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CHAPTER 1

The Ocean Planet

CRITICAL CONCEPTS USED IN THIS CHAPTER
CCS Transfer and Storage of Heat by Water

CC9 The Global Greenhouse Effect

CC10 Modeling

CC11 Chaos

CC14 Phototrophy, Light, and Nutrients

Why is this map of the world not drawn on a sphere or represented in a rectangular map shape such as we are used to? Why are the continents oddly
misshapen? Why are the oceans those odd colors? First, maps of the Earth are made on two-dimensional surfaces. Because they must represent the
Earth’s continents, which lie on a sphere, they distort the shapes and sizes of the Earth’s features. This map is drawn to distort the Earth’s surface
features in a different way than is done in most of the maps that are familiar to us. Second, the strange colors that shade various areas of the oceans
do not represent the color of the ocean surface itself, but instead represent biological productivity. The colors reveal details of the distribution of this
property in the oceans.

INTRODUCTION

About half of the world’s human population lives within a
few tens of kilometers of the oceans. A large proportion of the
remainder lives within a few tens of kilometers of a river or estu-
ary that is connected to the oceans. These facts hint at, but do not
fully reveal, the importance of the oceans to human civilizations.

In this text, we will explore the fundamental physical, chemi-
cal, geological, and biological features and processes of the
oceans and review how humans have studied the oceans. We will
discuss the range of resources that the oceans provide for us, and
the pollution and other impacts that result from human use of the
oceans and exploitation of their resources. We will also examine
the direct and indirect effects of climate change, not just on hu-
man civilization and natural ecosystems but also on the funda-
mental chemistry of the global ocean that pose a long-term threat
of the extinction of many ocean species. After reading this text,
you will have a new appreciation for the intimate and intricate
linkages between our lives and the oceans. More importantly, you
will be equipped to more fully analyze, understand, and evalu-

ate the ever-increasing stream of scientific and popular reports of
findings or theories concerning the oceans and the implications of
human activities on the oceans.

In recent decades, human interest in the oceans has grown in
response to our rapidly deepening knowledge and understand-
ing of the creatures that inhabit the underwater world, especially
coral reefs. Scuba diving has become a pastime, avocation, or
sport for millions, and millions more are fascinated by video
programs that allow them to see the amazing array of ocean life
in the comfort of their homes. Ocean aquariums have been built
in many cities and attract millions every year. All forms of ocean
recreation, not just scuba, have grown explosively. For a large
proportion of the planet’s population, recreation or vacation pas-
times are directed toward the beaches, boating, and other water
sports, or to sailing the oceans on cruise ships. On a more somber
note, humans are also fascinated and terrified by the death and
destruction caused by tsunamis, hurricanes, severe storms, ships
sinking or running aground, and sharks. As a result, there is also



2 CHAPTER 1: The Ocean Planet

much to be learned from this text that is of practical value to each
of our lives. For example, after studying this text you will have
answers to such questions as

o Why do some say that we know less about the oceans than we
do about the moon or the planet Mars?

e Why are the world’s active volcanoes located where they are?

e Why does the east coast of the United States have many
barrier islands and tidal wetlands (marshes and mangrove
swamps), whereas the west coast does not?

e What is a tsunami, and what should I do if I am ever on a
beach when one is approaching?

e What is a rip current (rip tide), and how can I survive one?

e What is unique about water, and how do its unique proper-
ties affect daily life and our environment?

e What do we need to know about the oceans to understand
and predict climate changes?

e Why are fisheries concentrated mostly in coastal zones, and
why do some areas of the coastal ocean produce more fish
than others?

e Why do most hurricanes that impact North America cross
onto land along the shores of the Gulf of Mexico and the
southeastern United States rather than along the northeastern
Atlantic coast or on the west coast of the United States?

e [s pollution of the oceans by oil spills and industrial dis-
charges as bad as newspaper and other reports often portray
it?

e What are the main causes of the widely reported destruction
of coral reefs and damage to other ocean ecosystems?

e What is ocean acidification and why is it important?

e What is ocean deoxygenation? What are its causes and
consequences?

e Why do many scientists now believe that the planet may
now already have entered a new mass extinction of species
(we know of at least 5 that have occurred earlier in Earth’s
4.6-billion-year history)? What are the long term changes in
ocean chemistry contribute to this mass extinction?

Answers to some of the questions listed above may be found
in a single section or chapter of this text. However, the oceans
are a complex environment in which geology, physics, chemistry,
and biology are all linked in intricate ways. As a result, finding
answers to many other questions requires fitting together infor-
mation from several different chapters. You will be reminded
numerous times of the interdisciplinary nature of ocean sciences
as you study this text.

One particular theme that exemplifies the interdisciplinary
nature of ocean sciences is revisited many times throughout this
book. This theme concerns what may be the most important sci-
entific questions facing contemporary human society: Is human
activity permanently altering the environment in a manner that
will ultimately damage or diminish civilization itself? Specifi-
cally, will the release of gases from the combustion of fossil fuels
alter the oceans and atmosphere in such a way that major changes
will occur in the global climate and ecosystems? If so, what do
we expect those changes to be?

THE OCEANS AND EARTH’S ENVIRONMENT

Only very recently have we come to realize that humans have
already caused profound changes, not just in local environments,
but in the global ocean, atmosphere, and terrestrial environments
as a whole. We have become aware that too little is known about
the global or regional consequences of environmental changes
already caused by human activities. Even less is known about the
future environmental consequences if our civilization maintains
its current pattern of exponential development and growth. The
urgent need to assess the unknowns has been felt throughout the
environmental-science community. The oceanographic commu-
nity has been particularly affected, because most global environ-
mental problems involve the oceans and ocean ecosystems, and
our knowledge of the oceans is much poorer than our knowledge
of the terrestrial realm. Changes in the marine environment
caused by human activities are many and varied. They include
many forms of pollution (Chap. 16) and physical changes in the
coastal environment (Chaps. 11, 13). Many pieces of informa-

FIGURE 1-1 Change in the con-
centration of carbon dioxide in the
atmosphere since 1880. Data for the
smooth part of the curve were obtained
from ice cores. Data from 1960 were
obtained from direct measurements at
Mauna Loa, Hawaii, and show both
annual oscillations and a long-term
upward trend. The upward trend con-
tinues. The rate of increase has been
about 3 ppm per year and it is expected
to increase as La Nina climate condi-
tions switch to EI Nino conditions

by winter 2023-2024. In May 2023

the concentration reached a new high
0f 423.3 ppm. Thus, the concentra-
tion is now more than 50% above the
pre-industrial concentration of about
280 ppm. The data do not show any
significant slow down of the rate of in-
crease due to the COVID-19 pandemic
or the emissions reductions of Western
nations including the United States..
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tion must be obtained by different oceanographic disciplines
before human impacts on the ocean can be identified, assessed,
and effectively managed. Throughout this text, reference is made
to the application of various oceanographic findings, principles,
or studies to the practical problems of ocean management. The
intent is to facilitate understanding of similar problems reported
almost daily in the media.

Among contemporary environmental problems associated
with human activities, three related impacts stand out as the most
important and complex: global climate change due to enhance-
ment of the greenhouse effect (CC9), acidification of the oceans
(Chaps. 5,13,16), and deoxygenation of the oceans (Chaps.
12,13,16). Each of these problems are caused largely by the
release of large quantities of carbon dioxide to the atmosphere,
primarily as a result of fossil fuel burning.

A greenhouse is effective at maintaining higher internal
temperatures compared to external temperatures because its
glass windows allow more of the sun’s energy to pass through
into the greenhouse than it allows to pass out. The Earth’s
atmosphere acts in a similar way to control temperatures at the
Earth’s surface. In the atmosphere, several gases, especially
carbon dioxide, function like the glass in a greenhouse. Since
the Industrial Revolution, the burning of fossil fuels has steadily
increased the concentration of carbon dioxide in the atmosphere
(Fig. 1-1). The concentrations of other greenhouse gases, such as
methane and chlorofluorocarbons, also are increasing as a result
of human activities. If there are no other changes to compensate
for the consequent increase in greenhouse efficiency, the Earth’s
temperature will rise. Indeed, many scientists believe that hu-
mans have already caused the average temperature of the Earth’s
lower atmosphere, in which we live, to rise perhaps 1-2 degrees
Celsius, and have also predicted that the temperature will rise
by an additional several degrees Celsius in the next two to three
decades.

If such an increase in the global temperature does indeed oc-
cur, it will cause dramatic climate changes throughout the world.
These changes are likely to be devastating to agriculture, the en-
vironment, and our entire civilization. In addition, if the predicted
warming occurs, sea level will rise as a result of thermal expan-
sion of the warmed ocean water and melting of ice from glaciers
and polar ice sheets in Greenland and Antarctica. Some experts
predict that the sea level will rise a meter or perhaps more during
the next several decades. If this happens, large areas of low-lying
coastal land will be inundated, and some entire low-lying island
chains may disappear entirely.

Much of the carbon dioxide released by fossil fuel burning
has been absorbed by the oceans. However, the added carbon
dioxide reacts to form a weak acid. Consequently, although ocean
waters are still weakly alkaline, the acidity of the oceans is rising.
The oceans have been more acid in the ancient past than they
are today, but the rate at which acidification is currently taking
place is believed to be many times faster than has ever occurred
before. Because the rate of acidification is far too fast to allow
many species to evolve and adapt to greater acidity, it is antici-
pated that ocean acidification will result in the extinction of many
marine species and a drastic alteration of marine ecosystems.
Species that are especially at risk include those that create hard
parts (skeletons, shells and other structural materials) of calcium
carbonate. These include many of the most important groups of
marine organisms such as shellfish and, perhaps more critically,
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the pteropods that are the base of many marine food chains that
provide food for fishes and marine mammals.

The effects of ocean acidification on marine ecosystems are
already significant. For example, the acidity of coastal waters of
the Pacific North West has risen in recent decades to a level that
prevents oyster larvae from growing to maturity. This has sig-
nificantly affected the large oyster industry in the region. Oysters
can only be grown now if the oyster farms can hatch and grow
larvae in remote locations such as Hawaii where the water is less
acidic or in tanks with controlled pH water. The Bering Sea off
Alaska is the most acidic part of the world ocean (due to its cold
water and high biological productivity). pH values of 7.7 have
already been observed there and continue to decline. At these low
pH values, there is strong evidence that the Alaska King Crab
population will decline and that populations of the small animals
called pteropods, a principal food source for Bering Sea fishes,
including salmon, will also decline since the water is too acidic
for the pteropods to make their calcium carbonate shells.

There is considerable research underway on ocean acidifica-
tion and its effects. The research so far shows that acidification
will cause major changes in the species composition of marine
food chains and is likely to severely damage coral reefs be-
fore the end of the century. However, some species that rely on
calcium carbonate skeletal material do appear to be capable of
adapting to the acidity levels expected to be reached by 2100.
Despite the, as yet, incomplete understanding of the effects of
rising ocean acidity, what is known to date strongly supports a
conclusion that ocean acidification will cause major changes in
marine ecosystems within the next few decades. The effects of
anthropogenic carbon dioxide emissions on ocean acidity are
likely to rival or exceed the adverse effects of climate change in
the next several decades. In fact, our understanding of the acidi-
fication process suggests that, if ocean ecosystems are not going
to change dramatically and likely in ways that are detrimental,
humans must not only reduce the amount of carbon dioxide we
continue to release to the atmosphere but we must, within the
next few decades, actually remove from the atmosphere and
ocean much of the carbon dioxide that humans have already
discharged.

Widespread deoxygenation of the oceans is a threat that is
caused by a combination of climate change and civilization’s re-
leases to the oceans of large amounts of nitrogen and phosphorus
primarily from agriculture and in treated sewage discharges. This
threat is a little complicated as several of the physical, chemi-
cal and biological processes that are explained in later chapters
of this book are involved. For now, it is important understand a
few facts, as follows. The oceans are essentially separated into
a warm surface layer and colder deep water. The surface layer
water is mixed constantly and is in contact with the atmosphere
with which it can exchange gasses so it’s oxygen concentration
is primarily determined by the atmospheric oxygen concentra-
tion. The much thicker deep-water layers below the warm surface
layer are colder and mix only slowly with the surface layer (Fig.
1-2, CC1 Chaps. 5, 8). In the deep-water layer, respiration
(which includes microbial decomposition of detritus) removes
oxygen from the water and replaces it with carbon dioxide (Fig.
1-2, Chaps. 5, 12). If water in the deep layers of the oceans was
not continuously replaced by oxygenated surface waters, the deep
layers would lose all oxygen and would be uninhabitable by life,
except for certain microbial species (Chaps. 12, 13). However,
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FIGURE 1-2 Oxygen concentration in ocean water is controlled by both physical and biological processes. (a) The oceans consist of two main
layers, a warm surface layer, and a cold deep layer, with a transition zone called the pycnocline zone between them. (b) Surface layer water is well
mixed and in contact with the atmosphere and its oxygen concentration is primarily controlled by gas exchange with the atmosphere. Photosynthesis
by marine life in this layer converts carbon dioxide to organic matter and releases oxygen but this is offset by respiration that converts oxygen to
carbon dioxide. Respiration also occurs in the deep layer, fueled by animals that migrate vertically or live in the deep and decomposition of organic
material (detritus), but there is no photosynthesis and no contact with the atmosphere so respiration continuously consumes oxygen in this deep layer
and, therefore the longer the water remains in the deep layers, the less oxygen it contains (c) The deep layer water is continuously replenished by
sinking of cold water in some near polar regions and then circulates through the oceans while being slowly mixed upward, eventually into the surface
layer again. The pycnocline provides a barrier that inhibits mixing so the upwards mixing process is slow.

surface layer oxygen rich water does sink at certain locations at
high latitudes where it is cooled and becomes dense enough to
sink. This water moves slowly through the deep oceans, continu-
ously losing oxygen and gaining carbon dioxide due to respira-
tion, then eventually mixes back into the surface layers to be
re-oxygenated (Fig. 1-2,Chap 8). This results in a vertical profile
of dissolved oxygen concentration with high oxygen concentra-
tions in the surface layer and in the deepest water layers with an
oxygen minimum at depths in or just below the pycnocline zone
(Fig. 1-2,Chap 8). The concentration of oxygen in the water at
this oxygen minimum depth varies from location to location but,
in some areas is too low for animal life to survive. Areas that
exhibit such low oxygen concentrations are referred to as Oxygen
Minimum Zones (OMZ). OMZs are usually found at depths of
between about 200 and 1000m (Fig. 1-2,Chap 8) and at least
some such oxygen deficient areas are .currently expanding.

For many centuries, the balance between supply of oxygen
rich water to the deep layers and the rate of respiration by deep
layer living organisms has remained such that most of the deep
ocean layer water still retains some oxygen upon which most life
forms (including all animals) in the modern oceans depend. How-
ever, that has not always been true in several episodes of Earth’s
past when the deep ocean layers were devoid of oxygen.

There are two ways that the deep oceans can lose all their ox-
ygen. This can occur if the rate at which water circulates through
the deep oceans is reduced, allowing a longer time for respiration
to consume the oxygen, or if the rate at which respiration takes
place in the deep oceans increases, or a combination of these.
Respiration of living organisms in the deep layers of the oceans is
fueled by the decomposition of organic matter (food) just as it is
elsewhere. However, since no light penetrates to the deep layer to
support phototrophy most of the food supply in the deep layers
comes from the surface layer, as falling detritus or vertically mi-
grating organisms (Fig. 1-2b). This food supply is limited which

limits the total respiration oxygen loss as water flows through the
deep oceans. If the rate of supply of food from the surface layer
to the deep ocean water is increased, the additional food supports
more deep layer marine life, which means more respiration, and
the oxygen concentrations in deep water declines.

The Earth has experienced at least 5 known mass extinc-
tions of species such as the one that occurred when the dinosaurs
disappeared (Fig. 1-3). While deoxygenation of the oceans is
thought not to have been the sole cause of these extinctions, both
acidification and deoxygenation did occur during most of these
extinctions and are thought to have contributed to the extinction.

Now we can consider why scientists believe that deoxygen-
ation of the oceans is a major long term threat. First, less oxygen
can dissolve in seawater at higher temperatures, so climate warm-
ing will reduce oxygen concentrations in the surface layers of the
oceans that are in contact with the atmosphere. Second, warming
of the oceans is likely to enhance the temperature differences
between deep ocean layers and surface layers which will inhibit
vertical mixing of the two. Warming of ocean surface waters is
also expected to reduce the rate at which cold surface waters sink
into the depths. Each of these effects will lengthen the time that
ocean water spends out of contact with the atmosphere before re-
turning to the surface layers to exchange gases and re-equilibrate
with the atmosphere. Third, warming of the ocean waters, are ex-
pected to increase the rate of production of food by phototrophy
in the oceans surface layer, which will increase the rate of supply
of detritus to the deep layer, accelerating oxygen consumption.
Current research indicates that each of these three changes is
beginning to occur. Moreover, photosynthetic food production in
most of the oceans is limited by the low concentrations of nutri-
ents especially, nitrogen and phosphorus. Humans are releasing
large amounts of these nutrients, especially in agricultural runoff
and treated sewage wastes. This is also expected to enhance the
rate of photosynthesis supported organic matter production and,



in consequence the rate of production of detritus and the rate of
loss of oxygen from the deep ocean layers.

Our understanding does not yet allow us to assess with any
certainty, the future of ocean acidification and deoxygenation
in the global oceans. However, we do have observations of the
ecological damage that they can cause in limited regions. For
example, as mentioned ealier, acidification of the coastal waters
off the west coast of North America has already been observed
to have exceeded the ability of oysters to reproduce successfully
(Chaps 5, 16). Also, there are numerous coastal and estuarine
areas, including Chesapeake Bay and the Gulf of Mexico coastal
waters west of the Mississippi Delta that experience low or
totally depleted oxygen in their deeper water layers (below a
shallow pycnocline), either periodically or permanently, due pri-
marily to excess anthropogenic nutrients. These areas have been
called dead zones because living organisms that can not swim
away as these areas lose their oxygen die (Chaps 13,16). Also,
water from an OMZ in the North Pacific Ocean has periodically
encroached on the Oregon continental shelf causing a peridoic
“dead zone” to appear.

The oceans and atmosphere act together as a complex system
that regulates our climate and the concentrations of carbon
dioxide and other gases in the oceans and atmosphere. The
oceans capture, store and redistribute the sun’s heat energy to
the atmosphere (CCS5) and so the oceans are integral to weather
and climate. . Within the ocean—atmosphere system, numerous
complicated changes and feedbacks occur as a result of increases
in atmospheric concentrations of carbon dioxide and other
gases. Some changes would add to the predicted global warm-
ing, whereas others would reduce or even negate it. This is also
true for ocean acidification and deoxygenation. However, our
current understanding of the ocean—atmosphere system is poor,
especially those segments of the system that are associated with
ocean processes. If we are to be able to predict our future with
greater certainty, so that we can take appropriate actions, we must
improve our understanding of the oceans.

In addition to studying contemporary ocean processes, ocean-
ographers study the oceans to uncover important information
about past changes in the world’s climate. Such historical infor-
mation, found primarily in ocean seafloor sediment and sedimen-
tary rocks, can reveal how the Earth’s climate has changed over
tens of millions of years and help us assess how it might change
in the future, either as a result of natural changes or as a result of
the enhanced greenhouse effect.

Climate change, ocean acidification and deoxygenation are
complex processes involving many concepts referenced in the
proceeding paragraphs. You might ask why they are summarized
in this introductory chapter. The reason is simple. Each chap-
ter contains information needed to fully understand how these
processes work. If climate change, acidification and deoxygen-
ation continue unchecked, the ultimate likely consequences
include global mass species extinction, a far greater threat than
the damage that may be caused by any other environmental issue.
Keep that in mind as you learn about the oceans and you will
realize that what you are learning about is not just science but
information about things that are vital to your life and the lives
of all other humans and other living creatures. We will return to
the subjects of ocean acidification and deoxygenation in Chap
16 when we discuss human impacts on the oceans. By then you
will have learned about the fundamental physical, chemical and
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biological processes operating in the oceans and will be able to
much better understand how acidification and deoxygenation are
developing and that they represent a major long-term threat to
both ocean ecosystems and human civilization.

Many important decisions must be made by current and future
generations about human use and the protection of our environ-
ment. It is important for all of us to participate in these decisions
with an understanding of the complexity of the ocean-atmosphere
system, and of uncertainties inherent in all scientific studies and
predictions of such complex environmental systems (CC10,
CC11). We must also recognize that science cannot provide
definitive answers to even the most intensively studied environ-
mental problems.

OCEANS AND THE ORIGINS OF LIFE

To investigate the origins of life, a number of laboratory stud-
ies have attempted to reproduce the conditions thought to exist
in the early oceans and atmosphere, including high ultraviolet
radiation levels and frequent lightning discharges. Under these
conditions, a wide range of organic compounds are created from
carbon dioxide, methane, ammonia, hydrogen, and water. The
organic compounds formed in these experiments included amino
acids, which are considered the most important building blocks
of the complex molecules needed for life to exist. However, we
do not understand how or know where these building blocks were
assembled into the much more complex molecules that were
needed to form the first living matter. Several hypotheses have
been proposed. The chemical reactions necessary to construct
complex molecules may have taken place on the surface of solid
particles, or deep within the Earth, or at hydrothermal vents
(Chap. 15). However, another possible explanation for the origin
of these complex compounds is that they first reached the Earth
in meteorites.

All life as we know it depends on the transport of chemical
elements and compounds within cells, and between cells and the
surrounding environment. In all known living organisms, from
archaea to mammals, these chemical substances are transported
dissolved in water. Therefore, water is essential to all life as
we know it. As a result, it is not surprising that life appears to
have been nurtured and developed in the oceans for most of the
billions of years that it has existed on the Earth. Evidence from
the fossil record indicates that life has existed on the Earth for a
very long time. Although there is evidence that life began much
earlier, the first life forms for which we have direct evidence
were bacteria-like microorganisms that existed about 3.6 bil-
lion years ago (Fig. 1-3), which is approximately 1 billion years
after the Earth was formed. When the oceans were first formed,
about 4.2 billion years ago, the atmosphere consisted mostly of
nitrogen, with smaller amounts of carbon dioxide and methane.
Because there was no free oxygen in the atmosphere or oceans, it
is thought that some of the earliest life forms were similar to the
chemosynthetic microbes that are found at present in many iso-
lated environments such as hydrothermal vents and deep within
the Earth’s crust (CC14, Chap. 15). These environments con-
tain no free oxygen and are often characterized by conditions of
extreme temperature and pressure, similar to the conditions that
are thought to have existed in the oceans and within Earth’s crust
when the oceans were first formed.

If the first organisms did utilize chemical energy to support
their energy needs, then at some unknown time the first species
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FIGURE 1-3 The history of the Earth. The Earth formed about 4.6 billion years ago. Animals have existed on the Earth for only an extremely brief
period of its history. If the age of the Earth were only 1 year, animals would have existed for only 2 months, our species Homo sapiens for about 9
minutes, and the science of oceanography for less than a single second. Most actual dates on the figure are expressed as millions of years ago (MYA)

and are approximate.

of microorganisms that utilized the sun’s light energy developed.
These organisms were phototrophic (CC14). Early phototrophs
probably used hydrogen sulfide as their source of hydrogen,
which is needed for building chemical compounds. Later, photo-
synthetic microorganisms, likely cyanobacteria, developed that
were able to split water molecules, using the hydrogen to build
their chemical compounds, releasing oxygen in the process. Over
a period of time, between about 1 and 2 billion years ago, these
photosynthetic organisms changed the composition of the Earth’s
atmosphere. Oxygen concentrations steadily increased until
they reached approximately the 20% now present. This change
was fundamental to the development of the majority of living
species now on the Earth. As the free oxygen accumulated in
the atmosphere, it also reacted with sulfides and other chemical
compounds in the oceans that support the life cycles of chemo-
synthetic species. As a result, chemosynthetic species largely dis-
appeared or became restricted to extreme environments, such as
those where they are found today. Furthermore, the free oxygen
permitted the development of the animal kingdom. All species of
animals depend on respiration using oxygen obtained from their
environment.

The oceans and atmosphere reached a steady state (maintain-
ing approximately the same chemical compositions that they have
today) approximately 1 billion years ago, and this relative stabil-

ity permitted the development of more complex life forms. The
first primitive higher animals were marine invertebrates, perhaps
similar to sponges and jellies (jellyfish), that developed about
700 million years ago, followed by the first fishes about 500 mil-
lion years ago (Fig. 1-3). The first plants appeared on land about
500 million years ago, and the first mammals only about 220
million years ago. Humans are latecomers. Hominids (humanlike
species) have existed for only about 4 million years—less than
one-tenth of 1% of the history of the Earth.

Although the specific environment in which life first devel-
oped is not known, clearly the oceans have played a major role in
nurturing the development of life on the Earth.

HOW TO STUDY OCEAN DATA

Before we begin to explore the intricacies of the relationships
among humans, the oceans, and the environment it is important
to review some of the basic tools that oceanographers and other
scientists use to describe what they have learned about the Earth
and its oceans. Many of those tools will be used in this text, es-
pecially various forms of maps, graphical representations of data
that vary geographically or with time, and the standard scientific
notation for numbers and units of measurement. The remainder of
this chapter is devoted to establishing the groundwork for the rest
of the book.
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FIGURE 1-4 These two bar charts show the same data but use different
y-axis ranges. Notice that they give very different impressions about the
differences among the three values.

As is true for other sciences, describing what we know about
the oceans and ocean processes requires the use of graphs and
similar diagrams, and sometimes mathematics. For ocean scienc-
es, we must also be able to represent data in a geographic context,
which requires the use of maps or charts. Graphs, diagrams, and
maps make it easy to understand certain features of even com-
plex data sets without using mathematics (a goal we have set for
this text). However, these visual representations can be properly
interpreted only if we understand how a particular graph or map
presents, and often distorts, the data. To make it possible for you
to properly study and understand the rest of this text, the remain-
der of this chapter discusses some of the characteristics of graphs
and maps that will be utilized extensively in this text. Even if you
are a science major and are familiar with science diagrams, you
are strongly urged to review this material.

Graphs

Graphs are probably the most widely used form of data
presentation in science and elsewhere. They provide a means by
which relationships between two or more numbers or properties
can be visualized, but they can be extremely misleading unless
they are read properly. To understand a graph, you must not only
look at the general shape of the line or curve connecting points,
or the apparent difference in sizes of bars in a bar chart, for ex-
ample, but also examine the axes. Two simple examples illustrate
why.

In Figure 1-4, three simple values that could be, for example,
the prices of an item at different stores or the depths of the ther-
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mocline at three locations in the ocean are plotted in a simple
bar chart. The same data are plotted in both parts of the figure.
Why do the plots look so different? In Fig. 1-4a, the y-axis
(vertical axis) extends from 0 to 250. In Fig. 1-4b, the data are
“expanded” by plotting on the y-axis only the range from 228 to
240. Items 1, 2, and 3 have nearly the same values, but one plot
seems to show that item 3 has a much higher value than items 1
and 2. Have you ever seen this technique used in advertisements
or newspaper reports to present data differences in a misleading
way?

The second example is a simple nonlinear (CC10) relation-
ship between two variables (x*=y). These variables could be, for
example, light intensity and depth, or primary production rate
and nutrient concentrations (although the relationships between
these pairs of parameters are actually more complicated). Notice
that the first plot (Fig. 1-5a) shows that y increases more rapidly
as x increases, exactly what we would expect from the simple
equation. However, the same data in Figure 1-5b appear to show
the exact opposite (y increases more slowly as x increases). The
reason for this difference is that y is plotted as the log of the
value. Log plots are commonly used for scientific data, but they
may be confusing unless you examine the axis carefully. One of
the reasons why log plots are used is illustrated by Figure 1-5c.
This figure is a plot of the same data as in Figure 1-5a,b, but
it has a log scale for both variables. The plot is a straight line,
revealing a feature of this nonlinear relationship that is often
important to scientists.

Contour Plots and Profiles

Contour plots are used to display the two-dimensional spa-
tial distribution of a variable such as atmospheric pressure on
weather maps. The variable plotted can be any parameter such as
pressure, temperature, soil moisture, vegetation type, or concen-
tration of a substance. Contours of pressure are usually called
isobars, temperature contours are isotherms, and density contours
are isopycnals.

Contour plots describe the distribution of variables on flat
surfaces. In some cases, the plotted variable is actually a mea-
surement of something in the third dimension, perpendicular
to the surface on which the plot is drawn. The most common
examples are topographic maps that depict the height of the land
surface above sea level, and bathymetric maps that depict the
depth of the ocean below sea level. Sea level is the flat surface
on which the third dimension variable, the height or depth, is
plotted. Contours are lines that connect points on the surface that
have the same value of the variable. A number of such contour
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FIGURE 1-5 A simple nonlinear relationship is plotted in three different ways to show how logarithmic scales can change the apparent nature of the
relationship between the two variables: (a) a linear—linear plot, (b) a log—linear plot, (c) a log—log plot.
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FIGURE 1-6 Contour plots. These plots reveal areas of higher and
lower values of the plotted parameter, identified as H and L. They also
indicate the strength of the gradient, which is stronger where adjacent
contours are closer to each other. (a) In this example, which is a topo-
graphic map, there is a flat plateau at point A, a steep-sided valley at point
B, an area of gentle slope at point C, a depression at point D, and a hill or
mountain at point E, which has a very steep slope, especially on its right
side. (b) Here, the same data are plotted with a greater interval between
contours. Unless you examine it carefully, this plot can give the appear-
ance that gradients are not as steep as they appear in part (a). (c) A three-
dimensional representation of the topography plotted in parts (a) and (b).

lines are drawn to represent different values of the plotted vari-
able. Often, but not always, the values contoured are spaced at
equal intervals of the variable, such as 50 m, 100 m, 150 m, and
200 m above sea level for a topographic map. One very important
rule of contouring is that contours of different elevations (or val-
ues of any other parameter that is contour plotted) cannot cross or
merge with each other. This is because each contour line always
follows its own elevation (or parameter value). If the plotted
parameter is elevated or depressed (forming hills or depressions)
in two or more areas, contours around any two such features
must not connect with each other. In addition, unless the feature
is at the edge of the plot, contours around each such feature must
connect with themselves in a closed loop (Fig. 1-6). Contour
lines show the distribution and magnitude of highs and lows of
the plotted parameter. In any particular contour plot, high and low
features (hills and valleys in a topographic map) that have more
contours surrounding them are of greater magnitude than those
with fewer surrounding contours. For example, higher hills are
depicted by more contours between the sea level and the hilltop
than would be present for lower hills. Contours can also reveal
the strength of gradients at different points on the plotted surface.
Where the contours are closely bunched together, the value of the
parameter must change quickly with distance across the surface,
and hence the gradient is relatively strong (steep terrain on a
topographic map). Conversely, where the contours are spread out,
the gradient is relatively weak. The term relatively is important
because the number of contours and the intervals between the
contours can be different in different plots; even plots of the same
data (compare Fig. 1-6a and b).

When you study contour maps, make sure you look at the
values on each of the contour lines. They will enable you to see
which features are highs and lows and to assess accurately the
relative magnitude of gradients at different points on the plot.
Many contour plots are now produced by computers, and in some
of these, contour lines are not used. Instead, the entire plot is
filled with color that varies according to the value of the param-
eter plotted. Usually the order of colors in the spectrum of visible
light is used. Red represents the highest value, grading progres-
sively through orange, yellow, green, and blue to violet, which
represents the lowest value. These plots are essentially contour
plots that have an infinitely large number of contour lines and in
which the range of values between each pair of adjacent contours
is represented by a slightly different shade of color. Figures 3-3,
7-11 and 8-15 are good examples. This convention, using the
spectrum from red to violet to represent higher values to lower
values, is now universally accepted and makes it easy to visually
identify the areas of high and low values. Consequently, with a
few exceptions made for specific reasons, we have used this con-
vention to color-code the regions between contours in all of the
contour plots in this text. Figure 1-6 is an example.

Contour plots are often displayed on cross-sectional profiles.
Cross-sectional profiles represent the distributions of properties
on slices (cross sections) through, for example, the Earth or an
ocean. Oceanographers commonly use cross-sectional profiles
that represent a vertical slice through the Earth and oceans. Be-
cause the oceans and the Earth’s crust through which these verti-
cal profiles are drawn are extremely thin in comparison with the
widths of the oceans and continents, these profiles almost always
have a large vertical exaggeration. For example, the maximum
depth of the oceans is approximately 11 km, whereas their widths
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FIGURE 1-7 Most vertical profiles are vertically exaggerated. Topogra-
phy appears progressively more distorted as the exaggeration increases.
The relatively flat topography depicted in this figure looks like extreme-
ly rugged mountain chains with very steep slopes when it is plotted at

a vertical exaggeration of 100 times. Most oceanographic profiles are
plotted with vertical exaggerations greater than 100 times.

are several thousand kilometers. If we were to draw a vertical
profile with no vertical exaggeration on a page in this book, an
ocean depth of 11 km scaled to 11 cm on the vertical axis would
necessitate a diagram that had a width of 1000 cm (more than 50
page widths) for each 1000 km of ocean width plotted. Because
this is obviously not possible, the scale on which distance across
the ocean is plotted is reduced. This decreases the width of the
plot but also produces vertical exaggeration that distorts the data.
Figure 1-7 shows the effects of 10 and 100 times vertical ex-
aggerations of a topographic profile. Most profiles used in ocean
sciences have exaggerations greater than 100 to 1. Vertically
exaggerated profiles make the gradients of topographic features
appear much greater than they really are. Two points are impor-
tant to remember as you examine vertically exaggerated profiles
in this textbook. First, the seafloor topography is much smoother
and the slopes are much shallower than depicted in the profiles.
Second, ocean water masses are arranged in a series of layers
that are very thin in comparison with their aerial extent, and this
characteristic is not adequately conveyed by the profiles.

Maps and Charts

The Earth is spherical, and the ideal way to represent its
geographic features would be to depict them on the surface of a
globe. Although virtual-reality computer displays may eventually
make such representation possible, it is currently impractical for
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most purposes. Consequently, geographic features of the Earth’s
surface are almost always represented on two-dimensional maps
or charts (chart is the name given to maps that are designed and
used for navigation). To represent the spherical surface of the
Earth in two dimensions on a map, a projection must be used.

A projection consists of a set of rules for drawing locations on a
flat piece of paper that represent locations on the Earth’s surface.
All projections distort geographic information, each in a different
way. Several different projections are used in this textbook, and
you may see other projections elsewhere.

To draw accurate maps of the Earth, we must relate each
location on the Earth’s surface to a particular location on the flat
map surface. Therefore, we must be able to identify each point
on the Earth’s surface by its own unique “address.” Latitude and
longitude are used for this purpose.

In a city, the starting “address” is usually a specific point
downtown, and the numbers of streets and of houses on each
street increase with distance from that point. On the Earth, there
is no center from which to start. However, two points, the North
and South Poles, are fixed (or almost so), and the equator can be
easily defined as the circle around the Earth equidistant from the
two poles. This is the basis for latitude. The equator is at latitude
0°, the North Pole is 90°N, and the South Pole is 90°S. Every
location on the Earth other than at the poles or on the equator
has a latitude between either 0° and 90°N or 0° and 90°S. Why
degrees? Figure 1-8a shows that if we draw a circle around
the Earth parallel to the equator, the angle between a line from
any point on this circle to the Earth’s center and a line from the
Earth’s center to the equator is always the same. If the circle is at
the equator, this angle is 0°; if it is at the pole, the circle becomes
a point and this angle is 90°. If the circle is not at the equator or
one of the poles, this angle is between 0° and 90° and is either
south or north of the equator.

Latitude can be measured without modern instruments. Po-
laris, the Pole Star or North Star, is located exactly over the North
Pole, so at 90°N it is directly overhead. At lower latitudes, Polaris
appears lower in the sky until, at the equator, it is on the horizon
(at an angle of 90° to a vertical line). In the Northern Hemi-
sphere, we can determine latitude by measuring the angle of the
Pole Star to the horizon. In the Southern Hemisphere, no star is
directly overhead at the South Pole, but other nearby stars can be
used and a correction made to determine latitude. Star angles can
be measured accurately with very simple equipment, and the best
early navigators were able to measure these angles with reason-
able accuracy without instruments.

Latitude is a partial address of a location on the Earth. It spec-
ifies only the hemisphere in which the location lies, and that the
location is somewhere on a circle (line of latitude) drawn around
the Earth at a specific distance from the pole (equivalent to
“somewhere on 32nd Street”). The other part of the address is the
longitude. Figure 1-8b shows that the relative locations of two
points on a line of latitude can be defined by measurement of the
angle between lines drawn from the Earth’s center to each of the
locations. This angle is longitude, but it has no obvious starting
location. Consequently, a somewhat arbitrarily chosen starting lo-
cation, the line of longitude (north—south line between the North
and South Poles) through Greenwich, England, has been agreed
upon as 0° longitude and is known as the “prime meridian.”

Longitude is measured in degrees east or west of the prime
meridian (Fig. 1-8b). Locations on the side of the Earth exactly
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FIGURE 1-8 Latitude and longitude are measured as angles between lines drawn from the center of the Earth to the surface. (a) Latitude is mea-
sured as the angle between a line from the Earth’s center to the equator and a line from the Earth’s center to the measurement point. (b) Longitude is
measured as the angle between a line from the Earth’s center to the measurement point and a line from the Earth’s center to the prime (or Greenwich)
meridian, which is a line drawn from the North Pole to the South Pole passing through Greenwich, England. (c) Lines of latitude are always the same
distance apart, whereas the distance between two lines of longitude varies with latitude.

opposite the prime meridian can be designated as either 180°E or
180°W. All other locations are between 0° and 180°E or between
0° and 180°W. Longitude is not as easy to measure as latitude,
because there is no fixed reference starting point and no star
remains overhead at any longitude as the Earth spins. The only
way to measure longitude is to accurately fix the time difference
between noon (sun directly overhead) at the measurement loca-
tion and noon at Greenwich. The Earth rotates through 360° in
24 hours, so a 1-hour time difference indicates a 15° difference
in longitude. To determine longitude, the exact time (not just
the time relative to the sun) must be known both at Greenwich
and at the measurement location. Before radio was invented, the
only way to determine the time difference was to set the time
on an accurate clock at Greenwich and then carry this clock to
the measurement location. Consequently, longitude could not be
measured accurately until the invention of the chronometer in the
1760s.

Latitude and longitude lines provide a grid system that speci-
fies any location on the Earth with its own address and enables
us to draw maps. Before we look at these maps, notice that 1° of
latitude is always the same length (distance) wherever we are on
the Earth, but the distance between lines of longitude is at a maxi-
mum at the equator and decreases to zero at the poles (Fig. 1-8c).

Figure 1-9a is the familiar map of the world. This representa-
tion of the Earth’s features is a Mercator projection, which is used
for most maps. For the Mercator projection, the lines of latitude
and longitude are drawn as a rectangular grid. This grid distorts
relative distances and areas on the Earth’s surface. The reason
is that, on the Earth, the distance between two lines of longitude
varies with latitude (Fig. 1-9¢), but the Mercator projection
shows this distance as the same at all latitudes. Furthermore,
the Mercator shows the distance between lines of latitude to be
greater at high latitudes than near the equator, even though on the
Earth’s surface they are the same.

Why, then, has the Mercator projection been used for so long?
The answer is that it preserves one characteristic that is important

to travelers: on this projection, the angle between any two points
and a north—south line can be used as a constant compass heading
to travel between the points. However, the constant-compass-
heading path is not the shortest distance between the two points.
The shortest distance is a great-circle route. A great circle is a
circle around the full circumference of the Earth. The Mercator
projection suggests that the “direct” route between San Francisco
and Tokyo is almost directly east to west. However, the normal
flight path for this route is almost a great-circle route that passes
very close to Alaska and the Aleutian Islands. You can see the
great-circle route and why it is the shortest distance by stretching
a piece of string between these two cities on a globe. Over short
distances the compass-direction route and the great-circle route
are not substantially different in distance, and the simplicity of
using a single unchanging compass heading makes navigation
easy. Ships and planes now use computers to navigate over great-
circle routes that require them to fly or sail on a continuously
changing compass heading.

Although the Mercator projection is very widely used, other
projections preserve different characteristics of the real spheri-
cal world. The following four characteristics would be useful to
preserve in a map projection:

e Relative distances. Measured distance between any two
points on the map could be calculated by multiplying by
a single scale factor. Most projections do not preserve this
characteristic.

e Direction. Compass directions derived from the straight lines
between points on the map could be used for navigation. The
Mercator projection preserves this characteristic.

e Area. Two areas of the same size on the Earth would be
equal in area on the map. The Mercator projection is one of
many projections that do not preserve this characteristic.

e Shape. The general shape of the oceans and land masses on
a map would be similar to the shapes of these features on the
globe. Most projections do not preserve this characteristic.
Because no projection (only a globe) preserves all four of
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TABLE 1.1 Characteristics of Selected Map Projections

Preserves Preserves
Relative Preserves Relative Preserves
Projection Distances Directions Areas Shape Areas Most Distorted Common Uses
Mercator Poor Excellent Poor Fair Mid to high latitudes Navigation charts, world
maps, maps of limited
areas
Miller’s Good Good Excellent Poor High latitudes World maps
cylindrical
Robinson Good Fair Good Fair High latitudes, 4 “cor- World maps
ners”
Mollweide Good Fair Good Poor High latitudes, 4 “cor- World maps
ners”’
Goode’s Good Poor Very good Poor in Relative positions of World maps, global oceans
. most continents
interrupted
areas
Conic Good Excellent Very good Excellent Distortion equally dis- Maps of the U.S., individual
tributed continents
Polar Fair Excellent Good/poor Good Outer edges Maps of polar regions
azimuthal

these characteristics, different projections are used for different
purposes. In this textbook, for example, a Goode’s interrupted
projection (Fig. 1-9b) is used often because it preserves relative
areas correctly and shows each of the three major oceans unin-
terrupted by the edge of the map. Other projections, such as the
Robinson projection (Fig. 1-9¢), are also used in this textbook.
The projection used for each map is identified in each figure.
Table 1-1 lists the relative ability of each of these projections to
satisfy the four desirable map characteristics described here.

Always consider the characteristics of a projection when
you examine a map. For example, compare the sizes of Green-
land and South America in parts (a) and (b) of Figure 1-9. The
Mercator projection exaggerates the relative size of Greenland,
which the Goode’s interrupted projection preserves. Generations
have grown up thinking that Greenland is much bigger than it is,
thanks to the Mercator projection.

Scientific Notation and Units

Some of the numbers mentioned in this chapter have been
very large. For example, the history of the Earth presented in
Figure 1-3 spans nearly 5 billion (5,000,000,000) years. On that
figure, the abbreviation MYA was used to represent millions of
years ago. In ocean sciences, such large numbers are common, as
are very small numbers. For example, the concentration of lead
in seawater is about 0.000,000,000,5 gram per kilogram of water.
In order to avoid using long strings of zeros, scientists use a type
of shorthand for numbers like these. For example, the age of the
universe is 5°10° years, and the concentration of lead in seawater
is 5¢10°!° grams per kilogram.

These numbers might look odd, but they are really quite
simple. The numbers are written with powers of 10. The ¢ symbol
can be stated as “to the power of,” and the superscript number
represents the number of orders of magnitude (factors of 10) by
which the first digit must be multiplied. Thus, 5¢10° is 5 to the
power of 9 factors of 10 (the number is multiplied by 1 and nine
zeros are added, which gives 5,000,000,000). The number is said

to be raised by 9 orders of magnitude (powers of 10). Similarly,
5¢107'%is 5 to the power of negative 10 (the number is multiplied
by 0.000,000,000,1, which gives 0.000,000,000,5. Notice that
the negative sign in the superscript part of the scientific nota-
tion denotes the number of powers of 10 by which the number is
reduced. When a number has more than one nonzero digit, such
as 5,230,000,000, the scientific notation is 5.23+10°. Notice that
this shorthand system makes it easy to compare two very large
or two very small numbers. In our example, it is easy to see that
5¢10° and 5.23+10° are not very different without having to count
all the zeros. This text makes extensive use of scientific notation.
Appendix 1 provides a simple conversion table, if you need it.
Like other scientists, oceanographers use a variety of scien-
tific units to identify such parameters as length, speed, time, and
so on. To avoid problems with unit conversions, such as miles to
kilometers, and to make the comparison of data easier, scientists
have developed an International System of Units (abbreviated
SI) that is steadily progressing toward being used universally,
although some other units are still widely used. There are only
seven base units:
e [ength: meter, symbol m
Mass: kilogram, symbol kg
Time: second, symbol s
Electric current: ampere, symbol A
Thermodynamic temperature: kelvin, symbol K
Amount of a substance: mole, symbol mol
Luminous intensity: candela, symbol c¢d
All other units are “derived” units. For example, volume is
measured in cubic meters, or m?, and speed is measured in me-
ters per second (m/s or mes™). SI units are used in much of this
text. However, as is still common in science, they are not used
exclusively, because some of them are, as yet, unfamiliar even to
many members of the scientific community. Appendix 1 includes
more information about SI units and a table of all scientific unit
abbreviations used in this text.
In this text, we use simple SI units to express concentrations




of chemicals dissolved in water, for example grams per kilogram
(g°kg™") or milligrams per kilogram (mgekg'). However, you may
see on the web or in other publications concentrations expressed
in molality or molarity. Molality is simply the concentration

of the dissolved substance in grams of dissolved substance per
kilogram (gekg') divided by the molecule weight of the dissolved
substance. Similarly molarity is expressed in grams of dissolved
substances per liter (gel"). Dividing the mass of a substance by its
molecular weight gives you the amount of substance in “moles”

a unit that is related to the number of molecules of the substance
present - so 1 mole of a substance has exactly the same number of
molecules as 1 mole of any other substance. Chemist use molality
or molarity because it can make certain calculations simpler. For
example, seawater contains about 19.8 gekg™! of chlorine, present
as the chloride ion (Cl)ion and about 10.78g<kg" of sodium as
the sodium ion (Na"). This looks like it is a lot more chloride ion
than sodium ion but, if we convert these to molality (by dividing
each number by the molecular weight of the ion - about 35 for
the chloride ion and 23 for the sodium ion, we find that chloride
concentration in seawater is 0.55 molal and sodium is 0.47 molal-
much closer. In fact, if seawater contained only dissolved sodium
chloride sodium chloride these molarity numbers would be the
same so we know that 0.08 moles (0.55-0.47) of other positive
ions such as potassium (K+) and calcium (Ca?") must be present
in seawater. In this example, molality (or molarity) is an expres-
sion of the number of atoms of sodium or chlorine. If we wanted
to make sodium chloride from chlorine and sodium we would
need to add 1 mole of each to get 1 mole of sodium chloride,
simpler to calculate than adding 35.5 g of chlorine and 22.99 g
of sodium as we would have to do otherwise. With molecules
that are more complex that sodium chloride this simplification
becomes even much more valuable.

CHAPTER SUMMARY

Introduction.

The oceans influence our daily lives in many different ways.
Understanding how they affect us requires an interdisciplinary
approach that includes knowledge of the geology, physics, chem-
istry, and biology of the oceans and of how these aspects interact.

Most of the world’s population lives near the oceans or a river
that connects to the oceans. The oceans provide many resources,
especially food and transportation corridors, but they are also
susceptible to pollution, habitat damage, and other impacts of hu-
man activities. Recreational uses of the oceans and awareness of
the unique nature of marine ecosystems and species have grown
explosively in the past several decades.

The Oceans and Earth’s Environment

Humans have altered Earth’s environment in a number of
ways. The most important of these has almost certainly been de-
forestation and use of fossil fuels that has raised the atmospheric
concentration of carbon dioxide from about 280 ppm prior to the
industrial revolution (ca. 1750) to over 420 ppm in 2023. The rate
at which this concentration has risen has accelerated and is now
about 3 ppm per year. Three impacts of this rise in atmospheric
carbon dioxide, climate change, ocean acidification and ocean
deoxygenation together are the most serious long-term threats to
Earth’s environment as a result of human populations. Each of
these threatens to cause disruption of global ecosystems that will
include species disruptions and, taken together, they pose the risk
of a mass extinction. Climate change also threatens to impact
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humans directly in a number of adverse ways including increas-
ing the severity and probably the rate of occurrence of extreme
weather events, rising sea level, and increased coastal erosion.
Climate is controlled by the atmosphere and oceans working to-
gether in complex ways. Ocean processes and relate atmospheric
processes are the subject of this text. Understanding these com-
plex interactions is the key to understanding the oceans and the
future of climate change, acidification and deoxygenation.

Oceans and the Origins of Life.

Many organic compounds probably were formed in the early
oceans, but it is not known how these simple compounds became
much more complex to create the first life form. However, it is
thought that early life was found predominantly in the oceans.
The first life for which we have evidence was bacteria-like,
existed about 4.2 billion years ago, and must have been che-
mosynthetic, as there was no oxygen in the early atmosphere.
Eventually microorganisms developed that used photosynthesis,
which splits water into hydrogen (which is utilized by the organ-
ism in its metabolism) and oxygen (which is released). Between
about 1 and 2 billion years ago, photosynthetic organisms added
oxygen to the atmosphere until it reached its current concentra-
tion of about 20%. Chemosynthetic organisms either died out or
were restricted to limited oxygen-free environments, and species
developed that depended on respiration using oxygen from their
environment. Today, all species of animals and most other species
respire and need oxygen in their environment. The first primitive
higher animals, invertebrates such as sponges, appeared about
700 million years ago. Fishes developed about 510 million years
ago. The first land plants and mammals developed about 500 and
200 million years ago, respectively.

How to Study Ocean Data.

Maps and charts are used extensively to display ocean science
data. Each graph, map, or chart may represent data in a differ-
ent way using different distortions of the real world. Graphs may
have axes that do not start at zero or are nonlinear. The choice of
axis can substantially change how the same set of data is per-
ceived at first glance.

Contour plots are used extensively to represent the distribu-
tion of properties on a two-dimensional surface, such as the
Earth’s surface. The relative distance between two contours on a
contour plot is a measure of the gradient in the property, but the
absolute distance can be affected by the choice of contour inter-
val. Most contour plots in this text are color-shaded between the
contours. Red always represents the highest value of the param-
eter plotted, grading through the spectrum to blue as the lowest
value.

Maps and charts are used to represent horizontal distributions.
Profiles are vertical cross sections through the Earth or the oceans
and generally display contours to show the vertical distribution
of properties. Most profile plots in this text are greatly vertically
exaggerated. This exaggeration is necessary because the depth
of the oceans, or the thickness of the atmosphere or the Earth’s
crust, are extremely small compared to the width of the oceans or
land masses.

The Earth is spherical, and a system of latitude and longi-
tude has been developed to identify specific locations on this
sphere. Latitude is referenced to the circle around the Earth at
the equator, which is designated as 0° latitude. Other latitudes
are expressed by the angle between a line from the Earth’s center
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to the location in question and a line from the Earth’s center to
the equator. There are 90° of latitude; the North Pole is at 90°N
and the South Pole at 90°S. Longitude is referenced to the prime
meridian, a line designated as 0° that is drawn through the North
and South Poles and that passes through Greenwich, England.
Locations on the continuation of that same circle connecting the
poles on the side of the Earth away from Greenwich are desig-
nated as both longitude 180°W and 180°E. Other longitudes lie
between 0° and either 180°W or 180°E, and they are determined
by the angle and direction between a line drawn between the
Earth’s center and the prime meridian and a line between the
Earth’s center and the specific location. One degree of latitude
is the same distance regardless of the latitude or longitude. The
distance represented by 1° of longitude varies from a maximum
at the equator to zero at the poles.

Maps and charts must represent the spherical surface of the
Earth or oceans in only two dimensions. No two-dimensional
projection can correctly maintain relative distances, compass
directions, relative areas, and the proper shape of features on
a sphere. Therefore, all maps and charts distort one or more of
these characteristics. The Mercator projection, which is the most
widely use in atlases, depicts the distance between degrees of
longitude as the same, regardless of latitude. Thus, this projection
preserves the relative directions between locations, but it distorts
all three of the other relationships. The distortion is not important
in regional maps of low latitudes, but it becomes greater at high
latitudes and for global maps. Ocean scientists and this text use
a variety of other projections for specific purposes. For example,
Goode’s interrupted projection is often used because it gener-
ally preserves relative areas and distances and it can be drawn to
represent all the major oceans without having to split them at the
edge of the map.

To represent very large or very small numbers, scientists use
a scientific notation based on powers of 10. A standard system of
scientific units (SI) is now in place and is becoming more widely
used, but it is not yet universal. Both scientific notation and SI
units are used extensively in this text.

KEY TERMS

You should recognize and understand the meaning of all terms
that are in boldface type in the text. All those terms are defined in
the Glossary. The following are some less familiar key scientific
terms that are used in this chapter and that are essential to know
and be able to use in classroom discussions or exam answers.

acidification isobar
bathymetric isopycnal
chronometer isotherm
chemosynthetic longitude
contour latitude
crust photosynthetic
deoxygenation pycnocline
detritus respiration
fossil steady state
greenhouse effect stratification
invertebrates topographic
STUDY QUESTIONS

1. What causes a greenhouse effect?

2. Why weren’t the first living organisms capable of photosyn-
thesis?

3. What are the essential things to look at the first time you

study a graph?

What information can we get from studying a contour plot?

What is vertical exaggeration in a profile?

Are lines of longitude parallel to each other?

What are the four characteristics we would like a map projec-

tion to preserve?

8. On a Mercator projection map of the world, which countries
or areas appear larger than they really are compared to other
areas on the map?

CRITICAL THINKING QUESTIONS

1. We are concerned that the Earth’s climate may change be-
cause of the increase in atmospheric carbon dioxide concen-
tration that has resulted from human activities over the past
century or more. It has been suggested that, since trees absorb
carbon dioxide and release oxygen, we can solve the problem
by replanting forests and planting many more trees in our
urban areas. If we were to plant trees wherever they would
grow on the entire planet, would this be enough to reverse
the trend of increasing carbon dioxide concentration in the
atmosphere? Explain the reasons for your answer. If you are
not able to answer this question, what information would you
need to do so?

2. A number of developing nations, especially those in Africa
and South America, have suggested that world maps used in
all textbooks and atlases should use a projection other than
the Mercator projection. What do you think is their reason for
this suggestion?

CRITICAL CONCEPTS REMINDERS

CCS5 Transfer and Storage of Heat by Water: The heat properties
of water are a critical element in maintaining a climate on Earth
that is suitable for life as we know it.

CC9 The Global Greenhouse Effect: Perhaps the greatest envi-
ronmental challenge faced by humans is the prospect that major
climate change may be an inevitable result of our burning of
fossil fuels. The burning of fossil fuels releases carbon dioxide
and other gases into the atmosphere, where they accumulate
and act like the glass of a greenhouse retaining more of the
sun’s heat.

Nk

CC10 Modeling: Complex environmental systems, including the
oceans and atmosphere, can best be studied by using concep-
tual and mathematical models.

CC11 Chaos: The nonlinear nature of many environmental
interactions makes complex environmental systems behave in
sometimes unpredictable ways. It also makes it possible for
these changes to occur in rapid, unpredictable jumps from one
set of conditions to a completely different set of conditions.

CC14 Phototrophy, Light, and Nutrients: Chemosynthesis and
photostrophy (which included photosynthesis) are the pro-
cesses by which simple chemical compounds are made into the
organic compounds of living organisms. The oxygen in Earth’s
atmosphere is present entirely as a result of photosynthesis.

CREDITS
Chapter opener SeaWiFS/NASA;



This textbook is made available as an open source textbook to avoid the high
costs associated with commercial publishing. The textbook would sell through
a publisher as an eBook for about $100 of which the author would receive only
about 10%.

The costs of producing the text are entirely borne by the author. There is no obli-
gation for anyone to pay anything for this text. However, if you find the text valu-
able and choose to, you may donate by clicking the Donate button below. The
suggested donation is $10 (what the author would receive if sold for $100 through
a publisher) but even a single dollar will help keep the book available for others.



https://www.paypal.com/donate/?hosted_button_id=49DRHDYQJLDLJ

	 Brief Contents
	CHAPTER 1
	The Ocean Planet
	INTRODUCTION
	THE OCEANS AND EARTH’S ENVIRONMENT
	OCEANS AND THE ORIGINS OF LIFE
	HOW TO STUDY OCEAN DATA
	Graphs
	Contour Plots and Profiles
	Maps and Charts

	Scientific Notation and Units
	CHAPTER SUMMARY

	CHAPTER 2
	History and Importance of Ocean Studies
	WHAT IS OCEANOGRAPHY?
	EXPLORATION AND MAPPING
	Prehistory
	Ocean Exploration in Early Civilizations
	The Mediterranean. 
	Micronesia and Polynesia. 

	The Dark Ages and the New Era of Discovery
	The Birth of Oceanography
	The Beagle. 
	The Challenger. 

	The Modern Era

	NATIONAL AND INTERNATIONAL LAW APPLIED TO THE OCEANS
	The Truman Proclamation
	“Law of the Sea” Conferences
	The Law of the Sea Treaty
	Exclusive Economic Zones and extended Continental Shelf Rights
	The Treaty of the High Seas

	OCEAN RESOURCES
	Biological Resources
	Transportation, Trade, and Military Use
	Offshore Oil and Gas
	Methane Hydrates
	Minerals and Freshwater
	Recreation, Aesthetics, and Endangered Species
	Energy
	Waste Disposal

	CHAPTER SUMMARY

	CHAPTER 3
	Studying the Oceans
	DIFFICULTIES OF STUDYING THE OCEAN ENVIRONMENT
	“Seeing” through Ocean Water
	Inaccessibility
	Pressure
	Conductivity, Corrosion, and Fouling
	Wave Motion
	Logistics

	THE UNSEEN DOMAIN
	BATHYMETRY
	Soundings
	Sounding Errors and Problems
	Echo Sounders
	Wide-Area Echo Sounders
	Ocean Topography from Satellites

	SEAFLOOR SEDIMENTS
	Grab Samplers and Box Corers
	Gravity and Piston Corers
	Drilling Ships
	Seismic, Magnetic, and Gravity Studies
	Dredges

	CHEMICAL AND PHYSICAL OCEANOGRAPHY
	Sampling Bottles
	Avoiding Sample Contamination
	Determining the Depth of Sampling
	Instrument Probes and Rosette Samplers
	Measuring Currents
	Drifters, Drogues, and Floats.
	Mechanical Current Meters.
	Acoustic Current Meters.


	SAMPLING LIVING ORGANISMS IN THE SEA
	Special Challenges of Biological Oceanography
	Nets, Water Samples, and Traps
	Fragile Organisms
	Migrations and Behavior

	SCUBA, MANNED AND UNMANNED SUBMERSIBLES
	Scuba and Habitats
	Manned Submersibles
	Remotely Operated Vehicles
	Autonomous Floats and Gliders

	SATELLITES
	COMPUTERS AND MODELING
	CHAPTER SUMMARY

	CHAPTER 4
	Plate Tectonics: Evolution of the Ocean Floor 
	STRUCTURE OF THE EARTH
	Layered Structure of the Earth
	Lithosphere, Hydrosphere, and Atmosphere
	Studying the Earth’s Interior

	PLATE TECTONICS
	Driving Forces of Plate Tectonics
	Spreading Cycles

	PLATE BOUNDARIES
	CONVERGENT PLATE BOUNDARIES
	Subduction Zones Next to Continents
	Volcanoes.
	Exotic Terranes.

	Subduction Zones at Magmatic Arcs
	Magmatic Arc Volcanoes.
	Back-Arc Basins.

	Collisions of Continents

	DIVERGENT PLATE BOUNDARIES
	Oceanic Ridges
	Oceanic Ridge Types.
	Oceanic Ridge Volcanoes.

	Rift Zones
	New Oceans.


	TRANSFORM FAULTS AND FRACTURE ZONES
	HOT SPOTS
	A Lesson about Science

	PLATE INTERIORS
	Oceanic Crust
	Continental Edges
	Passive Margins.
	The Fate of Passive Margins.


	SEA-LEVEL CHANGE AND CLIMATE
	Climate Cycles
	Eustatic Sea-Level Change
	Sea-Level Change and Continental Margin Topography
	Isostatic Sea-Level Change
	Sea Level and the Greenhouse Effect

	PRESENT-DAY OCEANS
	Pacific Ocean
	Atlantic Ocean
	Indian Ocean
	Marginal Seas

	CHAPTER SUMMARY

	CHAPTER 5
	Water and Seawater
	ORIGINS AND DISTRIBUTION OF THE EARTH’S       WATER
	Uniqueness of the Earth
	Distribution of the Earth’s Water

	THE WATER MOLECULE
	Atoms and Electrons
	Chemical Bonds between Atoms
	Van der Waals Force and the Hydrogen Bond

	THE DISSOLVING POWER OF WATER
	SOURCES AND SINKS OF CHEMICALS DISSOLVED IN SEAWATER
	Biogeochemical Cycles
	Steady-State Concentrations
	Residence Time

	SALINITY
	DISSOLVED CHEMICALS IN SEAWATER
	Major Constituents
	Minor Constituents
	Trace Elements
	Radionuclides
	Organic Compounds
	Dissolved Gases
	Oxygen and Carbon Dioxide
	Other Gases.

	pH and Buffering

	HEAT PROPERTIES OF WATER
	Heat Energy and Phase Changes
	Freezing and Boiling Points
	Heat Capacity and Latent Heat
	Implications of the High Heat Capacity and Latent Heats of Water
	Evaporation

	EFFECTS OF PRESSURE, TEMPERATURE, AND DISSOLVED SALTS ON SEAWATER DENSITY
	Pressure
	Temperature
	Dissolved Salts and Density
	Combined Effects of Salinity and Temperature

	ICE FORMATION
	Dissolved Salts and Freezing
	Density of Ice

	SURFACE TENSION AND VISCOSITY
	Surface Tension
	Viscosity

	TRANSMISSION OF LIGHT AND OTHER ELECTROMAGNETIC RADIATION
	Absorption
	Scattering and Reflection
	Refraction

	TRANSMISSION OF SOUND
	Sound Velocity
	Sonar
	Sound Refraction and the Sound Channel
	Acoustic Thermometry

	CHAPTER SUMMARY

	CHAPTER 6
	Ocean Sediments
	SEDIMENTS AND BIOGEOCHEMICAL CYCLES
	CLASSIFICATION OF SEDIMENTS
	Classification by Grain Size
	Classification by Origin

	LITHOGENOUS SEDIMENTS
	Transport by Rivers
	Erosion by Glaciers
	Erosion by Waves
	Transport by Winds
	Transport by Landslides

	BIOGENOUS SEDIMENTS
	Regional Variations of Biogenous Particle Production
	Dissolution of Biogenous Particles
	Carbonate Compensation Depth
	Anthropogenic Carbon Dioxide and the Carbonate Compensation Depth

	HYDROGENOUS SEDIMENTS
	Hydrothermal Minerals
	Undersea Volcano Emissions
	Manganese Nodules
	Phosphorite Nodules and Crusts
	Carbonates
	Evaporites

	COSMOGENOUS SEDIMENTS
	SEDIMENT TRANSPORT, DEPOSITION, AND ACCUMULATION
	Turbidity Currents
	Accumulation Rates

	CONTINENTAL MARGIN SEDIMENTS
	DISTRIBUTION OF SURFACE SEDIMENTS  
	Radiolarian Oozes
	Diatom Oozes 
	Calcareous Sediments
	Deep-Sea Clays
	Siliceous Red Clay Sediments
	Ice-Rafted Sediments
	Terrigenous Sediments
	Hydrothermal Sediments

	THE SEDIMENT HISTORICAL RECORD
	Sediment Age Dating
	Diagenesis
	Tectonic History in the Sediments 
	Climate History in the Sediments 
	History of Ocean Acidification and Deoxygenation in the Sediments
	Evidence of Mass Extinctions 
	Investigating a Mass Extinction   

	Evidence of Other Impacts

	CHAPTER SUMMARY

	CHAPTER 7
	Ocean-Atmosphere Interactions
	THE ATMOSPHERE
	Atmospheric Structure
	Ozone Depletion

	WATER VAPOR IN THE ATMOSPHERE
	Water Vapor and Air Density
	Water Vapor, Convection, and Condensation 

	WATER AND HEAT BUDGETS
	Water Budget
	Heat Budget 
	Latitudinal Imbalance in the Earth’s Radiation

	CLIMATIC WINDS
	Climatic Winds on a Nonrotating Earth
	Climatic Winds and the Coriolis Effect
	Seasonal Variations  
	Monsoons 

	CLIMATE AND OCEAN SURFACE WATER PROPERTIES
	Ocean Surface Temperatures 
	Ocean Surface Salinity

	INTERANNUAL CLIMATE VARIATIONS
	El Niño and the Southern Oscillation
	Symptoms of El Niño. 
	El Niño/Southern Oscillation Sequence.
	Effects of El Niño. 

	Modeling El Niño
	El Niño Modoki
	Other Oscillations
	Climate Chaos?

	LAND–OCEAN–ATMOSPHERE INTERACTIONS
	GLOBAL CLIMATE ZONES
	Ocean Climate Zones
	Land Climate Zones

	WEATHER SYSTEMS
	High- and Low-Pressure Zones
	Hurricanes
	Extratropical Cyclones

	LOCAL WEATHER EFFECTS
	Land and Sea Breezes
	Coastal Fog
	The Island and Mountain Effect

	CHAPTER SUMMARY

	CHAPTER 8
	Ocean Circulation
	ENERGY SOURCES
	WIND-DRIVEN CURRENTS
	Generation of Currents
	Restoring Forces and Steering Forces

	EKMAN MOTION
	The Ekman Spiral
	Pycnocline and Seafloor Interruption of the Ekman Spiral

	GEOSTROPHIC CURRENTS
	Ekman Transport, Sea Surface Slope, and Pressure Gradient
	Balance between Pressure Gradient and Coriolis Effect
	Dynamic Topography
	Energy Storage

	OPEN-OCEAN SURFACE CURRENTS
	Geostrophic Currents on a Water-Covered Earth
	Geostrophic Gyres
	Westward Intensification of Boundary Currents

	EQUATORIAL SURFACE CURRENTS
	HIGH-LATITUDE SURFACE CURRENTS
	UPWELLING AND DOWNWELLING
	Locations of Upwelling and Downwelling 
	Boundary Currents and Upwelling or Downwelling

	COASTAL CURRENTS  
	EDDIES 
	Satellite Observations of Eddies
	Mesoscale Eddies

	INERTIAL CURRENTS
	LANGMUIR CIRCULATION
	THERMOHALINE CIRCULATION
	Depth Distribution of Temperature and Salinity 
	Formation of Deep Water Masses
	 Locations of Deep Water-Mass Formation
	Water Masses at Intermediate Depths

	OCEAN CIRCULATION AND CLIMATE  
	Meridional Overturning Circulation: The Conveyor Belt
	The MOC Climate Switch

	TRACING WATER MASSES
	Conservative and Nonconservative Properties
	TS Diagrams  
	Tracers

	CHAPTER SUMMARY

	CHAPTER 9
	Waves
	COMPLEXITY OF OCEAN WAVES
	PROGRESSIVE WAVES
	WHAT IS WAVE MOTION?
	Wave Energy
	Restoring Forces

	MAKING WAVES
	Forces That Create Waves
	Wind Waves

	SEA DEVELOPMENT AND WAVE HEIGHT 
	Factors Affecting Maximum Wave Heights
	Maximum Observed Wave Heights
	Effects of Currents on Wave Height
	Are Wave Heights Increasing?

	WAVE DISSIPATION
	DEEP-WATER WAVES 
	Wave Trains
	Wave Interference
	Wave Dispersion

	WAVES IN SHALLOW WATER
	Interaction with the Seafloor
	Wave Refraction
	Breaking Waves
	Surfing
	Surf Drownings and Rip Currents

	TSUNAMIS
	INTERNAL WAVES 
	ROSSBY AND KELVIN WAVES
	STANDING WAVES
	CHAPTER SUMMARY

	CHAPTER 10
	Tides
	TIDE-GENERATING FORCES  
	Gravity
	Orbital Motions and Centripetal Force
	The Balance between Centripetal Force and Gravitational Force
	Distribution of Tide-Generating Forces
	Relative Magnitude of the Lunar and Solar Tide-Generating Forces

	CHARACTERISTICS OF THE TIDES  
	Diurnal, Semidiurnal, and Mixed Tides
	Spring and Neap Tides

	TIDES ON AN OCEAN COVERED EARTH 
	The Fundamental Equilibrium Tides
	The Origin of Spring and Neap Tides
	Other Tidal Variations

	TIDES IN THE EARTH’S OCEANS 
	Effects of Continents and Ocean Depth
	Latitudinal Variation of the Earth’s Spin Velocity
	Coriolis Effect and Amphidromic Systems

	TIDES IN THE OPEN OCEANS
	TIDAL CURRENTS
	Open-Ocean Tidal Currents
	Temporal Variation of Tidal-Current Speeds
	Tidal Currents in Estuaries and Rivers

	TIDE PREDICTION 
	MARINE SPECIES AND THE RHYTHM OF THE TIDES
	ENERGY FROM THE TIDES
	CHAPTER SUMMARY

	CHAPTER 11
	Coasts
	PROCESSES THAT FORM AND MODIFY THE COASTLINE
	Formation of Coasts
	Tectonic Processes
	Landslides 
	Isostatic and Eustatic Sea-Level Changes
	Glaciers
	River-Borne Sediments
	Biological Processes  

	Modification of the Coast
	Waves
	Tides
	Winds and Weather
	Vegetation


	BEACHES 
	The Littoral Zone
	Sources of Beach Materials
	Longshore Drift  
	Wave Sorting of Beach Sands
	Seasonal Changes in Beach Profiles
	Beach Slope and Grain Size

	BARRIER ISLANDS AND LAGOONS 
	Formation of Barrier Islands
	Future of Barrier Islands
	Development on Barrier Islands

	BEACHES AND HUMAN STRUCTURES
	Seawalls  
	Groins and Jetties
	Harbors

	CORAL REEFS AND ATOLLS
	WETLANDS
	DELTAS
	CHAPTER SUMMARY

	CHAPTER 12
	Foundations of Life in the Oceans
	HOW DO WE DESCRIBE LIFE?
	PRODUCTION, CONSUMPTION, AND 
DECOMPOSITION
	Phototrophy
	Chemosynthesis 
	Secondary Production and Decomposers 

	MICROBES IN CHARGE  
	PHOTOTROPIC PRIMARY PRODUCTION AND LIGHT  
	Phototrophy, Light, and Depth   
	Primary Production and the Ozone Hole  

	PRIMARY PRODUCTION AND NUTRIENTS
	Nutrient Uptake
	Nutrient Recycling
	Phosphorus
	Nitrogen
	Silica
	Iron
	High Nutrient Low Chlorophyll (HNLC) Areas
	Nutrient Transport and Supply
	Vertical Distribution of Nutrients 

	FOOD WEBS
	GEOGRAPHIC VARIATION IN PRIMARY PRODUCTION
	DISSOLVED OXYGEN AND CARBON DIOXIDE
	ORGANIC CARBON  
	BIOLOGICAL PROVINCES AND ZONES
	Benthic Environment
	Pelagic Environment 
	Latitudinal Zones

	PLANKTON
	Bacteria and Archaea
	Phytoplankton
	Diatoms
	Dinoflagellates
	Coccolithophores and Other Types of Phytoplankton

	Zooplankton. 
	Holoplankton
	Gelatinous Holoplankton
	Meroplankton


	NEKTON
	Bony Fishes
	Sharks and Rays
	Squid and Their Relatives
	Marine Mammals
	Reptiles
	Birds

	BENTHOS
	CHAPTER SUMMARY

	CHAPTER 13
	Coastal Oceans and Estuaries
	SPECIAL CHARACTERISTICS OF THE COASTAL OCEANS
	Salinity
	Temperature 
	Waves and Tides
	Turbidity and the Photic Zone
	Currents
	Nutrients   

	NUTRIENT SUPPLY TO THE COASTAL PHOTIC ZONE
	Wind-Driven Coastal Upwelling
	Biology of Coastal Upwelling Zones
	Other Mechanisms of Nutrient Supply  

	SEASONAL CYCLES
	Polar and Subpolar Regions
	Tropical Regions
	Mid Latitudes
	Phytoplankton Species Succession 

	ALGAL BLOOMS
	Dinoflagellate and Other Plankton Toxins
	Oxygen Depletion and Dead Zones

	FISHERIES  
	ESTUARIES
	Geological Origin of Estuaries 
	Estuarine Circulation  
	Types of Estuarine Circulation
	Salt Wedge Estuaries.
	Partially Mixed Estuaries.
	Well-Mixed Estuaries.
	Fjord Estuaries.
	Inverse Estuaries.

	Particle and Contaminant Transport in Estuaries
	Estuarine Biology
	Anadromous and Catadromous Species

	CHAPTER SUMMARY

	CHAPTER 14
	Marine Ecology
	ECOLOGICAL REQUIREMENTS
	HABITATS
	Pelagic Habitat
	Benthic Epifaunal Habitat
	Benthic Infaunal Habitat
	Other Ocean Habitats

	FEEDING
	Suspension Feeding  
	Pelagic Suspension Feeders
	Benthic Suspension Feeders
	Surface Grazing   
	Deposit Feeding  

	HUNTING AND DEFENSE
	Speed
	Lures
	Camouflage and Mimicry
	Concealment
	Spines and Armor
	Poisons
	Group Cooperation

	SELECTED ADAPTATIONS IN FISHES 
	Swimming Adaptations
	Adaptations of Fins
	Osmoregulation
	Swim Bladders and Buoyancy  

	REPRODUCTION
	Separate-Sex Reproduction
	Hermaphroditism
	Asexual Reproduction
	Egg Laying   
	Timing
	Migration

	ASSOCIATIONS
	COMMUNICATION AND NAVIGATION
	CHAPTER SUMMARY

	CHAPTER 15
	Ocean Ecosystems
	COMMUNITIES AND NICHES
	CORAL REEFS
	Environmental Requirements for Coral Reef Formation
	Factors Affecting Coral Reef Productivity
	Primary Producers in the Coral Reef Community
	Coral Reef Niches and Topography  

	KELP FORESTS
	Kelp Community Environmental Characteristics
	Kelp Life Cycle and Communities  
	Kelp, Sea Otters, and Sea Urchins

	ROCKY INTERTIDAL COMMUNITIES
	Supralittoral Zone
	High-Tide Zone
	Middle-Tide Zone
	Low-Tide Zone
	Tide Pools

	SARGASSO SEA
	POLAR REGIONS  
	Special Characteristics of Arctic Marine Environments
	Common Characteristics of Arctic and Antarctic Marine Environments
	Antarctic Communities
	Arctic Communities
	Susceptibility to Climate Change

	HYDROTHERMAL VENTS  
	Hydrothermal Vent Environments
	Biological Communities Associated with Hydrothermal Vents
	Unanswered Questions about Hydrothermal Vents
	Other Chemosynthetic Communities

	CHAPTER SUMMARY

	CHAPTER 16
	Impacts of Humans on the Oceans
	POLLUTION VERSUS CONTAMINATION
	Assimilative Capacity    

	ADVERSE EFFECTS OF HUMAN ACTIVITIES 
	Interference with Photosynthesis and Respiration
	Habitat Alteration
	Community Structure Alteration
	Contamination of Food Resources  
	Beach Closures and Aesthetic Losses

	TOXICITY
	Effects of Toxic Substances on Marine Organisms
	Evaluating Toxicity  
	Bioaccumulation and Biomagnification
	Synthetic and Naturally Occurring Toxins  

	WASTE DISPOSAL
	OCEAN POLLUTION ISSUES
	Petroleum
	Sewage   
	Urban and Agricultural Runoff 
	Industrial Effluents  
	Dredged Material
	Plastics and Trash  
	Antifouling Paints  
	Radionuclides 
	 Noise  
	Nonidigenous Species
	Habitat Alteration  
	Fishing

	CLIMATE CHANGE, ACIDIFICATION AND DEOXYGENATION
	The Oceans and Climate Change
	Acidification 
	Deoxygenation  
	Climate Change Summary

	RISK ASSESSMENT AND MANAGEMENT
	CHAPTER SUMMARY

	CRITICAL CONCEPTS
	Critical Concepts
	CRITICAL CONCEPT 1
	Density and Layering in Fluids
	CRITICAL CONCEPT 2
	Isostasy, Eustasy, and Sea Level
	CRITICAL CONCEPT 3
	Convection and Convection Cells
	CRITICAL CONCEPT 4
	Particle Size, Sinking, Deposition, and Resuspension
	CRITICAL CONCEPT 5
	Transfer and Storage of Heat by Water
	CRITICAL CONCEPT 6
	Salinity, Temperature, Pressure, and Water Density
	CRITICAL CONCEPT 7
	Radioactivity and Age Dating
	CRITICAL CONCEPT 8
	Residence Time
	CRITICAL CONCEPT 9
	The Global Greenhouse Effect
	CRITICAL CONCEPT 10
	Modeling
	CRITICAL CONCEPT 11
	Chaos
	CRITICAL CONCEPT 12
	The Coriolis Effect
	CRITICAL CONCEPT 13
	Geostrophic Flow
	CRITICAL CONCEPT 14
	Phototrophy, Light, and Nutrients
	CRITICAL CONCEPT 15
	Food Chain Efficiency
	CRITICAL CONCEPT 16
	Maximum Sustainable Yield
	CRITICAL CONCEPT 17
	Species Diversity and Biodiversity
	CRITICAL CONCEPT 18
	Toxicity
	Glossary
	Appendix 1
	Units and Conversion Factors
	Appendix 2
	Dimensions of the Earth and Oceans
	Appendix 3
	Classification of Marine Organisms
	Appendix 4
	Some Milestones in the History of Ocean Study
	INDEX
	CHAPTER 1	The Ocean Planet
	CHAPTER 2	History and Importance of Ocean Studies
	 CHAPTER 3	Studying the Oceans
	CHAPTER 4	Plate Tectonics: Evolution of the Ocean Floor
	CHAPTER 5	Water and Seawater
	CHAPTER 6	Ocean Sediments
	CHAPTER 7	Ocean-Atmosphere Interactions
	CHAPTER 8	Ocean Circulation
	CHAPTER 9	Ocean-Atmosphere Interactions
	CHAPTER 10	Tides
	CHAPTER 11	Coasts
	CHAPTER 12	Foundations of Life in the Oceans
	CHAPTER 13	Coastal Oceans and Estuaries
	CHAPTER 14	Marine Ecology
	CHAPTER 15	Ocean Ecosystems
	CHAPTER 16	Pollution
	CRITICAL CONCEPTS
	GLOSSARY	  
	APPENDICES	

	Button 2: 


