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This book deals with the workings of the ocean, 
the dynamic processes that affect its water, sea-
fl oor, and abundant life forms. The approach 
used is a broad one, relying on basic concepts 
to explain the ocean’s many mysteries. Any-
body—whether sailor, surfer, beachcomber, 
or student—can learn about the processes and 
creatures of the oceans. No background in sci-
ence is required to grasp the many important 
ideas that are relevant to the working of the 
oceans. Wherever appropriate, the underlying 
science is fi rst explained clearly, and only then 
is it used to account for ocean processes. These 
overarching scientifi c concepts are summarized 
conveniently as “Key Concepts” at the end of 
every chapter. In order to help those unfamiliar 
with the practice of science, a series of  “process 
of science” boxes provides an explanation of 
how scientists reason and draw  conclusions 
about the natural world. In the glossary, 
 important words are clearly defi ned and many 
are accompanied by fi gure numbers that refer 
you to the fi gure that illustrates the term.

The fi gures and their accompanying cap-
tions do not merely illustrate but also supple-
ment the written text. All the drawings have 
been beautifully and accurately rendered by a 
team of talented artists and illustrators in order 
to present in visual form ideas that are at times 
necessarily abstract. They should be studied 
carefully before advancing to the next section 
of the chapter, because they help provide con-
creteness to the ideas discussed. It has been the 
author’s experience that those students who 
truly understand the “ins and outs” of the illus-
trations tend to have a solid grasp of the chap-
ters’ main concepts. This will take a bit of time, 
but it is time well invested.

■ ORGANIZATION

The seventh edition of Invitation to Oceanog-
raphy incorporates new and updated material, 
based on the many valuable suggestions made 
by faculty and students who have worked with 
the previous editions of the book. This means 

that the organization of the material, the 
 development of the ideas, and the quality of the 
prose and illustrations are better than ever. We 
are always working to improve each succeed-
ing version of the book, and so we welcome 
all comments and criticisms from our readers. 
Both faculty and students agree that the devel-
opment of key oceanographic concepts fl ows 
logically and systematically from chapter to 
chapter, as well as from section to section. 

The fi rst two chapters review the long his-
tory of ocean exploration and research as well 
as the fundamental structure of the Earth’s 
interior and its exterior ocean basins. Chapters 
3 through 10 examine the geology, chemistry, 
physics, and biology of the sea, highlighting 
the key scientifi c concepts and latest discover-
ies in these subdisciplines of oceanography. In 
some sense, the material and concepts in these 
seven chapters represent the core ideas of the 
ocean sciences, and when comprehended and 
synthesized, they provide the framework for 
understanding ocean habitats as whole, func-
tional ecosystems—the chapter topics of the 
remainder of the book. For example, Chapters 
11 and 12 examine the intriguing intricacies 
of dynamic coastal environments, including 
beaches, dunes, barrier islands, estuaries, del-
tas, salt marshes, mangrove swamps, lagoons, 
and coral reefs. Two chapters are devoted 
to coastal ecosystems, because we are most 
familiar and come in regular contact with the 
shoreline rather than the open ocean. It is 
likely that many of us as voting citizens will 
be in a position to infl uence regulatory leg-
islation and management practices of these 
fragile habitats. Chapter 13 provides an over-
view of the many fascinating and exotic eco-
systems that are found far offshore, either in 
open water or on the deep-sea fl oor. Chapter 
14 surveys the ocean’s abundant resources, 
both living (fi sh) and nonliving (petroleum, 
metals, phosphate), that are vital for the mod-
ern human world. Chapter 15 presents a bal-
anced appraisal of the environmental stresses 
brought about by human activity, showing the 

Preface
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Examples from foreign seas are used where 
appropriate.

Chapter 16 examines a most timely global 
issue—climate change. How will warming of 
the atmosphere and oceans affect the processes 
and biodiversity of marine ecosystems? What 
can we do individually and collectively to miti-
gate the impacts of global warming so that our 
children can enjoy the ocean’s beauty?

nature and alarming extent of this impact and 
providing examples of groups of concerned 
citizens who are striving hard and success-
fully to reverse environmental despoilment. 
Throughout the book, local and regional 
examples are drawn from all parts of the U.S. 
coastline, including the Pacifi c coast as far 
north as Alaska, the Atlantic seaboard as well 
as maritime Canada, and the Gulf of Mexico. 

■ THE STUDENT EXPERIENCE

Every chapter opens 
with a succinct list of 
Learning Objectives. 
Students should review 
this list prior to diving 
into the chapter to help 
guide their focus. As 
they progress through 
the chapter, they should 
periodically fl ip back to 
the Learning Objectives 
to ensure they are fully 
grasping that chapter’s 
key oceanographic con-
cepts. This practice will 
encourage students to 
think critically about the 
fascinating fi eld of ocean 
science and its four major divisions.
Written in a conversational tone, every chapter 
also opens with a Preview that introduces the 
reader to the specifi c ocean science concepts 
they are about to study. It is a student-friendly 
primer that provides a framework for thinking 
critically about the theme of the chapter. 

Featured boxes, The Ocean Sciences, 
abound in all of the chapters. They consist of 
four types, based on the principal subfi elds of 
oceanography: geology, chemistry, physics, and 
biology. Each is identifi ed as such by a colorful 
and distinctive logo placed near the title of the 
box. 

Blue waves: © Markovka /Shutterstock.com, Inc.

 THE STUDENT EXPERIENCE

grasping that chapter’s 
key oceanographic con-
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    PREVIEW 
  A complete historical account of oceanographic exploration and research would be a massive under-

taking. The record stretches back over several millennia to the time when ancient mariners built boats 

and ventured boldly onto the sea to explore the unknown. However, a brief sketch of maritime history 

is needed in a book that deals with the physical, chemical, geological, and biological processes of the 

ocean in a scienti� cally rigorous manner. First and foremost, this reminds us that for eons there have 

been people in the � eld of “oceanography”—people with an insatiable desire to make the unknown 

familiar. Knowledge that is commonplace today required painstaking investigations by numerous sea-

farers throughout centuries of exploration. Many intended to become rich by exploiting resources and 

controlling sea routes for commerce. All were driven by a yearning to understand the mysteries of the 

Earth and its seas.  

  Today’s oceanographers (modern sea explorers) carry forward this quest to satisfy humankind’s curi-

osity. They owe a huge debt to the courage and vision of earlier mariners, who by slow increments 

replaced ignorance and myth with knowledge.     

W
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 The Growth 
of Oceanography  

• Gain familiarity with the history of ocean 

exploration and of oceanography.

• Critically evaluate the nature and power of the 

scienti� c method.

• Become pro� cient at reading graphs and doing 

unit conversions.

LEARNING OBJECTIVES
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controlling sea routes for commerce. All were driven by a yearning to understand the mysteries of the 

Earth and its seas.  
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replaced ignorance and myth with knowledge.     

 GEOLOGY 
 THE OCEAN SCIENCES 

 The edges of most plates are underwater and are therefore studied by indirect methods of observation and sampling. An exception is a spectacular exposure of a complex fault sys-tem known as the San Andreas Fault, which slices through the countryside of western and 

southern California ( Figure  B2– 1a ). Aerial views of the landscape that borders the San Andreas Fault show a linear topography (  Figure  B2– 2a ) underlain by fractured crustal rocks that have been forced upward into craggy mountains or downward into splintered valleys. Earthquakes 

  The San Andreas Fault 
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 Figure  B2– 1             The San Andreas Fault.  (a) The Paci� c and North American plates are separated 

from each other by the San Andreas Fault. (b) The San Andreas Fault is a transform fault that slices 

through western California.   
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 ■ Geology boxes dig deep into key geologic oceanographic concepts by exploring speci� c 
places, such as the Red Sea, the San Andreas Fault, the Mediterranean Sea, and other 
global examples, including a new discussion on the impact of Hurricane Sandy on the 
New York and New Jersey shorelines.
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 Hurricanes in the western Atlantic, which are 

called typhoons in the western Pacifi c, are one 

of nature’s most powerful, regularly occurring 

phenomena. Although details of their for-

mation are not understood completely, the 

general weather and ocean conditions that 

lead to the formation of hurricanes are clear. 

They form in tropical latitudes during the late 

summer and fall seasons. Hurricanes evolve 

from preexisting tropical cyclones, which are 

low pressure disturbances associated with 

wind speeds between 54.7 and 117.5 kph 

(39 and 73 mph) and with intense thunder-

storm  activity. For tropical cyclones to mature 

into full-fl edged hurricanes with wind speeds 

greater than 119 kph (74 mph), the sea- 

surface temperature down to a water depth 

of about 45 meters (~147.6 feet) must be 

warmer than 27°C (80°F) and the upper-level 

winds must be weak (otherwise wind shear 

will literally blow the developing storm system 

apart). If these conditions are met, chances for 

the tropical storm to intensify into a hurricane 

are good. 
 With time and under ideal conditions, a 

tropical cyclone matures by gathering energy 

from the warm ocean water. Basically, the air 

in contact with the ocean’s surface gains heat 

and moisture and rises. As the water vapor 

in the rapidly ascending air condenses into 

storm clouds, heat is released, which energizes 

the spiraling weather system (  Figure  B 2– 1 ). 

Warm, moist air in contact with the ocean 

is continually drawn upward to replace the 

  Hurricanes and Typhoons 
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Eye

Eyewall
Eyewall

Land

 Figure B 2– 1         A cross-sectional view of a hurricane showing the eye and eyewall of the storm system. Note 

the convergence of winds at the land’s surface and the divergence of winds aloft.  
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 ■ Physics boxes expand the chapter material and 
illuminate key concepts by diving deep into speci� c 
examples. For instance, hurricanes and typhoons are 
highlighted in the chapter covering wind and ocean 
circulation and the megatsunamis of 2006 and 2011 
are featured in the chapter discussing waves. These 
boxes provide students with practical applications of 
key oceanographic principles.

 ■ Biology boxes spotlight speci� c species that depend 
on the oceans for survival, such as penguins and 
killer whales, as well as the unique marine ecology 
of particular regions, including an exploration of 
Chesapeake Bay and the Gulf of Mexico. These boxes 
also discuss recent events that have impacted the 
seas, including a look into the Exxon Valdez and the 
Deepwater Horizon oil spills.

 ■ Chemistry boxes review scienti� c 
experiments conducted by oceanographers 
to investigate the chemical processes of the 
seas, offering students a chance to explore the 
techniques oceanographers use in the � eld.

143
The Properties of Seawater

 In trying to characterize and explain the chemi-cal properties of seawater, marine chemists fi nd it critically important to collect suffi cient and appropriate seawater samples, prevent their chemical contamination, determine sampling depths, and use accurate and precise analytical procedures. 
 ❯   SAMPLE COLLECTION 

 Seawater samples for chemical analysis are col-lected in metallic or plastic cylindrical bottles. The metallic bottles have interior liners com-posed of inert plastic to prevent contamination of the sample by metal ions. One such sampling device, the Niskin bottle, has valves on both ends that are opened and attached to a cable ( Figure B 2– 1 ). Typically, several open bottles 

  Chemical Techniques 

 CHEMISTRY 
 THE OCEAN SCIENCES 

are attached at predetermined positions on the cable. After the bottles are lowered, a weight, known as a  messenger,  is fastened to the cable and released. When the messen-ger strikes the fi rst water bottle, it causes it to close tightly, trapping a sample of seawater. A messenger attached to a clamp beneath the fi rst bottle is then released, dropping and trig-gering the next bottle below. The procedure is repeated until all the bottles on the cable have been closed. Depending on the nature of the study, chemists usually collect seawater volumes of between 1 and 3 liters (~1.06 and 3.17 quarts) with these bottle samplers.   A more elaborate sample-bottle confi gu-ration is known as the  rosette cluster.  It con-sists of a rigid frame that holds a number of collection bottles upright, arranged in a cir-cular pattern ( Figure  B2– 2 ). The bottles can be set to open and close automatically, or a 

 Figure B 2– 2          A rosette cluster.  Water collecting bottles are arranged around a rigid, circular frame in a rosette pattern. Technicians are able to close the bottles individually as the array is lowered or raised through the water column.  

Courtesy of Captain Robert A. Pawlowski, NOAA Corps/NOAA

 Figure B 2– 1          Niskin bottles.  Open Niskin bot-tles are attached to a cable and lowered to water depths where seawater samples are to be obtained for chemical analysis. A metal messenger “trips” each bottle on the cable individually, causing it to fi ll with water and close securely.  

Courtesy of Michael Van Woert, NESDIS, ORA/NOAA

(Continued )
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Ocean Habitats and Their Biota

 Most seabirds, including puf� ns, alba-

trosses, petrels, shearwaters, and penguins 

(  Figure  B1–1   ), eat � sh as part of their diet. 

Some of them, such as albatrosses and pen-

guins, prey on squid at night. Among the sea-

birds, penguins have lost their ability to � y and 

have become specialized in swimming and div-

ing. They have evolved large, heavy bodies, big 

bones, thick fatty deposits for insulation, greasy 

feathers that repel water, and streamlined bod-

ies and stubby wings for “� ying” underwater 

(  Figure  B1–2   ). Emperor penguins, for example, 

have been clocked at speeds of over 15 kilome-

ters per hour (~9.5 mph), and have remained 

submerged for up to 15 and 20 minutes at a 

time, diving as deeply as 250 meters (~825 feet) 

below the water surface while hunting squid.  

 Penguins, which range from the size of 

a large seagull to a height of 1.3 meters (~4.3 

feet), are native to the Southern Hemisphere 

only. Of the eighteen species of penguins, the 

Adélie and Emperor penguins are the only two 

that have rookeries along the shoreline of Ant-

arctica. The Adélie (  Figure  B1–3a   ), which is as 

tall as 60 centimeters (~24 inches), displays the 

classic tuxedo color pattern seen so often in car-

toon characters. They gather in large rookeries to 

breed during the spring and summer on land and 

spend the winter at sea. The Emperor, the larg-

est penguin (  Figure  B1–3b   ), incubates its eggs 

on land during the Antarctic winter! It survives 

the incredibly cold temperatures and high winds 

by huddling in tight groups in order to conserve 

body heat. Periodically, the “toasty” members in 

the middle of a group work their way to the out-

side. This allows the colder members at the fringe 

to move toward the center of the group and 

warm up. Most penguins hunt in water not far 

from shore. Fishery biologists estimate that pen-

guins take almost 35 million tons of food from 

the ocean each year.   

 Currently, global climate change is affect-

ing the population of Adélie penguins that 

occupies territory on the western Antarc-

tic Peninsula. Their numbers are diminishing 

alarmingly (  Figure  B1–4   ) for two reasons. 

The sea ice cover is less extensive, which pre-

vents Adélie penguins from reaching their 

  Penguins 

(Continued )
 Figure  B1–1                Seabirds.  Seabirds are important members of marine food webs. Many of them prey heavily on 

� sh, squid, and shrimp. Examples of some important seabirds include (a) puf� ns, (b) petrels, and (c) albatrosses.   

(a) PUFFIN

(b) PETREL

(c) ALBATROSS

(a) © Joe Gough/ShutterStock, Inc.; (b) © Graham Prentice/ShutterStock, Inc.; (c) © rebvt/ShutterStock, Inc.

 BIOLOGY  THE OCEAN SCIENCES 

© Tiburin Studios/ShutterStock, Inc.

9781284057805_CH13_Printer.indd   479

9/11/14   3:29 PM

9781284057805_FMxx_Printer.indd   16 9/13/14   12:39 AM

© Jones & Bartlett Learning, LLC.  NOT FOR SALE OR DISTRIBUTION.

© Jones & Bartlett Learning, LLC
NOT FOR SALE OR DISTRIBUTION

© Jones & Bartlett Learning, LLC
NOT FOR SALE OR DISTRIBUTION

© Jones & Bartlett Learning, LLC
NOT FOR SALE OR DISTRIBUTION

© Jones & Bartlett Learning, LLC
NOT FOR SALE OR DISTRIBUTION

© Jones & Bartlett Learning, LLC
NOT FOR SALE OR DISTRIBUTION

© Jones & Bartlett Learning, LLC
NOT FOR SALE OR DISTRIBUTION

© Jones & Bartlett Learning, LLC
NOT FOR SALE OR DISTRIBUTION

© Jones & Bartlett Learning, LLC
NOT FOR SALE OR DISTRIBUTION

© Jones & Bartlett Learning, LLC
NOT FOR SALE OR DISTRIBUTION

© Jones & Bartlett Learning, LLC
NOT FOR SALE OR DISTRIBUTION

© Jones & Bartlett Learning, LLC
NOT FOR SALE OR DISTRIBUTION

© Jones & Bartlett Learning, LLC
NOT FOR SALE OR DISTRIBUTION

© Jones & Bartlett Learning, LLC
NOT FOR SALE OR DISTRIBUTION

© Jones & Bartlett Learning, LLC
NOT FOR SALE OR DISTRIBUTION

© Jones & Bartlett Learning, LLC
NOT FOR SALE OR DISTRIBUTION

© Jones & Bartlett Learning, LLC
NOT FOR SALE OR DISTRIBUTION

© Jones & Bartlett Learning, LLC
NOT FOR SALE OR DISTRIBUTION

© Jones & Bartlett Learning, LLC
NOT FOR SALE OR DISTRIBUTION

© Jones & Bartlett Learning, LLC
NOT FOR SALE OR DISTRIBUTION

© Jones & Bartlett Learning, LLC
NOT FOR SALE OR DISTRIBUTION



xviiPreface

W
ave: ©

 lalan/Shutterstock.com
, Inc.

The boxes serve several purposes. Some 
review common research techniques employed 
by oceanographers to investigate the seas. Some 
fl esh out a concept merely outlined in the text. 
Others spotlight case histories in which the 
oceanography of a specifi c place is presented in 
concrete terms from the standpoint of an idea 
introduced in the text. A few featured boxes 

review a concept that is simply interesting and 
that otherwise could not be integrated easily into 
the main text of the chapter. They are like eating 
dessert after fi nishing the main course of a meal. 
Enjoy them! Two new boxes have been added 
to this edition. Check the back of the book for a 
complete listing of the boxes, including the chap-
ter in which each appears.

Test tubes: © Alfred Bondarenko/ShutterStock, Inc.
 The Scienti� c Process 

proposing hypotheses—creative insights about what 
the truthful responses to those questions might be. 
What really separates the scienti� c method from other 
ways of knowing is its reliance on the rigorous testing of 
each hypothesis by experimentation or by the gather-
ing of additional observations; the explicit intent of the 
test is to determine whether the hypothesis is false or 
true. If the test results disagree with the prediction, then 
the hypothesis being evaluated is disproved, meaning 
that it cannot be a legitimate account of reality. Then it 
is either modi� ed into a new hypothesis that is compat-
ible with the test � ndings or discarded altogether and 
replaced by other, still-to-be-tested hypotheses. Keep in 
mind, however, that agreement between expected and 
experimental test results is not proof that the hypothesis 
is true. Rather, it means only that the hypothesis contin-
ues to be a valid version of reality for the time being. It 
may not survive the next test. If a hypothesis repeatedly 
avoids falsi� cation, then scientists regard it as a close 
approximation of reality. A � ow diagram of this version 
of the scienti� c method is presented as  Figure  B2– 1 .   In this text, we describe the results of a long- 
standing interest among scientists in answering 
questions about the workings of the oceans. It is a 
current update of the facts, hypotheses, and the-
ories of ocean processes. Undoubtedly, as ocean-
ographers continue to conduct scienti� c work in 
the world’s oceans, some of these ideas will be dis-
proved and replaced by other hypotheses. This is the 
way it must be; this is the scienti� c process. 

 As this chapter on the history of oceanography 
indicates, scientists make statements about the nat-
ural world; they assume that natural processes are 
orderly and therefore knowable by a rational mind. 
Statements made by  scientists are not merely random 
opinions about the workings of the world. Rather 
they are logical explanations, termed hypotheses, 
that are grounded solidly on a set of observations and 
tested rigorously in order to evaluate their credibility.  Scienti� c investigations are begun typically 
by people who develop an interest in answering a 
question about the natural world. Examples of such 
questions in oceanography might be:•     What is the geologic origin of a particular estuary? •     How does the chemistry of the seawater in this estuary vary over time? •     What is the water current pattern in this estuary and what controls it? •     What effect does lead dissolved in the water have on a species of clam in this estuary?     The questions can be general or speci� c, theoretical 

or applied, abstract or concrete. 
 Scientists interested in a question then conduct lab-

oratory, � eld, or modeling (mathematical) experiments 
in order to generate accurate facts (observations) that 
bear on an answer to the question being investigated. A 
legitimate answer (the hypothesis) to a scienti� c ques-
tion is one that can be tested. A hypothesis is always 
considered to be a tentative explanation. Scientists � rst 
and foremost are skeptics, trying to disprove hypothe-
ses in order to eliminate falsehoods from the scienti� c 
understanding of the natural world. 

 Depending on the results of tests, hypothe-
ses may be veri� ed, rejected, or modi� ed. When 
a hypothesis is tested repeatedly in different ways 
and not disproved, scientists then assume that it 
is “correct” and the hypothesis becomes a theory, 
as new facts continue to support it. For example, 
Charles Darwin proposed his hypothesis of biologi-
cal evolution by natural selection during the middle 
part of the nineteenth century. Today, after repeated 
tests and countless facts that support the idea, his 
hypothesis of biological evolution by natural selec-
tion has been elevated to the status of a theory.  In summary, scientists are not, as many believe, 
primarily concerned about discovering and gathering 
facts. Rather, researchers ask crucial questions about 
the natural world and then try to answer them by 

 The Process of Science 
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 Figure  B2– 1          The process of science.  A version of the 
scienti� c method is presented as a simple � ow diagram.  
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■ The Process of Science presents a hypothesis 
regarding a global issue, such as climate variability and 
rising sea levels, and explores the scienti� c processes 
employed in gathering and analyzing information 
to develop a scienti� c theory. By exploring historical 
research from leading scientists and current scienti� c 
data, students are challenged to think critically about 
the future landscape of Earth and its seas.

and foremost are skeptics, trying to disprove hypothe-
ses in order to eliminate falsehoods from the scienti� c 
understanding of the natural world. 

ses may be veri� ed, rejected, or modi� ed. When 
a hypothesis is tested repeatedly in different ways 
and not disproved, scientists then assume that it 
is “correct” and the hypothesis becomes a theory, 
as new facts continue to support it. For example, 
Charles Darwin proposed his hypothesis of biologi-
cal evolution by natural selection during the middle 
part of the nineteenth century. Today, after repeated 
tests and countless facts that support the idea, his 
hypothesis of biological evolution by natural selec-
tion has been elevated to the status of a theory.  In summary, scientists are not, as many believe, 
primarily concerned about discovering and gathering 
facts. Rather, researchers ask crucial questions about 
the natural world and then try to answer them by 

 Exponential growth results when populations 

double in size at regular intervals. Every time diatom 

cells divide, you get two daughter cells for each parent. 

This doubles the population in one generation. When 

the daughter cells in turn divide, each produces two 

of its own daughter cells. This has doubled the pop-

ulation again. In short order, the number of diatom 

cells in the surface water of the ocean has increased 

dramatically, producing a diatom bloom. However, 

this verbal description fails to portray adequately the 

enormous potential of exponential growth. A speci� c 

doubling-rate problem might do better. 

 Imagine a very large square piece of paper of nor-

mal thickness (~ 0.01 millimeter ). Assume you take this 

piece of paper and fold it in half. What happens? Well, 

you’ve doubled the thickness ( 0.02 millimeter ). Fold 

the paper in half a second time. Now you’ve doubled 

the thickness once again, so you have a pile of paper 

in your hands that is  0.04 millimeter  thick (four thick-

nesses). If you fold the pile in half a third time, you 

create eight thicknesses of paper that is  0.08 milli meter  

thick. Folding it in half for a fourth time creates sixteen 

thicknesses of paper that is  0.16 millimeter  thick. 

 This doubling-rate problem can be expressed 

simply as a power to the base 2. 

    In other words, we can express the doubling 

rate simply as 2 n , where n is the number of times we 

fold the paper. 

 My question to you is this: How thick would 

the last thickness of paper be if we folded the 

paper 50 times (in other words, 2 50 )? Would it be 

 1 meter  thick? Would it be as tall as a person (about 

 2  meters )? Could it possibly be as high as a one-

story house (about  4 to 5 meters )? Would it be 

 100 meters  tall? This certainly seems to be getting 

beyond what seems probable. But maybe not. Let’s 

do the simple calculation. I will use my calculator as 

an aid. 
 First, I understand that the thickness of the orig-

inal sheet of paper is ~ 0.01 millimeter . Second, I 

realize that each time I fold the paper I’m doubling 

the thickness, and that this can be expressed simply 

as 2 n . As I’m folding it 50 times, the expression is 

simply the original thickness times 2 50 , or 0.01 × 2 50

mm. This is where I use my calculator. I discover that 

 2 50  = 10 15 . 

 Therefore, I conclude that the eventual height 

of the column of paper will be 

 0.01 × 10 15  mm. 

 I don’t really have a feel for this number, so let 

me convert it to meters: 

   

= ×

= ×
= × =
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 What does this number mean? It seems quite 

large. Let’s convert it into kilometers: 
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 This is  10,000,000 kilometers ! One sheet of 

paper  0.01 millimeter  thick folded on itself merely 

50 times creates a pile that is  10,000,000 kilometers  

high. That is 6,210,000 miles! The Moon’s distance 

from the Earth averages about  348,000 kilometers , 

and our pile of paper is two orders of magnitude 

higher. 

Wave: © Yuri Samsonov/Shutterstock.com, Inc.

 SCIENCE by the Numbers 

 Doubling Rates 

No 
doubling:

20 = 1 This is our one sheet of 

unfolded paper, indicated by 

the 0 exponent.

1st 
doubling:

21 = 2 This is the � rst folding in half; 

we’ve gone from one to two 

thicknesses.

2nd 
doubling:

22 = 4 This is the second folding, indi-

cated by the exponent 2; this 

produces four thicknesses from 

the previous two thicknesses.

3rd 
doubling:

23 = 8 This is the third folding indi-

cated by the exponent 3; this 

produces eight thicknesses from 

the previous four thicknesses.

4th 
doubling:

24 = 16 This is the fourth folding, 

indicated by the exponent 4; 

this produces sixteen thick-

nesses from the previous 

eight thicknesses.
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 ■ To assist students in understanding the 
basic mathematical concepts needed to 
study oceanography, Science by the 
Numbers provides a step-by-step solution 
to a speci� c problem. These boxes help 
improve students’ math skills and provide 
the insights into ocean processes that only 
numerical calculations reveal.
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fi rst set, the Review of Basic Concepts, is just 
that. The questions address the main notions 
developed in the chapter. The second set, 
the Critical-Thinking Essays, requires more 
thought because you must synthesize ideas, 
sometimes drawing from concepts developed 
in previous chapters. In other words, verbatim 
answers might not be found anywhere in the 
book. However, you can develop an answer 
by thinking deeply about the question posed 
and applying common sense and logic to the 
information provided in the book. The third 
set of questions, Discovering with Numbers, 
deals with making straightforward calcula-
tions about ocean processes. The questions 
rely on basic mathematics, the kind that any 

To ensure readers thoroughly grasp the 
important concepts, each chapter concludes 
with a detailed summary of the Key Concepts. 
Students can review the summary prior to div-
ing into the chapter to guide their focus and can 
also use it as a study tool to prepare for course 
lectures and exams. It is important for students 
at this introductory level to be aware of and 
understand the terminology oceanographers 
use in their daily discourse. For this reason, a 
list of Key Words is also included at the end 
of every chapter. Furthermore, the key words in 
the chapter appear in bold to draw the reader’s 
attention. 

Most chapters conclude with a series of 
questions arranged into three groupings. The 

W
ave: ©
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1.    The water molecule H 2 O has a dipole 

structure ( Figures 5–3a and c ), which 

produces  hydrogen bonding  and allows 

water molecules to collect into snug 

 clusters  ( Figures 5–3d and e ). This 

dipole structure explains many of the 

curious properties of water, includ-

ing its elevated melting and boiling 

temperatures ( Figure  5– 3b ), high  heat 

capacity,  unusual  solvent  power ( Figure 

 5– 4 ), and the fact that ice, the solid 

form of water, is less dense than liquid 

water ( Figure  5– 5 ). 

2.    The quantity of  solutes  in seawater, its 

 salinity,  is expressed as  parts per thou-

sand  (‰). Average seawater has a 

salinity of 35‰, meaning that a sam-

ple of seawater weighing 1,000 grams 

contains 35 grams of dissolved salt, 

collectively referred to as the  major con-

stituents  of seawater ( Table  5– 1 ). Other 

solutes in the ocean include  nutrients  

(such as compounds of N, P, and Si) 

( Table  5– 2 ),  gases  (such as O 2  and 

CO 2 ) ( Table  5– 3 ),  trace elements  (such 

as metals) ( Table  5– 4 ), and  organic 

compounds  (such as fats, proteins, and 

carbohydrates). 

3.    Salinity can be measured simply by 

determining the amount of chloride 

(Cl − ) in the seawater sample. This is 

possible because the relative amounts 

of all the major elements are � xed, 

regardless of the total salt content of the 

seawater—a fact expressed as the  princi-

ple of constant proportion.  Today, salinity 

is routinely determined by such indirect 

techniques as  electrical conductivity.  

4.    The salt content of the ocean is derived 

from the chemical breakdown of rocks 

on land ( Table  5– 7 ) and from volcanic 

outpourings along the crests of spread-

ing ocean ridges. The major elements 

dissolved in seawater have a long  resi-

dence time  in the ocean, meaning that 

they remain dissolved in seawater for 

between tens of millions and hun-

dreds of millions of years before they 

are removed from the system ( Table 

 5– 8 ). Because mixing rates are on the 

order of tens to thousands of years, 

elements with long residence times, 

such as Na +  and Cl − , are distributed in 

a � xed ratio to one another through-

out the oceans. 

5.    The  density  of seawater depends largely 

on water temperature and salinity. 

Water temperature is regulated by solar 

heating and varies directly with lati-

tude ( Figure  5– 9 ). Salinity depends on 

the relative effects of evaporation and 

rainfall, and like temperature, varies 

with latitude ( Figure  5– 12 ). Sharp ver-

tical gradients of temperature are called 

 thermoclines  ( Figures 5–10  and  5–11 ), 

of salinity are called  haloclines  ( Figure 

 5– 13 ), and of density are called  pycno-

clines  ( Figure  5– 14b ). 

6.    Sources of gases in seawater include 

diffusion from the atmosphere and 

biological processes ( Figure  5– 15b  and 

 Table  5– 9 ). Plant  photosynthesis  uses up 

CO 2  and releases O 2 ; plant and animal 

respiration consumes O 2  and releases 

CO 2 . The production of O 2  is limited 

to surface water where gas can diffuse 

across the air-sea interface and where 

plants can photosynthesize. The  sink-

ing  and  advection  (horizontal transport) 

of cold, dense, well-oxygenated polar 

water supply O 2  to the deep levels of 

the ocean, ventilating the deepest parts 

of the ocean basins ( Figure  5– 17 ). 

7.    The  hydrologic cycle  ( Figure  5– 20 ) 

describes the exchange of water in gas-

eous, liquid, and solid states among the 

  KEY CONCEPTS 
STUDY Guide
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various water reservoirs. Water is evap-

orated from the ocean’s surface, falls as 

precipitation on land, and returns to 

the oceans as river runoff and ground-

water � ow, thereby completing the 

hydrologic cycle. 

8.    Matter is recycled throughout the oceans 

( Figure  5– 22 ). Through photosynthe-

sis, plants convert inorganic CO 2  and 

nutrients into food. When consumed, 

this matter and energy are passed on to 

animals. When marine organisms die, 

they sink, and their dead tissues are 

decomposed by bacteria, a process that 

releases simple inorganic nutrients. The 

upwelling of this nutrient-rich water 

recharges the surface water with vital 

elements that are once again converted 

into food by plants, initiating a new 

biochemical cycle.            

 KEY WORDS   
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questions
Review of Basic Concepts1. Describe how energy and matter flow 

through an ecosystem. Which of the 

two is recycled and which is not?
2. What is the difference between photo-

synthesis and respiration? Be clear and 

complete in your analysis.
3. Why is nitrate rather than phosphate 

likely to limit plant production in the 

ocean?
4. Why is energy transfer between trophic 

levels such an inefficient process?

5. Contrast a detritus food chain with a 

grazing food chain. How are they linked?

6. What critical role(s) do bacteria play in 

the food cycle of the sea?
7. What is chemosynthesis, and how does 

it differ from photosynthesis?
8. How and why does primary production 

vary with distance from land, and why 

is the open ocean considered to be a 

biological desert?9. What is El Niño? What are the chemical 

and biological consequences of a strong 

El Niño occurrence offshore Peru?

10. How does El Niño differ from La Niña?
Critical-Thinking Essays1. Discuss how photosynthesis, respira-

tion, nutrients, and sunlight are linked 

in ecosystems.2. On a graph, plot the annual variation 

of solar radiation, water temperature, 

phosphate levels, plant biomass, and 

fish biomass that would characterize

a. a midlatitude inner continental shelf

b. an Arctic shelfc. a tropical shelfd. the center of a large ocean
3. The Peruvian anchoveta must have 

survived many El Niño events in the 

recent geologic past. Speculate on the 

reasons that their numbers have not 

recovered from the effect of recent El 

Niño occurrences, notably those since 

1972.
4. What are the chances of discovering 

large fish stocks in the center of the 

Indian Ocean, an area that has not 

been previously fished? Provide a solid 

argument for your assessment.
5. Why are seaweeds large in size and phy-

toplankton microscopic in size?
6. Examine Figure B3-1 in the boxed fea-

ture “Satellite Oceanography.” Account 

for the time variations in plant produc-

tivity for thea. center of the North Atlantic circula-

tion gyre (the Sargasso Sea)
b. North Atlantic waters off the east 

coast of Canadac. continental shelf waters off western 

Africa, near the Canary Islands (hint: 

see Figure 10–12a)7. Examine the food web in Figure 10–2b. 

Create a food web for the kelp forests 

of the Pacific coast of North America.
Discovering with Numbers1. Assume a three-step food chain (dia-

toms → copepods → small fish). If the 

transfer efficiency is 15 percent (0.15) 

between the plants and copepods and 

10 percent (0.10) between the copepods 

and small fish, determine the quantity 

of fish that can be supported by 1,000 

grams of diatoms.2. If the diatoms in Question 1 are fixing 

carbon by photosynthesis at the rate 

of 50 gC/m2/day, estimate the daily 

primary production over an area of 

100,000 square meters (105 m2). Now 

estimate the amount of carbon fixed 

by the diatoms over the total area for 

a year.
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3. Given that a fishery harvests the small 

fish in the three-step food chain 

described in Questions 1 and 2, esti-

mate the average daily (gC/day) fish 

production across the 105 m2 area. If 

you need help, study Figure 10–16.

4. Assume that only 40 percent of the 

annual fish production can be har-

vested in the 105 m2 area described 

in Question 3 if this fishery is to be 

sustainable from year to year. At what 

rate in gC/yr can fish be harvested from 

the region?5. Assume that during one year the fishery 

in Question 4 is affected by an event like 

El Niño, which reduces diatom produc-

tion to 10 gC/m2/day for that year. How 

many gC of fish can be caught for that 

year in order to maintain a sustainable 

harvest?
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for writing term papers. Also, the appendices at 
the end of the book provide important ancil-
lary material, including conversion factors, a 
geologic time chart, map-reading techniques, a 
discussion of the Coriolis defl ection, and the 
classifi cation of marine organisms.

To visually assist readers in understand-
ing key oceanographic processes, Jones & 
Bartlett Learning has developed Interactive 
Oceanography Animations. These engaging 
animations bring fascinating ocean science 
phenomena to life! Each interactive animation 
guides students through oceanographic pro-
cesses and gauges students’ understanding with 
exercises and assessment questions.

high school graduate has mastered. In order to 
assist you, the Science by the Numbers boxes 
teach the art of computation and are included 
in most chapters. The trick to answering math 
questions is to understand conceptually what it 
is you are trying to solve. These math boxes will 
help you upgrade your math skills and develop 
self-assurance about reasoning with numbers. 

A reading list is provided at the end of each 
chapter and includes both classical, but still rel-
evant, references and more recent writings on 
the ocean’s dynamic processes and diverse hab-
itats. Some are books; most are articles. They 
should prove valuable for delving deeper into 
an area of oceanography that intrigues you and 

■ TEACHING TOOLS

To assist you in teaching this course and sup-
plying your students with the best in teaching 
aids, Jones & Bartlett Learning has prepared a 
complete supplemental package available to all 
adopters. Additional information and  review 
copies of any of the following items are avail-
able through your Jones & Bartlett Learning 
sales representative.

An Image Bank provides the illustrations, 
photographs, and tables (to which Jones & 
Bartlett Learning holds the copyright or has 
permission to reproduce digitally).  These 
images are not for sale or distribution but 
may be used to enhance your existing lecture 
slides, tests and quizzes, or other classroom 
material.

Blue waves: © Markovka /Shutterstock.com, Inc.
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The Lecture Outline Slides in Power-
Point Format presentation package provides 
lecture notes, graphs, and images for each chap-
ter of Invitation to Oceanography. Instructors with 
Microsoft PowerPoint software can customize 
the outlines, images, and order of presentation.

The Instructor’s Manual provided as a 
text fi le, includes chapter outlines, teaching 
tips, learning objectives, and additional con-
cept and essay questions.

The Additional Test Questions are avail-
able as straight text fi les and contain approx-
imately 750 multiple-choice, fi ll-in-the-blank, 
essay, and research questions.

A basic sample syllabus is also available 
to assist instructors who are beginning to plan 
their courses.

imately 750 multiple-choice, fi ll-in-the-blank, 

is also available 
to assist instructors who are beginning to plan 
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