloud formation)

or hail. or hail.

5 reg&: rivers, and
- d, it forms

1 nospnere.
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which falls to Earth as rain, snow, or hail. There is
nearly four times as much precipitation over oceans
than over land.

When it hits land, precipitation has three fates.
First, it can evaporate and return to the atmosphere as
water vapor. Second, it can sink into the soil and then

CONCEPT CHECK

What are the three states of
water?

Describe the six processes
through which water
changes state.

Humidity

Define humidity.

Describe the difference between specific humidity and
relative humidity.

Explain the importance of the dew-point temperature.

listering summer heat waves can be

deadly, with the elderly and the ill at

most risk. But even healthy young peo-

ple need to be careful, especially in hot,

humid weather. High humidity slows the evaporation of
sweat from your body, reducing its cooling effect.

Humidity—a general term for the amount of mois-

ture in the air— varies widely from place to place and

time to time. In the cold, dry air of arctic regions in

winter, the humidity is almost

Humidity The zero, while it can reach up to as
amount of water va- much as 4 or 5 percent of a given
por in the air. volume of air in the warm wet re-

gions near the equator.
There is an important princi-

www.wiley.com/

colleae/strahler ple concerning humidity that

states that the maximum quan-

into the surface rock layers below. As we will see in later
chapters, this subsurface water emerges from below to
feed rivers, lakes, and even ocean margins. Third, pre-
cipitation can run off the land, concentrating in
streams and rivers that eventually carry it to the ocean
or to lakes. This flow is known as runoff.

IN which processes is latent heat
taken in? When is it released?

What s the hydrosphere?
Whatis precipitation?

tity of moisture that can be held at any time in the air is
dependent on air temperature (FIGURE 4.4).

Temperature, °F
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Humidity and temperature Ficure 4.4

The maximum specific humidity of a mass of air increases
sharply with rising temperature.

Humidity 101
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Warm air can hold more water vapor than cold
air—a lot more. Air at room temperature (20°C, 68°F)
can hold about three times as much water vapor as
freezing air (0°C, 32°F).

RELATIVE HUMIDITY

When radio or television weather forecasters speak of
humidity, they are referring to relative humidity. This
measure compares the amount of water vapor present
to the maximum amount that the air can hold at that
temperature. It is expressed as a percentage. So, for
example, if the air currently holds half the moisture
possible at the present temperature, then the relative
humidity is 50 percent. When the humidity is 100 per-
cent, the air holds the maximum amount possible. It is
saturated.

The relative humidity of the atmosphere can
change in one of two ways. First, the atmosphere can di-
rectly gain or lose water vapor. For example, additional
water vapor can enter the air from an exposed water
surface or from wet soil. This is a slow process because
the water vapor molecules diffuse upward from the
surface into the air layer above.

The second way is through a change of tempera-
ture. When the temperature is lowered, the relative
humidity rises, even if no water vapor is added. This is
because the capacity of air to hold water vapor depends
on temperature. When the air is cooled, this capacity is
reduced. The existing amount of water vapor will then
represent a higher percentage of the total capacity.

SPECIFIC HUMIDITY

The actual quantity of water vapor held by a parcel of
air is known as its specific humidity and is expressed as
grams of water vapor per kilogram of air (g/kg).
Climatologists often use specific humidity to
describe the moisture in a large mass of air. Specific
humidity is largest at the equatorial zones, and
falls off rapidly towards the poles, as we can see in
FIGURE 4.5. Extremely cold, dry air over arctic
regions in winter may have a specific humidity as low as
0.2 g/kg, while the extremely warm, moist air of

equatorial regions often holds as much as 18 g/kg.
More insolation is available at lower latitudes to evapo-
rate water in oceans or on moist land surfaces, so
specific humidity values tend to be higher at low
latitudes than at high latitudes.

We can see that the global profile of mean (aver-
age) surface air temperature, also shown in Figure 4.5,
has a similar shape to the specific humidity profile. This
is because air temperature and maximum specific hu-
midity vary together.

Specific humidity is also the geographer’s yardstick
for a basic natural resource—water. It is a measure of
the quantity of water in the atmosphere that can be
extracted as precipitation. Cold, moist air can supply
only a small quantity of rain or snow, but warm, moist
air is capable of supplying large amounts.

Arctic circle

Tropic™\ of Cancer
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_____Antarcticcircle __
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Global specific humidity and temperature
FIGURE 4.5

Pole-to-pole profiles of specific humidity (above) and tempera-
ture (below) show similar trends because the ability of air to
hold water vapor (measured by specific humidity) is limited by
temperature.
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Another way of describing
Dew-point
temperature
Temperature at
which air with a
given humidity will
reach saturation
when cooled without
changing its
pressure.

the water vapor content of air is
by its dew-point temperature.
If air is slowly chilled, it will even-
tually reach saturation. At this

CONCEPT CHECK

What is humidity?

The Adiabatic Process

Describe the adiabatic principle.

Explain the role of the adiabatic process in cloud formation.

hat makes the water vapor held in the
air turn into liquid or solid particles
that can fall to Earth? The answer is
that the air is naturally cooled. When
air cools to the dew point, the air is saturated with
water. Think about extracting water from a moist
sponge. To release the water, you have to squeeze the
sponge—that is, reduce its ability to hold water. In the
atmosphere, chilling the air beyond the dew point is
like squeezing the sponge—it reduces the air’s ability
to hold water, forcing some water vapor molecules to
change state to form water droplets or ice crystals.

One mechanism for chilling air is nighttime cool-
ing. The ground surface can become quite cold on a
clear night, as it loses longwave radiation. But this is not
enough to form precipitation. Precipitation only forms
when a substantial mass of air experiences a steady drop
in temperature below the dew point. This happens
when an air parcel is lifted to a higher level in the
atmosphere, as we will later see in more detail.

temperature, the air holds the maximum amount of wa-
ter vapor possible. If the air is cooled further, condensa-
tion will begin and dew will start to form. Moist air has
a higher dew-point temperature than dry air.

What s the dew-point

temperature?

Define specific
humidity and relative
humidity.

THE ADIABATIC PRINCIPLE

If you have ever pumped up a bicycle tire using a hand
pump, you might have noticed that the pump gets hot.
If so, you have observed the adiabatic principle. This is
an important law that states that
when a gas expands, its tempera-

Adiabatic prin-
ciple The physical
principle that a gas
cools as it expands
and warms as it
is compressed,

ture drops. And conversely,
when a gas is compressed, its
temperature increases. So as you
pump vigorously, compressing
the air, the metal bicycle pump

gets hot. In the same way, when provided that no
a small jet of air escapes from a heat flows in or out
high-pressure hose, it feels cool. of the gas during

Physicists use the term adia- the process.

batic process for a heating or cool-

ing process that occurs solely as a result of a pressure
change. That is, the change in temperature is not
caused by heat flowing into or away from the air, but
only by a change in pressure.

How does the adiabatic principle relate to the uplift
of air and to precipitation? The missing link is simply
that atmospheric pressure decreases as altitude in-
creases. So, as a parcel of air is uplifted, atmospheric
pressure on the parcel becomes lower, and it expands

The Adiabatic Process 103



and cools. As a parcel of air descends, atmospheric
pressure becomes higher, and the air is compressed and
warmed (FIGURE 4.6).

We describe this behavior using the dry adiabatic
lapse rate for a rising air parcel that has not reached
saturation. This rate has a value

of about 10°C per 1000 m (5.5°F
per 1000 ft) of vertical rise. That
is, if a parcel of air is raised 1

h Dry adiabatic
lapse rate Rate at
which rising air is
cooled by expansion
when no condensa-
tion is occurring;
10°C per 1000 m
(5.5°F per 1000 ft).

km, its temperature will drop by
10°C. Or, in English units, if
raised 1000 ft, its temperature
will drop by 5.5°F. This is the
“dry” rate because there’s no

condensation.

In the previous chapter we met the environmental
temperature lapse rate. There’s an important difference to
note between the environmental temperature lapse
rate and the dry adiabatic lapse rate. The temperature
lapse rate simply expresses how the temperature of still

air varies with altitude. This rate varies from time to
time and from place to place, depending on the state of
the atmosphere. It is quite different from the dry
adiabatic lapse rate. The dry adiabatic rate applies to a
mass of air in vertical motion. It is determined by physi-
cal laws and not the local atmospheric state.

The adiabatic process is responsible for cloud forma-
tion. As we see in the process diagram, once an air parcel
reaches saturation, it cools at a different rate, known as
the wet adiabatic lapse rate. Unlike the dry adiabatic
lapse rate, which remains constant, the wet adiabatic
lapse rate is variable because it depends on the temper-
ature and pressure of the air and its moisture content.
But for most situations we can

h Wet adiabatic
lapse rate Rate at
which rising air is
cooled by expansion
when condensation
is occurring; ranges

use a value of 5°C/1000 m
(2.7°F/1000 ft). In the process di-
agram, the wet adiabatic rate is
shown as a slightly curving line to
indicate that its value increases
with altitude.

from 4 to 9°C per
1000 m (2.2 to 4.9°F
per 1000 ft).
Rising: Sinking:
Expansion and cooling Contraction and heating
<
=
Cold o -
w
S e 20) 6
S
= \
< \
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Adiabatic cooling and heating Ficure 4.6

When air is forced to rise, it expands and its temperature decreases.
When air is forced to descend, its temperature increases.

Temperature
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Cloud formation and the adiabatic process

Altitude, m

2500

2000

1500

1000

500

Temperature, °F
50 60 70

Temperature, °C

T Al T T T
8000
Wet adiabatic lapse rate The cooling effect is
stronger, so air will continue to cool as it is uplifted.
But due to the latent heat release, cooling is slower.
This slower cooling of saturated air is called the
wet adiabatic lapse rate. 7000
Latent heat release When condensation occurs,
latent heat stored in the water vapor is released.
This heat warms the uplifted air. Thus, two opposing 6000
effects occur as the air continues to rise: (1) the uplifted
/ air cools further by the continually reducing atmospheric
\ pressure, but (2) the air is warmed by latent heat
\ released from condensation. Which effect is stronger?
- \ 5000
Cloud formation As cooling continues, -
/ water droplets form, producing a cloud. -
[
©
Lifting condensation level At 1000 m (3300 ft), 4000 =2
the temperature has fallen to 10°C (50°F). As the =
air continues to rise and expand, it cools by the <
adiabatic process (heat neither lost nor gained)
- T . until it reaches its dew-point temperature. At
Lifting condensation level that point, it becomes saturated, condensation
begins around whatever nuclei are present, and 3000
a visible cloud starts to form. This happens at
the lifting condensation level.
2000
Dry adiabatic lapse rate As the buoyant
B parcel moves upward, the reduced air pressure
surrounding it allows it to expand, so its
temperature drops at the dry adiabatic lapse rate:
10°C/1000 m (5.5°F/1000 ft). Thus, at 500 m (1600 ft) 1000
elevation, the parcel's temperature has dropped
by 5°C (9°F), to 15°C (59°F).
0
0 5 10 15 20 25

Air parcel This air parcel, full of water vapor,
is near the ground, and has a temperature of 20°C

(68°F). The parcel is slightly warmer than

surrounding air, so it is less dense, making it
buoyant, so it starts to rise like an invisible helium

balloon.

CONCEPT CHECK

What is the adiabatic HOW is the adiabatic What is the difference
principle? process involved in between the dry and wet
cloud formation? adiabatic lapse rate?

The Adiabatic Process
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Clouds

Explain how condensation nuclei help clouds to form.
Describe how clouds are classified.

Explain what fog is.

mages of Earth from space show that

about half of our planet is blanketed

in cloud. Clouds play a complicated

temperature role—both cooling and

warming the Earth and atmosphere. In this chapter, we

will look at one of the most familiar roles of clouds—
producing precipitation.

Clouds are made up of water droplets, ice particles,

or a mixture of both, suspended in air. These particles

are between 20 and 50 pm
(0.0008 and 0.002 in.) in diame-
ter. Cloud particles require a tiny

Condensation
nucleus A tiny bit
of solid matter
(aerosol) in the
atmosphere on
which water vapor
condenses to form a
tiny water droplet.

center of solid matter to grow
around. Such a speck of matter
is called a condensation nu-
cleus, and would typically have a
diameter between 0.1 and 1 pm
(0.000004 and 0.00004 in.).

The surface of the sea is an

important source of condensation nuclei (FIGURE
4.7). Droplets of spray from the crests of the waves are
carried upward by turbulent air. When these droplets
evaporate, they leave behind a tiny residue of salt sus-
pended in the air. This aerosol strongly attracts water
molecules, helping begin cloud formation. Nuclei are
also thrown into the atmosphere as dust in polluted air
over cities, aiding condensation and the formation of
clouds and fog.

If you ask “What is the freezing point of water?” most
people will reply that liquid water turns to ice at 0°C
(32°F). This is true in everyday life, but when water is
dispersed as tiny droplets in clouds, it behaves differ-
ently. Water in clouds can remain in the liquid state at
temperatures far below freezing. We say the water is su-
percooled. In fact, clouds consist entirely of water droplets
at temperatures down to about —12°C (10°F). As cloud
temperatures grow colder, ice crystals begin to appear.

Ocean aerosols FiIGure 4.7

Breaking or spilling waves in the open ocean, shown here from
the deck of a ship, are an important source of aerosols.

The coldest clouds, with temperatures below —40°C
(—40°F), occur at altitudes of 6 to 12 km (20,000 to
40,000 ft) and are made up entirely of ice particles.

CLOUD FORMS

Anyone who has looked up at the sky knows that clouds
come in many shapes and sizes (FIGURE 4.8). They
range from the small, white puffy clouds often seen in
summer to the gray layers that produce a good, old-
fashioned rainy day. Meteorologists classify clouds into
four families, arranged by their height in the sky. They
are called: high, middle, and low clouds, and clouds
with vertical development.

We group clouds into two major classes—stratiform,
or layered clouds, and cumuliform, or globular clouds.
Stratiform clouds are blanket-like and cover large areas. A
common type is stratus, which covers the entire sky.
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Cloud gallery Ficure 4.8

www.wiley.com/
A Cloud families and types Clouds are grouped into families on the basis of height. college/strahler

Individual cloud types are named according to their form.

Classification of clouds according to height and form

—

(Anvil head

— - 3 km
Low clouds Clouds with - (about 10,000 ft)
vertical development
Cumulus Cumulonimbus
- 7 1.5 km
Cumulus ; (about 5000 ft)
__Stratus of fair :
weather )
'Nimbostratus Stratocumulus- S -
e — e e T - . = ~ - -
Wi ' (Ground) 0
B Cirrus High, thin, wispy clouds drawn out into streaks are C Lenticular cloud A lenticular, or lens-shaped, cloud forms
cirrus clouds. They are composed of ice crystals and form when as moist air flows up and over a mountain peak or range.

moisture is present high in the air.

D Cumulus Puffy, fair-weather cumulus clouds E Altocumulus High cumulus clouds, in a pattern sometimes
fill the sky above a prairie. called a mackerel sky, as photographed near sunset in Boston.

NATIONAL
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Dense, thick stratiform clouds can produce large
amounts of rain or snow.

Cumuliform clouds are globular masses of cloud
that are associated with small to large parcels of rising
air. The most common cloud of this type is the cumu-
lus cloud. They can be dense, tall clouds that can
produce thunderstorms. This form of cloud is the
cumulonimbus. (“Nimbus” is the Latin word for rain

cloud, or storm.)

FOG

Fog is simply a cloud layer at or very close to the Earth’s
surface. However, fog is not formed in quite the same
way as clouds in the sky.

One type of fog, known as radiation fog, is formed at
night when the temperature of the air layer at the

CONCEPT CHECK

Wh at are condensation nuclei? How
do they help clouds form?

Precipitation

Describe what causes precipitation.

Name the four types of precipitation processes and describe
their differences.

epending on the circumstances, precipi-

tation can be a welcome relief, a minor

annoyance, or a life-threatening hazard

(FIGURE 4.9). Whether a source of
relief or hazard, precipitation provides the fresh water
essential for most forms of terrestrial life.

In warm clouds, raindrops form by condensation
and grow by collision. The process diagram explains
this process.

Snow is formed within cool clouds, which are a mix-
ture of ice crystals and supercooled water droplets. The
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HOW are clouds classified? Name four cloud families,
two broad cloud forms, and three specific cloud types.

ground level falls below the dew point. This kind of fog
is associated with a low-level temperature inversion. An-
other fog type, advection fog, results when a warm, moist,
air layer moves over a cold surface. As the warm air
layer loses heat to the surface, its temperature drops be-
low the dew point, and condensation sets in. Advection
fog commonly occurs over oceans where warm and cold
currents occur side by side. This sea fogis frequently
found along the California coast. It forms within a cool
marine air layer in direct contact with the colder water
of the California current.

For centuries, fog at sea has been a navigational
hazard, increasing the danger of ship collisions and
groundings. In our industrialized world, it can be a ma-
jor environmental hazard. Dense fog on high-speed
highways can cause chain-reaction accidents, sometimes
involving dozens of vehicles.

Whatis fog?

Explain the conditions that cause thunderstorms.

ice crystals take up water vapor and grow by deposition.
At the same time the supercooled water droplets lose
water vapor by evaporation and shrink. When an ice
crystal collides with a droplet of supercooled water, it
freezes the droplet. The ice crystals then coalesce to
form snow particles, which can become heavy enough
to fall from the cloud. Snowflakes formed entirely by
deposition can have intricate crystal structures but most
particles of snow have endured collisions and coalesce
with each other, losing their shape and becoming sim-
ple lumps of ice.

CHAPTER 4 Atmospheric Moisture and Precipitation
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Precipitation Ficure 4.9

Monsoon rains drench refugees crossing a flooded field in Bangladesh.

NATIONAL
GEOGRAPHIC

By the time this precipitation reaches the ground, it =~ When snow falls through a warm layer, it melts and

may have changed form. When raindrops fall through  arrives as rain.

a cold air layer, they freeze into pellets or grains of ice.

Rain formation in warm clouds

This type of precipitation formation occurs in warm
clouds typical of the equatorial and tropical zones.

As more condensation
is added,_;thﬁ drops N Raindrop
grow until they reach a 1000 um

diameter of 50 to 100

um (0.002 to 0.004 in.).

Cloud
droplet Updraft

100 }LI’T‘I/

In warm clouds, saturated air rises
rapidly. As it rises, it cools, which forces
condensation, creating droplets of water
in the cloud.

The droplets are carried aloft in the rising
cloud. They collide and coalesce with each
other, building up drops that are about 1000
to 2000 mm (about 0.04 to 0.1 in.)—the size of
raindrops. They can even reach a maximum
diameter of about 7000 mm (about 0.25 in.).

As the drops grow in size,

their weight increases until

it overcomes the upward

force of the rising air and $

\ they begin to move down. / \
l Large \
drop Updraft \$
5000 pm Gravity —

Process Diagram

The drops become unstable
and break into smaller drops
while falling.




Perhaps you have experienced an ice storm (FIGURE
4.10). Ice storms occur when the ground is frozen
and the lowest air layer is also below freezing. Rain
falling through the cold air layer is chilled and freezes
onto ground surfaces as a clear, slippery glaze, mak-
ing roads and sidewalks extremely hazardous. Ice
storms cause great damage, especially to telephone
and power lines and to tree limbs pulled down by the
weight of the ice.

Hail is another common type of precipitation. It
consists of pea-sized to grapefruit-sized lumps of ice—
that is, with a diameter of 5 mm (0.2 in.) or larger. We
will discuss how hail is produced in the section on
thunderstorms.

We talk about precipitation in terms of the depth that
falls during a certain time. So, for example, we use cen-
timeters or inches per hour or per day. A centimeter
(inch) of rainfall would cover the ground to a depth of 1
cm (1 in.) if the water did not run off or sink into the soil.

Snowfall is measured by melting a sample column
of snow and reducing it to an equivalent in rainfall. In

Orographic precipitation Ficure 4.1 1

When the air has cooled sufficiently, water droplets
begin to condense, and clouds will start to form, marked
as point (2). The cloud cools at the wet adiabatic rate,
until, eventually, precipitation begins. Precipitation
continues to fall, as air moves up the slope.

Air passing over a large ocean surface
becomes warm and moist by the time it
arrives at the coast, marked by point (1). As
the air rises on the windward side of the
range, it is cooled by the adiabatic process,
and its temperature drops according to the
dry adiabatic rate.

Ice storm FIGurE 4.10

When rain falls into a surface layer of below-freezing air, clear
ice coats the ground. The weight of the ice brings down power
lines and tree limbs. Driving is particularly hazardous.

In January of 1998, heavy rain fell into a layer of colder air
causing ice accumulations of 10 cm (4 in.) or more over a large
area of Northern New England and Quebec. All outdoor
surfaces, including trees and electric lines were coated in ice.
Watertown, New York, 1998.

After passing over the mountain summit, at point (3),
the air begins to descend down the leeward slopes of
the range. As it descends it is compressed and so,
according to the adiabatic principle, it gets warmer. This
causes the water droplets and the ice crystals in the
cloud to evaporate or sublimate. Eventually the air
clears, and it continues to descend, warming at the dry
adiabatic rate.

www.wiley.com/
college/strahler

At the base of the mountain on the far side, point (4), the air is
now warmer—and drier, since much of its moisture has been
removed by the precipitation. This creates a rain shadow on
the far side of the mountain—a belt of dry climate extending
down the leeward slope and beyond. Several of the Earth’s
great deserts are formed by rain shadows.
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this way, we can combine rainfall and snowfall into a
single record of precipitation. Ordinarily, a 10-cm
(or 10-in.) layer of snow is assumed to be equivalent to
1 cm (or 1 in.) of rainfall, but this ratio may range from
30 to 1 in very loose snow to 2 to 1 in old, partly melted
SNLOW.

So far, we have seen how air that is moving upward
will be chilled by the adiabatic process leading, eventu-
ally, to precipitation. But one key piece of the precipita-
tion puzzle has been missing—what causes air to move
upward in the first place?

Air can move upward in four ways. In this chapter,
we will discuss the first two: orographic precipitation and
convectional precipitation. A third way for air to be forced
upward is through the movement of air masses. This
type of process usually occurs during cyclones, as we
will see in more detail in Chapter 6, and so we call it ¢y-
clonic precipitation. The fourth way, also covered in Chap-
ter 6, is by convergence, in which air currents converge
together at a location from different directions. Air
“piles up” and is forced upward.

Temperature, ‘F

30 50 70 90
3500 I I I I I I
134 -10,000
€ 2500 &
g )
3 Wet -6,000 3
= 1500 adiabatic =
< rate Dry <
adiabatic
500 -2,000
o 0.0
0 10 20 30

Temperature, °C

When strong and persistent, the
descending flow of hot, dry air is
termed a chinook wind. When
channeled into valleys on the leeward
side, chinook winds can raise local
temperatures very rapidly. The dry air
has great evaporating ability, and it
can make a snow cover rapidly
sublimate in winter or a dry brush
cover to tinder in summer.

OROGRAPHIC PRECIPITATION

Orographic precipitation occurs when a through-flow-
ing current of moist air is forced to move upward (FiG-
URE 4.1 1). The term orographic means “related to
mountains,” and to understand the orographic precipi-
tation process, you can think of what happens to a mass
of air moving up and over a mountain range. As the
moist air is lifted, it is cooled and condensation and rain-
fall occur. Passing over the mountain summit, the air de-
scends the leeward slopes of the range, where it is
compressed and warmed. At the base of the mountain
on the far side, the air is warmer and drier. Its moisture
has fallen as precipitation on the
windward slope, creating the ef- Orographic
precipitation
Precipitation
induced when moist
air is forced over a
mountain barrier.

fect of a rain shadow on the far
side of the mountain—a belt of
dry climate that extends down
the leeward slope and beyond.

Conversion California mountain ranges have a
in. strong effect on precipitation be-
cause of the prevailing flow of
moist oceanic air from west to

east. The upper diagram shows

see that centers of high precipita-
tion coincide with the western

ing the coast ranges and Sierra
Nevada. The desert regions lie to
the east, in their rain shadows.

Valley

Santa Lucia
Range
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Precipitation

lines of equal precipitation. We can

slopes of mountain ranges, includ-



CONVECTIONAL PRECIPITATION

h Convectional Air can also be forced upward

precipitation
Precipitation
induced when warm,
moist air is heated at
the ground surface,
rises, cools, and
condenses to form
water droplets,
raindrops and,
eventually, rainfall.

through convection, leading to
convectional precipitation. The
convection process begins when
a surface is heated unequally.
Think of an agricultural field
surrounded by a forest, for ex-
ample. The field surface is
largely made up of bare soil, with
only a low layer of vegetation, so
under steady sunshine the field

will be warmer than the adjacent
forest. This means that as the day progresses, the air
above the field will grow warmer than the air above the
forest.

The density of air depends on its temperature—
warm air is less dense than cooler air. Because it is less
dense, warm air rises above cold air. This process is con-
vection, and hot-air balloons operate on this principle.
In the case of our field, a bubble of air will form over
the field, rise, and break free from the surface. FIGURE
4.1 2 shows this process.

As the bubble of air rises, it is cooled adiabatically,
so its temperature decreases as it rises. We also know

that the temperature of the surrounding air will de-
crease with altitude. Nonetheless, as long as the bubble
is still warmer than the surrounding air, it will be less
dense and so it will continue to rise.

If the bubble remains warmer than the surround-
ing air and uplift continues, adiabatic cooling chills the
bubble below the dew point, and

www.wiley.com/

condensation sets in. The rising air
column becomes a puffy cumulus college/strahler
cloud. In Figure 4.12, the flat base of

the cloud marks the lifting condensation level—the level

at which condensation begins. The bulging “cauli-
flower” top of the cloud is the top of the rising warm-air
column pushing into higher levels of the atmosphere.
Normally, the small cumulus cloud will encounter
winds aloft that mix it into the local air. After drifting
some distance downwind, the cloud evaporates.

h Thunderstorm
Intense local storm
associated with a
tall, dense cumu-
lonimbus cloud in
which there are very

THUNDERSTORMS
AND UNSTABLE AIR

Thunderstorms are awesome
events. Intense rain and violent

winds, lightning, and thunder strong updrafts
renew our respect for nature’s of air.
c =

Formation of a cumulus cloud Ficure 4.12

Cumulus
cloud_

A bubble of heated air rises above the lifting condensation level to form a cumulus cloud.
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power. But what causes thunderstorms? The answer is
that when convection continues strongly, air can be-
come unstable, creating dense cumulonimbus clouds

or thunderstorms.

Two environmental conditions encourage thunder-
storms to develop: (1) air that is very warm and moist,
and (2) an environmental temperature lapse rate in
which temperature decreases more rapidly with altitude
than it does for either the dry or wet adiabatic lapse
rates. Air with these characteristics is referred to as
unstable. FiIGure 4.1 3 shows how convection in

unstable air works.

Temperature, °F

The key to the convectional precipitation process
in unstable air is latent heat. As we saw at the beginning
of the chapter, when water vapor condenses into

droplets or ice particles, it releases latent heat. This

dissipates into the surrounding air.

D Rising parcel The parcel is still warmer than the surrounding air, so
it continues to rise. Notice that the difference in temperature between
the rising parcel and the surrounding air now actually increases with
altitude. This means that the parcel will be buoyed upward ever more
strongly, forcing even more condensation and precipitation.
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C Condensation Above the condensation T'e.mper'ature in S'urrounding still
level, the wet adiabatic rate of 5°C/1000 m rising air parcel  air temperature
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Temperature, °C

B Uplift At first, it cools at the dry adiabatic rate. At
500 m (1640 ft), the parcel is at 22°C (71.6°F), while the
surrounding air is at 20°C (68°F). Since it is still warmer
than the surrounding air, it continues to rise. At 1000
m, it reaches the lifting condensation level. The
temperature of the parcel is 17°C (62.6°F).

Convection in unstable air FIcGure 4.1 3

A Initial heating At ground level, the surrounding
air is at 26°C (78.8°F) and has a lapse rate of 12°C/1000
m (6.6°F/1000 ft.). The air parcel is heated by 1°C
(1.8°F) to 27°C (80.6°F) and—because it is less dense
than the surrounding air—it begins to rise.

When the air is unstable, a parcel of air that is heated enough to rise will continue to rise to great heights.

Precipitation

heat keeps a rising parcel of air warmer than the sur-
rounding air, fueling the convection process and dri-
ving the parcel ever higher. When the parcel reaches a
high altitude, most of its water will have condensed. As
adiabatic cooling continues, less latent heat will be re-
leased, so the uplift will weaken. Eventually, uplift stops,
since the energy source, latent heat, is gone. The cell

Altitude, ft
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Hot summer air masses in the central and south-
eastern United States are often unstable. Summer
weather patterns sweep warm, humid air from the Gulf
of Mexico over the continent. Over a period of days,
the intense summer insolation strongly heats the air
layer near the ground, producing a steep environmen-
tal lapse rate. So, both of the conditions that create un-
stable air are present, making thunderstorms very
common in these regions during the summer.

ANATOMY OF A THUNDERSTORM

A single thunderstorm typically consists of several indi-
vidual convection cells. A single convection cell is
shown in FIGURE 4.1 4Aa. A succession of bubble-like

Thunderstorm Ficure 4.14

12 km
(7.5 mi)

A Anatomy of a thunderstorm cell Successive bubbles of
moist condensing air push upward in the cell. Their upward
movement creates a corresponding downdraft, expelling rain,
hail, and cool air from the storm as it moves forward.
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air parcels rise up within the cell. These bubbles are in-
tensely cooled, according to the adiabatic process, pro-
ducing precipitation. This precipitation can be water if
the clouds are at the lower levels, mixed water and snow
at intermediate levels, and snow at high levels where
cloud temperatures are coldest.

As the rising air parcels reach high levels, which
may be 6 to 12 km (about 20,000 to 40,000 ft) or even
higher, the rising rate slows. At such high altitudes the
winds are typically strong, dragging the cloud top down-
wind and giving the thunderstorm cloud its distinctive
shape—resembling an old-fashioned blacksmith’s anvil
(FIGURE 4.14B8B).

Ice particles falling from the cloud top act as nuclei
for freezing and deposition at lower levels. Large ice
crystals form and begin to sink rapidly. As they melt,

www.wiley.com/
college/strahler
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B Anvil top Large thunderstorms often show a top plume
of cloud swept downwind by strong winds at high altitudes.
This storm, over Lake Tanganyika in Gombe Stream National
Park, Tanzania, is moving from right to left.
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they coalesce into large, falling droplets. As these rain-
drops rapidly fall adjacent to the rising air bubbles, they
pull the air downward, feeding a downdraft within the
convection cell. This downdraft of cool air emerges
from the cloud base laden with precipitation. It ap-
proaches the surface and spreads out in all directions.
As part of the downdraft moves forward, more warm,
moist surface air can rise and enter the updraft portion
of the storm. This effect helps perpetuate the storm.
The downdraft creates strong local winds.

We are familiar with the heavy rains and powerful
wind gusts—sometimes violent enough to topple trees

Frequency of severe hailstorms Ficure 4.15

As shown in this map of the 48 contiguous United States, severe
hailstorms are most frequent in the midwestern plains states of
Oklahoma and Kansas. A severe hailstorm is defined as a local
convective storm producing hailstones equal to or greater than
1.9 cm (0.75 in.) in diameter.

and raise the roofs of weak buildings—that accompany
thunderstorms. In addition, thunderstorms can produce
hail. Hailstones are formed when layers of ice build up
on ice pellets that are suspended in the strong updrafts
of the thunderstorm. They can reach diameters of 3 to 5
cm (1.2 to 2.0 in.) or larger. When they become too
heavy for the updraft to support, they fall to Earth.

Crop destruction caused by hailstorms can add up
to losses of several hundred million dollars. Damage to
wheat and corn crops is particularly severe in the Great
Plains, running through Nebraska, Kansas, Missouri,
Oklahoma, and northern Texas (FIGURE 4.15).

CONCEPT CHECK o}

Name four types of precipitation processes.

Wh at conditions lead to thunderstorms?
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Air Quality

List substances that act as air pollutants.

Explain where air pollutants come from.

ost people living in or near urban areas

have experienced air pollution first-

hand. Perhaps you’ve felt your eyes sting

or your throat tickle as you drive an ur-
ban freeway. Or you’ve noticed black dust on window-
sills or window screens and realized that you are
breathing in that dust as well.

Air pollution is largely the result of human activity.
An air pollutant is an unwanted substance injected into
the atmosphere from the Earth’s surface by either nat-
ural or human activities. Air pollutants come as aerosols,
gases, and particulates. We’ve already met aerosols—
small bits of matter in the air, so small that they float
freely with normal air movements—and gases, in earlier
chapters. Particulates are larger, heavier particles that
sooner or later fall back to Earth.

Most pollutants are generated by the everyday activi-
ties of large numbers of people, for example, driving
cars, or through industrial activities, such as
fossil fuel combustion or the smelting of
mineral ores to produce metals. The most
common air pollutants are carbon monox-
ide, sulfur oxides, nitrogen oxide gases, and
volatile organic compounds—including
evaporated gasoline, dry cleaning fluids, and
incompletely combusted fossil fuels—which
occur as both gases and aerosols. The re-
maining pollutants are in the form of lead
and particulates. The buildup of these sub-
stances in the air can lead to many types of
pollution, including acid rain and smog. Ur-
ban air pollution reduces visibility and illumi-
nation. Specifically, a smog layer can cut
illumination by 10 percent in summer and 20

Air pollutant An
unwanted substance
injected into the
atmosphere from
the Earth’s surface
by either natural or
human activities;
includes aerosols,
gases, and
particulates.

Explain what causes smog.

Describe acid rain, its causes and effects.

percent in winter. The ozone in smog also absorbs ultravi-
olet radiation, at times completely preventing it from
reaching the ground. Although this reduces the risk of
human skin cancer, it may also permit increased viral and
bacterial activity at ground level.

The combustion of fossil fuels is the most important
source of all of these pollutants in the United States. It ac-
counts for 78 percent of emissions. Gasoline and diesel
engine exhausts contribute most of the carbon monox-
ide, half the volatile organic compounds, and about a
third of the nitrogen oxides.

ACID DEPOSITION

Perhaps you’ve heard about acid rain killing fish and
poisoning trees (FIGURE 4.1 6). Acid rain is part of
the phenomenon of acid deposition. It’s made up
of raindrops that have been acidified by air
pollutants. Fossil fuel burning releases sul-
fur dioxide (SO,) and nitric oxide (NO,)
into the air. The SO, and NO, readily com-
bine with oxygen and water in the presence
of sunlight and dust particles to form sulfu-
ric and nitric acid aerosols, which then act
as condensation nuclei. The tiny water
droplets created around these nuclei are
acidic, and when the droplets coalesce in
precipitation, the resulting raindrops or ice
crystals are also acidic. Sulfuric and nitric
acids can also be formed on dust particles,
creating dry acid particles. These can be as
damaging to plants, soils, and aquatic life as
acid rain.
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Effects of acid rain FiIcure 4.16

A Forests Acid fallout from a nearby nickel smelter killed
this lush forest in Monchegorsk, Russia, which then burned.

B Buildings Acid rain has eroded and eaten away the face
of this stone angel in London, England.

NATIONAL
GEOGRAPHIC
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What are the effects of acid rain? Acid deposition
in Europe and North America has had a severe impact
on some ecosystems (FIGURE 4.17). In Norway,
acidification of stream water has virtually eliminated
many salmon runs by inhibiting salmon egg devel-
opment. In 1990, American scientists estimated that
14 percent of Adirondack lakes were heavily acidic,
along with 12 to 14 percent of the streams in the Mid-
Atlantic states. Forests, too, have been damaged by
acid deposition. In western Germany, the impact has
been especially severe in the Harz Mountains and the
Black Forest.

During the 1990s, the United States significantly
reduced the release of sulfur oxides, nitrogen oxides,
and volatile organic compounds, largely by improving
industrial emission controls. But acid deposition is
still a very important problem in many parts of the
world—especially Eastern Europe and the states of
the former Soviet Union. In these areas, air pollution
controls have been virtually nonexistent for decades.

Reducing pollution levels and cleaning up polluted
areas will be a major task for these nations over the
next decades.

AIR POLLUTION CONTROL

The United States and Canada have some of the strictest
laws in the world limiting air pollution. Strategies have
been developed to reduce emissions by trapping and
processing pollutants after they are generated. There
have also been calls for alternative, nonpolluting
technologies—solar, wind, or geothermal power—
rather than coal burning to generate electricity.

In any event, we can do much to preserve the qual-
ity of the air we breathe by reducing fossil fuel con-
sumption. It will be a considerable challenge to our
society and others to preserve and increase global air
quality in the face of an expanding human population
and increasing human resource consumption.

Acidity of rainwater for the United States in 2005 FicureE 4.17

Values are pH units, which indicate acidity. The eastern United States, notably Ohio, Pennsylvania, and West Virginia, shows the
lowest, most acid values. (National Atmospheric Deposition Program (NRSp-3)/National Trends Network, lllinois State Water Survey.)
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Global Locator

Smog

The term smog was coined by combining the words “smoke” and “fog” to describe a considerable density of aerosols and gas
pollutants over an urban area. In this photograph of Cairo, the smog obscures vision, but we can see through to the city, and
some hazy sunlight can still get through to the people on the ground. In other cases, however, smog can be dense enough to
hide aircraft flying overhead from view. It irritates the eyes and throat, and it can corrode structures over long periods of time.

A geographer looking at such a hazy scene could tell you that a dense mixture of aerosols and gaseous pollutants—
produced by human activity—is responsible for the blur. Modern urban smog has three main toxic ingredients: nitrogen
oxides, volatile organic compounds, and ozone. Nitrogen oxides and volatile organic compounds mostly come from cars and
industrial power plants. Ozone forms through a photochemical reaction in the air. In urban smog, ozone can harm plant tissues
and eventually kill sensitive plants.

CONCEPT CHECK

What s an air pollutant? Whatis smog?

Where do air pollutants come from? What s acid rain? what are
its effects?

Air Quality 119
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What is happening in this picture

Water vapor composite image
The Geostationary Operational Environ-

mental Satellite (GOES) system is an im-
portant tool for weather forecasting.
The satellites can show the move-

ment of clouds over the surface of
the Earth, or, as in this case, track

global water vapor.

This is the water vapor image from
April 11, 2000. The brightest areas
show regions of active precipitation. : bRy : § -

Dark areas show low water vapor T \ 4 de e : el
content. W

Are the areas of precipitation and low B

water vapor what you would expect?

Cyclones are marked by dry air spiral-
ing inward with moist air. Can you spot
any cyclonic systems building up?

Water and .
the Hydrosphere 2 Humidity

1. Water can change state by evaporating, condensing, melting, 1. Humidity describes the amount of water vapor present in air.

freezing, and through sublimation and deposition.
2. Warm air can hold much more water vapor than cold air.

2. The hydrosphere is the realm of water in all its forms. The fresh
water in the atmosphere and on land in lakes, streams, rivers,
and groundwater is only a very small portion of the total water
in the hydrosphere.

3. SpeCifiC humldlty mea- Temperature, °F
-20 0 20
T T T

640 40 60 80 100 120
T UL L

sures the mass of water 6
vapor in a mass of air,
in grams of water vapor
3. Precipitation is the fall of liquid or solid water from the atmos- per kilogram of air. Rel-
phere to reach the Earth’s land or ocean surface. ative humidity mea-
sures water vapor in
the air as the percent-
age of the maximum
amount of water vapor
that can be held at the
given air temperature.

w & o
o I=) o

Maximum specific humidity
N
o
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4. Condensation occurs at VER PG, 1
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The Adiabatic 4 Clouds

Process
1. The adiabatic principle states that when 1. Clouds are composed of droplets of
a gas is compressed, it warms, and water or crystals of ice that form on
when a gas expands, it cools. condensation nuclei.
2. When an air parcel moves upward in the 2. Clouds typically occur in layers, as

atmosphere, it encounters a lower

stratiform clouds, or in globular
pressure and so expands and cools.

masses, as cumuliform clouds. Fog
3. The dry adiabatic lapse rate describes occurs when a cloud forms at

the rate of cooling with altitude. When ground level.

condensation or deposition is occurring,

the cooling rate is described as the wet

adiabatic lapse rate. 5 Precipitation
1. Precipitation from clouds occurs as rain, 4. When a surface is heated unequally,
hail, snow, and sleet. an air parcel can become warmer and

less dense than the surrounding air.

2. There are four types of precipitation
Because it is less dense, it rises. As it

processes—orographic, convectional,

cyclonic, and convergent moves upward, it cools, and conden-
\ sation with precipitation may occur.

3. In orographic precipitation, air moves This is convectional precipitation.

\ up and over a mountain barrier. As it
moves up, it is cooled adiabatically and
rain forms. As it descends the far side of
the mountain, it is warmed, producing a
. rain shadow effect.

5. If the air is unstable, thunderstorms
can form, generating hail and
lightning.

Air
Quality

1. Air pollution is defined as unwanted gases, aerosols, and particulates injected into
the air by human and natural activity. Polluting gases, aerosols, and particulates are
generated largely by fuel combustion.

2. Smog, a common form of air pollution, contains nitrogen oxides, volatile organic com-
pounds, and ozone. Acid deposition of sulfate and nitrate particles can acidify soils
and lakes, causing the death of fish and trees.

Visual Summary 121



B hydrosphere p. 96

M precipitation p. 100

B humidity p. 101

B dew-point temperature p. 103

1. What is the hydrosphere? Where, and
in what amounts, is water found on our
planet? How does water move in the
hydrologic, or water, cycle?

2. How is the moisture content of air
influenced by air temperature?

3. What happens when a parcel of moist
air is chilled? Use the terms saturation,
dew point, and condensation in your
answer.

4. What is the adiabatic process? Why is it
important?

1. Of the freshwater reservoirs below, the one with the smallest

size is .
a. atmospheric water
c. freshwater lakes

2. The movement of water among the great global reservoirs d

constitutes the

a. water-factor cycle

b. hydraulic cycle

c. hydrologic cycle

d. evaporation-precipitation cycle

d. soil water

B adiabatic principle p. 103

B dry adiabatic lapse rate p. 104
B wet adiabatic lapse rate p. 104
B condensation nucleus p. 106

5. Distinguish between dry and wet adia-
batic lapse rates. When do they apply
for a parcel of air moving upward in the
atmosphere? Why is the wet adiabatic
lapse rate smaller than the dry adia-
batic rate? Why is the wet adiabatic
rate variable in amount?

6. How is precipitation formed? Describe
the process for warm and cool clouds.

7. Compare and contrast orographic and
convectional precipitation. Begin with a
discussion of the adiabatic process and
the generation of precipitation within

4. Relative humidity .
a. is the total amount of water vapor present in the air
b. groundwater b. is responsible for life on Earth

B orographic precipitation p. 111
B convectional precipitation p. 112
B thunderstorm p. 112

B air pollutant p. 116

clouds. Then compare the two
processes, paying special attention to
the conditions that create uplift. Can
convectional precipitation occur in an
orographic situation? Under what
conditions?

8. What is unstable air? Sketch the
anatomy of a thunderstorm cell. Show
rising bubbles of air, updraft, down-
draft, precipitation, and other features.

9. Describe the most common forms of
air pollution and the damage that air
pollution can cause.

c. depends upon the volume of water present in the air
unrelated to temperature

. is the amount of water vapor in the air compared to the

amount it could hold

5. The

of the air represents the actual quantity

of water vapor held by the air.

a. relative humidity
c. specific humidity

b. saturation level
d. absolute saturation level

122

. The diagram shows the three states of water. Identify and label
the six processes through which water changes state. In which
of these processes is latent heat absorbed, and in which is it

6. An air mass is rising and expanding, as shown. How does its
temperature change? What term is used to describe tempera-
ture changes that arise solely as a result of air expansion or
compression?

Rising: Sinking:
Expansion and cooling Contraction and heating

released?
Gaseous state
Water
/ vapor \
Ics\ % Water
Solid (it
state state
CHAPTER 4 Atmospheric Moisture and Precipitation



7. Since rising air cools less rapidly when condensation is 13. Smog has three toxic ingredients of which are

10.

11.

12

. What type of cloud is shown in the photograph? Do such clouds
form at high, middle, or low level in the sky?

occurring as a result of the release of latent heat, (is) not a member.

the has a lesser absolute value than the a. nitrogen oxides
. b. hydrocarbons

a. dry adiabatic lapse rate; wet adiabatic lapse rate c. polycarbonates

b. dry adiabatic lapse rate; environmental adiabatic lapse rate d. ozone

c. environmental adiabatic lapse rate; wet adiabatic lapse rate

d. wet adiabatic lapse rate; dry adiabatic lapse rate

14. A smog layer can cut visibility and illumination by up to
percent in winter.
a. 5 b. 10 c. 15 d. 20

is the type of precipitation that forms as rain 15. Acid deposition is produced by the release of sulfur dioxide and

freezes during its descent through the atmosphere. . [iiErEls
. . a. carbon dioxide b. ozone
a. freezing rain b. snow o
. . nitric oxide d. sulfur perchlorate
c. hail d. sleet

precipitation is a result of air being lifted over
a highland area.

a. convective b. orographic
c. convergence d. frontal
lifting of air is due to heating.
a. convective b. orographic
c. frontal d. adiabatic
The two conditions that promote thunderstorm development

are .

a. warm, moist air and a decreasing lapse rate

b. cool, dry air in collision with a colder air mass

c. warm, moist air and an environmental lapse rate with an
absolute value greater than the wet and dry rates

d. cold, wet air, and an environmental lapse rate with an
absolute value greater than the wet and dry rates
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Winds and Global
Circulation

n the last weeks of 1997, extreme weather

across the globe killed around 2100 people
and left property damage worth $33 billion in its
wake. Forest fires raged in Sumatra, Borneo, and
Malaysia, while large portions of Australia and the
East Indies were plunged into drought. Torrential
rains drenched Peruvian and Ecuadorian coast
ranges, and ice storms left 4 million people in
Quebec and the northeastern United States
stranded without power. This was the work of a
weather pattern known as El Nifio.

El Nifio occurs every three to eight years. It
was given the Spanish name El Nifio (meaning
“the little boy,” or “Christ Child”) by Peruvian fish-
ermen whose anchovy harvests plummeted
around Christmas. Under normal conditions
strong winds blow westward, “piling up” very
warm ocean water in the western Pacific. This wa-
ter is replaced by cool bottom water along the
South American coast, which is filled with nutri-
ents for feeding marine life. But a chain of El Nifio
events kills these winds, and without the pressure
of these winds to hold them back, warm sterile
waters surge eastward, lowering the anchovy
population.

The El Nifio chain is set in motion by a see-
sawing in pressure across the equatorial zone.
We don’t know exactly what causes this phenom-
enon, but itis a striking example of our planet’s
dynamic circulation patterns of wind and water.

NATIONAL
GEOGRAPHIC

o,

As the El Nifio of 2006—-2007 o
" began, fires similar to those

of 1997-1998 swept across
--v‘t.’ﬁe\vast Indonesian island of
Borneo.
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Local Wind Patterns p. 129

Coriolis

Pressure force
gradient

Isobar/ Friction

Cyclones and Anticyclones p. 132
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Ocean Currents p. 144




Atmospheric Pressure

Define atmospheric pressure.

NATIONAL
GEOGRAPHIC

Explain how a barometer works.

e live at the bottom of a vast ocean of

air—the Earth’s atmosphere (FIGURE

5.1). Like the water in the ocean,

the air in the atmosphere is con-
stantly pressing on the Earth’s surface beneath it and
on everything that it surrounds.

The atmosphere exerts pressure because gravity
pulls the gas molecules of the air toward the Earth.
Gravity is an attraction among all masses —in this case,
between gas molecules and the Earth’s vast bulk.

Atmospheric pressure is
produced by the weight of a col-
umn of air above a unit area of
the Earth’s surface. At sea level,
about 1 kilogram of air presses
down on each square centime-
ter of surface (1 kg/cm?)—
about 15 pounds on each square
inch of surface (15 1b/in.?).

The basic metric unit of

h Atmospheric
pressure Pres-
sure exerted by the
atmosphere because
of the force of grav-
ity acting upon the
overlying column

of air.

i Barometer In-
strument that mea-
sures atmospheric
pressure.

pressure is the pascal (Pa). At sea level, the average pres-

sure of air is 101,320 Pa. Many atmospheric pressure

measurements are reported in bars and mllibars (mb)
(1 bar = 1000 mb = 10,000 Pa). In this book we will use
the millibar as the metric unit of atmospheric pressure.

Standard sea-level atmospheric pressure is 1013.2 mb.




You probably know that a barometer measures at-
mospheric pressure. But do you know how it works? It’s
based on the same principle as drinking soda through a
straw. When using a straw, you create a partial vacuum
in your mouth by lowering your jaw and moving your
tongue. The pressure of the atmosphere then forces
soda up through the straw.

The oldest, simplest, and most accurate instrument
for measuring atmospheric pressure, the mercury barom-
eter, works the same way (FIGURE 5.2).

Because the mercury barometer is so accurate and
is used so widely, atmospheric pressure is commonly ex-
pressed using the height of the column in centimeters
or inches. The chemical symbol for mercury is Hg, and
standard sea-level pressure is expressed as 76 cm Hg
(29.92 in. Hg). In this book, we will use in. Hg as the
English unit for atmospheric pressure.

www.wiley.com/

college/strahler

q
Vacuum —
Glass tube —|
Height of
Mercury — | mercury
column
Atmospheric 76 cm (30 in.)
pressure

Dish

Mercury barometer Ficure 5.2

Atmospheric pressure pushes the mercury upward into the
tube, balancing the pressure exerted by the weight of the mer-
cury column. As atmospheric pressure changes, the level of
mercury in the tube rises and falls.

Atmospheric pressure at a single location varies
only slightly from day to day. On a cold, clear winter
day, the sea-level barometric pressure may be as high as
1030 mb (30.4 in. Hg), while in the center of a storm
system it may drop by about 5 percent to 980 mb
(28.9 in. Hg). Changes in atmospheric pressure are as-
sociated with traveling weather systems.

AIR PRESSURE AND ALTITUDE

If you have felt your ears “pop” during an elevator ride
in a tall building, or when you’re on an airliner that is
climbing or descending, you’ve experienced a change
in air pressure related to altitude (FIGURE 5.3).
Changes in pressure at higher elevations can have
more serious effects on the human body. In the moun-
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Atmospheric pressure and altitude Ficure 5.3

Atmospheric pressure decreases rapidly with altitude near
the Earth’s surface but much more slowly at higher altitudes.
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Global Locator
Climbers on Everest FIGure 5.4

Most people who stay in a high-altitude environment for several days adjust to the reduced air pressure. Climbers who are about to
ascend Mount Everest usually spend several weeks in a camp partway up the mountain before attempting to reach the summit.

tains or at high altitudes, with decreased air pressure, bleed, or nausea, are known as mountain sickness.
less oxygen moves into lung tissues, producing fatigue = They are likely to occur at altitudes of 3000 m (about
and shortness of breath (FiIsure 5.4). These symp- 10,000 ft) or higher.

toms, sometimes accompanied by headache, nose-

CONCEPT CHECK

What causes HOW does a mercury HOW does atmospheric What effect can this

atmospheric barometer work? pressure change with have on mountain
pressure? altitude? climbers?
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Local Wind Patterns

Describe how pressure gradients drive wind.
Discuss local wind systems.

Explain convection loops.

ind is defined as air moving horizon-

tally over the Earth’s surface. Air mo-

tions can also be vertical, but these

are known by other terms, such as up-
drafts or downdrafts. Wind direction is identified by the
direction from which the wind comes—a west wind
blows from west to east, for example.

Like all motion, the movement of wind is defined
by its direction and velocity. The most common instru-
ment for tracking wind direction is a simple vane with a
tail fin that keeps it always pointing into the wind (FiG-
URE 5.5).

Combination cup anemometer and
wind vane Ficure 5.5

The anemometer and wind vane observe wind speed and
direction, which are displayed on the meter below. The wind
vane and anemometer are mounted outside, with a cable from
the instrument leading to the meter, which is located indoors.

Anemometers measure wind speed. The most com-
mon type consists of three funnel-shaped cups on the
ends of the spokes of a horizontal wheel that rotates as
the wind strikes the cups. Some anemometers use a small
electric generator that produces more current when the
wheel rotates more rapidly. This is connected to a meter
calibrated in meters per second or miles per hour.

PRESSURE GRADIENTS

Wind is caused by differences in h sob
sobars Linesona

map drawn through
all points having the
same atmospheric
pressure.

atmospheric pressure from one
place to another. Air tends to
move from regions of high pres-
sure to regions of low pressure,

until the pressure at every level

is uniform. On a weather map, B Pressure

lines that connect locations gradient Change

with equal pressure are called
isobars. A change of pressure,
or pressure gradient, occurs at
a right angle to the isobars

of atmospheric pres-
sure measured along
a line at right angles

to the isobars.

(FIGURE 5.6).

www.wiley.com/
college/strahler

Wichita

NS )
1028 mb

(0.4 i

n. Hg) '

Isobars and a pressure gradient Ficure 5.6

This figure shows a pressure gradient. Because atmospheric
pressure is higher at Wichita than at Columbus, the pressure
gradient will push air toward Columbus, producing wind. A
greater pressure difference between the two locations would
produce a greater force and a stronger wind.
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h Convection
loop Ccircuit of
moving fluid, such as
air or water, created
by unequal heating
of the fluid.

How do pressure gradients
come about? Pressure gradients
develop because of unequal
heating in the atmosphere. We
can see how by examining the
development of convection
loops in the process diagram.

LOCAL WINDS

Brushfire Ficure 5.7 5. s

When months of raifiless weather team up with a

hot, dry Santa Ana wind, the Conditions are right for
devastating brushfires that set subdivisions-aflame.
These homes in Simi Valley, California, ire threatened

by a.brushfire in October, 2003. r 4 >

If you’re from Southern California, you’re probably fa-
miliar with the Santa Ana, a fierce, searing wind that of-

-~

ten drives raging wildfire into foothill communities
(FiIsure 5.7). In October 2003, fires driven by Santa
Ana winds destroyed over 3000 homes and killed more

Convection loops

mb
Uniform atmosphere (heated equally)
Imagine a uniform atmosphere above a 970
ground surface. The isobaric levels (or Isobaric "surfaces"< 980

“surfaces”) are parallel with the ground
surface. (Isobar = equal pressure) 990

w

weJade|q ssadoid

Convection loops The new pressure

mb
Uneven heating Imagine now that the E
underlying ground surface, an island, is 970
warmed by the Sun, with cool ocean water e U
surrounding it. The warm surface air rises 980
and mixes in with the air above, warming 990
the column of air above the island. Since
the warmer air occupies a large volume, Island
the isobaric levels are pushed upward. mb
Pressure gradient The result is that a E High
pressure gradient is created and air at 970
higher pressure (above the island) flows Low Low
toward lower pressure (above the ocean). 980
990
Island
mb
Surface pressure Because air is moving = High
away from the island and over the ocean {‘j ':-)
y Low Low 970
surfaces, the surface pressure changes.
There is less air above the island, so the 980
ground pressure there drops. Since more 5555 990
air is now over the ocean surfaces, the High b & High
pressure there rises. MK‘ 1000
Island
mb

gradient at the surface moves air from the
ocean surfaces toward the island, while air
moving in the opposite direction at upper
levels completes the two loops.

Island




Early in the day, winds are often During the day, the land warms the air At night, radiation cooling over land cre-
calm. above it. This warm air moves oceanward ates a reversed convection loop,

aloft, while surface winds bring cool marine  developing a land breeze.

air landward at the surface, creating the
convection loop.

Early morning—calm Afternoon—sea breeze Night—land breeze

Sea and land breezes Ficure 5.8

Since land surfaces heat and cool more rapidly than water, temperature contrasts often develop along the coastline.

than a dozen people in a huge crescent of wildfire that  local wind system—generated by local effects. Other lo-
extended over 250,000 acres from Ventura County to  cal winds include the chinook, a warm and dry wind.
the Mexican border. The Santa Ana is an example of a Sea and land breezes are simple examples of how un-
even heating and cooling of the air can set up convec-
tion loops that create local winds (FIGURE 5.8). A
similar situation creates mountain and valley winds
(FIGURE 5.9).

Valley and mountain breezes

FIGURE 5.9

Day—Valley breeze Night—Mountain

breeze
During the day, mountain hill slopes are At night, the hill slopes are chilled by radia-
heated intensely by the Sun, making the tion, setting up a reversed convection loop.
air expand and rise, creating a valley The cooler, denser hill slope air moves val-
breeze. An air current moves up valleys leyward, down the hill slopes, to the plain

from the plains below—upward overrising  po|ow
mountain slopes, toward the summits.

CONCEPT CHECK

Wh atisa pressure H OW do pressure gradients EXplain how convection G ive two examples of

gradient? drive local wind patterns? loops develop. local winds.
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Cyclones and Anticyclones
The Coriolis effect Ficure 5.10

Explain the Coriolis effect.

Discuss cyclones and anticyclones.

Explain Hadley cells and how they affect wind patterns. /.-, _~7  Maximum T\ 60°N
’ at poles
Northern Deflection
hemisphere to right

THE CORIOLIS EFFECT

e’ve seen that the pressure gradient

. Co T 0% s e e P eceneneee 0°
force moves air from high pressure to
low pressure. For sea and land breezes,
which are local in nature, this pushes
30°S

wind in about the same direction as the pressure gradi-

Southern Deflection
hemisphere to left

ent. But on global scales, the direction of air motion is
more complicated. The differ-

Coriolis effect ence is caused by the Earth’s rota-

Effect of the Earth's tion, through the Coriolis effect

rotation that acts like (FIGURE 5.10A).

a force to deflecta The Coriolis effect was first . _

moving object on the A The Coriolis effect appears to deflect winds and ocean

identified by the French scientist
Y currents to the right in the northern hemisphere and to the left in

the southern hemisphere. Blue arrows show the direction of ini-
tial motion, and red arrows show the direction of motion
apparent to the Earth observer. The Coriolis effect
X is strongest near the poles and decreases to
N
zero at the equator.

Earth’s surface to the
right in the northern
hemisphere and to
the left in the south-
ern hemisphere.

Gaspard-Gustave de Coriolis in
1835. Because of the Coriolis

effect, an object in
the northern
hemisphere

moves as if a force were pulling B Imagine that a rocket is launched

from the North Pole toward New
York, aimed along the 74° W lon-
gitude meridian. As it travels
\ toward New York, the Earth ro-
tates from west to east be-
neath its straight flight path.
If you were standing at the
launch point on the rotating
Earth below, you would see
the rocket’s trajectory curve
to the right, away from New
York and toward Chicago—de-
spite the fact that the rocket has
been flying in a straight line from
the viewpoint of space. To reach New
York, the rocket’s flight path would have
to be adjusted to allow for the Earth’s
rotation.

it to the right (FIGURE
5.108). In the southern
hemisphere, objects move
as if pulled to the left. “
This apparent deflection

S

| X}F\T\F AL T\ //\\ AN
[ ~40ey | Chicagol 27 fNew York //
| ] \ 7\ \ /)

doesn’t depend on direc- |
tion of motion—it oc- |

curs whether the object |

\ -
o —
-7

is moving toward the
north, south, east, or west.
Geographers are usu- \

~]__ ‘

| [y e —

ally concerned with analyz-

AN\ | ™ |

N\ ) ' _ — Rotation | , /| —

ing the motions of air masses
or ocean currents from the
viewpoint of an Earth observer on

the geographic grid, not from the
viewpoint of space. So, as a shortcut, we
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The Coriolis force
always acts at right angles
to the direction of motion.

\
Direction
of motion
Coriolis
Pressure force
radient .
Low 5 High
force
Isobar Friction
|

There is a frictional force

exerted by the ground

surface that is proportional

to the wind speed and

always acts in the opposite
direction to the direction of motion.

The pressure gradient
force pushes the parcel
toward low pressure.

Balance of forces on a parcel of surface air
FIGURE 5.1 1

A parcel of air in motion near the surface is subjected to three
forces. The sum of these three forces produces motion toward
low pressure but at an angle to the pressure gradient. This ex-
ample is for the northern hemisphere.

treat the Coriolis effect as a sideward-turning force that
always acts at right angles to the direction of motion.
The strength of this Coriolis “force” increases with the
speed of motion but decreases with latitude. This trick
allows us to describe motion properly within the geo-
graphic grid (FIGURE 5.1 1).

Cyclones and anticyclones Ficure 5.12

Northern hemispherel

Cyclones Anticyclones
-
~ \
Pressure
gradient

Counterclockwise inspiral Clockwise outspiral

A Inacyclone, low pressure is at the center, so the pressure
gradient is straight inward. In an anticyclone, high pressure is
at the center, so the gradient is straight outward. But because
of the rightward Coriolis force and friction with the surface,
the surface air moves at an angle across the gradient, creating
a counterclockwise inspiraling motion and a clockwise
outspiraling motion.

CYCLONES AND Cyclone Center of

ANTICYCLONES low atmospheric
pressure.
We’re used to seeing low- and )
high-pressure centers on the Anticyclone
daily weather maps. You can Center of high at-

think of them as marking vast mospheric pressure.

whirls of air in spiraling motion.

In low-pressure centers, known as cyclones, air spirals
inward and upward (FIGURE 5.1 2). This inward spi-
raling motion is called convergence. In high-pressure
centers, known as anticyclones, air spirals downward
and outward. This outward spiraling motion is called
divergence.

Low-pressure centers (cyclones) are often associ-
ated with cloudy or rainy weather, whereas high-pres-
sure centers (anticyclones) are often associated with
fair weather. Why is this? When air is forced upward, it
is cooled according to the adiabatic principle, allowing
condensation and precipitation to begin. So, cloudy
and rainy weather often accompanies the inward and
upward air motion of cyclones. In contrast, in anticy-
clones the air sinks and spirals outward. When air de-
scends, it is warmed by the adiabatic process, so
condensation can’t occur. That is why anticyclones are
often associated with fair weather.

Southern hemisphere I

\4

Clockwise inspiral Counterclockwise outspiral

B In the southern hemisphere, the cyclonic spiral will be
clockwise because the Coriolis force acts to the left. For an-
ticyclones, the situation is reversed.
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Cyclones and anticyclones can be a thousand kilo-
meters (about 600 mi) across, or more. A fair weather

system—an anticyclone—may stretch from the Rockies

CONCEPT CHECK

What causes the coriolis

effect?

objects?

HOW does the coriolis force
deflect the paths of moving

to the Appalachians. Cyclones and anticyclones can re-

main more or less stationary, or they can move, some-

times rapidly, to create weather disturbances.

What are cyclones and

anticyclones? How do
they develop?

Cyclones

Pressure
gradient

Counterclockwise inspiral

Global Wind and Pressure Patterns

LEARNING OBJECTIVES

Define Hadley cells and explain how they affect wind
patterns.

Discuss the intertropical convergence zone (ITCZ) and the
subtropical high-pressure belts.

Describe monsoon circulation.

Explain the differences between pressure patterns in the
northern and southern hemispheres.

or simplicity, let’s begin by looking at sur-
face winds and pressure patterns on an
ideal Earth that does not have oceans
and continents, or seasons (FIGURE
5.1 3). Hadley cells are key to an understanding of the
wind patterns on our ideal Earth. These form because

The rising air at the equator produces a zone of sur-

face low pressure known as the equatorial trough. Air in

both hemispheres moves toward this equatorial trough.

There it converges and rises as
part of the Hadley circulation.
The narrow zone where the air
converges is called the in-
tertropical convergence zone
(ITCZ). Because the air is largely
moving upward, surface winds
are light and variable. This re-
gion is known as the doldrums.
Air descends on the pole-
ward side of the Hadley cell
circulation, so there surface
pressures are high. This pro-
duces two subtropical high-

Intertropical
convergence
zone (ITC2)

Zone of convergence
of air masses along
the equatorial
trough.

Subtropical
high-pressure
belts Belts of
persistent high
atmospheric pres-

Hadley cell
Low-latitude
atmospheric circula-
tion cell with rising
air over the equator-
ial trough and
sinking air over the
subtropical high-
pressure belts.

the equator is heated more
strongly by the Sun than other
places, creating convection loops.
Air rises over the equator and is
drawn poleward by the pressure
gradient. But as the air moves
poleward, the Coriolis force turns
it westward, so it eventually de-
scends at about a 30° latitude,
completing the convection loop.
This is a Hadley cell.
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sure centered at
about lat. 30° N
and S.

pressure belts, each centered
at about 30° latitude. Two,
three, or four very large and sta-
ble anticyclones form within
these belts. At the centers of these anticyclones, air de-
scends and winds are weak. The air is calm as much as
one-quarter of the time.

Winds around the subtropical high-pressure cen-
ters spiral outward and move toward equatorial as well
as middle latitudes. The winds moving equatorward are
the dependable trade winds that drove the sailing ships
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of merchant traders. North of the equator, they blow
from the northeast and are called the northeast trade
winds. South of the equator, they blow from the south-
east and are the southeast trades. Poleward of the sub-
tropical highs, air spirals outward, producing
southwesterly winds in the northern hemisphere and
northwesterly winds in the southern hemisphere.
Between about 30° and 60° latitude, the pressure
and wind patterns become more complex. This is a
zone of conflict between air bodies with different char-
acteristics—masses of cool, dry air move into the re-
gion, heading eastward and
Polar front
Front lying between
cold polar air masses
and warm tropical

air masses.

equatorward along a border
known as the polar front. This
results in highly variable pres-
sures and winds.

So far we’ve looked at wind
and pressure patterns for a sea-
sonless, featureless Earth. Let’s turn now to actual
global surface wind and pressure patterns.

When the Hawaiian and Azores highs intensify and
move northward in the summer, the east and west

coasts of North America feel their effects. On the west
coast, dry, descending air from the Hawaiian High
dominates, so fair weather and rainless conditions pre-
vail. On the east coast, air from the Azores High flows
across the continent from the southeast. These winds
travel long distances across warm, tropical ocean sur-
faces before reaching land, picking up moisture and
heat. So they generally produce hot, humid weather for
the central and eastern United States. In winter, these
two anticyclones weaken and move to the south—Ileav-
ing North America’s weather to the mercy of colder
winds and air masses from the north and west.

ITCZ AND THE MONSOON CIRCULATION

We’ve seen that insolation is most intense when the Sun
is directly overhead, and the latitude at which the Sun
is directly overhead changes with the seasons. Since this
heating drives the Hadley cell circulation, the ITCZ and
subtropical high-pressure belts also shift with the sea-
sons (FIGURE 5.14). We have already noted this
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shift for the Hawaiian and Azores Highs, which inten- =~ There is also a huge shift of about 40° of latitude in Asia

sify and move northward as July approaches. that you can see by comparing the two Mercator maps
The ITCZ also shifts with the seasons. The shiftis of FIGURE 5.14c.
moderate in the western hemisphere, with the ITCZ Why does such a large shift occur? In January, an

moving a few degrees north from January to July over  intense high-pressure system, the Siberian high, is
the oceans. In South America, the ITCZ lies across the = found over Asia. Winter temperatures in northern Asia
Amazon in January and swings northward by about 20°.  are very cold, so this high pressure is to be expected. In

Atmospheric pressure maps—Mercator FIGure 5.14

These global maps show average sea-level pressures and winds for daily observations in either January or July. Average barometric
pressure is 1013 mb (29.2 in. Hg). Values greater than this are “high” and are shown in red, while lower values are “low” and are
shown in green. Pressure units are millibars reduced to sea level.
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[E Seasonal shift in the ITCZ. There is a huge shift in Africa and Asia that you can see by
comparing the two maps. In January, the ITCZ runs south across eastern Africa and
crosses the Indian Ocean to northern Australia at a latitude of about 15°S. In July, it
swings north across Africa along the south rim of the Himalayas, in India, at a latitude of
about 25° N—a shift of about 40 degrees of latitude!



July, this high-pressure center has disappeared, re-
placed by a low centered over the Middle Eastern
desert region. The Asiatic low is produced by the in-
tense summer heating of the landscape.

The movement of the ITCZ and the change in the
pressure pattern with the seasons create a reversing
wind pattern in Asia known as the monsoon (FIGURE
5.15). In the winter, there is a strong outflow of dry,

continental air from the north across China, South-
east Asia, India, and the Middle East. During this win-

68

N

o
JANUARY

ter monsoon, dry conditions prevail. In the summer,
warm, humid air from the Indian Ocean and the
southwestern Pacific moves northward and northwest-
ward into Asia.

In North America during summer, warm, moist air
from the Gulf of Mexico tends to move northward
across the central and eastern United States. In winter,
the air flow across North America generally reverses,
and dry, continental air from Canada moves south and
eastward.

Asian monsoon FIGURE 5.15

A Monsoon rains Heavy mon-
soon rains turn streets into
canals in Delhi, India.

60°

45°

30°

m 3 A 15°
. 1008 ‘v."‘h v 7

0°

JULY

B Monsoon wind patterns The Asiatic monsoon winds alternate in direction from January to July,
responding to reversals of barometric pressure over the large continent.
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WIND AND PRESSURE FEATURES The southern hemisphere has a large ocean with a
OF HIGHER LATITUDES cold, ice-covered continent at the center. These

differing land—water patterns strongly influence the
The northern hemisphere has two large continental = development of high- and low-pressure centers with the
masses separated by oceans, and an ocean at the pole. = seasons (FIGURE 5.16).

Atmospheric pressure maps—Polar Ficure 5.16

These global maps show average sea-level pressure and wind for daily observations in January and July. Values greater than av-
erage barometric pressure are shown in red, while lower values are in green.

A January In northern
hemisphere winter, air
spirals outward from the
strong Siberian high and
its weaker cousin, the
Canadian high. The Ice-
landic low and Aleutian
low spawn winter storm
systems that move
southward and eastward
on to the continents. In
the southern hemi-
sphere summer, air con-
verges toward a narrow
low pressure belt around
the south polar high.

B July In northern hemi-
sphere summer, the conti-
nents show generally
low-surface pressure, while
high pressure builds over the
oceans. The strong Asiatic
low brings warm, moist In-
dian Ocean air over India and
Southeast Asia. A weaker
low forms over the deserts
of the southwestern United
States and northwestern
Mexico. Outspiraling winds
from the Hawaiian and
Azores highs keep the west
coasts of North America and
Europe warm and dry, and
the east coasts of North
America and Asia warm and
moist. In the southern hemi-
sphere winter, the pattern is
little different from winter, al-
though pressure gradients

In 29.4 295 29.6 29.7 29.8 29.9 30.0 30.1 30.2 30.3 30.4 30.5 30.6 30.7 30.8 30.9 31.0 31.1 31.2 are stronger.

In 28.0 28.1 28.2 28.3 284 285 286 28.7 288 289 29.0 29.1 29.2 29.3 294 29.5 29.6 29.7 29.8




Continents are colder in winter and warmer in sum-
mer than oceans at the same latitude. We know that
cold air is associated with surface high pressure and
warm air with surface low pressure. So, continents have
high pressure in winter and low pressure in summer.

The higher latitudes of the southern hemisphere
have a polar continent surrounded by a large ocean.
There is a permanent anticyclone—the South Polar
high—centered over Antarctica because the continent
is covered by ice and is always cold. Easterly winds spiral
outward from the high-pressure center. Surrounding
the high is a band of deep low pressure, with strong, in-
ward-spiraling westerly winds. As early mariners sailed

Winds Aloft

Explain how pressure gradients develop at upper levels.

Discuss the geostrophic wind.

e’ve looked at air flows at or near the

Earth’s surface, including both local

and global wind patterns. But how

does air move at the higher levels of
the troposphere? Like air near the surface, winds at
upper levels of the atmosphere move in response to
pressure gradients and are influenced by the Coriolis
effect.

900 - Pressure gradient force

southward, they encountered this band, where wind
strength intensifies toward the pole. Because of the
strong prevailing westerlies, they named these southern
latitudes the “roaring forties,” “flying fifties,” and
“screaming sixties.”

CONCEPT CHECK

What are

subtropical high-
pressure belts?

HOW do Hadley cells develop?

What is the itcz2

Show how Rossby waves develop and grow.

Define jet streams.

How do pressure gradients arise at upper levels?
There is a simple physical principle that states that pres-
sure decreases less rapidly with height in warmer air
than in colder air. Also recall that the solar energy in-
put is greatest near the equator and least near the
poles, resulting in a temperature gradient from the
equator to the poles. This gives rise to a pressure gradi-
ent (FIGURE 5.17).

Upper-air pressure gradient
FIGURE 5.17

The isobaric surfaces in this upper-air
pressure gradient map slope downward
from the low latitudes to the pole, creat-
ing a pressure gradient force. Because the
atmosphere is warmer near the equator
than at the poles, a pressure gradient
force pushes air poleward. The pressure

__________________ 950 mb
950 mbHs gradient force increases with altitude,
| | bringing strong winds at high altitudes.
X Y
90° latitude 30° latitude
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THE GEOSTROPHIC WIND

How does a pressure gradient force pushing poleward
produce wind, and what will the wind direction be? Any
wind motion is subject to the Coriolis force, which turns
it to the right in the northern hemisphere and to the
left in the southern hemisphere. So, poleward air mo-
tion is toward the east, creating west winds in both
hemispheres.

Unlike air moving close to the surface, an upper air
parcel moves without a friction force because it is so far
from the source of friction—the surface. So, there are
only two forces on the air parcel—the pressure gradi-
ent force and the Coriolis force.

Imagine a parcel of air, as shown in FIGURE 5.1 8.
The air parcel begins to move poleward in response to
the pressure gradient force. As it accelerates, the Corio-
lis force pulls it increasingly toward the right. As its ve-
locity increases, the parcel turns increasingly rightward
until the Coriolis force just balances the gradient force.

At that point, the sum of forces

. on the parcel is zero, so its speed
Geostrophic p p

wind Wind at high
levels above the
Earth’s surface blow-
ing parallel with a
system of straight,
parallel isobars.

and direction remain constant.
We call this type of air flow the
geostrophic wind. It occurs at
upper levels in the atmosphere,
and we can see from the diagram
that it flows parallel to the
isobars.

GLOBAL CIRCULATION
AT UPPER LEVELS

FIGURE 5.1 9 sketches the general air-flow pattern at
higher levels in the troposphere. It has four major
features—weak equatorial easterlies, tropical high-
pressure belts, upper-air westerlies, and a polar low.
We’ve seen that the general temperature gradient from
the tropics to the poles creates a pressure gradient force
that generates westerly winds in the upper atmosphere.
These upper-air westerlies blow in a complete circuit
about the Earth, from about 25° lat. almost to the poles,
often undulating from their westerly track.

So, the overall picture of upper-air wind patterns is
really quite simple—a band of weak easterly winds in
the equatorial zone, belts of high pressure near the
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Geostrophic wind Ficure 5.18

Direction
of motion
Low L. High
Coriolis
force
Isobar/

A At upper levels in the atmosphere, a parcel of air is sub-
jected to a pressure gradient force and a Coriolis force.

Ge:ostrophic \INind
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B The parcel of air moves in response to a pressure
gradient. At the same time it is turned progressively
sideward until the pressure gradient force and Coriolis
force balance, producing the geostrophic wind.

Tropics of Cancer and Capricorn, and westerly winds,
with some variation in direction, spiraling around po-
lar lows.



Global upper-level winds Ficure 5.19

A Polar low At high latitudes the westerlies form a huge circumpolar
spiral, circling a great polar low-pressure center.

B Upper-air westerlies In this generalized plan of global winds high
in the troposphere, strong west winds dominate the mid- and high-
latitude circulation. They often sweep to the north or south around
centers of high and low pressure aloft.

C Tropical high-pressure belt Toward lower latitudes, atmospheric
pressure rises steadily, forming a tropical high-pressure belt at 15°

to 20°N and S lat. This high-altitude part of the surface subtropical
high-pressure belt is shifted equatorward.

D Equatorial easterlies In the equatorial region, there is a zone of low
pressure between the high-pressure ridges in which the winds are light but
generally easterly. These winds are called the equatorial easterlies.

ROSSBY WAVES, JET STREAMS, Rossby waves. The waves arise in the zone where cold
AND THE POLAR FRONT polar air meets warm tropical air, called the polar front.

About three to seven Rossby waves arise here. FIGURE

.

When the upper-air westerlies  5.20 describes their formation cycle. Rossby waves are
Rossby waves

Horizontal undula-
tions in the flow path
of the upper-wester-

undulate from their smooth west-  the reason weather in the midlatitudes is often so vari-
erly flow, they frequently create  able, because they cause pools of warm, moist air and

lies; alsg known as Rossby waves Fisure 5.20 www.wiley.com/
upper-air waves. college/strahler

Rossby waves form in the westerlies of the northern hemisphere, marking the boundary

between cold polar air and warm tropical air.

B As the undulation
becomes stronger,
Rossby waves begin
to form. Warm air
pushes poleward,
while cold air is
brought to the south.

A The flow of air Jet axis
along the front will be
fairly smooth for sev-
eral days or weeks,
but then it will begin
to undulate. Warm tropical air

C The waves become
stronger and more de-
veloped. A tongue of
cold air is brought to
the south as warm air
is carried northward.

D Eventually, the
tongue is pinched off
leaving a pool of cold
air at a latitude far
south of its original lo-
cation. The waves
form cyclones of cold
air, which can persist
for some days or a
week.
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cold, dry air to alternately in-

Jet streams vade midlatitude land masses.

High-speed air flow Jet streams are
in narrow bands

within the upper-air
westerlies and along
certain other global
latitude zones at
high levels.

wind
streams that reach great speeds
in narrow zones at a high alti-
tude. They occur where atmos-
pheric pressure gradients are
strong. Along a jet stream, the
air moves

in pulses along

Jet streams FicurE 5.2 1

.
Circumpolar low

Westerlies

Polar jet stream

Subtropical
— jet stream

30° s
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easterly
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o
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.

Polar jet stream

Circumpolar low

A Upper-level circulation cross section A schematic diagram
of wind directions and jet streams along an average meridian
from pole to pole. The four polar and subtropical jets are west-
erly in direction, in contrast to the single tropical easterly jet.
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broadly curving tracks. The greatest wind speeds occur
in the center of the jet stream, with velocities decreas-
ing away from it.

There are three kinds of jet streams. Two are west-
erly streams, and the third is a weaker jet with easterly
winds that develops in Asia as part of the summer mon-
soon circulation. These are shown in FIGURE 5.2 1A.
The most poleward type of jet stream is located along
the polar front. It is called the polar-front jet stream (or
simply the “polar jet”) (FIGURE 5.2 18B).

The polar jet is generally located between 35° and
65° latitude in both hemispheres. It follows the edges
of Rossby waves at the boundary between cold polar air
and warm subtropical air. It is typically found at alti-
tudes of 10 to 12 km (about 30,000 to 40,000 ft), and
wind speeds in the jet range from 75 to as much as 125
m/s (about 170 to 280 mi/hr).

The subtropical jet stream occurs at the tropo-
pause, just above subtropical high-pressure cells in the
northern and southern hemispheres. There, westerly
wind speeds can reach 100 to 110 m/s (about 215 to
240 mph), associated with the increase in velocity that
occurs as an air parcel moves poleward from the
equator.

The tropical easterly jet stream occurs at even lower
latitudes. It runs from east to west—opposite in direc-
tion to that of the polar-front and subtropical jet
streams. The tropical easterly jet occurs only in summer
and is limited to a northern hemisphere location over
Southeast Asia, India, and Africa.

B Polar jet stream The polar jet stream is shown on this
map by lines of equal wind speed.



Jet stream clouds

The white areas (A) are wind-blown sandsheets, while the medium tones are weathered rock
materials that have not been carried as far by wind or water from their origin. Ranges of hills
and low mountains (B) appear darker due to a sparse vegetation cover. The overall blue tint is
produced by atmospheric scattering, which is more intense in the blue region of the spectrum.
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In this space photo, the astronauts aimed their camera to take in the Nile River Valley and the Red Sea. At the left you can see
the tip of the Sinai Peninsula. They also captured a beautiful band of cirrus clouds, at about 25° N lat. A geographer would
identify this as a band of jet stream clouds that occur on the equatorward side of the jet. The jet stream is moving from west
to east at an altitude of about 12 km (40,000 ft).

CONCEPT CHECK

What s the Why are Rossby waves

geostrophic wind? important?

Where do Rossby What are jet streams?

waves develop?
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Ocean Currents

Describe ocean currents and why they Explain the general features of global Explain El Nifio and La Nifia ocean
occur. surface current patterns. current changes in the Pacific.

ust as there is a circulation pattern to the
atmosphere, there is also a circulation
pattern to the oceans that it is driven by
differences in density and pressure act-
ing along with the Coriolis force. Pres-
sure differences are created in the water when the ocean

January ocean currents FIGURE 5.22

Surface drifts and currents of the oceans in January.

is heated unequally, because warm water is less dense
than cold water. These pressure differences induce the
water to flow. Saltier water is also more dense than less
salty water, so differences in salinity can also cause pres-
sure differences. The force of wind on the surface water
also creates oceanic circulation.

Cold currents flow equatorward. In the Warm poleward currents. In the North Atlantic drift. West-wind drift
northern hemisphere, where the polar sea equatorial region, ocean currents flow water also moves poleward to join arctic
is largely land-locked, cold currents flow westward, pushed by northeast and and antarctic circulations. In the
equatorward along the east sides of southeast trade winds. As they approach northeastern Atlantic Ocean, the west-
continents. Two examples are the land, these currents are turned poleward. wind drift forms a relatively warm
Kamchatka Current, which flows southward Examples are the Gulf Stream of eastern current. This is the North Atlantic Drift,
along the Asian coast across from Alaska, North America and the Kuroshio Current which spreads around the British Isles,
and the Labrador Current, which flows of Japan. into the North Sea, and along the

between Labrador and Greenland to reach
the coasts of Newfoundland, Nova Scotia,
and New England.

Norwegian coast. The Russian port of
Murmansk, on the Arctic circle, remains
ice-free year round because of the warm

Y \\

Kamchatka i
current aska
vazl

Js<__current 27
~

California
current

r ———
‘1%\. e — = N. Equatorial current <——— «—— [

= g

—

Surface drifts

¥~ North Atlantic and currents
dri of the oceans

o
A,J January conditions based
/;—‘3 on 30-year record after

U.S. Navy Oceanographic Office

A0

Warm currents ———»
Cool currents  ——»

N /\-/1 B
S
\ P daraad Eq.c ({

V)
N

g
?%i\:{»/ ‘; — Eq. countercurrent — Q\-»

'
=-%\J e — Equat = /4
o N g ‘,—//‘/"/_—S’.Equatorial current »\K o B!r7a> S. Eq. C‘\\\RF”DHFIZ {'Q( (\ ( & )\%Bz:

Cib

Tropic of Capr\com

N e T o

. ) ey umbol 20
o (C N “%Hﬂ“ctﬁw<§\>

O\ FalkJand™~—"——
_\\\ \\\’ 2 gean Westwmm
West wind drift //M
60°

W\

West-wind drift. The west-wind drift is a Circumpolar current. The strong west Upwelling. The equatorward flows are

slow eastward motion of water in the zone  winds around Antarctica produce an cool currents, often accompanied by

of westerly winds. As west-wind drift Antarctic circumpolar current of cold upwelling along the continental margins.

waters approach the western sides of the water. Some of this flow branches In this process, colder water from greater

continents, they are deflected equatorward along the west coast of depths rises to the surface. Examples are

equatorward along the coast. South America, adding to the Humboldt the Humboldt (or Peru) Current, off the
Current. coast of Chile and Peru, the Benguela

Current, off the coast of southern Africa,
and the California Current.



Ocean current
Persistent, domi-
nantly horizontal

An ocean current is any per-
sistent, dominantly horizontal
flow of ocean water. Current sys-

flow of water. tems exchange heat between low
and high latitudes and are essen-
tial in sustaining the global energy balance. Surface
currents are driven by prevailing winds, while deep cur-
rents are powered by changes in temperature and den-
sity in surface waters that cause them to sink.

In surface currents, energy is transferred from the
prevailing surface wind to water by the friction of the
air blowing over the water surface. Because of the Cori-
olis effect, the actual direction of water drift is deflected
about 45° from the direction of the driving wind. Fis-
URE 5.2 2 presents a world map of surface ocean cur-
rents for the month of January.

El Nino-ENSO FicureE 5.23

CURRENT PATTERNS

A dramatic phenomenon of ocean-surface currents is
El Nivio, which we met in the chapter opener. During an
El Nino event, Pacific surface currents shift into a char-
acteristic pattern. Pacific upwelling along the Peruvian
coast ceases, trade winds weaken, and a weak equatorial
eastward current develops. Precipitation patterns
change across the globe, bringing floods to some re-
gions and droughts to others. In contrast to EI Nino is
La Nivia, in which normal Peruvian coastal upwelling is
enhanced, trade winds strengthen, and cool water is
carried far westward in an equatorial plume. FIGURE
5.2 3 shows sea-surface temperature observed during
the El Nino Southern Oscillation, or ENSO.

~ B ENSO-driven warmer waters off

. f‘"' ‘ [ Drier

: . [ wetter

60°S [ Cooler
. s~ , [ ] warmer
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0 1000 2000 Kilometers o p - —

western South America.

A EI Nifo—ENSO events drastically alter the climate, even in many areas far from the Pacific
Ocean. As a result, some areas are drier, some wetter, some cooler, and some warmer than

usual. Typically, northern areas of the contiguous United States are warmer during the winter,

whereas southern areas are cooler and wetter.

CONCEPT CHECK

HOW are pressure

differences created in
ocean water?

HOW do €I Nifio and La Nifia
conditions affect Peruvian coastal
upwelling and trade winds?

Ocean Currents
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OCEAN CURRENTS

The atmosphere and oceans exchange heat, fresh water, momentum, and gases. While the atmosphere changes
rapidly, the world ocean changes more slowly because of its vast bulk. On land, we feel the fast and slow changes of
the atmosphere—ocean system as weather and climate.

P> Ocean circulation

Ocean circulation is the large-scale
movement of oceanic waters. Warm
surface waters in the tropics gener-
ally move poleward, losing heat on
route. They sink at higher latitudes,
flow equatorward, and eventually
upwell to the surface to complete
the circuit. Ocean circulation also
carries waters across different
basins, redistributing heat
geographically.

Pacific
Ocean

Tom!

%

Ocean circulation

== Warmer than 3.5°C (38.3°F) @ Sinking
== 1°C-3.5°C © Uupwelling
== Cooler than 1°C

A Ocean topography and Ekman drlft Departure from mean sea level (in meters)
i . L] L —
The speed and direction of ocean currents can be edie 26 24 55 90w e 14 02 00 V& e 03 U2 GO 07 04 06 UG 10 12

computed from small variations in the height of the sea surface. These satellite-de-
rived images depict a ten-year average of the shape of the changing ocean sur-

face. The undulations range over a few meters in height, and flow occurs along the
color contours. The white arrows show ocean velocity caused exclusively by the
effect of wind on the top layer of the ocean, which is called the Ekman Drift.

P> Pacific Decadal Oscillation
The Pacific Decadal Oscillation (PDO) is a long-lived
climate pattern of Pacific Ocean temperatures. The

extreme warm or cool phases can last for as long :
NATIONAL as two decades. Ocean temperatures suggest a re- Pacitie

GEOGRAPH'C versal to cool PDO conditions in 1998. N ] -Omn
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SEA SURFACE TEMPERATURE

Because the heat-holding capacity of water is so high, sea surface temperature has
an important effect on both weather and climate. Slow changes in ocean-
atmosphere systems, such as El Nino, the North Atlantic Oscillation, and the Pacific
Decadal Oscillation, can be felt in climate cycles over many years.

<« Sea-surface temperature

While ocean temperatures are gener-
ally warm near the equator and cold
at high latitudes, winds and currents
distort this simple picture. Thus, the
western equatorial Pacific is warmer
than the eastern half, and warm
equatorial currents move poleward
in the form of major ocean currents
such as the Gulf Stream.

Sea surface temperature (°C) i
wn

' ¥ N O M O T NO ©®WSENO®O T N O -
MMM NNNNN- - - - « .

W North Atlantic Oscillation

The weather of northern Europe has dramatic swings every
5-10 years in connection with the North Atlantic Oscillation.
When the air pressure over Portugal becomes larger than that

WV El Nifio-La Nifia over Iceland, the westerly wind in the Atlantic becomes

El Nifio is the appearance of warm water in the eastern equator- stronger and brings warm and wet marine air to northern Eu-
ial Pacific (left) near Christmas time. El Nifio is often followed by rope for a mild winter. The opposite brings a colder and drier
La Nifia, characterized by cold ocean temperatures across the winter. The extreme warm or cool phases can last for as long as
equatorial Pacific. These local ocean properties are connected two decades. Ocean temperatures suggest a reversal to cool

to global changes in atmospheric patterns. PDO conditions in 1998.

Atlantic
Ocean

Pacific
Ocean

South
Pacific
Ocean
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What is happening in this picture

This striking image, acquired by a
NASA satellite, shows land- and
sea-surface temperature for a
week in April. The eastern coast of
North America is on the left, with
the Atlantic Ocean on the right.
The color scale ranges from deep
red (hot) to violet (cold). The Gulf
Stream, bringing warm waters
northward, stands out as a tongue
of red and yellow, extending from
the Caribbean along the coasts of
Florida and the Carolinas. Can you
pick out the tip of the Labrador
current, bringing cold water

southward?

Looking at the land, note the pur-
ple colors of the northern Great
Lakes. What might this indicate?

Atmospheric Local Wind
Pressure Patterns
1. The term atmospheric pressure de- 1. Air motion is produced by pressure gra-
scribes the weight of air pressing on a dients. Local winds are generated by lo-
unit of surface area. Atmospheric pres- cal pressure gradients.

sure is measured using a barometer. ) L
2. Pressure gradients form when air is un-

2. Atmospheric pressure decreases rapidly evenly heated, creating convection
as altitude increases. loops.

3. Sea and land breezes are examples of
convection loops formed from unequal
heating and cooling of land and water
surfaces. Mountain and valley winds,
Santa Ana, and chinooks are other ex-
amples of local winds.
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3 Cyclones 4 Global Wind
and Anticyclones and Pressure Patterns

Northern hemisphere

1. The Earth’s rotation creates the Cyclones Anticyclones 1. Hadley cells develop because the equa-
Coriolis effect. R torial and tropical regions are heated
= more intensely than the higher
2. The Coriolis force deflects wind \ \ latitudes
motion, making air spiral around (
cyclones (centers of low pres- N ~__ A / 2. These loops drive the northeast and
sure and convergence) and anti- Proaire S southeast trade winds, the convergence
cyclones (centers of high O ot gradient o rsoiral and lifting of air at the intertropical con-
ounterclockwise Inspira OckKwise outspira
pressure and divergence). P P vergence zone (ITCZ), and the sinking
and divergence of air in the subtropical
Wind Q_ V/ high-pressure belts.
Inas Polar
Low )
Aloft \\ o o
/—‘
1. Winds in the atmosphere are dominated by a \ b{?{}» T N
global pressure gradient force («(« /))L/
between the tropics and pole in each \ (’(‘\ %‘\ Wei‘f{is k\;,///
hemisphere. \\\\’9‘3\_})%\_' ~ —d Y
Drescsa’rhigi% ==
2. The global pressure gradient force \\ %’07:'/\[7%“ e( High E/;f
and the Coriolis force generate strong \‘{\V\‘\%S::I'ES ~—
westerly geostrophic winds in the upper air. ;/\ = 4——05/
e SN

3. Rossby waves develop in the upper-air westerlies, bringing
cold, polar air equatorward and warmer air poleward. The polar-front and subtropical
jet streams are concentrated westerly wind streams with high wind speeds.

Ocean
Currents

1. Equatorial currents move warm water westward and then poleward along the east
coasts of continents. Return flows bring cold water equatorward along the west coasts
of continents.

2. El Nifio events occur on a three- to eight-year cycle when an unusual flow of warm water
in the equatorial Pacific moves eastward to the coasts of Central and South America,
suppressing the normal northward flow of the Humboldt Current. Upwelling along the
Peruvian coast is greatly reduced.

B atmospheric pressure p. 126 B Coriolis effect p. 132 H intertropical convergence B geostrophic wind p. 140
B barometer p. 126 H cyclone p. 133 zone (ITCZ) p. 134 B Rossby waves p. 141

M isobars p. 129 B anticyclone p. 133 B subtropical high-pressure B jet streams p. 142

B pressure gradient p. 129 B Hadley cell p. 134 belts p. 134 B ocean current p. 145

B convection loop p. 130 B polar front p. 135

Key Terms 149



1. What is atmospheric pressure? Why does it occur? How is at-
mospheric pressure measured, and in what units? What is the
normal value of atmospheric pressure at sea level? How does
atmospheric pressure change with altitude?

2. Describe a simple convective wind system. In your answer, ex-
plain how air motion arises.

3. How do land and sea breezes form? How do they illustrate the
concepts of pressure gradient and convection loop?

4. Define cyclone and anticyclone. What type of weather is associ-
ated with each and why? Draw four spiral patterns showing out-
ward and inward flow in clockwise and counterclockwise
directions. Explain why different diagrams are needed for the
northern and southern hemispheres.

5. What is the Asian monsoon? What are its features in summer
and winter? How is the ITCZ involved? How is the monsoon cir-
culation related to seasonal high- and low-pressure centers
in Asia?

6. On the ideal Earth illustration to the right (without seasons or
ocean-continent features) sketch the global wind system. Label

1. A barometer is an instrument used to measure

air pressure

hydraulic pressure

tectonic pressure at earthquake fault zones
glacial compression under ice sheets

a n oo

2. As an individual moves higher in elevation, the

a. easier itis to breathe because the air is cleaner

b. easier it is to breathe because the air is thinner

c. harderitis to breathe because the air molecules are closer
together

d. harder it is to breathe because the air is thinner

3. The boiling point of water lowers as one goes higher in eleva-
tion because
a. water is less dense at hlgher elevations
b. airis denser at higher elevations
c. air pressure is less at higher elevations
d. upward water pressure is much greater

150 ecHAPTER 5 Winds and Global Circulation

the following on your sketch: dol- = :‘\\\

drums, equatorial trough, = LL\ E\ ,\L N )\ \\

Hadley cell, ITCZ, northeast “ N\ ) \\\ )=
. w fre -////, / /

trades, polar easterlies, 7 ; (

polar front, polar out- /,’/// e \j/

break, southeast trades, ~ |--—.___ <. - __/_,_//

\\ SO\ S NN

subtropical high-pressure U
J
~ \\‘-\\ NN\ ‘\}

belts, and westerlies.

7. Compare the winter and QA\\\ p \\\‘\‘
. -~ AN >/
summer patterns of high and SEAVANAY) 4
low pressure that develop in the = T\ ;//(— -

northern hemisphere with those that de-
velop in the southern hemisphere.

8. An airline pilot is planning a nonstop flight from Los Angeles to
Sydney, Australia. What general wind conditions can the pilot
expect to find in the upper atmosphere as the airplane travels?
What jet streams will be encountered? Will they slow or speed
the aircraft on its way?

9. What is the general pattern of ocean-surface current circula-
tion? How is it related to global wind patterns?

4. The map shows isobars over Wichita and Columbus. Label the
high- and low-pressure centers and draw an arrow showing the
direction of the pressure gradient.

1010 1088 Columbus

997 mb
(29.4 in. Hg)

5. A land breeze generally occurs
a. at night, when the land cools below the surface temperature
of the sea
b. when strong winds blow in from the sea over the land
only during certain restricted seasons
d. during the day when the land heats above the surface tem-
perature of the sea

Q



6. A parcel of air at the surface is subjected to three forces and 11. The movement of the ITCZ and the change in the pressure pat-

the balance among the pressure gradient, Coriolis, and tern with the seasons create a reversing wind pattern in Asia
forces determines the direction of motion of known as the , Where cool-dry air flow from
the parcel of air. the northeast dominates during the low-Sun season and warm-
a. gravitational c. centrifugal moist air flow from the southwest dominates during the high-
b. frictional d. divergent Sun season.
a. northeast trades €. monsoon
7. The Corioliseffectis _____. b. southeast trades d. westerlies
a. aresult of the Earth’s rotation from east to west
b. a result of the Earth’s rotation from the west to the east and 12. At upper levels in the atmosphere, as a parcel of air moves in
causes objects to curve to the right in the northern response to a pressure gradient, it is turned progressively side-
hemisphere ward until the gradient and Coriolis forces balance to produce
c. aresult of the Earth’s rotation from the west to the east and the .
causes objects to curve to the left in the northern a. geostrophic wind c. upper-air westerlies
hemisphere b. tropospheric wind d. equatorial easterlies

d. unrelated to other physical phenomena on the Earth
13. Jet streams are

8. The diagram shows the motion of air in cyclones and anticy- a. narrow zones at a high altitude in

clones. Identify which figures represent: (a) a northern hemi- which wind streams reach great
sphere anticyclone, (b) a southern hemisphere anticyclone, speeds over the speed of sound
(c) a northern hemisphere cyclone, and (d) a southern hemi- b. narrow zones at a high altitude in
sphere cyclone. which wind streams sometimes reach
speeds of over 150 miles per hour
c. rivers of wind that only exist along
AN the equator and travel at fairly high velocities
\\ \\ d. well known for shredding aircraft when they inadvertently
( ) ) enter them
N e / 14. The diagram shows the formation of Rossby waves in the upper
Z?ZZS.SL? .. atmosphere. Label (a) the jet axis, (b) the regions of high pres-
Counterclockwise inspiral Clockwise outspiral sure, (c) the regions of low pressure, and (d) the newly formed
cyclones.

Clockwise inspiral Counterclockwise outspiral

9. Cloudy and rainy weather is often associated with the inward
and upward convergence of air within
a. anticyclones c. warm fronts
b. cold fronts d. cyclones

15. El Nifio is the name given to the warm phase of an effect associ-
ated with the reversal of .
a. ocean currents in the northern hemisphere
b. ocean currents in the southern ocean
c. wind flow patterns along the ITCZ
d. ocean currents in the southern Pacific Ocean.

10. In the Hadley cell convection loop, air rises at the ITCZ and de-
scends in the
a. polar high-pressure cells

subpolar low-pressure cells

subtropical high-pressure cells

polar low-pressure cells

ao0co
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Weather Systems

round 4 a.m. all hell broke loose. | have

experienced severe storms with winds
in excess of 75 m.p.h., but these gusts were blow-
ing at well over 140 m.p.h. By now only an occa-
sional thud—some building collapsing or losing a
roof—would punctuate the noise. Windows from
the surrounding buildings imploded, scattering
glass everywhere. | looked down at my arm and
saw blood, not knowing when I'd been cut. . . .

“My senses were on red alert . . . Everything |
see, hear, feel—even taste—goes by so quickly
that my mind simply slows it all down to preserve
rational thought. The alternative is sheer panic.

“The infamous ‘hurricane wail’ people talk
about is in many ways unreal—‘the scream of the
devil,” Steve and | agreed. The piercing sound
alone is wicked enough, but mixed with breaking
glass and crashing debris, it rattled me inside. |
will never forget that sound. . . . For more than
five hours Andrew pounded the garage and the
rest of South Florida with everything it had. As
the building shook and the storm raged all
around, | felt as though | was inside a tornado and
riding an earthquake at the same time.”*

Those were the words of veteran storm-
chaser Warren Faidley, who decided to ride out
the storm as Hurricane Andrew lashed the coast
of South Florida on August 23, 1992, with his
friends Steve and Mike. Since then we have seen
the devastation wrought by hurricanes such as
Katrina, with damage at over $100 billion. Such
events remind us that we are still at the mercy of
the weather.

*From Weatherwise, vol. 45, no. 6, Copyright © Warren
Faidley. Used by permission.
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Homestead, Florida after Hurricane Andrew.
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Air Masses

Define air mass.
Explain how air masses are classified.

Describe cold, warm, and occluded fronts.

eather systems are often associated
with the motion of air masses—large
bodies of air with fairly uniform tem-
perature and moisture characteristics.
An air mass can be several thousand kilometers or miles
across and can extend upward to the top of the tropos-
phere. We characterize each air

h Air mass

mass by its surface temperature,
Extensive body of air environmental temperature lapse
in which tempera-
ture and moisture
characteristics are
fairly uniform over a

large area.

rate, and surface-specific humid-
ity. Air masses can be searing
hot, icy cold, or any temperature
in between. Moisture content
can also vary wildly between dif-

ferent air masses.

Air masses pick up their temperature and moisture
characteristics in source regions, where the air moves
slowly or stagnates. FIGURE 6.1 gives an example of
how air masses can acquire different features over dif-
ferent parts of the globe.

Pressure gradients and upper-level wind patterns
drive air masses from one region to another. When an
air mass moves to a new area, its properties will change
because it is influenced by the new surface environ-
ment. For example, the air mass may lose heat or take
up water vapor.

We classify air masses by their latitude and by their
source regions. Their latitudinal position is important
because it determines the surface temperature and
the environmental temperature lapse rate of the air
mass. The nature of the underlying surface—conti-
nent or ocean—usually determines the moisture con-
tent. These latitudinal classifications are shown in
FIGURE 6.2.

Combining the two types of labels described in
FIGURE 6.2 produces a list of six important types of
air masses: maritime equatorial (mE), maritime tropi-
cal (mT), continental tropical (cT), maritime polar

Source regions
FIGURE 6.1

An air mass with warm temper-
atures and a high water vapor
content develops over warm
equatorial oceans. Aldabra Is-
land group, Seychelles.
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Global air masses and source regions FIGURE 6.2

In the center of the figure we have an idealized continent, which produces continental (c) air masses.

0°

Air Mass Symbol Source region

Arctic A Arctic Ocean and fringing lands

Antarctic AA Antarctica

Polar P Continents and oceans, lat. 50-60° N and S
Tropical T Continents and oceans, lat. 20-35° N and S
Equatorial E Oceans close to equator

We also use two subdivisions to specify the type of underlying surface:

Air Mass Symbol Source region
Maritime m Oceans
Continental c Continents

www.wiley.com/

college/strahler

It is surrounded by oceans, producing maritime air masses (m). Tropical (T) and equatorial (E) source
regions provide warm or hot air masses, while polar (P), arctic (A), and antarctic (AA) source regions
provide colder air masses of low specific humidity. Polar air masses (mP, cP) originate in the subarctic
latitude zone, not in the polar latitude zone. Meteorologists use the word “polar” to describe air
masses from the subarctic and subantarctic zones, and we will follow their usage when referring to

air masses.

(mP), continental arctic (cA), and continental antarc-
tic (cAA). Air mass temperature can range from —46°C
(—b1°F) for cA air masses to 27°C (81°F) for mE. Spe-
cific humidity of an air mass can range from 0.1 g/kg
for the cA air mass to as much as 19 g/kg for the mE
air mass. In other words, maritime equatorial air can
hold about 200 times as much moisture as continental
arctic air.

The maritime tropical air mass (mT) and maritime
equatorial air mass (mE) originate over warm oceans in
the tropical and equatorial zones. They are quite simi-
lar in temperature and water vapor content. With their
high values of specific humidity, both can produce
heavy precipitation. The continental tropical air mass
(cT) has its source region over subtropical deserts of

the continents. Although this air mass may have a sub-
stantial water vapor content, it tends to be stable and
has low relative humidity when heated strongly during
the daytime.

The maritime polar air mass (mP) originates over
midlatitude oceans. It holds less water vapor than the
maritime tropical air mass, so the mP air mass yields
only moderate precipitation. Much of this precipitation
is orographic and occurs over mountain ranges on the
western coasts of continents. The continental polar air
mass (cP) originates over North America and Eurasia in
the subarctic zone. It has low specific humidity and is
very cold in winter. Last is the continental arctic (and
continental antarctic) air mass type (cA, cAA), which is
extremely cold and holds almost no water vapor.
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FIGURE 6.3 shows the air masses that form near COLD, WARM’ AND OCCLUDED FRONTS

North America and their source regions. These air

masses have a strong influence on North American = There is usually a sharply defined boundary, or front,

weather. between a given air mass and its neighboring air masses.

_.-=""" Source region Tl
i Arctic air masses (cA)
,~~ Cold and dry air masses formed
,~ by the cold polar and arctic land surfaces.
! In summer, brings cool, dry pleasant
weather. In winter, cold (cP)
or bitterly cold (cA) and dry 4

Source region
Maritime polar
air masses (mP)

Cool, moist air mass !
originating in North ¢\ ~ weather.
Pacific near Aleutian low. 1 LG
Provides heavy winter e \
precipitation on coastal %,/ 9
ranges. - ;
/’ e
77 // /’l =
7 L~\ =2~ i -
4\ 4 ’
K4 1 /
| ol
SE TS o S SN ] O e d Sl ey e _
\';" urce region T
, Source region 1 Maritime polar \\
Cool -, Continental polar / air masses (mP) N
09 2 air masses (cP) t Cool, moist air mass formed
moist & \ over Atlantic in area of

A0 . v, lcelandic low. Brings cold

f, A \, rain and back-door fronts

% b . to eastern Canada and

. ey “~._northeastern U.S.
) e v <
Cold,
=

dry in
\ winter

- ~o_
" Source region >
,/ Maritime tropical AN

Source region
Continental tropical

F air masses (cT)
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North American air mass source regions and trajectories Ficure 6.3

Air masses acquire temperature and moisture characteristics in their source regions, then move
across the continent.
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h Front Surface of
contact between
two unlike air
masses.

¥ Cold front
Moving weather
front along which a
cold air mass moves
underneath a warm
air mass, lifting the
warm air mass.

A front serves as the leading
edge of an air mass, like a
bumper on a car.

FIGURE 6.4 shows the
structure of a cold front. A cold
air mass invades a zone occupied
by a warm air mass. Because the
colder air mass is denser than
the warmer air mass, it remains
in contact with the ground. As it
moves forward, it forces the

FIGURE 6.5 diagrams a h Warm front

warm front in which warm air
moves into a region of colder
air. Here, again, the cold air
mass remains in contact with
the ground because it is denser.
As before, the warm air mass is
forced aloft, but this time it
rises up on a long ramp over

Moving weather
front along which a
warm air mass
slides over a cold air
mass, producing
stratiform clouds
and precipitation.

the cold air below. This rising motion creates stratus—

large, dense, blanket-like clouds that often produce

warmer air mass to rise above it.  precipitation. If the warm air is stable, the precipita-

If the warm air is unstable, se- tion will be steady. If the warm air is unstable, convec-

vere thunderstorms may develop. A cold front often  tion cells can develop, producing cumulonimbus clouds

forms a long line of massive cumulus—or globular—

clouds stretching for tens

of kilometers.

with heavy showers or thunderstorms (not shown in

the figure).

Cold front FiIcureE 6.4

ft
20,000 In a cold front, a cold air mass lifts a
’ warm air mass aloft. The upward motion
101000 sets off a line of thunderstorms.

The frontal boundary is actually much
less steep than is shown in this

schematic drawing.

Warm front Ficure 6.5

In a warm front, warm air advances
toward cold air and rides up and over
the cold air. A notch of cloud is cut away
to show rain falling from the dense

stratus cloud layer.
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Cold fronts normally move along the ground faster  to the ground, forcing both the warm air and the less
than warm fronts. So, when both types are in the same  cold air ahead to rise over it. The warm air mass is lifted

neighborhood, a cold front can overtake a warm front. =~ completely free of the ground.

The result is an occluded front, There is a fourth type of front known as the station-
Occluded front as shown in FIGure 6.6. (“Oc- ary front, in which two air masses are in contact, but
Weather front along cluded” means closed or shut  there is little or no relative motion between them. Sta-
which a moving cold off.) The colder air of the fast-  tionary fronts often arise when a cold or warm front
front overtakes a moving cold front remains next = stalls and stops moving forward.

warm front, forcing
the warm air mass
aloft.

Occluded front Ficure 6.6

In an occluded front, a warm front is overtaken by a cold front. The warm air
is pushed aloft, so that it no longer touches the ground. This abrupt lifting by
the denser cold air produces precipitation.

CONCEPT CHECK

What is an air mass? What is a front? Name four
types of fronts.

HOW do air masses acquire

their characteristics?
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Traveling Cyclones and Anticyclones

LEARNING OBJECTIVES

Explain the weather changes associated with traveling
cyclones and anticyclones.

Explain how wave cyclones form.

Describe tornadoes.

ir masses are set in motion by wind sys-
tems—typically, cyclones and anticy-
clones that involve masses of air moving
in a spiral. As we saw in Chapter 5, air
spirals inward and converges in a cyclone, while air spi-
rals outward and diverges in an anticyclone. Most types
of cyclones and anticyclones are large features that
move slowly across the Earth’s surface, bringing
changes in the weather as they move. These are re-
ferred to as traveling cyclones and traveling anticyclones.

In a cyclone, the air cools adiabatically as it rises
and converges. If the air is moist, this can cause con-
densation or deposition, leading to cyclonic precipitation.
Many cyclones are weak and pass overhead with little
more than a period of cloud cover and light precipita-
tion. But when pressure gradients are steep and the in-
spiraling motion is strong, intense winds and heavy rain

Nor’easter FIGurRe 6.7

Intense wave cyclones can be powerful
storms. Shown here is wave damage
from a type of wave cyclone called a
“northeaster” or “nor’easter,” which
struck Saco, Maine, in April, 2007. The
nor’easter forms off the Atlantic coast
and heads north along the eastern
seabord, bringing strong winds from
the northeast, along with high tides and
high surf.

h Cyclonic storm
Intense weather dis-
turbance within a
moving cyclone gen-
erating strong winds,
cloudiness, and
precipitation.

or snow can accompany the cy-
clone. In this case, we call the
disturbance a cyclonic storm
(FIGURE 6.7).

There are three types of

traveling cyclones. First is the
wave cyclone of midlatitude, Arctic, and Antarctic
zones. Wave cyclones range from weak disturbances to
powerful storms. Second is the tropical cyclone of trop-
ical and subtropical zones. Tropical cyclones range
from mild disturbances to highly destructive hurricanes
or typhoons. A third type is the tornado, a small, in-
tense cyclone of enormously powerful winds. The tor-
nado is much smaller in size than other cyclones, and it
is related to strong convectional activity.

In an anticyclone, the air is warmed adiabatically as
it descends and diverges, so condensation does not oc-
cur. Skies are fair, except for occasional puffy cumulus
clouds that sometimes develop in a moist surface air
layer. For this reason, we often call anticyclones fair-
weather systems. Toward the center of an anticyclone, the
pressure gradient is weak, so winds are light and vari-
able. We find traveling anticyclones in the midlatitudes,
typically associated with ridges or domes of clear, dry
air that move eastward and equatorward. Geostationary

satellites image anticyclones around the globe.
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This geostationary satellite image shows a large anticyclone centered over eastern North America. Anticyclones typically
bring fair weather, and you can see that skies in this area are cloudless.
There is a boundary between clear sky and clouds running across the Gulf of Mexico and the Florida Peninsula. A geogra-
pher would identify that line as the leading edge of a cool, dry air mass. Farther inland you can also see some puffy clouds ly-
ing over the Appalachians at C. These are orographic cumulus clouds. At A, there is a light red pattern around the Mississippi
River. This is fertile agricultural land on the river’s floodplain. At B, you can see a curving reddish arc spanning the states of
Mississippi and Alabama. This is also a fertile area of black, rich soil.

WAVE CYCLONES

The wave cyclone is the dominant weather
system in middle and high latitudes. Itis a
large inspiral of air that repeatedly forms,
intensifies, and dissolves along the polar
front. Wave cyclones can form when two

large anticyclones come into contact on the polar front.
One anticyclone contains a cold, dry polar air mass,
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Wave cyclone
Traveling cyclone of
the midlatitudes
involving interaction
of cold and warm
air masses along
sharply defined
fronts.

and the other a warm, moist maritime air
mass. The air flow converges from opposite
directions on the two sides of the front, set-
ting up an unstable situation. A low-pressure
trough is created between the two high-pres-
sure cells. This is where the wave cyclone
begins to form. The process diagram shows

the life history of a wave cyclone, explaining how a wave
cyclone forms, grows, and eventually dissolves.



WEATHER CHANGES
WITHIN A WAVE CYCLONE

How does weather change as a wave cyclone passes
through a region? FiIcure 6.8 shows the weather

v Open stage. The isobars show that the cyclone is a low-pressure center
with inspiraling winds. The cold front is pushing south and east,
supported by a flow of cold, dry continental polar air from the
northwest filling in behind it. Note that the wind direction changes
abruptly as the cold front passes. There is also a sharp drop in
temperature behind the cold front as cP air fills in.The warm front is
moving north and somewhat east, with warm, moist maritime tropical
air following. The precipitation pattern includes a broad zone near the
warm front and the central area of the cyclone. A thin band of
precipitation extends down the length of the cold front. Generally, there
is cloudiness over much of the cyclone.

conditions on two successive days in the eastern United
States. The three kinds of fronts are shown by special
line symbols. Areas of precipitation are shown in gray.
We can understand the structure of the storm by look-
ing at the isobars, labeled in millibars.

v Occluded stage. This map shows conditions 24 hours later. The cyclone
has moved rapidly northeastward, its track shown by the red line.The
center has moved about 1600 km (1000 mi) in 24 hours—a speed of just
over 65 km (40 mi) per hour.The cold front has overtaken the warm
front, forming an occluded front in the central part of the disturbance. A
high-pressure area, or tongue of cold polar air, has moved in to the
area west and south of the cyclone, and the cold front has pushed far
south and east. Within the cold air tongue, the skies are clear.

A_A_A_ Cold front
o= . Warm front
A_=_A_ Occluded front

Cumulonimbus Cirrus Nimbostratus Altostratus
\\ N SUEE = | ‘
Warm T CCold ai older atr Cold air
i air I Rain | CCeld sir~— AL ‘ IniN
A Cold front 2 X Warm front A" B L 0Occluded front B'

A Cross section of open stage. A cross section along the line A-A', shows
how the fronts and clouds are related. There is a broad layer of stratus
clouds along the warm front, which take the form of a wedge with a thin
leading edge of cirrus. Westward, this wedge thickens to altostratus, then
to stratus, and finally to nimbostratus with steady rain. Within the sector
of warm air, the sky may partially clear with scattered cumulus. Along the
cold front their are cumulonimbus clouds associated with thunderstorms.
These yield heavy rains but only along a narrow belt.

A Cross section of occluded stage. A cross section shows conditions
along the line B-B', cutting through the occluded part of the storm.
Notice that the warm air mass is lifted well off the ground and yields
heavy precipitation.

Simplified surface weather maps and cross sections through a wave cyclone Ficure 6.8
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Life history of a wave cyclone (“low”) Wave cyclones are large features, spanning 1000 km

(about 600 mi) or more. These are the “lows” that mete-
orologists show on weather maps. They typically last 3
to 6 days. In the Northern Hemisphere, a cyclone nor-
mally moves eastward as it develops, propelled by pre-
vailing westerly winds aloft. Figures (a)-(e) show key
stages in the life of a cyclone.

QZO"W 105°W
e
A &

Ripe conditions for a wave cyclone
Along the polar front, two very different
air masses are in contact, poised to
clash. One air mass is dense, cold polar
air, and the other is warm, humid
subtropical air.

Cold eastérly

>

1
\
¢ fa)
120°W 105°W

Early stage An undulation or wave
motion begins at a point along the polar
front. Cold air is turned in a southerly
direction and warm air in a northerly
direction, so that each advances on the
other. This creates two fronts (a cold
front and a warm front), and as they
begin to move, precipitation starts.
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Dissolving stage Eventually, the polar
front is reestablished, but a pool of warm,
moist air remains aloft. As its moisture
content reduces, precipitation dies out,
and the clouds gradually dissolve. Soon
another wave cyclone will begin at step (a).

Occluded stage The faster-moving cold
front overtakes the warm front, lifting
the warm, moist air mass at the center

completely off the ground. Since the
warm air is shut off from the ground, this
is called an occluded front (occluded
means “shut off”). This further intensifies

< precipitation.

Open stage The wave along the cold and warm

fronts deepens and intensifies. Cold air actively

pushes southward along the cold front, and warm

air actively moves northeastward along the warm

front. Precipitation zones along the two fronts are

now strongly developed. The zone along the warm

front is wider than the zone along the cold front.

www.wiley.com/

college/strahler
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THE TORNADO

A tornado is a small but intense cyclonic vortex in
which air spirals at tremendous speed (FIGURE 6.9).
It is associated with thunder-

Tornado small, storms spawned by fronts in mid-

very intense wind
vortex with ex-
tremely low air pres-
sure in the center,
formed below a
dense cumulonim-
bus cloud in proxim-
ity to a cold front.

latitudes. Tornadoes can also
occur inside tropical cyclones
(hurricanes), which we will dis-
cuss later.

The tornado appears as a
dark funnel cloud hanging from
the base of a dense storm cloud.
At its lower end, the funnel may
be 100 to 450 m (about 300 to
1500 ft) in diameter. The funnel appears dark because
of condensing moisture, dust, and debris swept up by
the wind. As the tornado moves across the countryside,
the funnel writhes and twists.

Tornado FiIGURE 6.9

Tornadoes occur as parts of cumulonimbus clouds
traveling in advance of a cold front. The conditions are
most favorable for tornadoes when a cold front of mar-
itime polar air lifts warm, moist maritime tropical air—
most commonly in spring and summer. Tornadoes are
most frequent and violent in the United States (FiG-
URE 6.10). They also occur in Australia in substan-
tial numbers and are occasionally reported from other
midlatitude locations.

Wind speeds in a tornado run as high as 100 m/s
(about 225 mi/hr), exceeding known speeds of any
other storm. Only the strongest buildings constructed
of concrete and steel can withstand these violent winds.
The National Weather Service maintains a tornado
forecasting and warning system. Whenever weather
conditions favor tornado development, they alert the

danger area and activate systems for observing and re-

porting any tornado.

This massive tornado destroyed the town of Manchester, South Dakota, a few minutes before

this 2003 photo was taken by photographer Carsten Peter.



Tornado Activity in the United States (1950-1998)
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Frequency of occurrence of strong tornadoes in the contiguous United States Ficure 6.10

The data shown in this map span a period from 1950 to 1998. Only strong tornadoes are counted (F3 or above on the Fujita
tornado scale). Most tornadoes occur in the central and southeastern states and are rare over mountainous and forested
regions. They are almost unknown west of the Rocky Mountains and are relatively less frequent on the eastern seaboard.

CONCEPT CHECK

Wh at weather patterns accompany traveling
cyclones and traveling anticyclones?

Wh atisawave cyclone? How does it develop?

Wh at is a tornado?
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Tropical and Equatorial Weather Systems

LEARNING OBJECTIVES

Define easterly waves and polar outbreaks.

Describe tropical cyclones and their impact.

o far, we have discussed weather systems

of the midlatitudes and poleward.

Weather systems of the tropical and

equatorial zones show some basic differ-
ences from those of the midlatitudes. Upper-air winds
are often weak, so air mass movement is slow and grad-
ual. Air masses are warm and moist, and different air
masses tend to have similar characteristics to each
other, so there aren’t such clearly defined fronts. And
without these fronts, there are no large, intense wave
cyclones. On the other hand, the high moisture con-
tent leads to intense convectional activity in low-latitude
maritime air masses. Because these air masses are very
moist, only slight convergence and uplifting are needed
to trigger precipitation.

One of the simplest forms of tropical weather sys-
tems is an easterly wave—a slowly moving trough of low
pressure within the belt of tropical easterlies (trades).
These waves occur in latitudes 5° to 30° N and S over
oceans, but not over the equator itself (FIGURE
6.11).

Another related weather system is the weak equator-
ial low—a disturbance that forms near the center of the
equatorial trough. Moist equatorial air masses converge
on the center of the low, causing rainfall from many in-
dividual convectional storms. Several such weak lows
usually lie along the ITCZ.

Polar outbreaks are another distinctive feature of low-
latitude weather. They occur when powerful tongues of
cold polar air from the midlatitudes occasionally pene-
trate into very low latitudes. These tongues are known
as polar outbreaks. The leading edge of a polar out-
break is a cold front with squalls, which is followed by
unusually cool, clear weather with strong, steady winds.
The polar outbreak is best developed in the Americas.
A severe polar outbreak may bring subfreezing temper-
atures to areas of subtropical climate, seriously damag-
ing agricultural crops such as citrus fruits or coffee.
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An easterly wave passing over the West Indies

FIGURE 6.1 1

There is a zone of weak low pressure at the surface, under the
axis of the wave. The wave travels westward at a rate of about
100 km per day. Surface air flow converges on the eastern, or
rear, side of the wave axis. This convergence causes the moist
air to be lifted, producing scattered showers and
thunderstorms.

TROPICAL CYCLONES

Tropical cyclone
Intense traveling
cyclone of tropical
and subtropical
latitudes, accompa-
nied by high winds
and heavy rainfall.

The tropical cyclone is the
most powerful and destructive
type of cyclonic storm (FIGURE
6.12). Itis known as a hurri-
cane in the western hemisphere,
a typhoon in the western Pacific
off the coast of Asia, and a c¢y-
clonein the Indian Ocean. This
type of storm develops over
oceans in 8° to 15° N and S Iati-
tudes but not closer to the equa-
tor. We do not know the exact

formation mechanism, but typi-
cally the tropical cyclone originates as an easterly wave
or weak low, which then intensifies and grows into a



deep, circular low. High sea-surface temperatures, over

27°C (81°F), are required for tropical cyclones to form.
Once formed, the storm moves westward through the
trade-wind belt, often intensifying as it travels. It can
then curve northwest, north, and northeast, steered by
winds aloft. Tropical cyclones can penetrate well into
the midlatitudes, as many residents of the southern and
eastern coasts of the United States can attest.

An intense tropical cyclone is an almost circular
storm center of extremely low pressure. Because of the
very strong pressure gradient, winds spiral inward at
high speed. Convergence and uplift are intense, pro-
ducing very heavy rainfall. The storm gains its energy
through the release of latent heat as the intense precip-
itation forms. The storm’s diameter may be 150 to 500

Ci
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Hurricane Katrina Ficure 6.12

NASA’s MODIS satellite imager acquired
this view of Hurricane Katrina on
August 28, 2005, as it struck Louisiana.

km (about 100 to 300 mi). Wind speeds can range from
30 to 50 m/s (about 65 to 135 mi/hr) and sometimes
much higher. Barometric pressure in the storm center
commonly falls to 950 mb (28.1 in. Hg) or lower.

A characteristic feature of a well-developed tropical
cyclone is its central eye, in which clear skies and calm
winds prevail (FIGuUrRE 6.1 3). The eye is a cloud-free
vortex produced by the intense spiraling of the storm.
In the eye, air descends from high altitudes and is adia-
batically warmed. As the eye passes over a site, calm pre-
vails, and the sky clears. It may take about half an hour
for the eye to pass, after which the storm strikes with re-
newed ferocity, but with winds in the opposite direc-
tion. Wind speeds are highest along the cloud wall of
the eye.

Anatomy of a cyclone Ficure 6.13

In this schematic diagram,
e cumulonimbus (Cb) clouds in
\ concentric rings rise through dense
; R~ stratiform clouds. Cirrus clouds (Ci)
s fringe out ahead of the storm. The
width of the diagram represents
about 100 km (about 600 mi).
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Tropical cyclones always form
over oceans. In the western hemi-
sphere, hurricanes originate in the
Atlantic off the west coast of Africa,
in the Caribbean Sea, or off the west
coast of Mexico. Curiously, tropical
cyclones almost never form in the
South Atlantic or southeast Pacific
regions. As a result, South America
is not threatened by these severe
storms. In the Indian Ocean, cy-
clones originate both north and
south of the equator, moving north Franklin—July 28
and east to strike India, Pakistan,
and Bangladesh, as well as south
and west to strike the eastern coasts
of Africa and Madagascar. Typhoons
of the western Pacific also form
both north and south of the equa-

Irene—Aug. 16

tor, moving into northern Australia,
Southeast Asia, China, and Japan.

Tropical cyclones occur only
during certain seasons. For hurri-
canes of the North Atlantic, the sea-
son runs from May through
November, with maximum fre-
quency in late summer or early au-
tumn. In the southern hemisphere,
the season is roughly the opposite. . ] .
These periods follow the annual mi- i ; % v & ol Y @ .
grations of the ITCZ to the north ' L 4B e - nrsir i
and south with the seasons, and cor-
respond to periods when ocean Vinceoet 7
temperatures are warmest.

We now use satellite images to
track cyclones. They are often easy
to identify by their distinctive pat-
tern of inspiraling bands of clouds
and a clear central eye. FIGURE

6.1 4 provides a gallery of Atlantic
hurricanes of 2005. , U5/ LANDFALL TRACKS

For convenience, tropical cy- e
clones are given names as they are
tracked by weather forecasters. Male
and female names are alternated in

an alphabetical sequence renewed Delta-Nov. 25 Epsilon-Dec. 5 Zeta—Jan: 3, 2006 *
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Hurricanes of 2005 FiGurRE 6.14

The year 2005 was the most active year on record for
Atlantic hurricanes. Shown here are the 27 named storms
that occurred during the official season of June 1 to Novem-
ber 30. A twenty-eighth storm, Zeta, was observed during
December and into January of 2006. Katrina was the costliest
Atlantic storm on record. Wilma was the most intense, at
one point observed with a central pressure of 882 mb

(26.05 in. Hg) and winds of 83 m/s (185 mi/hr).

each season. Different sets of names are used within
distinct regions, such as the western Atlantic, western
Pacific, or Australian regions. Names are reused, but
the names of storms that cause significant damage or
destruction are retired from further use.

IMPACTS OF TROPICAL CYCLONES

Tropical cyclones can be tremendously destructive. Is-
lands and coasts feel the full force of the high winds

and flooding as tropical cyclones move onshore. Since

Stranded vessel Ficure 6.15
Hurricane Andrew’s storm surge and high winds stranded

this large motor vessel far from its berth in Homestead,
Florida (1992).

Storm surge
Rapid rise of coastal
water level accom-
panying the onshore
arrival of a tropical
cyclone.

the atmospheric pressure at the
center of the cyclone is so low, sea
level rises toward the center of the
storm. High winds create a dam-
aging surf and push water toward
the coast, raising sea level even
higher. Waves attack the shore at
points far inland of the normal tidal range.

Low pressure, winds, and the underwater shape of
a bay floor can combine to produce a sudden rise of wa-
ter level, known as a storm surge, that carries ocean
water and surf far inland (FIcureE 6.15). At Galve-
ston, Texas, in 1900, a sudden storm surge generated
by a severe hurricane flooded the low coastal city and
drowned about 6000 people—the largest death toll in a
natural disaster yet experienced within the United
States.

Tropical cyclones also produce a large amount of
rainfall. Although this rainfall is a valuable water re-
source, it can also produce freshwater flooding, rais-
ing rivers and streams out of their banks. On steep
slopes, soil saturation and high winds can topple trees

and produce disastrous earthflows and landslides
(FIGURE 6.16).

Earthflow FicureE 6.16

This entire neighborhood in Tegucigalpa, Honduras, slumped
downhill (moving from left to right) during Hurricane Mitch (1998).
Torrential rains saturated the soil, allowing gravity to take effect.
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Tropical cyclone activity varies from year to year
and decade to decade. Tropical cyclone intensity is
ranked from category 1 (weak) to 5 (devastating) on
the Saffir-Simpson scale. In the Atlantic Basin, 13 strong
hurricanes of category 3 or higher struck the eastern
United States or the Florida Peninsula from 1947 to
1969, while only one hurricane struck the same region
in the period 1970-1987. Although a number of strong
storms, including category 4 or 5 hurricanes Gilbert
(1988), Hugo (1989), and Andrew (1992) occurred in
1988-1992, Atlantic hurricane activity remained de-
pressed until 1994.

However, in 1995 a new phase of Atlantic hurricane
activity began. Since 1995, sea-surface temperatures in
the northern Atlantic during August—October have av-
eraged about 0.5°C (about 1°F) warmer than during
1970-1994, providing more latent heat to fuel the cy-
clones. High-level easterly winds, which can shear the
tops off growing storms, weakened on average by about
2 m/s (about 4 mi/hr) during the same period.

The result has been the present period of hurri-
cane activity, unequaled in the historic record. By 2005,
the average number of named storms had increased to

13 per year, as compared to 8.6 during 1970-1994. The
number of hurricanes had increased from 5 to 7.7 per
year, with 3.6 major hurricanes as compared to 1.5 in
prior years. In 2005 alone, there were 27 named storms,
with a record 4 storms reaching category 5. The most
recent climatological studies suggest that this enhanced
hurricane activity is linked to slowly changing cyclical
patterns of ocean currents and will persist for another
15-20 years.

South Florida is particularly at the mercy of Atlantic
hurricanes. In 1992, Hurricane Andrew struck the east
coast of Florida near Miami. It was the second most
damaging storm to occur in the United States, claiming
26 lives and more than $35 billion in property damage,
measured in today’s dollars. The chapter opener docu-
ments one observer’s account of riding out Hurricane
Andrew in a concrete and steel parking garage. In 2004,
four major hurricanes affected Florida—Charley,
Frances, Ivan, and Jeanne. Taken together, the storms
destroyed over 25,000 homes in Florida, with another
40,000 homes sustaining major damage.

In 2005, Hurricane Katrina laid waste to the city of
New Orleans and much of the Louisiana and Missis-
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Flooding in New Orleans FiGure 6.17
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This sketch map, based on data compiled by the New Orleans Times-Picayune newspaper, shows the extent of
flooding during and following the passage of Hurricane Katrina.
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sippi Gulf coasts. Originating southeast of the Bahamas,
the hurricane first crossed the South Florida Peninsula
as a category 1 storm and then moved into the Gulf of
Mexico, where it intensified to a category b storm. After
the storm weakened somewhat as it approached the
Gulf coast, its eye came ashore at Grand Isle, Louisiana,
with sustained winds of 56 m/s (125 mi/hr) early on
August 29.

New Orleans is a city that is particularly vulnerable
to hurricane flooding. The city was built largely on the
floodplain of the Mississippi River, and most of its land
area has slowly sunk below sea level as underlying river
sediments have compacted through time. Levees pro-
tect the city from Mississippi River floods, as well as
from ocean waters along the saline Lakes Borgne on
the east and Ponchartrain on the north, which are con-
nected to the Gulf. Rainwater falling into the sunken
basin is pumped up and out of the city by discharge
into canals that lead to Lake Ponchartrain. Several
canals and shipping channels also connect the river
with the lakes and the Gulf.

Katrina’s first assault was mounted from the east, as a
storm surge swept westward from Lake Borgne, overtop-
ping and eroding levees and flooding east New Orleans
and St. Barnard Parish (FIGURE 6.1 7). Penetrating
deep into the city along the Intracoastal Waterway, the
surge overtopped and breached floodwalls and levees
along the main canal connecting the Mississippi with
Lake Ponchartrain. To the north, water levels rose in
Lake Ponchartrain, overtopping levees and filling the
discharge canals to dangerously high levels. Eventually
large sections of the canal walls failed, allowing water to
pour into the central portion of the city. Over the next
two days, the water level rose until it equalized with the
level of Lake Ponchartrain. Eighty percent of the city was
covered with water at depths of up to 6 m (20 ft).

The result was devastation unparalleled in Ameri-
can disaster history (FIGurRe 6.1 8). Total losses were
estimated at more than $100 billion. The official death
toll exceeded 1300. The Gulf coasts of Mississippi and
Louisiana were also hard hit, with a coastal storm surge
as high at 8 m (25 ft) penetrating from 10 to 20 km
(6-12 mi) inland. And, adding insult to injury, much of
New Orleans was reflooded three weeks later by Hurri-
cane Rita, a category 3 storm that made landfall on Sep-
tember 24 at the Louisiana—Texas border.

Hurricane Katrina floods New Orleans
FIGURE 6.18

In the aftermath of Hurricane Katrina, many neighborhoods in
New Orleans lay in ruins. The red object in the foreground is a
barge. This photo was taken about two weeks after the storm.
The devastation is nearly complete.

CONCEPT CHECK

What weather effects

can they cause?

What are the characteristic

features of a tropical
cyclone?




WAVE CYCLONES

Wave cyclones are common features of midlatitude weather. They can be strong storms, bringing rain, snow, and

winds. Strong wave cyclones off the eastern North American coast are known as “nor’easters.”

<« The Perfect Storm

This intense wave cyclone is the first
phase of the “Perfect Storm,” imaged
here on October 30, 1991 by the
NOAA GOES-7 weather satellite. Yellow
and red areas indicate intense convec-
tion where the storm swallowed the
remnants of Hurricane Grace. Later it
drifted southward, picking up energy
from waters of the warm Gulf Stream,
to become a tropical cyclone—the
“unnamed hurricane” of 1991.
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TROPICAL CYCLONES

Tropical cyclones form over warm, tropical oceans.

e iy

They can be very intense storms that devastate islands Category 3.5

and coasts. In the Atlantic, they are known as “hurri-
canes.” In the Pacific, they are “typhoon