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Chapter 1

Overview:
Climate Change and
Using this Book
The conclusions of climate change science are simple: we need
to sharply cut the amount of carbon dioxide we put into our
atmosphere in order to protect our earth from drastic change.
The science behind these conclusions draws on physics,
chemistry biology, and earth science. This book will allow you to
explore the science in depth so you can answer your own and
other people’s questions about our climate.

Section 1.1

Summary infographic
1. This infographic summarizes the core ideas
of this book.

An infographic can be a fun way to summarize information. Because it combines
pictures with text or numbers, it helps you remember the main points you are
learning.
The infographic on the next few pages includes links to sections of the book that
back up the claims it makes.
At the end of this book, we invite you to create your own infographic to display
what you have learned.
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Click for a graph of the
evidence.

Review the model.

Review “Earth’s Energy
Budget”

Experiment with feedback
loops.

Revisit “Why Fishermen Need
Forests.”

See them again! Global
wind patterns.
Look again at California’s
three-year drought.

See how plant growth
ranges are changing.

Where do we get our
energy now?
How is our energy use
changing?

Read more about the
geoengineering debate.

Section 1.2

Using this book
USING FEATURES OF THIS BOOK
1. Read the Table of Contents
2. Use the feature you are reading now. These
summary outlines at the start of each
section will give you a good overview of the
book’s main ideas and arguments.
3. Use the glossary: click on highlighted
words to get their definitions, or go straight
to the glossary for a review of terms.
4. Explore the interactive models found
throughout the book.
5. Keep clicking. Many pictures enlarge.
Links take you to related pages to increase
your understanding.

This book is meant to be interactive. That means that as you read, you should be
able to take actions to help you understand and remember.
It’s good to know where you’re going before you start a journey. The Table of
Contents will help you with that. It will also help you go back or skip around to find
what you need.
Each chapter has several sections, as listed in the table of contents. Each section
has a summary column on the left-hand side that gives you the main points of the
section. These are great for getting you started on a topic or reviewing it.
The first time the book uses a word that may be unfamiliar, it is highlighted. Click
on the word to get a definition. You can also use the glossary at the end of the
book for review.
You will find interactive models throughout this book. Take the time to play with
them. Some concepts really stick better if you can see how they work. The more
you can visualize what you are reading about, the better you will understand.
The book has little quizzes, pictures that enlarge, and links that take you to related
information. Keep clicking!
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Section 1.3

Get started: Quiz Yourself!
QUIZZING YOURSELF HELPS YOU LEARN
1. Research shows that quizzing yourself
even before you study a topic helps you
remember what you learn.
2. Don’t worry about whether your answers
now are right or wrong. Just get curious!

Preview 1.1 Causes of global warming

http://

Which of these have contributed to global
warming in the past twenty to fifty years?

A. The hole in the ozone layer
B. More carbon dioxide in the atmosphere
C. Sunspots, increased sun activity,
and changes in Earth’s
orbit around the sun
D. Volcanoes

Check Answer

science.sciencemag.org/content/351/6274/664
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Preview 1.2 Do scientists agree?

What percentage of climate scientists
agree that human activity is the main
cause of our planet getting warmer?

Preview 1.3 Warm years

Which have been the three warmest years on
earth in the past fifty years?

A. About half

A. 2016, 2015, 2017

B. About two-thirds

B. 1994, 2012, 2015

C. 85 percent

C. 1968, 2012, 2016

D. 97 percent

D. 1983, 2000, 2017

Check Answer
Check Answer
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Preview 1.5 Paris Climate Agreement

Preview 1.4 Employment

In order from most to least, which of these industries employs the most people? (See the actual numbers by clicking below.)

A. Coal mining, oil and gas, solar, wind
energy
B. Oil and gas, coal mining, solar, wind
energy
C. Oil and gas, solar, wind energy, coal
mining
D. Oil and gas, coal mining, wind energy, solar

Check Answer

Which of these is true about the Paris Climate
Accord of December 2015?

A. Fewer than 50 countries have
signed onto the accords, and China
is not one of them.
B. Almost 200 countries have signed
onto the accords, including China.
If the countries that signed theAccord keep
Answer
their commitments,Check
which
of these will happen?

A. It will have almost no effect on
global warming.
B. It will slow warming, but earth’s temperature will still pass the twodegree Celsius danger point.
C. We will keep temperature rise under
two degrees Celsius.
Check Answer
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Section 1.4

Beliefs about climate change
SCIENCE DEPENDS ON EVIDENCE
1. For various reasons, some Americans are
skeptical of climate science.
2. 97% of climate scientists agree that human
activity is causing global warming. This is
astounding agreement.
3. The institutions and practices of science,
such as journals, universities, conferences,
and peer review help to make science selfcorrecting. Together, they can make us
confidenct when scientists overwhelming
agreement on data, facts, and
interpretations about climate change.
4. You will be able to follow and evaluate for
yourself the evidence for human-caused
climate change.

What should you “believe” about climate change?
America still has a lot of climate change skeptics. In 2014, the New York Times
reported on a survey of twenty countries, asking respondents whether they agreed
or disagreed with the following statement: “The

climate change we are

currently seeing is largely the eﬀect of human activity.”
In the average country, more than three-fourths of people agreed. Of all twenty
countries, the United States had the lowest percentage of people who agreed—
just a little over half.
On the other hand, worldwide, 97 percent of climate scientists agree that human
activity is by far the most important contributor to climate change. That is an
astounding level of agreement.
Should we believe the scientists? Individuai scientists can make mistakes. Linus
Pauling won two Nobel Prizes but was wrong about the structure of DNA (though
he changed his mind when he saw the evidence) and wrong in his belief that
Vitamin C would cure cancer and the common cold.
Mistakes like Pauling’s often don’t last very long. Scientists, alone and together,
look at evidence with healthy skepticism. They try to poke holes in it, and they
pool their expertise.
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Expertise matters. We may question our mechanic and try to find
out what other mechanics say, but we don’t bring our car to the

Climate change is here.

dentist to get fixed.

It’s serious.

Even more than individual expertise, collective expertise matters.

It is overwhelmingly caused by human activity.

Some people will argue with this statement. “Nobody believed
Galileo,” they will say. “Why can’t someone who doesn’t believe
in climate change be just as right as Galileo?”
But Galileo worked when experimental science was in its infancy.
The men lined up against him were the authorities of the Church,
not fellow scientists. Since Galileo’s time, we have seen the rise

We can do something about it if we act now.
We’ll address some of the ways people express their doubts in a
later chapter, once you have the knowledge to evaluate them.

Figure 1.4 What would Galileo think of the evidence
that Earth is warming because of human activity?

of universities, scientific journals, scientific societies, and even
groups like the Intergovernmental Panel on Climate Change,
which brings together top climate scientists from around the
world. These institutions have grown up to make science sturdy
and keep it honest. Yes, science makes mistakes, but scientific
institutions root out those mistakes.
Science historian Naomi Oreskes points out that we trust our cars
tol work because we know that tens of thousands of expert
mechanics and engineers have worked over a hundred years to
make cars better, safer, and more reliable. In the same way, we
rely on the findings of science when we follow the evidence, see
that it’s reasonable, and know that thousands of scientists,
working together and apart, basically agree.
Still, some people doubt one of the following propositions:

From wikimedia.
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Chapter 2

The Change We See
Floods, heat waves, drought, bleaching coral,
melting glaciers--all of these are dramatic events
we can see for ourselves. But what do they really
tell us about how our climate is changing?

Section 2.1

Shrinking glaciers in South America
SOME CHANGES WE SEE
1. Many glaciers are receding.

An astronaut in the International Space Station floats into a chamber with windows
that look on Earth. Flying 249 miles above the surface, she can see great expanses
of ground and water at the same time. One of her favorite tasks is to take
photographs of the land and sea below. These photographs, along with others
taken by satellites or by other astronomers, help form a visual record, like a slowmotion film of changes on Earth.

View from the International Space Station. Image from NASA.
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Today, the space station passes over Patagonia, the part of South

Movie 2.1 Glacier Change of Time of Puncak Jaya Glacier

America that reaches far south, almost to Antarctica. The
astronaut catches a view of the classic Grey Glacier as its two
fingers of ice flow into an alpine lake.
Curious, the astronaut later lines up her photograph of the glacier
with one taken by a satellite twenty years earlier. What she sees
startles her. In twenty years, the leading edge of the glacier has
pulled back or receded from the lake. Chunks of ice have been
breaking oﬀ and floating away as icebergs faster than new snow
and ice are added to the glacier.
Here is an animated map (Click here or on the map itself)
constructed from photographs of another glacier, the Puncak
Jaya glacier on the island of New Guinea in Indonesia. Note the
dates of the diﬀerent images. How does the glacier change over

Credit: Sémhur; License: CC-BY-SA 3.0.

time? How does it change in the time between 1936 and 1972?
Between 1972 and 2003? What do you think is going on?
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Section 2.2

Warming waters in Maine
SOME CHANGES WE SEE

It is July, and four teenagers are jumping oﬀ a dock set in the mid-coastal region

1. Many glaciers are retreating.

of Maine, one of our northernmost states. The kids shout with delight as they jump

2. Ocean temperatures are rising.

oﬀ the dock. Their mother, watching from the hill, is amused. Forty years ago,
when she came here as a child, the water even in midsummer was so cold no one
wanted to jump in. If they did, they did they scrambled out again fast.
Nowadays, though, swimming here can be quite pleasant on a hot day. The
mother changes into a bathing suit and joins the children. As they paddle, they talk
about going fishing. When the mother was a child, her family used to catch cod
not far oﬀshore, and buoys from lobster traps dotted the bay. Now most of the fish
are gone, and people talk about catching squid instead. In the past few years,
many lobstermen have moved their traps farther oﬀshore or farther “Down East.”
They say the lobsters have moved to colder, deeper waters.
The mother wonders: Could it be that water in the Gulf of Maine is really warming
so quickly? Enough to make swimming pleasant and drive the fish away? Or have
the fish and lobsters left for some other reason? And how do you catch squid,
anyway?
Here is a link to an article about fast-changing temperatures in the Gulf of Maine.
Scroll down to see a graph of how average water temperatures are changing over
time. Then scroll down further to see how diﬀerent species are moving.
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The fisherman has
put rubber bands
over the claws of
this lobster to
protect against
fingers being
pinched or
crushed. Photo by
Roberto Rodriguez via
Wikipedia.

The Gulf of Maine, a rich fishing ground, stretches along our northeast
coast from Cape Cod to Nova Scotia. Here, deeper waters show as darker
blue, and higher land shows as yellow. Image in public domain, from NOAA.
Click on images to enlarge them.
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Lobster buoys off Boothbay, Maine. Photo by Andrew Malone

Section 2.3

Flooding in Bangladesh
SOME CHANGES WE SEE
1. Many glaciers are retreating.

Mamun Sardar’s life changed one day in 2009, when he was nine years old. On

2. Ocean temperatures are rising.

that day, a tropical cyclone—what we know as a hurricane—struck his village in

3. Catastrophic floods are aﬀecting low-lying
lands.

coastal Bangladesh, in the delta of the Ganges River. Mamun was at home with his
three siblings, his parents and grandparents when the stormwaters broke through
a nearby earth barrier and washed away their mud and bamboo house. A wall of
water as much as ten feet high washed the grandparents away. The rest of the
family waded uphill as fast as they could. The children huddled through the night
on a neighbor’s roof, trying to avoid snakes that had also fled the rising water.
After the storm, nothing returned to the way it had been before. Erosion from the
storm allowed tidal river waters to overflow the land. Salt deposits ruined the
crops. Wells that had once been fresh were poisoned with salt water. Mamun’s
father, weakened from the storm and the struggle to feed his family, died not long
afterward. Unable to farm the ruined land, Mamun’s mother fell into debt.
Eventually, she had to sell Mamum into indentured servitude. To pay oﬀ family
debts, he had to work dawn to dusk carrying bricks at a factory near Dhaka,
Bangladesh’s capital.
Bangladesh has always been subject to tropical storms and flooding, but now
extreme storms are coming more often. Does it make sense to blame these storms
on climate change?
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Here is a table showing the eﬀects of 6 major floods in

Look at the graph on the next page, which is a scatterplot.

Bangladesh between 1971 and 1998 (Source: wikipedia):

Which do you find more informative, the table or the graph? What
other factors can you think of that might influence how many

Effects of some major floods in Bangladesh, 1971 - 1998

Year

Percentage of
country flooded

Number of deaths

1971

24

120

1974

35

1987

1984

19

513

1987

38

1657

1988

52

2379

1998

68

1050

people die in a flood?

According to this table, do you think major floods are getting
more frequent? Are they getting more severe?
Do you think there is a relationship between percentage of the
country flooded and number of deaths? Could you graph this
relationship?
You might notice that 2009, the year of Mamun’s typhoon, is not

Flooding in Bangladesh, 2009.
Photo from UK Department for International Development

included in the table. How could missing data aﬀect your thinking
about relationships in data? Where could you find more data?
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Each data point in a scatterplot represents two different measurements.
In this one, the points show how much of Bangladesh was covered by
water and how many people died in each of six storms. Can you match
the data points to rows in the table? Why would you choose this kind of
graph for this kind of data?

Do more people die in floods that cover more of the
country’s area? Data from 6 major floods in Bangladesh.
3000

Number of people killed

2250

1500

750

0

17.5

35

52.5

Percentage of country covered by floodwaters

70

Section 2.4

Drought in California
SOME CHANGES WE SEE
1. Many glaciers are retreating.
2. Ocean temperatures are rising.

On April 1, 2015, California governor Jerry Brown joined a routine survey of the
state’s snowpack. Every year, technicians and machines measure snow cover at
diﬀerent locations at the end of winter to estimate the amount of runoﬀ farms and

3. Catastrophic floods are affecting low-lying lands. cities can expect through the rest of the year. Governor Brown led a team of
4. Some parts of the world are experiencing
historic droughts.

reporters to a site 6800 feet high in the Sierra Nevada mountains.
The governor and the reporters stood in a grassy meadow. The winter of 2014 2015 had been both warm and dry. For the first time in 75 years of early-April
measurements, no snow at all remained at the measurement site.
Governor Brown used the occasion to emphasize that California, after four years
of drought, was suﬀering a water emergency. In response, he imposed statewide
restrictions on water use.
The California drought oﬃcially began in December of 2011 and persisted for the
next six years. But during the winter of 2016 - 2017, tremendous rainfall and
snowfall struck the state. Rivers overflowed and mudslides were common.
Melting snow and rainwater poured into Lake Oroville, a large reservoir in the
foothills of northern California. The water overflowed into two spillways with such
force that the stone structure of the spillways crumbled. (Click to see.) Suddenly,

21

two hundred thousand people downstream had to evacuate their

example showing about a year’s worth of change. In this map, L

homes until water levels fell.

means drought conditions have been present a long time (more
than six months), and S means a short time.

Movie 2.2 Changing California
Drought Conditions 2016-2017

Ask yourself: Is California’s drought a sign of climate changer?
What about the flooding that followed? Can a warming climate
cause both drought and flood? What’s the diﬀerence between
weather and climate anyway?
Here is a series of maps that shows how the Califonia drought
developed from 2011 to the present. What can you see in a series
of maps like the ones in this newspaper article?

Credit: David Miskus - NOAA/NWS/NCEP/CPC

Would you be able to see the change better if the maps were
combined into a slide show or moving picture? Here is an
22

Section 2.5

Coral bleaching in Australia
SOME CHANGES WE SEE
1. Many glaciers are retreating.
2. Ocean temperatures are rising.

The young couple had long planned to visit Australia for their honeymoon. But in
2016, as they snorkeled in the Great Barrier Reef, they felt disappointed. They
might start to swim among stony forests of colorful coral, but over and over again
they ended up in coral ghost towns, seeing only the white skeletons of what were

3. Catastrophic floods are affecting low-lying lands.
4. Some parts of the world are experiencing
historic droughts.

once healthy

Healthy and bleached corals on the Great Barrier Reef

colonies.
That year,

5. In many oceans, corals are turning white
and dying.

scientists
announced the
worst coral
bleaching
event ever
recorded in
Australia’s
Great Barrier
Reef. They
attributed the
bleaching,
which often
Healthy, brownish coral is in the background. Foreground

leads to death

coral has lost its algae. From Wikipedia.
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of the corals that build and maintain the reef, to increasing water
temperature and acidity in the ocean.
Marine biologists love coral reefs. These remarkably rich
underwater ecosystems provide a habitat for one-quarter of all
ocean species. Because corals lie at the base of the food chain,
their death can cause a major drop in the numbers and varieties
of ocean creatures that live on the reef.
But lots of things can aﬀect the health of coral reefs: dynamiting
for fish, polluted waters, acidic water, even sunscreen washed
from snorkelers. Why should we point to climate change as the
major culprit?
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Section 2.6

Anecdotes and Evidence
ANECDOTES ARE NOT THE SAME AS
EVIDENCE
1. Anecdotes are colorful stories about
particular episodes.
2. Scientific evidence is gathered from lots of
data, measurements, and explanations that
support or disprove a hypothesis.

We have given five examples - melting glaciers, warming seawater, devastating
storms, record drought and dying coral – that suggest our climate on Earth is
changing. But are these examples anecdotes or evidence?
Anecdotes are stories about something we observe or hear about. They are
often colorful; sometimes they appeal to our emotions. Anecdotes, or anecdotal
evidence, can alert us to something that might be going on. They cause us to
ask questions and make educated guesses. For example, we might ask, “Is
there really evidence that the coastal waters of Maine are getting warmer?” They
can also lead us to think up other possible explanations. “Maybe there are more
floods in Bangladesh because the ground is sinking, instead of the water rising.”
Scientists assemble evidence that the earth is changing by making careful
measurements over time. They make hypotheses about what they are
observing and search for patterns. They are careful to test other possible
explanations that don’t fit with their hypotheses. Often, an anecdote can
motivate careful observations.
In this book, we will be looking at evidence about climate change. What is
happening? Can we measure change over time? How can we explain it
scientifically? What can we do about it?
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Some people get discouraged when they think about climate
change. But with knowledge and understanding comes the power
to change our future. We’ve addressed global problems before
and we can do it again.
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Section 2.7

Displaying and Understanding Data
MAKING SENSE OF CHARTS AND GRAPHS
1. There are many ways to display
information. Each has its own strengths
and weaknesses.
2. In this book you will get experience with
reading and creating tables, graphs, charts,
and maps.

There are two ways of thinking that may be new to you but will help you
understand climate change. One is thinking about Earth as a system. How do all
the parts--oceans, atmosphere, land surfaces, living things--work together to
regulate our climate? Chapters 4-7, especially, will encourage you to play with the
idea of systems and how they work.
The second important way of thinking is looking at data. We’ll be presenting you
with diﬀerent kinds of tables, graphs, charts and maps. These visual assistants
help us share lots of data or information in one place. They tease out the big
picture and give a clearer idea of what is going on. We’ll introduce you to a number
of diﬀerent ways scientists (and you!) can display data to make information easier
to see and understand. In the appendix, we have included a guide to reading,
understanding and creating graphs.
The chapter you have just read, along with some of its hyperlinks, includes
photographs, a set of related maps, some tables of data and one scattergram. Can
you identify these? What information do they give you? Can you think of a better
way to show the same information?
You’ll have many questions as you read and think about the material in this book.
Talk about your questions and ideas with family members or other students. The
text will also ask you questions. Even if you’re by yourself, consider talking about
27

the questions aloud. Talking aloud will help you think about what
you’re learning. Thinking hard is what solidifies ideas in your
memory. The more you discuss and question, the better you’ll
understand.
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Chapter 3

The Sun Heats the
Earth

Most of Earth’s energy comes from the sun. The
sun’s light energy can be converted to many
different forms of energy on Earth. Heat from the
sun powers climate cycles on Earth.

Section 3.1

Earth is a system
A SYSTEM IS A COLLECTION OF PARTS
THAT AFFECT ONE ANOTHER
1. The earth system includes our globe, with
its land and oceans, and our atmosphere.

Throughout this book, we will be talking about Earth as a system. A system is a
collection of parts that work together and aﬀect one another.
A system can have energy or material flowing in and out of it. Our Earth has energy

2. Energy enters the earth system as sunlight
and leaves it as heat leaking into space.

in the form of sunlight coming in and energy in the form of heat flowing out. If more

3. The amount of matter in the earth system
remains stable, but can change form and
cycle through the system.

Earth will grow warmer.

4. Systems include feedback loops that help
us understand how one part aﬀects
another.

energy flows out than in, Earth will grow cooler. If more energy flows in than out,

This book will explain why right now more energy is flowing into the earth system
than is flowing out. As a result, Earth’s average temperature is rising. We will also
discuss what needs to happen to restore balance in the system.
What about materials in the earth system? Does matter flow in and out?
The amount of diﬀerent kinds of matter in the earth system is basically
unchanging. Sure, every once in a while a meteorite strikes Earth, but other than
that the amount of every element in the earth system stays the same. Atoms may
combine in new ways, but they don’t disappear. Instead, they cycle through the
system. You can follow how carbon or water cycles between parts to understand
how they work in the system.
To understand a system, we think about the stocks or stores of diﬀerent
components. We analyze how shifting these around aﬀects other parts of the
30

system. For example, hotter summers lead to warmer water and
more ice melting in the Arctic. Such changes can also lead to
feedback loops. For example, less ice on the surface of the Arctic
ocean lets more sunlight reach and heat the water, which helps
more ice melt. We will talk a lot more about feedback loops in
chapters 5 to 7.

The earth system includes sunlight, the atmosphere, land and oceans, and living things.
Free illustration from Pixabay.

31

Sction 3.2

Most of Earth’s energy comes from the sun
SOURCES OF ENERGY
1. Solar energy, hydroelectric energy, wind
energy, food energy, and energy from fossil
fuels all come originally from the sun’s light.
2. Nuclear energy and geothermal energy do not
originate in sunlight.

The vast majority of Earth’s energy comes from the sun. Sunlight strikes every part
of our planet’s surface at some time during the year. Light is a form of energy.
What other forms of energy you can think of? Many of these other forms of energy
can also be traced to the sun.
Consider electricity. Solar batteries convert sunlight directly into electrical energy
which can heat or light our homes or even run our cars and buses.
Think about hydroelectric power, which is power generated when water running
downhill, such as over a dam, turns an electrical turbine. Gravity pulls the water
downhill, but how did it get to the top of the hill in the first place?
Heat from the

Condit Dam

sun drives the

Wikimedia

water cycle,

The sun’s

causing water

energy drives

to evaporate.

the water cycle,

Winds can

allowing us to

blow water

capture energy

vapor a long

from water

way before it

flowing

condenses in

downhill.
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clouds and falls again to earth, often high in the mountains. So

You might burn wood for energy, but wood comes from trees,

energy from the sun starts the process that leads to hydroelectric

which used sunlight to grow. What about burning fossil fuels, like

power.

coal, natural gas, or oil? All of those began as living plants and

Maybe you thought of muscle energy, the energy that makes you

animals that died and were buried eons ago. Once again, the
source of the energy stored

move. Muscle energy

in these fuels is sunlight.

is created when your
body breaks down the

What about wind energy?

chemical bonds in

Wind arises from

food. But how did

temperature diﬀerences in

those chemical bonds

the air over diﬀerent parts of

get into the food in the

the land and oceans. These

first place? Where

temperature diﬀerences

does food come

come from the fact that

from?

sunlight heats diﬀerent
regions diﬀerently.

Plants grow by using
energy from sunlight

There are a few kinds of

to convert carbon

energy that do not come

dioxide gas from the

from the sun. In some

air into sugars and

places, people are able to

cellulose. Our food
web depends on
plants, so even the

The mass of these giant sequoias comes from water and carbon dioxide in the air,
transformed into sugars using energy from sunlight. Public domain photo.

capture the energy of the
rising and falling tide. Most
of that energy is supplied by

energy we get from

the gravity of the moon pulling on the water that cloaks our

eating meat came originally from the sun.

planet.
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Another kind of energy people have learned to tap is nuclear

homes, has been stored underground ever since the entire earth

energy. Energy is released when we use neutrons to split the

was a hot sphere of molten rock.

atoms of radioactive elements. These heavy, radioactive
elements were created long ago in exploding supernovas, not in
our own sun.
Some places, like much of the country of Iceland, get energy from

Geeothermal, tidal, and nuclear energy make a tiny contribution
to Earth every day. The vast majority of energy warming Earth—
the energy that heats our planet and controls our climate system

—reaches us from the sun.

the heat of rocks and magma deep underground. This
geothermal energy, which is used primarily to heat water and

Castle Geyser in Yellowstone Park. From Wikimedia Commons.
Geysers erupt when heat (geothermal energy) deep below the
surface causes underground water to boil and escape as steam.
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Section 3.3

What is heat?
HEAT AND TEMPERATURE

We have an intuitive sense of what heat is. We can feel how hot something is or
1. Heat flows from warmer to cooler objects.
2. Heat is the internal energy of a substance,
made up of all the movement of all its
molecules.
3. Conduction is the flow of heat from a warm
object to a cool one touching it. Example: a
frying pan.

measure its temperature. But heat is not the same as temperature.
Scientists speak of heat as energy that moves freely from one (hot) object to
another (cooler) object without work or movement of matter—for example, without
one billiard ball clashing into another or water flowing over a dam. Heat is the
internal energy of a substance,
how much its molecules are

4. Radiation is the movement of energy from
one object to a distant one through
electromagnetic waves. Example: sunlight.

moving around. Molecules and

5. Convection is the movement of a warm
fluid such as air or water from a warmer
place to a cooler one. Example: water in a
bathtub.

twist), and stretch.

the atoms in them can vibrate
(jiggle around), rotate (do the

When a hot object is placed in a
cold place, some of its internal
movement energy transfers to
the colder surroundings.

This bowl of soup transfers heat to the

Imagine a hot bowl of soup in a

environment in three ways: It conducts

cold room. Gradually, the soup

heat, especially through the spoon; hot

cools, as its molecules transfer
some of their jiggling to the air
around them. The air near the

air rises from the surface through
convection; and some heat radiates
directly to the surroundings. Public domain
photo, CC0.
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bowl of soup warms slightly, but there’s a lot more air than soup,
so you don’t usually notice it.

Interactive 3.1 Heat Conduction

Heat flows from warmer to cooler objects. It doesn’t go the other
way unless you put in work to force it. For example, a refrigerator
is powered by electricity. If you unplug the refrigerator, its
contents will gradually warm to room temperature as heat flows
from the room into the cool box.
Heat transfer happens in three main ways, all of which are familiar
to us. The first is conduction. In conduction, two objects touch,
and heat flows freely from the hotter to the colder object. For
example, a frying pan on the
stove conducts heat from the
burner to the food you are
cooking. If you touch the pan, it

Review 3.1 Insulators and
conductors.
According to the model, which of these is the best insulator?

Observe how diﬀerent materials conduct heat at diﬀerent rates. You can
also drag around the temperature sensors and place them where you like.

will conduct heat to your hand
and give you a burn.

A. Wood
B. Fiberglass
C. Metal

Some substances are better

D. Stone

conductors of heat than others.

The second mode of heat transfer is radiation. We’ll be talking

Often, a frying pan has a plastic

about this more in the next chapter. Radiation occurs at a

or wooden handle that allows you to lift it from the stove without

distance, when one object heats another without touching it. The

burning yourself. The handle is a poor conductor. Otherwise, you

most familiar form of heat through radiation is the heat we receive

can use oven mitts to lift the pan. Like wood or plastic, oven mitts

from the sun. Radiation consists of electromagnetic waves that

are poor conductors, which can also be known as insulators. Try

travel at the speed of light. The waves arise from molecular

playing with this model of conduction.

movement in the hot, sending body, and they cause molecular
movement in the cool, receiving body.
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The third mode of heat transfer is convection. Convection occurs
when a warmed fluid travels between a hot and cold object or
location. If you are sitting in a bathtub that is too cold for you, you
turn on the hot water. As the hot water moves around the tub (you
may help it by paddling it toward you), convection heats the
cooler parts of the tub until it reaches a common, warmer
temperature.
Air is also a fluid. When a forced air heater blows warm air across
a cold room, this is also an example of convection.
The Exploratorium in San Francisco has some very good, simple
experiments to help you experience and understand these
diﬀerent modes of heat transfer. Have a look by clicking on the
highlighted words below...
...for conduction,
convection, and
radiation.
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Section 3.4

How heat drives the weather
HEAT DIFFERENCES DRIVE WINDS AND
CURRENTS

Our sun heats Earth through radiation, but it does not heat all areas evenly.

1. The sun heats the equator more than
higher latitudes.

Sunlight falls on the daytime half of the planet, not on the nighttime half. More

2. Hot air and water expand and rise.

a region in summer than in winter. Diﬀerences in how land, sea, and air are heated

3. Cold air and water flow in to replace them,
creating wind and currents.

intense sunlight reaches the equator than the polar regions, and more sunlight hits
lead to weather.
Warm land or sea helps to warm the air above it. Air is a gas, and gases expand

4. Rain and snow occur when water that has
evaporated in one region condenses in a
colder region.

when heated. The increased movement of the air molecules drives them farther

5. Tropical storms arise over warm equatorial
waters.

by cooler, denser air.

apart. Expanded gases are less dense—they have fewer molecules and therefore
less mass in a given volume. Less dense, lighter air tends to rise and be replaced

Cooler air flowing in to replace rising warm air creates wind. For a lovely animation
of global wind patterns, check this site. Here is another map that shows today’s
wind patterns in just the United States. What’s the wind like today where you live?
Warm air and sea also lead to more evaporation of water. A tremendous amount
of energy goes into evaporation every day. Water vapor, like other gases, rises as it
warms. Eventually, it reaches an altitude that is cool enough to make it condense
again into liquid droplets, or even into tiny ice crystals, forming clouds. The heat
absorbed by water vapor is released again as the vapor condenses into clouds.
This process helps to carry heat from Earth’s surface up through the lower
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atmosphere. Air currents carry clouds to diﬀerent regions.

more evaporation. At the same time, more heat leads to more rain

Eventually, the droplets or ice crystals grow until the water falls as

and snow in traditionally wet regions.

rain or snow.

Our biggest storms, tropical storms, arise when the ocean near

Within the ocean too, temperature diﬀerences cause movement.

the equator is unusually warm. You could think of hurricanes as

Cold water from arctic regions is dense. It sinks deep and flows

giant heat engines. Massive amounts of water vapor rise in a

to areas nearer the equator, where warmer waters are rising. In

spiral pattern and are carried west by Earth’s rotation to the east.

turn, these warmer waters create surface currents that flow back

Gradually they veer north or south, but they usually strike land

toward the poles.
All these movements, of air, water vapor,

toward the eastern
edge of continents.

and seawater, are examples of
convection, or heat carried by the
movement of fluids. Wind patterns and
ocean currents are also aﬀected by the
rotation of the globe and by land masses
that get in the way. Another factor
aﬀecting ocean currents is salinity, which
is ta measure of saltiness. Saltier water is
more dense, so it tends to sink compared
to fresh water flowing in from a river

Hurricane Andrew

outlet or melting from a glacier.

approaches the coast of

As a general rule, more heat in the Earth
system means more evaporation and

Florida in August 1992.
Wikimedia commons.

transportation of water vapor. Therefore,
it can mean drier deserts because of
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Section 3.5

How much sunlight?
SUNLIGHT WARMS THE EARTH
1. Diﬀerent amounts of sunlight hit diﬀerent
parts of Earth, depending on the season,
latitude, and time of day or night.
2. On average, 341.3 watts reach every square
meter of Earth’s atmosphere.

How much energy does sunlight bring us? It’s a tricky question. More sunlight falls
on the equator than on the polar regions. On average, any place on Earth spends
half its time in the dark of night. Nights are longer in winter but shorter in summer.
So to say how much sunlight falls on Earth requires us to average measurements
from many times and places.

3. Some of this energy is reflected or
absorbed by the atmosphere. 184 watts
succeed in reaching each square meter of
Earth’s surface.

On average, 342 watts per square meter (written

4. Using these facts, we can begin to build an
Energy Budget diagram of the Earth
system.

atmosphere. We’ll be saying more about that in

342 W/m2 ) reach Earth’s atmosphere from our
sun. Almost half that energy is absorbed or
reflected by molecules or small particles in the
Chapter 6. Eventually, 184 watts per square
This light emits about 100
watts. Earth receives on
average 184 watts for every
square meter of land and
sea. Photo by Dickbauch via
Wiikimedia

meter (184 W/m2) strike Earth’s surface.
What does that mean? Watts are a measure of
power, describing amount of energy flow. An
average incandescent light bulb emits about 60
watts; a bright one can put out 100 or even 150
watts. As for a square meter (or meter squared),

it’s about three feet by three feet. Watts per square meter tells us how much
energy flows through such an area every second. Imagine between one and two
light bulbs lighting every square meter. That’s how much sunlight hits Earth’s
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surface on average all the time, counting night and day, summer
and winter.
We can show the light energy from the sun reaching Earth in the
following diagram. We’ll be adding to this diagram as we learn
more about what happens to light once it reaches Earth.

Of the 342 watts per meter squared that reach Earth’s atmosphere, only 184
watts are absorbed by the surface to heat the earth. The rest is reflected by
the atmosphere, absorbed by the atmosphere, or reflected by the surface.
Image by Barnas Monteith.
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Section 3.6

Sun and seasons
A TILTED AXIS
1. Seasons are caused by the tilt of Earth’s
axis.

What causes the seasons? Many people think the seasons happen because Earth
revolves around the sun in an ellipse, which is a flattened circle, rather than a
perfect circle. So sometimes Earth is just a bit farther from the sun. Could that be

2. The hemisphere tilted toward the sun has
longer days and more direct sunlight.

the cause of colder weather in winter?

3. Six months later, after half a revolution, the
Earth’s opposite hemisphere is tilted
toward the sun.

Talk about it. It’s a good idea, but there’s one problem. When it’s summer in the

4. Land near the equator receives about the
same amount of sunlight throughout the
year.

US, it’s winter in Australia, even though the US and Australia are the same
distance from the sun. There must be some other reason for the seasons.
There is. Earth’s axis is not exactly perpendicular to the straight line from Earth to
sun. Instead, Earth’s axis is tilted at about 23 degrees. Our North Pole always
points in the same direction, toward faraway Polaris, the Pole Star. That means
that on one part of Earth’s journey around the sun, the North Pole and northern
hemisphere point slightly away from the sun, and the South Pole and southern
hemisphere point toward it.
When the northern hemisphere points away from the sun, days in the U.S. are
shorter and the sun stays low in the sky. Less light energy reaches the ground.
This is winter in the northern hemisphere.
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Six months later, Earth has traveled halfway around the sun. Now

the year. Play with it: Try moving the red dot to the place on the

the northern hemisphere points toward the sun, and the southern

globe where you live. Hit “Play” to see Earth orbit the sun, or grab

hemisphere points away. In the US, Europe and Russia, days are

hold of the planet in the top right box and move it around the sun

longer and the sun rises higher in the sky. More light shines

to the month you want to see. Add or subtract a tilt in Earth’s

directly down to the ground. It’s summer in the northern

axis. Without a tilt, are there still seasons?

hemisphere.
Click here for a model which shows you how Earth’s tilt aﬀects
the intensity of sunlight hitting diﬀerent spots on Earth throughout

Try adding rotation. See if you can put the red dot in a place that
will be dark for many months when you are enjoying summer.
You can also grab the Earth in the large panel and move it so you
can see it from diﬀerent angles.

Interactive 3.2 Exploring Seasons

You can see that as Earth circles the sun, the sun is directly
overhead spots in the southern hemisphere during October
through February, and directly over spots in the northern
hemisphere in April through
August. If you look from over the
north pole, with the planet
rotating, you should be able to
make out sunrise in March and
sunset in October.

Discover how the tilt of the Earth causes seasons

Antenna station at the South

The seasons can be confusing.

Pole, where sunset occurs

We suggest playing with this

once a year, in March. Public

idea until you’re certain you can

domain image from NOAA.

explain it and picture it in your
mind.

through changes in the angle of absorption of solar
energy throughout the year. Concord Consortium.
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Section 3.7

Two experiments to model the sun’s heat
LIGHT INTENSITY
1. Slanted light, such as we experience in
winter, spreads the same amount of light
energy over a wider area. For this reason, it
doesn’t warm the ground as much.
2. The farther a surface (or planet) is from a
light source, the less light energy it
receives.

Part 1. Slanted light
In a darkened room, shine a flashlight directly over colored piece of paper. Draw a
circle around the area that is lit up.
Now move the light to the side. From the same height, shine it at a slant on a new
piece of paper. Trace around the lit area. What shape is it?
Which area is larger? Which piece of paper received more light per unit of area?
(You could express light per unit of area as Watts/m2.) This is the piece that
received a greater intensity
of light energy.
The slanted light represents
light from the sun when it is
low in the sky, in early
morning, late afternoon or
winter. To estimate average
light falling on Earth, we
have to consider all diﬀerent
times of the year and places
on the globe.

Light from this flashlight strikes the surface at a
low angle and covers a lot of area. Photo by kaʁstn
Disk/Cat, public domain via Wikimedia Commons.
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Part 2. Distant light
Try moving the flashlight farther from the sheet of paper. This
represents diﬀerent amounts of sunlight falling on planets that are
closer to or farther from the sun. (The Earth’s orbit is not flattened

Construct your own table, starting like this:

enough to make much diﬀerence in how much sunlight reaches
Earth at diﬀerent times throughout the year.) See if you can figure
out how the area of light changes with the distance of your target
from the light source (flashlight). What happens when you double
the distance? Triple it? Cut it in half? What happens to the
amount of light received by each square inch of paper? (If you

Trial

Distance
from
flashlight
to paper

Area of
lighted part
Diameter of
(Area = pi x
lighted part
radius
squared)

Watts per
square
inch

don’t know how strong your flashlight is, estimate. For example,
an iPhone flashlight is probably less than one watt.)
If you have one, use an infrared temperature gun to measure the
temperature the paper reaches under each lighting condition.
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Section 3.8

Mercury, Venus, Earth and Mars
Based on what you have observed, how many watts of sunlight per square meter
SUNLIGHT AND TEMPERATURE ON THE

do you think reach our closest neighbor planets, Mercury, Venus and Mars?

INNER PLANETS

Remember, the value for sunlight reaching Earth’s surface is 184 watts/meter

1. Planets closer to the sun receive more light
energy.

squared.

2. Along with the amount of light it receives, a
planet’s atmosphere aﬀects its
temperature.

Which should be coldest? Take a look at the following table and make an

Based on distance from the sun, which planet would you expect to be hottest?
educated guess.

Planet

Distance from sun
(kilometers)

Mercury

57 million

Venus

107 million

Earth

150 million

Mars

229 million

Before you look at the next table, ask yourself if you can think of anything else
besides distance from the sun that might aﬀect how hot our three neighbor
planets’ surfaces will be.
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Now let’s look at three of the planets to see if your prediction is
correct.

Planet

What else is wrong?
Should you really use a line graph? Should the points on the graph

Distance from the sun
(kilometers)

Average surface
temperature in
degrees Celsius

be connected?

200
Mercury

57 million

167

Earth

150 million

14

Mars

229 million

-55

150
100
50
0

What would be a good way to graph the relationship between
distance from the sun and temperature shown in this table?
You could create a graph with distance from the sun on the

-50
-100

57

150

229

horizontal-axis and surface temperature on the vertical-axis.

A line graph implies continuous. data, that is data that has values

Take a look at the graph opposite. Does the graph give you good

at every point along the horizontal axis.The problem is that there

information? How would you criticize or improve it? Check the

are not planets at every distance from the sun.

guide to creating a graph in the appendix.
A line graph also implies that you can figure out what the value
First, the graph has no labels. Sketch it on a piece of paper, and

would be for a point that fell between two other points. For

add a title and labels for the two axes. Remember to include units:

example, since Venus is between Mercury and Earth in distance

“million kilometers from the sun” and “degrees Celsius.” What

from the sun, this graph makes us expect its surface temperature

would be a good title for this graph?

to be between 14 and 167 degrees C. In fact, we expect it to be
about halfway between, say around 100 degrees. Let’s check.
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Can you identify each planet in this scatterplot?

Planet

Distance from the sun
(kilometers)

Average surface
temperature in
degrees Celsius

Mercury

57 million

167

It turns out that Venus has the highest surface temperature of any

Venus

107 million

457

planet in our solar system. Venus is smothered in a thick

Earth

150 million

14

Mars

229 million

-55

atmosphere made up of carbon dioxide and sulfur dioxide. The
(poisonous) atmosphere of Venus is much thicker than that of
Earth.
Mars has a very thin atmosphere, and Mercury has none at all.

Wait a minute! Venus is way hotter than we predicted!

We will talk more about how an atmosphere aﬀects a planet’s

With discrete data like this - measuring separate objects like the

temperature in the next chapter.

Average surface temperature in degrees Celsius

planets--it’s better to use a scatterplot, like this:

PLANETS: HOW FAR AND HOW HOT?

Artist’s conception of the surface of Venus, from
NASA

500
400
300
200
100
0
-100

50

100

150

200

Distance from the sun in millions of kilometers

250

96 percent of the atmosphere of Venus is carbon dioxide.
Sulfur dioxide gives the sky a yellowish color.
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Chapter 4

The Long and
Short of It
The sun heats Earth, but Earth also radiates heat
back into space. Some of the infrared waves Earth
emits are absorbed by “greenhouse gases” in the
atmosphere. These greenhouse gases, including
carbon dioxide, help to warm our planet.

Section 4.1

Visible light
THE VISIBLE LIGHT SPECTRUM
1. The old mnemonic for the colors of the
visible spectrum, from longer to shorter
wavelengths, is ROY G. BIV-- red, orange,
yellow, green, blue, indigo, violet.

What color is the light that comes from the sun? The sun itself looks yellow to us,
and you could argue about whether sunlight is white or yellow. But if you let the
sunlight pass through a glass prism, it will divide into a spectrum of light that goes
from red through orange and yellow, green and blue, all the way to violet.

2. Waves just longer than red are called
infrared.

What makes the

3. Waves just shorter than violet are called
ultraviolet, or UV.

diﬀerent colors of
the spectrum?
Light consists of
electromagnetic
waves, each with
its own distinct
wavelength.
Slight diﬀerences
in the length of
the waves allow
the glass of the
prism to bend them diﬀerently. These diﬀerences in wavelength also allow our
eyes to see colors.
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Table 3.1
Approximate wavelengths of the colors we see in visible light

Wavelength
(nanometers)

Color we see

620–750 nm

red

590–620 nm

orange

570–590 nm

yellow

495–570 nm

green

455–495 nm

blue

435–4505nm

indigo

380–435 nm

violet

Wavelengths of light are measured in nanometers. A nanometer
is one-billionth of a meter.
Actually, the spectrum is continuous, and one color blends into
another.

51

Section 4.2

The electromagnetic spectrum
ELECTROMAGNETIC WAVES

The electromagnetic spectrum—the range of wavelengths that electromagnetic

1. Visible light is only a very small part of the
electromagnetic spectrum.

waves can take—includes much more than visible light. Far beyond the colors we

2. From shorter to longer wavelengths, the
electromagnetic spectrum includes gamma
rays, X-rays, ultraviolet light, visible light,
infrared light, microwaves, and radio waves.

familiar. Spend some time looking at the chart below.

can see lie many kinds of electromagnetic waves whose names may sound

Figure 3.2 The electromagnetic spectrum.

3. The shorter the wavelength, the higher the
energy carried by the waves.
4. All objects in the universe radiate
electromagnetic waves. The hotter the
object, the shorter the wavelength of the
radiation it emits.
5. The sun radiates visible light waves. The
much cooler Earth emits infrared waves.

Light visible to humans takes up only a small section of the electromagnetic
spectrum.
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You can see a picture of wavelengths along the bottom and

Further than UV waves come X-rays, which may be familiar to

identify the kind of wave along the top. Which kinds of waves are

you from the dentist’s oﬃce or if you’ve ever broken a bone. X-

very long, and which are very short?
Among the longest, least energetic waves are radio waves. If you
have an antenna to collect the waves, radio waves allow you to
listen to music played far away. Radio waves can be more than a
kilometer long.

rays are energetic enough to pass

Self-check 3.1:
Electromagnetic
spectrum (Click in
box)
Which of these waves carry the highest energy?

Next longest are microwaves, which agitate or shake up water
molecules. This heats the molecules, allowing you to cook food or
warm it up quickly.

through skin and fat. Denser
tissues such as bones or teeth
can block X-rays, leading to a
white image on the finished
image.

A. X-rays
B. Radio waves
C. Ultraviolet light
D. Microwaves

Beyond X-rays come gamma
rays, which are emitted during the
radioactive decay of atomic nuclei

Next come infrared waves, which we experience as heat. Most

—that is, when protons and neutrons in the nucleus of atoms

objects near room temperature, such as people and animals, give

break down. Gamma rays can penetrate tissue and cause

oﬀ infrared radiation. Infrared glasses can help soldiers to see at

damage to cells, so we recommend staying away from

night, and infrared cameras can be used to look for areas of heat

radiioactive leaks and exploding atomic bombs.

or cold in a room.

It’s a good idea to get familiar with the electromagnetic spectrum,

Past the other end of the

because you’ll run into it again and again in your studies of

visible spectrum, beyond

science. One important thing to know about the spectrum is this:

violet, lie ultraviolet waves.

The longer the wavelength, the less energy the wave carries.

We can’t see them, but

The shorter the wavelength, the more energy.

honeybees do. These high-

So which do you think carries more energy? X-rays or radio

energy, short wavelength
waves are responsible for
sunburn but can be partially
blocked by sunscreen.

waves? Visible light or infrared? It’s a good idea to get
Enlarge this image to see

comfortable with these relationships.

the bee’s compound eye.
Public domain from USGS.
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Diﬀerences in wavelength for diﬀerent kinds of radiation turn out
to be very important for the way our earth is warmed. Here’s why.
Every object in the universe emits radiation of some sort. Hotter
objects emit very energetic radiation with short wavelengths, and
cooler objects emit somewhat less energetic radiation with longer
wavelengths.
In theory, if an object is at absolute zero, it won’t radiate any
energy at all. But what is absolute zero?
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Section 4.3

Temperature
ABSOLUTE ZERO AND TEMPERATURE
SCALES

What is absolute zero? It’s a temperature so cold that atoms and molecules don’t
move at all. Humans have never achieved a temperature of absolute zero in the

1. At absolute zero, atoms and molecules no
longer move at all.

laboratory, but we’ve come close. Scientists have calculated that all molecular

2. When we heat a substance, its molecules
and atoms move more rapidly. If the
substance is a solid, like ice, adding heat
may cause the molecules to break loose
from their crystal structure and become a
liquid.

temperature absolute zero, or zero degrees Kelvin.

3. With further heat, the molecules in a liquid
can break free from the surface and
become a gas.
4. There are three temperature scales in
common use. The Kelvin scale starts at
absolute zero, where there is no motion of
molecules or atoms at all.
5. Water freezes at 0 degrees Celsius and
boils at 100 degrees Celsius.
6. The Celsius scale is used in most of the
world.

motion would stop at a temperature of -273 degrees Celsius. Scientists call this

So now we have three temperature scales: our familiar Fahrenheit scale, the
Celsius scale used in science and in most of the rest of the world, and the Kelvin
scale, which starts at absolute zero. For talking about climate, it’s important to
understand these three scales and how they compare.
Comparing Kelvin to Celsius is easy. The degrees are the same size. A
temperature in degrees Kelvin is simply the temperature in degrees Celsius plus
273. Zero degrees Celsius, the temperature at which water freezes, is 273 degrees
Kelvin.
Comparing Fahrenheit to Celsius is a bit trickier. Celsius degrees mark oﬀ a bigger
chunk of temperature change than Fahrenheit degrees do. Each degree Celsius of
temperature rise is equal to 1.8 degrees rise in Fahrenheit degrees.
Not only that, water freezes at 32 degrees Fahrenheit. So zero degrees Celsius,
which is 273 degrees Kelvin, is 32 degrees Fahrenheit.
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Using just these two facts—temperature at which water freezes
and size of degrees—we can create a formula
that converts degrees Celsius to degrees
Fahrenheit.
In the meantime, the following table can help
you get used to thinking in Celsius. It’s good to try and get a feel

Three polar bears

Child with chickenpox. By

for how warm various benchmark temperatures are.

approach a submarine

Øyvind Holmstad CC BY-SA4.0.

near the north pole.
Degrees
Fahrenheit

Degrees
Celsius

How it feels

Degrees
Kelvin

-40

-40

Bitter cold

233

32

0

Water freezes

273

50

10

Cool

283

20

Comfortable;
close to room
temperature

293

68

From Wikipedia.

Kayaking. CC0 public domain via
Pixabay.

86

30

Hot

303

104

40

Very hot; high
fever

313

Hot day in Hungary. CC0
public domain.

Click to enlarge the images opposite, and try imagining each
image connected to one of the temperatures above
Early fall day. From Wikipedia.

Half-frozen lake. From
Wikipedia.
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Section 4.4

Earth radiates heat
EARTH RADIATES AT INFRARED
WAVELENGTHS

Now that we’ve talked about temperature scales, we can come back to Earth. We
mentioned that all objects in the universe radiate energy. Each object, depending

1. All objects warmer than absolute zero
radiate energy.

on how hot it is, radiates energy at a certain wavelength or range of wavelengths.

2. Earth radiates in the infrared range of the
electromagnetic spectrum.

cooler the object, the longer the wavelength.

3. Greenhouse gases in the atmosphere
absorb infrared radiation from Earth and reradiate it in random directions.
4. Greenhouse gases help to keep Earth
warm.

The hotter the object, the shorter the wavelength of the energy it radiates. The

This energy release is called black body
radiation, which is a bit confusing, because
these radiating objects are not usually black.
Think of a cauldron of molten metal, a neon
light, or a distant blue star. Even ice cubes
radiate heat, which you would feel as warmth
if your hand was colder than an ice cube to
begin with!
Earth is heated by the sun. It absorbs energy
from the short-wavelength light and
ultraviolet energy that reaches it. If that was
all that happened, Earth would get hotter and
hotter until its trees burned and rocks melted.
But Earth gives oﬀ energy of its own.
Because Earth is much cooler than the sun, it

Molten steel recycled from the
World Trade Center. US Navy.
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gives oﬀ longer wavelengths, mostly in the infrared region of the

represents visual light in this model? What symbol represents

spectrum.

infrared light? What happens when you “Display heat in

The fact that Earth absorbs many of the sun’s short waves but
radiates longer, infrared waves turns out to be very important.
Remember, any radiation passing into or away from Earth has to
make its way through Earth’s atmosphere. To do that, the energy
has to get past molecules in the air. Air molecules generally let the

molecules?” (Remember, heat is in the movement of molecules.)
Compare what happens to temperature in “Sun on ground and
CO2” against what happens with “Sun on ground” alone. What is

Interactive 4.1 Exploring the Greenhouse Eﬀect

short waves of the sun’s energy pass without interference. (Air is
transparent to visible light: we can see through it.) But longer,
infrared waves are a diﬀerent story.
Some molecules in air absorb radiation at infrared wavelengths.
Once they’ve absorbed the energy, they give it oﬀ again or reradiate it in random directions. Some of the energy these
molecules emit escapes to space, some bounces around the
atmosphere, and some heads back to Earth’s surface. There it
makes Earth warmer.
The kinds of air molecules that capture the long waves the Earth
radiates are called greenhouse gases. They include water
vapor, carbon dioxide, methane, and nitrous oxide. The two

Explore how light from the sun is converted into heat, and how that heat
can show up in the energy of molecules.

the model telling you?

most important are water vapor (H20) and carbon dioxide (CO2).
Take a look at this model of how carbon dioxide acts as a
greenhouse gas. Run the model by clicking the arrow at the
bottom of the page. First try the sun heating the ground. Some

On the next page is a diagram that shows the eﬀect of
greenhouse gases such as CO2 in our atmosphere.

sunlight is reflected. Try diﬀerent conditions. What symbol
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Short-wave visible light reaches the earth, though some is reflected by the atmosphere. Earth emits
longer-wave, infrared radiation. Some escapes to space but some bounces around the atmosphere or
heads back to Earth. “Incident” energy is energy that strikes the earth.

Image by Barnas Monteith.

Section 4.5

Greenhouse gases in our atmosphere
When you were young, you may have thought that air was empty, that it was
GASES IN OUR ATMOSPHERE

nothing. But then you realized that air can stretch a balloon, that you can feel wind

1. Air has mass.

on your face, that you’re breathing in something. Air has mass.

2. Nitrogen and oxygen make up most of our
atmosphere.

Air is made of a mixture of molecules in gas form, which means they can move

3. Greenhouse gases, present in small
amounts, absorb and re-emit long-wave
radiation.

our atmosphere, and their percentage, are shown in the following table.

4. Greenhouse gases act like a blanket,
keeping heat in.

Gas

Symbol

Percentage
Greenhouse gas?
concentration in dry air

Nitrogen

N2

78.08

No

Oxygen

O2

20.95

No

Argon

Ar

0.93

No

Carbon dioxide

CO2

0.04

Yes

Methane

CH4

0.0002

Yes

Nitrous oxide

N 2O

0.00003

Yes

5. Carbon dioxide and water vapor are the
two most important greenhouse gases.

about freely at random and are usually quite widely separated. The major gases in
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Sometimes people will suggest that when you have a table of

Now look back at the table. Note that we have left out water

percentage values like this, you should represent them in a circle

vapor. That’s because the amount of water vapor in the

graph or pie chart. Let’s try that with this table.

atmosphere varies tremendously. Over the Sahara Desert, there is
very little water in the air. Over the Pacific Ocean as a typhoon is
forming, there is a great deal. Water vapor moves in and out of

Nitrogen
Carbon dioxide

Oxygen
Methane

Argon
Nitrous oxide

the atmosphere very rapidly, through evaporation, rain or snow,
unlike the other gases in this table.
You can see from the table that most of the gas molecules in our
atmosphere are not greenhouse gases. Nitrogen and oxygen
allow both short and long waves to pass freely.

0%
1%
21%

Looking at the table, why do you think carbon dioxide is
considered a more important greenhouse gas than methane or
nitrous oxide? Examine the third column. Can you see that there
is about 200 times more carbon dioxide than methane in our
atmosphere? The amount of nitrous oxide is less than one
thousandth the amount of carbon dioxide.

78%

So our atmosphere allows most sunlight to pass through freely on
its way to Earth, but it captures some of Earth’s escaping heat
energy and keeps it in the Earth system. It does so mostly
because carbon dioxide absorbs and re-radiates long, infrared

Can you see the limitations of a pie chart in this case? Some of
the percentages are so small, you really can’t learn anything
about them at all from a pie chart.

waves. Water vapor also plays a role, mostly following along as a
passenger with carbon dioxide. We’ll discuss this more in
chapter 6.
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Now that we understand the role played by Earth’s atmosphere,

From this graphic, and from the example of Venus, we can see

we can add another layer to our diagram of Earth’s Energy

that changing the amount of carbon dioxide in our atmosphere

Budget:

could have an important eﬀect on Earth’s temperature. Let’s try
an experiment to investigate this. Then we will look at how
carbon and carbon dioxide move through the Earth system.

1. Earth emits 396 W/m2 of infrared radiation.
2. 40 W/m2 escapes the atmosphere and reaches space, while the other 356 W/m2 is absorbed by greenhouse gases in the atmosphere.
3. Another 79 W/m2 of heat is transferred from Earth’s surface to the atmosphere by conduction and convection.
4. The atmosphere, heated by incoming absorbed sunlight, absorbed infrared, plus conduction and convection, emits 199 W/m2 to space
and returns 333 W/m2 to Earth.
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Section 4.6

An experiment: carbon dioxide is a greenhouse gas
CARBON DIOXIDE ABSORBS INFRARED
RADIATION
1. We can show that air rich in carbon dioxide
absorbs more heat than our usual air
mixture.
2. Levels of carbon dioxide in this experiment
are far higher than in our atmosphere.
3. Try to think of your own variations on this
experiment.

How can we demonstrate that air rich in carbon dioxide absorbs more heat than
usual room air? First we need two bottles, one filled with carbon dioxide and one
with “normal” air. .
This experiment is a bit tricky to do, because the diﬀerence in temperature change
between the two bottles is small.
Use two 2-liter plastic bottles. Wear protective glasses. Fill one bottle with CO2
from a CO2 canister used for a soda machine, a fire extinguisher, or a paint gun
set. The other bottle will be filled with ordinary air. Place a temperature probe in
each bottle and then seal the bottles. Place a heat lamp over each bottle. Turn on
the lamps and watch the temperature in the bottles slowly rise. See if there is a
diﬀerence in the rate and amount of temperature change.
Bill Nye the Science Guy has a fine demonstration of how to do this experiment
here. (If you can’t link directly, try this address: https://www.youtube.com/watch?
v=3v-w8Cyfoq8)

Can you think of variations on this experiment that might make it work better or
answer other questions you may have?
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Note that the experiment does not “prove” that global warming is
due to rising CO2 levels in our atmosphere. Instead, it shows that
air enriched in CO2 traps more heat and warms up more quickly
than “normal” air made up mainly of nitrogen and oxygen. The
concentrations of CO2 in the air in this bottle are much higher
than in our atmosphere, so the eﬀect is faster and more dramatic.

John Tyndall. Photograph by Varraud, via Wellcome
The first scientist to show that carbon dioxide absorbed heat was

Images. You can read more about Tyndall and his

John Tyndall, a brilliant Irish physicist who lived from 1820 to 1893.

experiments here.You can see his life story in images

Click to enlarge the diagram of the apparatus he used to

here.

demonstrate his findings. From Wikipedia.
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Chapter 5

The Carbon
Cycle
Type to enter text

The total amount of carbon in the Earth system
stays constant, but carbon moves among several
different stocks. Burning fossil fuels releases
carbon dioxide into the atmosphere, where it will
stay a long time.

Section 5.1

The Keeling curve
WHAT CHARLES KEELING TAUGHT US
1. Charles Keeling developed accurate ways
to measure carbon dioxide concentration in
air.
2. We have more than fifty years of
continuous data on carbon dioxide levels.
3. The Keeling Curve shows that carbon
dioxide levels have a seasonal variation but
also rise steadily over time.
4. Carbon dioxide levels in the atmosphere
have risen by more than 30% since
Keeling’s first measurements in 1958.

In 1958, a young scientist named Charles David Keeling traveled to the top of the
Mauna Loa volcano on the big island of Hawaii. Keeling loved climbing mountains,
but he came to this peak for a scientific reason—to measure carbon dioxide in the
atmosphere. In graduate school, Keeling had developed new instruments for
measuring CO2. These instruments were so sensitive and accurate they could
measure in parts per billion. That is, they could measure one or two carbon dioxide
molecules mixed in with a billion other gas moleculesl
Keeling had already tested his instruments in California. He climbed high into the
mountains so that CO2 could mix well with other gases in the atmosphere and not
be distorted by local eﬀects like cars and factories. But even in the high Sierra
mountains, winds sometimes blew in from cities like Sacramento and San
Francisco. When that happened, concentrations of CO2 in Keeling’s samples rose
and wobbled, introducing “noise” into his data. So when he got a grant to set up a
station in Hawaii, 11,000 feet high and thousands of miles away from large cities,
he jumped at the chance.
For almost sixty years, Keeling’s station on Mauna Loa has been measuring the
level of CO2 in our atmosphere. This continuous record of data is incredibly
important for understanding how our atmosphere is changing. The result of these
measurements is the famous Keeling Curve that you see on the next page. For his
work, Keeling received the National Medal of Science from President George W.
Bush in 2002. Today, Keeling’s son Ralph continues the measurements.
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now contains about 30% more CO2 than people’s breaths in
1958. In the rest of this chapter, you’ll explore why, and in the
next chapter we’ll look at why it matters.

But what does the Keeling Curve show? There are two main
findings. One is that CO2 levels in the atmosphere oscillate—that
is, they swing back and forth in a sawtooth pattern—rising
throughout the northern hemisphere’s winter and falling during
the summer. As you read the rest of this chapter, think about why
that might happen.
The second major finding is that CO2 levels are steadily rising.
Both the peaks and valleys of the curve’s sawtooth pattern are
rising from year to year. In fact, every breath of air you breathe in
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Section 5.2

Where is carbon in the Earth system?
CARBON IS FOUND THROUGHOUT THE
EARTH SYSTEM
1. Major stores of carbon can be found in
rocks and soils, the ocean, living organisms
and fossil fuels, and the atmosphere.
2. No carbon is added to or removed from the
Earth system as a whole.
3. Carbon cycles through the system.

The carbon dioxide molecule (CO2) is a carbon atom bound to two atoms of
oxygen. The carbon in carbon dioxide comes from many other stores or stocks or
reservoirs of carbon on earth. What are these stores, and how large are they?
Carbon exists nearly everywhere on earth. Carbon forms part of the key building
blocks in every living organism, from bacteria to fungi to plants and animals. As
the molecule calcium carbonate, carbon is part of the shell of marine organisms
like clams and other organisms that have shells, like snails. In the form of carbon
dioxide, carbon can also dissolve in fresh and salt water. A huge portion of Earth’s
carbon exists
in rock, either
as fossilized
bits of
biological
matter from
dead
organisms or
as limestone
made from
tiny ancient
shells. And of
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course carbon exists in the atmosphere, as carbon dioxide (CO2)

Why would the data in this table be diﬃcult to show with a bar

or methane (CH4).

chart or pie chart?

How much carbon does each of these stores hold? Because the
amount of carbon in the entire earth is so huge, we measure it in
gigatons. How heavy is a gigaton? Let’s start with a metric ton,
which is 1000 kilograms or about 2200 pounds. (An English ton is
2000 pounds, so they are not that diﬀerent.) That’s a lot. A
gigaton is a billion metric tons. Each gigaton is about how much
200 million African elephants would weigh.
Here’s how that carbon is divided:

Reservoir

Gigatons of carbon

Rocks

50 to 100 million (100,000,000)

Dissolved CO2 in oceans

38,000

Fossil fuels

4000

Living organisms

560

Atmosphere (CO2 and CH4)

750

Soils

1500
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Section 5.3

How does carbon move through the Earth system?
THE CARBON CYCLE
1. Carbon cycles between the atmosphere
and other stocks. Some cycles are fast and
others are very slow.
2. Carbon moves quickly between the
atmosphere and organisms as
photosynthesis converts carbon dioxide
and water into sugars, and as respiration
breaks sugars down again.
3. Carbon dioxide dissolves quickly into the
ocean and is released again.
4. Some exchange processes, such as rock
weathering or forming fossil fuels, can take
thousands or millions of years.
5. Burning fossil fuels releases carbon dioxide
into the atmosphere rapidly. This carbon
dioxide is likely to stay in the atmosphere
for hundreds or thousands of years.

Carbon exchanges between the atmosphere and other stocks or reservoirs. Some
of these exchanges, such as with plants or the oceans, happen rapidly.
Let’s start with plants. In the process of photosynthesis, plants take in CO2 from
the atmosphere and combine it with water in a reaction fueled by the sun’s energy.
Plants convert CO2 from the atmosphere into wood, stems, leaves, and other plant
structures. It’s important to remember that almost all the mass of even a giant
redwood tree comes from water combined with carbon dioxide drawn from the
atmosphere! You have probably seen this chemical reaction before:
6 CO2 + 6H2O (in the presence of sunlight)---> C6 H12 06 + 6O2
What this reaction means is that in the presence of sunlight, six molecules of
carbon dioxide and six molecules of water can combine together to make one
molecule of sugar and six molecules of the oxygen we breathe. Sunlight provides
the energy to drive the reaction.
But plants also return CO2 to the atmosphere. All living things, including plants
and animals, get their energy by breaking sugars down into carbon dioxide and
water. This process is called respiration. When a plant needs energy to pump
water up its stem or to make a seed, it breaks down sugars. When an animal eats
a plant for energy, or when a dead plant or animal rots or burns, sugar molecules
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combine with oxygen to release CO2 and water vapor back into

Can you think of other conditions to try, to see if they lead to

the atmosphere. Here is the general formula for respiration:

more or less gas release?
Carbon exchanges rapidly between the atmosphere and plants

C6H12O6 + 6 O2 ---> 6 CO2 + 6 H2O + energy

or the oceans’ surface waters. But other exchanges are very slow.
For example, erosion by water or wind gradually breaks rocks
down, but only in very small amounts. The weathering of

When a plant is actively growing, it absorbs more carbon dioxide
than it releases. When it drops leaves or rots, it releases more
carbon dioxide than it takes in.
What about the carbon dioxide dissolved in sea water? Does that
exchange easily? At the surface of the ocean, gases are
constantly dissolved or released. One factor that determines how
much carbon dioxide can be dissolved in water is the water’s

limestone gradually absorbs carbon dioxide from the air. Over
thousands of years, this process can help lower CO2 levels, but it
does not make a diﬀerence in the short term.
Now consider the 4000 gigatons of carbon found underground.
This carbon exists in the form of fossil fuels. Remember that
fossil fuels like coal, gas and oil consist of buried organic matter
from long-ago living things.

temperature. Try this:
Take three cans of soda. Soda contains dissolved carbon dioxide
—that’s what gives it fizz.
Cool one can in the refrigerator, leave one at room temperature,
and warm one in a bowl of hot water. Then open them all.
Which gives you the biggest fizz as carbon dioxide comes out of
the liquid?
Can you make a hypothesis about why?
Can you think of a way to measure how much gas is released?

Peat, cut and ready for burning. Wikipedia.
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Peat bogs exist in many parts of the world, from the cold wastes

How much carbon do we release into the atmosphere by burning

of Siberia to tropical wetlands in the center of Africa. Peat bogs

fossil fuels? Not surprisingly, the amount is increasing. Five

are wetlands where plants, usually mosses, live and die. Dead

thousand years ago, people burned a little wood. Two hundred

plants (organic matter) settle on the wet ground. Water in the soil

years ago, coal helped to fuel the start of the Industrial

makes the plants decompose slowly as new plants cover them.

Revolution. Today, just by burning fossil fuels, we release about 9

Over time, peat bogs pile up a large store of old carbon. In places

gigatons of carbon into the atmosphere each year.

like Ireland and Scotland, humans have long cut peat to use in
fireplaces, where it gives a steady heat.

Unlike the other sources of carbon entering the atmosphere from
plants, rocks, or gas bubbling back out of the ocean, the carbon

If peat gets buried under rock, it can get compressed over

we release by burning fossil fuels is not part of a balanced cycle.

millions of years to form coal. Much of the coal we mine for

Plants grow again, shells form and store carbon in limestone, and

electricity came from peat bogs laid down during the

CO2 dissolves again into the ocean. But when we burn fossil

Carboniferous period, over 300 million years ago. This period’s

fuels, the carbon dioxide released into the atmosphere is going to

warm, moist climate led to lots of carbon being removed from the

stay there for a long time.

atmosphere by plants. The carbon accumulated in peat bogs and
soils that were eventually buried and compressed, creating large
layers of coal that stored carbon underground.
In the ocean or in large lakes, oil is formed by a similar process.
Algae sink to the ocean (or lake) floor, where other layers bury
them over time. Under pressure, over millions of years, the layers
of organic matter become oil.
When we burn fossil fuels for energy, we rapidly release carbon
dioxide into the atmosphere. And burning fossil fuels is the major
way the modern world gets energy to heat buildings, run cars and
trucks and planes, and power industry.
Note that most of Earth’s land mass lies north of the equator.
Map from Wikimedia Commons.
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Now let’s look back at the Keeling curve. Do you have an idea of

Now that you can explain the seasonal oscillation, do you also

why the concentration of carbon dioxide in the atmosphere might

have an idea about why the average value of the Keeling Curve is

vary through the year? One hint can be seen in a world map:

steadily rising?

There is a lot more land, and therefore much more forest, in the
northern hemisphere.
The next two photos should
give you another clue:

Discuss why you think rising levels of CO2 in the atmosphere may
be important. We’ll be exploring that question more in coming
chapters.
For a little more information,
click on the pop-over ------->
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Sectin 5.4

Burning fossil fuels has raised carbon dioxide levels
FINGERPRINTING CARBON

We know from theory and experiment that carbon dioxide is a greenhouse gas. It

1. Carbon exists in heavy and light isotopes.

allows visual light radiation from the sun to pass through on its way to Earth’s

2. Plants take up light carbon more readily
than heavy carbon.

surface, but it absorbs Earth’s infrared radiation on its way back out to space.

3. This light carbon makes its way into fossil
fuels and is released into the atmosphere
when fossil fuels burn.

Earth’s atmosphere is rising steadily.

4. We can tell where excess carbon dioxide in
the atmosphere comes from by examining
the changing ratio of heavy to light carbon.

been burning fossil fuels faster and faster.

5. Carbon fingerprinting shows that the major
source of new carbon dioxide in the
atmosphere is the burning of fossil fuels.

But do we have evidence that the excess carbon dioxide in the atmosphere is

We know from the Keeling Curve that the concentration of carbon dioxide in

We know that since the start of the Industrial Revolution, people on Earth have

We know that our Earth has been warming for the past several decades.

enough to cause the warming we are seeing? Sometimes you may hear people
oﬀer other explanations: “It’s the change in Earth’s orbit.” “Volcanoes are causing
it.” “Humans can’t really aﬀect something so huge.”
It’s true that volcanoes, cutting down forests, and even the shape of Earth’s orbit
can aﬀect climate. (That last one occurs in cycles of 50,000 years.) In Chapter 7,
we’ll talk about how some of these factors have aﬀected Earth’s temperature
history.
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Meanwhile let’s look at the evidence from the past century or so.

All carbon atoms contain six protons, and most (almost 99 %) also

Consider this dynamic graph from Bloomberg Businessweek. It

contain six neutrons. This form of carbon is called carbon-12, with

shows how much we could expect each of several suggested

the 12 indicating a total of twelve protons plus neutrons. But

human and natural factors to contribute to warming the earth. You

carbon can also exist in other forms, with either seven or eight

can also explore this model youself at the end of this section.

neutrons. About 1 percent of the carbon in the atmosphere is

So we have strong evidence that rising CO2 levels are causing the
warming we are experiencing right now. But do we have evidence

carbon-13, with seven neutrons, and tiny amounts are carbon-14.
These two isotopes are known as “heavier” isotopes of carbon.

that this excess CO2 actually comes from burning fossil fuels and
not from some other source?
The answer is yes, we do.
The evidence for the source of carbon dioxide in the atmosphere
depends on understanding isotopes. The nucleus of an atom is
made up of protons and neutrons. The number of protons
determines what element the atom is, whether it’s carbon (6
protons) or nitrogen (7 protons) or oxygen (8 protons) or maybe
gold (79 protons).
Usually, an atom contains roughly the same number of neutrons as

What allows us to “fingerprint” where carbon comes from is the

protons, but in some atoms the number of neutrons can vary.

pickiness of plants. It turns out that plants “prefer” to

Diﬀerent isotopes of an element contain fewer or more neutrons

photosynthesize using CO2 with lighter carbon. That means the

than usual. Chemically, these molecules behave just like the

mix of carbon isotopes in plants is even more tilted toward

“normal” isotope, but they can be detected by slight changes in

carbon-12 than in the atmosphere.

their mass.

When plants are eaten by animals, the light carbon goes along.
The same thing happens when plants or animals die, are buried,
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and become fossil fuels. Fossil fuels are rich in light carbon,

On the next page, you can explore computer model predictions

carbon-12.

about how various natural and human factors would aﬀect the

When fossil fuels burn, carbon-12 re-enters the atmosphere. If
burning fossil fuels is a major source of carbon dioxide in the

climate if only those factors were causing Earth’s temperature to
change.

atmosphere, then we will see atmospheric carbon grow lighter on
average--and that is exactly what we see.
By contrast, carbon dioxide that enters the atmosphere because
of exchange with the ocean or erosion of rocks carries only the
usual mix of heavy and light carbon.
A side note: Deforestation (cutting down forests) also leads to
lighter carbon dioxide in the atmosphere on average. Can you
explain why?
Both deforestation and burning fossil fuels are anthropogenic, or
human-caused. But calculations show that the contribution made
by burning fossil fuels is by far the greater of the two.
So now we have completed the evidence chain. Carbon dioxide
is a greenhouse gas. Releasing more carbon dioxide into the
atmosphere means more heat stays in the Earth system. Carbon

Deforestation in Riau, on the island of Sumatra in

dioxide levels in the atmosphere are rising sharply. Humans burn

Indonesia. Photo by Aidenvironment, 2006, via Wikimedia

fossil fuels, which release carbon dioxide into the atmosphere.

Commons.

And we can tell, through carbon fingerprinting, that the excess
carbon dioxide in our atmosphere comes from an organic source
such as fossil fuels.
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Interactive 5.1 Explore Factors Aﬀecting Climate Change

Data from NASA’s Goddard Institute for Space Studies.
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Section 5.5

Climate sensitivity: blanket of carbon dioxide
INCREASED CARBON DIOXIDE LEVELS

People sometimes speak of a warm blanket, but a blanket by itself is not warm. If

CAUSE WARMING UNTIL EARTH CATCHES

you leave a blanket out in the snow overnight, its temperature in the morning will be

UP

the same as the air and snow around it. Instead of being warm by itself, a blanket is a

1. Like adding a blanket on a bed in a cold
room, adding CO2 to the atmosphere
allows Earth to keep getting warmer for a
while.

good insulator. It tends to prevent heat from escaping through it to the outside world.

2. Eventually, the Earth will reach a new
balance point at a higher temperature.

under a blanket, it takes a while for you to feel warm. It takes time for your body to

The example of a blanket illustrates the fact that in some systems, changes in inputs
can lead to delayed eﬀects. For example, when you climb into a cold bed and huddle
warm the space under the blanket. Your body puts out heat, and the space gradually
warms, even as some heat escapes through the blanket into the cold room.
After some time, the temperature reaches an equilibrium point, a balance point
where your body is adding heat just as fast as heat is leaking out through the
blanket. From then on, you stop feeling any warmer. If this final temperature is too
low for comfort, you will go fetch another blanket. Once again, it will take time to
reach equilibrium. Because of the extra blanket, less heat will escape into the room,
and the final equilibrium temperature under two blankets will be higher than it was
under one.
Adding carbon dioxide to the atmosphere is like adding blankets to a bed in a cold
room. We showed in Sections 4.4 and 4.6 that carbon dioxide traps heat. Less heat
escapes into space, so the earth gets warmer. But how much warmer will Earth
become with more CO2, and how long will it take to feel the full eﬀect?
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You could measure temperature under the covers of your bed and

Scientists calculate that in recent years, Earth has been radiating

figure out how much adding a new blanket adds to your final,

less energy back into space than it has been receiving from the

equilibrium warmth. Similarly, scientists can make measurements

sun. That’s like the period when you have added a blanket and
are still warming up under it. You haven’t reached
equilibrium yet.
What will happen if we keep adding CO2 to our
atmosphere instead of allowing it to level oﬀ? This will
certainly happen happen if we continue to burn fossil
fuels for most of our energy needs. Global energy
needs continue to rise as world population increases
and people around the world want to see their
standard of living rise.

The more blankets piled on top of these children, the higher the
equilibrium temperature the air under the blanket will reach. That’s
like Earth with more carbon dioxide in the atmosphere. By Leo Liu.
to figure out how much warmer Earth will get for certain increases
in levels of carbon dioxide or other greenhouse gases in the
atmosphere.
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Section 5.6

The carbon budget
HOW MUCH CARBON IS “SAFE” TO ADD
TO OUR ATMOSPHERE?
1. The carbon budget is the estimated total
amount of carbon we can add to our
atmosphere before temperature rises more
than 2 degrees Celsius from pre-industrial
levels.
2. If Earth’s temperature rises by more than
two degrees, catastrophic changes
become more probable.

Adding carbon dioxide to our atmosphere is like adding water to a bathtub. There
is a very small, slow, drain at the bottom of the tub. If the tub overflows, there will
be disaster. The whole house will be ruined.
The international science community estimates that if Earth’s temperature rises by
more than two degrees Celsius, the eﬀects on our planet will be very serious.
Letting temperature rise by more than two degrees is letting the bathtub overflow.
Right now, water is running into the bathtub, and it’s almost full. In fact, we keep
turning the faucet up, running more and more water into the tub. This is another

3. To halt warming at a level that is tolerable,
we will have to stop adding ANY carbon to
our atmosphere.

way of saying that the amount of carbon dioxide in our atmosphere is high enough

4. The longer we wait to act, the steeper and
more drastic the changes we will have to
make.

If we manage to level oﬀ the amount of water/carbon dioxide we add, the bathtub

to make Earth’s temperature rise, and we keep adding more, faster each year.

will still keep getting fuller. It will still overflow. It’s just a question of when.
Right now, we don’t know a way to make the drain of our bathtub bigger, at least
not enough to make a real diﬀerence. The only way to keep the bathtub from
overflowing is to turn oﬀ the water. We have to stop adding water to the bathtub/
carbon dioxide to the atmosphere altogether. That means e have to get our carbon
emissions down essentially to zero.
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How long do we have until the bathtub overflows? At this rate, less than twenty years. If we cut down our carbon emissions, we may be
able to lengthen that period of time. The sooner we act, the better.
Here is a simulation from the National Center for Atmospheric Research that lets you explore this idea.
https://www.climateinteractive.org/tools/climate-bathtub-simulation.)
On the next page, you will find an infographic from National Geographic that also explains the idea of the carbon budget. See if you can
understand what each part of the image and text is telling you.
Which way of exploring this idea, the simulation of the the infographic, works best for you?
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Section 5.7

Our carbon system is out of balance
EARTH IS ABSORBING MORE HEAT THAN
IT IS RADIATING TO SPACE.

Right now, Earth is still catching up to the blanket of carbon dioxide we have
already added to our atmosphere. Our system is out of balance by almost 1 watt

1. Earth is currently absorbing 1 Watt per
square meter more energy than it is
radiating back to space. That means Earth
is growing warmer.

per square meter. (Actually, it’s about 0.9 W/square meter.)

2. Each time we double the amount of carbon
dioxide in the atmosphere, we raise Earth’s
balance point temperature by 1.5 to 4
degrees Celsius.

changes, Earth will warm until it emits (or leaks) an additional one watt per square

3. There is uncertainty about just how much
temperatures will rise in this century, but
the fact that Earth is growing warmer is
certain.
4. Even if we stop burning any fossil fuels at
all right now, Earth’s temperature will rise
by another 0.6 degrees Celsius.

That’s not a huge amount. It’s as if we added a Christmas light to each square
meter of the globe. Still, this imbalance is causing gradual warming. If nothing else
meter of infrared energy into space. (Remember, a hotter object emits more heat.)
At that point, Earth’s climate system will be in balance again at a slightly higher
average temperature than before.
Inspect the diagram on the following page. It summarizes what we know about
what happens to all the energy that reaches Earth from our sun. Try to follow and
understand how that energy flows through the atmosphere, to Earth’s surface and
back. Read through the description next to the image, and try to trace out the
arrows and energy flows described.
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1.

The sun delivers 342 W/m2 to Earth.

2.

The atmosphere reflects 79W/m2 immediately back

to space.all the arrows pointing back to space.
3.

78 W/m2 is absorbed by the atmosphere on the way

in.
4.

Earth’s surface reflects 23 W/m2 due to albedo.

5.

Earth emits 396 W/m2 of infrared.

6.

40 W/m2 emitted from earth escapes the atmosphere

and reaches space, while the other 356 W/m2 is absorbed
by greenhouse gases in the atmosphere.
7.

Another 79 W/m2 of heat is transferred from Earth’s

surface to the atmosphere by conduction and convection.
8.

The atmosphere, heated by incoming absorbed

sunlight, absorbed infrared, plus conduction and
convection, emits 199 W/m2 to space and returns 333 W/
m2 to Earth.
9.

So a total of 342 W/m2 reaches Earth’s atmosphere,

while only 341 W/m2 escapes back to space. 517 W/m2
reaches Earth’s surface while 516 W/m2 leaves it.
10. This imbalance of just 1 watt per square meter is
enough to warm the Earth.
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Scientists have calculated that doubling the amount of CO2 in the
atmosphere will eventually translate to an additional 4W/square
meter of energy remaining in the Earth’s climate system. Like a
second blanket, the extra carbon dioxide will keep more energy
from leaking out into space, and we will grow still warmer.
How much warmer will we grow? Scientists estimate that an extra
4 watts per meter squared would directly lead Earth’s
temperature to rise by about 1.5 degrees C. Indirectly, however, it
will allow temperatures to rise by 3 degrees C or more. Why the
diﬀerence?
The answer lies in a series of feedback loops, which are part of
what makes Earth’s climate so interesting. An imbalance of
energy flow gives us some warming, but then feedback loops
involving air, water and ice turn this little bit of warming into twice
as much.
Let’s see how this works, starting with ice.
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Chapter 6

Ice and
Albedo
Type to enter text

Some of the sun’s light is reflected from the
atmosphere, and some is reflected by ice or other bright
surfaces at ground level. Changes in Earth’s reflectivity,
or albedo, help to cool or warm the surface.

Section 6.1

Let me reflect on that
ALBEDO
1. Albedo is the reflectiveness of diﬀerent
surfaces.
2. Ice and snow have high albedo
(approaching 1.0), while forest and ocean
have low albedo (0.05 to 0.15).
3. Sunlight reflected from a bright surface
escapes into space without being
absorbed, so it does not contribute to
warming Earth.

Have you ever been out in a snowy landscape on a bright, sunny day? The
sunlight reflects so brightly from the surface you want to squint. In fact, people can
get temporary snow blindness from too much sunlight reflecting oﬀ snow. Snow
blindness occurs when ultraviolet rays
of the sun bounce oﬀ the snow and
cause a sunburn of the retina at the
back of the eyes. That’s why skiers
wear dark goggles on sunny days.
The brightness of snow shows us that
some sunlight is reflected back from
Earth’s surface without being
absorbed. Diﬀerent earth surfaces
reflect diﬀerent amounts of sunlight.
Light-colored surfaces like sand and
snow reflect a lot of light. Darker
surfaces like forests or oceans reflect
less. Grasslands fall in the middle.
The reflectiveness of a surface is
called its albedo.
Sun shining on snow, by Felix Schaller.
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How much light gets reflected back into space has an important

You can model the eﬀect of albedo on Earth’s temperature. Try

influence on the average temperature of Earth. And as we’ll see,

the following experiment.

ice plays a special role in one of the feedback loops that turns a
little CO2 warming into a lot.
Surface
Fresh ice or
snow
Clouds

Albedo
0.8 - 0.9
0.4 - 0.8
0.15 - 0.45

diﬀerent surfaces. For example, you could choose colors for ice,

The table above shows you the

sand or grassland, clouds, forest, ocean,

albedo of diﬀerent Earth surfaces.

and/or asphalt. Cut squares of the paper

An albedo of 1.0 would mean that all
the light that strikes a surface is
reflected. An albedo of 0.1 means

Sand

Choose four or more sheets of colored paper to represent

that one tenth (or ten percent) of light

and arrange them under a light bulb. Try
to ensure that the light bulb is an equal
distance from each square of paper.
After the light has been on for a minute

Self-check:
Understanding
albedo
Sand has an albedo of .15 to 0.45. What percentage of the light that strikes it does sand absorb?

A. 15 to 45 percent
B. 15 to 45 degrees
C. 55 to 85 percent

will be reflected while 90 percent (or

or two, use a temperature gun to

nine tenths) will be absorbed by the

measure the temperature of each piece

surface.

of colored paper. Take several

Crops and
grassland

0.17 - 0.21

Forest

0.1 - 0.15

Ocean

0.05 - 0.1

Light that is reflected bounces back

Asphalt

0.05

into the atmosphere with no change

What are some possible sources of error or variation in your

in wavelength. This is diﬀerent from

data? What about distance from the light bulb or how long the

D. 55 to 85 degrees

measurements and record them.

what happens when light is absorbed and heats the surface,

light was on before you measured the temperature of each piece

which then radiates the extra heat in the form of long-wave,

of paper? Do you think you should switch the light oﬀ before

infrared radiation.

making your measurement? What is the best way to present your

Reflected visible light is able to pass through the atmosphere as

data?

easily as it did on the way to Earth. Most of this light energy
escapes into space. We can add a value for this escaping energy
to our energy diagram.
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You can start oﬀ by organizing your data into a table. Try
recording the color of the paper you tested in the first column and

Interactive 6.1 Simple Model of Earth Temperature

the temperatures you measured after a standard amount of
heating time in the other columns. It’s usually a good idea to
make repeated measurements under the same conditions as a
way of checking your data and making them more reliable.
Record your measurements.
Data that show diﬀerences in measurements among diﬀerent
conditions or groups can be shown in a bar graph. You could
make a bar graph showing how the temperature, for example, of
black paper compares to the temperature of white or light blue
paper. If you average several measurements for each color of
paper, you will know how high to make your bar graph.
Remember that data can vary for many reasons. In real-world
experiments, you probably won’t get the exact same value each
time you measure something. That’s why it’s useful to include the

Made with SageModeler and CODAP, free software available from the
Concord Consortium.

Try this simple simulation showing how energy from the sun and
the average albedo of Earth’s surface together aﬀect the
temperature of Earth.

actual measurements in your bar graph. Show the average of
your measurements as the height of the bar, but then add in a
small x or dot for each separate measurement. This will help
anyone who sees your chart understand how much variation
showed up in your data.
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Section 6.2

What about volcanoes?
VOLCANIC WINTER
1. Some volcanoes explode violently enough
to send ash and hot gases 20 kilometers or
more into the atmosphere.
2. Ash and sulfuric acid increase the
atmosphere’s albedo and reflect sunlight.
3. A large volcano can have a cooling eﬀect,
with average global temperature drops of
up to 1.0 degrees Celsius that last over a
year.

The year 1816 was disastrous for farmers. Under overcast skies, the growing
season was short and dim. Frequent frosts persisted into summer. As late as June,
snow fell in New York and New England. Throughout North America and Europe,
crops failed. Hunger was widespread. People came to call 1816 “the year without
a summer.”
The cause of this agricultural disaster, though farmers did not know it at the time,
was a far-oﬀ volcano. Across the globe in Indonesia, a volcano called Tambora
had exploded in April, 1815. The exploding volcano threw hundreds of tons of ash
and hot sulfur
dioxide gases more
than twenty miles
high into the
stratosphere, which
is an upper layer of
the atmosphere.
There, high winds
blew the ash and
gases around the
globe to blanket the
northern hemisphere.
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This is how the Tambora volcano looks today. Image from Wikipedia.

It’s not only shiny surfaces on Earth’s surface that reflect light

in the atmosphere. Across the globe, amazing orange sunsets lit

from the sun. Tiny particles high in the atmosphere can do so too.

the evening sky. During the day, people in the northeastern US

Certain gases, such as sulfur dioxide, can combine with water

complained of a reddish “dry fog” that dimmed the sun and did

vapor to create tiny droplets of sulfuric acid (H2SO4) or other

not wash away with rain or wind.

aerosols. These aerosols, like tiny flakes of glitter, bounce
sunlight back toward space from high in the atmosphere.

Because of more reflection, less warming light reached Earth.
Average global temperature fell by between 0.5 and 1.0 degrees

For many weeks after the Tambora eruption, larger bits of ash

Celsius. Half a degree doesn’t sound like much, but it was

sifted back down to settle on land or water. But sulfide aerosols

enough to allow summer frost and snow in places like Maine or

and the smallest pieces of ash continued to reflect sunlight high

New York that would normally be warm. With less direct sunlight
reaching plants, crops grew
poorly. Falling crop yields led to
widespread famine. Food
prices increased sharply. In
Wales, whole families begged
for food along the roads.
Even today, we may see a
temporary dip in global
temperatures after a large
volcano erupts. This happens
especially if gases such as
sulfur dioxide reach the
stratosphere. There are no rain
clouds in the stratosphere to
wash these tiny aerosols away.
It can take years for aerosols to

Art historians believe that the Tambora explosion inspired the intense lighting of the sky in the artwork
of English artist J.M.W. Turner, as in this painting of Chichester Canal. Image from Wikipedia.
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make their way back to Earth. After Mt. Pinatubo erupted in the
Philippines in 1991, climatologists noted a temperature anomaly,
or change from normal values, of -0.6 degrees Celsius that lasted
about 15 months.
To see an animation of sulfur dioxide and dust particles spreading
through Earth’s atmosphere following the Mt. Pinatubo eruption,
check this NASA site.

Movie 6.1 Model of Sulfur Dioxide Spread

Animation produced by NASA/Goddard Space Flight Center

Scientific Visualization Studio

To check your understanding, ask yourself: Why does the cooling
eﬀect of a volcanic eruption last only a year or two, while the
warming eﬀect of burning fossil fuels can last for centuries?
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Section 6.3

Looking at system feedback
WHAT IS A SYSTEM
1. A system is a set of parts that work
together and aﬀect one another.
2. Changes in one part of a system lead to
changes in other parts.
3. Changes can set up a cycle that either
reinforces (leads to more change in the
same direction) or balances (leads to
change in the opposite direction of) the
original change.

In section 2.1, we introduced the idea that Earth is a system. Earth’s climate
system includes such parts as the ocean, atmosphere, land surfaces, human
settlements and energy from sunlight. This climate system regulates
temperature on Earth. In Chapter 5, we discussed how increasing carbon dioxide
levels from burning fossil fuels acts to warm the earth system. But there’s a lot
more to it than that.The climate system is complex, and change in any one part
can lead to change in others. When these changes add together, they can turn a
small change in temperature into a big one.
For example, in this chapter we have discussed
albedo, or how much light a surface reflects.
We know that when albedo is higher, a surface
reflects more light and experiences less
warming. We also know that snow and ice have
a very high albedo, much higher than land or
Greenland and Arctic ice
cap from space. NASA.

ocean. This leads to our first feedback loop.
Imagine that we have an especially warm
summer, and ice floating on the Arctic Ocean

melts more than usual. Many square kilometers that were once covered with ice
are now open ocean. Instead of reflecting 80 to 90 percent of the sunlight that hits
it (albedo of 0.8 – 0.9), this entire area is now reflecting only ten percent of the light
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that reaches it. The open waters absorb the other ninety percent

trend is not at all smooth. If you started from the year 2012, or

of the light energy, causing them to become slightly warmer.

even 2007, you might say that September sea ice was covering

This warmth acts to make less ice form through the winter
months, and after the next summer’s melting, there may be even
less ice and more open ocean than before. Once again, less light
is reflected by the open waters, and more is absorbed.

more area over time. When you are looking at change over time in
some measure that varies a lot, you have to work hard to be “fair”
in where you set your starting and
ending points.
The interactions among sea ice,
albedo, and ocean temperature is an
example of a reinforcing cycle.
People often refer to this kind of cycle

Another example of a
reinforcing cycle might be
the system surrounding a
popular new toy. As
Christmas approaches,
parents want to buy the

as a positive feedback loop, which is a loop where change in
one factor tends to lead through a series of eﬀects to even more
change in that factor, in the same direction. (A positive feedback
loop does not always lead to a positive, or good, result. That’s
why the terms “reinforcing cycle” or “reinforcing feedback loop”
may be more useful.)
Compare the two models on the next page. They are identical
except for one link in the second model that forms a feedback
loop between the Earth’s temperature and the amount of ice.
Which model amplifies the change in Earth’s temperature (makes
it bigger) as the energy from sunlight changes?
The graph above, from the National Snow and Ice Data Center,
shows how many million square kilometers of ice could be found
in the Arctic Ocean each September from 1978 to 2014. The
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Interactive 6.2 Feedback and non-feedback models

Interactive 6.3 Negative feedback in the hunger cycle

Positive eﬀect
Positive eﬀect

Made with SageModeler and CODAP, free software available from the
Concord Consortium.

Negative eﬀect

There are also balancing cycles, also called negative feedback
loops. For example, think of a system consisting of you and food.

Feedback loops are very important in thinking about systems like

You get hungry, so you eat something. After eating enough,

the climate system. See if you can think of other examples of

you’re not hungry anymore, so you stop eating. Because you stop

positive and negative feedback loops in your own life. Think

eating, you eventually get hungry

about systems like traﬃc jams (What makes them get worse?)

again, so you eat again. This is a
balancing cycle, where eating
food acts to decrease your hunger
and eventually decrease your
eating.

Here’s another example of
a negative feedback cycle,
in a system that includes
professional basketball
teams and the draft.

motivation and grades in school (How do they aﬀect each other?)
skill in playing the piano, or the number of successful businesses
downtown. Then think up some more examples of your own.
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As we continue to look at how Earth’s climate is changing, we will
have to consider cycles in the Earth system. Some changes lead
to balancing cycles that keep the climate system stable. Others
threaten to set oﬀ reinforcing cycles that could lead to rapid and
substantial change—change that will be hard to reverse.

Interactive 6.4 Multiple feedback loops

Made with SageModeler and CODAP, free software available from the
Concord Consortium.

Two of the most important feedback loops in the climate system
involve the oceans. That’s where we’ll be looking next.
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Chapter 7

Role of the
Oceans
Type to enter text

Both the water cycle and our oceans play a
leading role in our warming climate. Oceans
absorb carbon dioxide, but in doing so they
become more acidic, which harms marine
organisms. Sea level rise due to warm water
expanding and ice sheets melting threatens
coastal ecosystems and human populations.

Section 7.1

Water stores heat
WATER STORES HEAT

There is one other actor in Earth’s climate system that we have not fully discussed.

1. Water has a high heat capacity. That means
it can hold a lot of heat.

About three-fourths of Earth’s surface is covered by oceans. Oceans have an

2. Water is slow to warm up or cool down.
This allows a huge body of water like the
ocean to store a great deal of heat.

habitable by redistributing heat around the planet, thus influencing weather and

amazing ability to absorb heat. That means they are critical to making the Earth
climate. By exchanging CO2 and water vapor with the atmosphere, oceans also
anchor two important climate feedbacks.
Key to the role of oceans in absorbing heat is the fact that water does not heat
up as quickly as land. Water has a greater heat capacity than rocks or soil or
sand. That means it takes more heat to make water rise a degree in temperature
than it does for those other materials. The same sunlight beating down takes
longer to heat the water.
Water also loses heat more slowly than land does. When the sun goes down, or
during winter when little sunlight reaches the surface, the temperature of the ocean
or any other body of water drops only slowly.
It takes a long time for a large body of water to freeze over. That’s why you have to
worry about falling through thin ice on a lake even after several days of
temperatures below freezing. The lake hasn’t frozen all the way through. (When
you think about it, that’s a good thing for all the plants and fish and frogs that live
there.)
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Is the ice safe? Skater on a lake in Austria.
By Kafubra, via Wikimedia Commons.

Water’s high heat capacity helps to smooth out the extremes of
temperature on Earth, keeping it cooler during the daytime and
summer, and keeping it warmer during the nighttime and winter. It
does so in part because water carries heat from one place on
Earth to another, as we shall see in the next section.
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Section 7.2

Water transports heat
WATER TRANSPORTS HEAT
1. Ocean currents help move heat from the
equator toward the poles.
2. As part of the water cycle, evaporation
cools one region and precipitation releases
heat in another region.

Water transports heat. One simple way is through ocean currents. Just as warm air
rises and cold air descends, the same is true of warm and cold water. From
melting glaciers in the Arctic and Antarctic, cold water sinks and begins to spread
toward the equator. Warm water from the equator stays near the surface as it flows
in currents north and south. The spin of the globe aﬀects the currents, and the
continents get in the way. What results is a pattern of ocean currents that helps
distribute heat along the coasts
and toward the poles.

This map from Wikimedia
Commons shows the Gulf Stream
along the east coast of the United
States. Land is on the left in
black. Blue water is colder, while
yellow and orange are warmer.
You can see the warmer water
spreading northeast.
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cloud. Condensation releases heat. By changing state, water has
transported heat from one place to another.

Floating icebergs with storm clouds above. The clouds are
condensing water vapor. Creative Commons 0.
One of the amazing things about Earth is that within its range of
temperatures, water can exist as ice, liquid, or vapor. Often two or
even all three of these are found together. You can see icebergs
floating on a liquid ocean, and you can find water vapor lying over
bodies of water. The warmer the water, the more it evaporates,
increasing the humidity of the air.
Water absorbs heat as it turns into vapor. Water vapor carries this
latent heat along as the wind blows it to a new location. Later, in
a cooler area, the vapor may condense into the tiny droplets of a
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Section 7.3

Water vapor is a greenhouse gas
WATER VAPOR ABSORBS INFRARED

Water vapor has another eﬀect on the climate system. You may remember that

1. Water vapor in the atmosphere absorbs
and re-radiates infrared light, contributing
to warming.

water vapor itself is a powerful greenhouse gas, absorbing infrared light and then

2. Once the air is saturated with water vapor,
the vapor condenses into raindrops and
falls back to the surface.

Water vapor can be part of a reinforcing or positive feedback loop. Suppose the

emitting it in random directions.

climate gets warmer. More water evaporates. Water vapor acts as a greenhouse
gas, retaining heat. As a result, Earth warms even more.

3. Because it moves so quickly in and out of
the atmosphere, water vapor contributes a
lot to weather but does not drive long-term
climate change.

Luckily, there is also a balancing,
negative feedback loop. When the air
is too saturated with water vapor, it
condenses into rain. Heat is released
as water vapor condenses, but water
vapor levels in the atmosphere fall.
The greenhouse eﬀect is diminished.
Water cycles so quickly through vapor
and liquid phases that it has strong
As this rain cloud forms,
condensation releases heat into the
air, and water vapor levels decrease.

eﬀects on day-to-day weather. By
itself, the water cycle will not throw
our global climate out of balance.
However, in a warmer world, we know

Creative Commons CC0.
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there will be more evaporation and movement of water. Dry
places are likely to become dryer and wet places wetter. In a
warmer climate there will be more rainfall overall. This means a
greater chance of huge storms and devastating floods.
Try sketching out the reinforcing and balancing cycles showing
the relationship between warming and water vapor.
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Section 7.4

Water absorbs carbon dioxide
CARBON DIOXIDE DISSOLVES IN WATER,
MAKING IT MORE ACIDIC
1. The ocean absorbs some carbon dioxide,
slowing global warming.
2. In the ocean, carbon dioxide reacts with
carbonate to make a weak acid.
3. Loss of carbonate weakens the shells and
exoskeletons of ocean creatures.

We have already shown in Section 4.3 that CO2 can dissolve in water. In fact,
scientists have calculated that about twenty percent of the excess CO2 released
into the atmosphere since the start of the industrial age has been absorbed into
the oceans. This process has helped to slow global warming.
However, as oceans warm up, they can absorb less carbon dioxide. This leads to
another feedback loop. CO2 in the atmosphere means oceans get warmer.
Warmer oceans absorb less CO2, meaning more stays in the atmosphere, leading
to even more warming.
Carbon dioxide dissolving into ocean water has another eﬀect. It combines with
water and carbonate ions to make a weak acid called carbonic acid. We can write
the reaction as follows:

H2O + CO2 +CO3 2- --> 2 HCO3.
One atom of water plus one atom of carbon dioxide combines with one carbonate
ion to make two atoms of a weak acid, carbonic acid.
Since the start of the industrial age, the ocean has already become about thirty
percent more acidic than before. This means it has thirty percent more free
hydrogen ions than in 1800.
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The reaction that forms carbonic acid uses up some of the

The reaction absorbing carbonate from the shell is gradual. It will

carbonate ions that ocean creatures need. When carbonate ion is

take a couple of weeks before you can measure any change in

in short supply, it is diﬃcult for corals, oysters, clams, and many

the weight of your shells. You will also need a very sensitive scale

plankton to build strong exoskeletons. If these organisms decline

(one that measures down to about .01 grams).

in number, many other parts of the marine food web will be
aﬀected. Even if we could somehow stop CO2 from warming the
earth (you’ll read about some ideas in Chapter 13), we would still

Don’t forget to use a control for your experiment. What happens
to shells left for a couple of weeks in regular water?

have problems with an ocean that is too acidic.
See if you can design a valid experiment to investigate whether
adding carbon dioxide to water makes it more acidic, and
whether acidic water causes seashells to lose some of their mass.
At a minimum, you will need:
Several small, thin shells (clam or scallop shells work well)
A scale sensitive to at least .01 grams
Two glasses
Two straws
pH meter
Optional: CO2 meter

Some key points:

A collection of shells, public domain via Pixabay
Think about your procedure. You will be measuring change, but
change in what? Don’t forget to take starting measurements. How
will you present your data?

You can add carbon dioxide to water by blowing into it through a
straw. How long and how often do you need to blow through the
straw to keep your water acidic? How should you cover your
water?
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If you want to explore the questions of carbon dioxide, ocean
acidification, and the impact on marine organisms, you might
want to take a look at this unit from the Concord Consortium:
“How is CO2 aﬀecting our oceans and the organisms that live
there?”

A teacher guide for the unit can be found here.
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Section 7.5

Melting glaciers mean higher sea levels
MORE AND WARMER LIQUID WATER
1. When floating sea ice melts, it does not
raise sea levels, but when glaciers melt,
they do.

More heat in the Earth system leads to higher sea levels in two ways. The first is

2. If both the Greenland ice sheets and the
Antarctic ice sheets melt completely, sea
levels will eventually rise by 15 or more
meters.

melted, average sea level worldwide would rise by 5-7 meters. If all the snow and

3. This melting is not expected to happen
completely in this century.

What about melting sea ice in the Arctic Ocean? What happens when icebergs

that melting glaciers, especially in Antarctica and Greenland, add water to the
ocean. Scientists calculate, for example, that if the entire Greenland ice sheet
ice of Antarctica melted and flowed into the ocean, the eﬀect would be another
seven meters of sea level rise.

melt? Try this experiment.
Partly fill two glasses with water. Add ice cubes to one of the glasses. Make sure
the ice cubes all float freely. The other glass will be only water.
Mark the water level on the side of each glass. Then add some ice cubes to a
paper or foam cup. Poke holes in the bottom of the ice cube cup and hang it over
the water glass that has no ice. Don’t let the cup touch the water surface. Melting
ice can now flow into the water glass.
Let the ice cubes melt in both glasses. What happens to the water level? Which
glass represents what happens when floating sea ice melts? Which represents
what happens when melting glaciers flow into the ocean?
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From this experiment, you can see why climatologists worry
about the direct eﬀect of melting glaciers on sea level, but don’t
worry about the direct eﬀect of melting sea ice. (They do worry
about the eﬀect melting sea ice has on albedo.)
In 2002, the Larsen B ice shelf
floating of Antarctica collapsed,
breaking into icebergs. Sea level
did not rise (why not?) but the
breakup meant it was now easier
for glaciers to slide into the sea.

Breakup of the Larsen B
ice shelf. Image from
Wikipedia.
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Section 7.6

Warm water expands
AS WATER WARMS, IT EXPANDS

The second reason a warming Earth will have higher sea levels is that liquid water,

1. Water expands slightly as it warms.

like most other substances, expands as it warms. Remember that heat is the

2. Sea level rise is not even everywhere. It is
aﬀected by local air pressure, winds,
currents, rivers and sinking land.

movement of molecules. As temperature rises, molecules move more vigorously,
slightly increasing the space between them. Imagine a large group of kids in a gym
running around at random in a basketball court. As they move and bump into each
other harder and more often, they will start taking up more space. More of them
will be bumped outside the lines of the court.
You can investigate for yourself how adding heat causes water to expand. How will
you do so?
One way of measuring how water expands is by allowing it to rise through a tube.
Try starting with two glass bottles filled with water, each closed on top except for a
thin, clear tube that rises from the water, through the top and out. (Rubber corks
with holes in them and glass tubes work well, but you can come up with
something of your own.)
Now warm one bottle, but don’t overheat it so much it boils. How will you do that?
Putting it in a bowl of hot water is one way.
Watch and record what happens. Did you find evidence that adding heat to water
makes it expand? Explain your findings.
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It would seem to make

built heavy stone structures that press down on the ground.

sense that if you add

Together, these factors made the land gradually subside.

water to the ocean or
allow it to expand a little
because of warmer water,
sea level should rise
everywhere by the same

Even now that the city has stopped pumping water, the sinking
continues. Scientists believe this is because of plate tectonics.
The Adriatic plate on which Venice sits is gradually subducting
under the plate where the Apennine Mountains rise.

amount. Actually, it
doesn’t turn out that way.
Sandy land of Miami Beach.

In some places, sea level

Creative Commons CC0.

is rising much faster than
in other places. This can

be caused by diﬀerences in winds and tides, which might make
water “pile up” more in one place than another. It can also be
aﬀected by large rivers flowing into an area.
There is another reason why it seems sea level is rising faster in
some places than others. There are certain places, such as
Venice, Italy, and much of the eastern coast of the United States,
where the land is actually sinking. Consider Miami Beach, Florida.
Much of the city is built on sand. To supply its population, the city
pumps fresh water from underground. As the underground
aquifers empty, the sandy soil subsides.

Tourists wear plastic bags on their feet as they
wade across Venice’s Piazza San Marco on a day
of acqua alta or high water. By Jean-Pierre Dalbéra via

Venice tells a similar story. For centuries people have pumped

Wikimedia Commons

water from aquifers under the city. At the same time, they have
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Section 7.7

Ocean eﬀects: Summary
OCEANS ARE AN IMPORTANT PART OF
THE CLIMATE SYSTEM
1. Oceans help to stabilize Earth’s climate by
storing and transporting heat.
2. Oceans play a key role in feedback loops
that increase the warming eﬀects of rising
CO2 levels in the atmosphere.

By now, we hope you’re convinced that oceans are important to Earth’s climate
and weather system. To summarize:
1. Oceans absorb a great deal of heat, smoothing out temperature extremes.
2. They help to redistribute this heat around the globe in ocean currents and as
water vapor carried by wind currents.
3. Evaporation uses a huge amount of heat energy that is released when vapor
condenses into rain or snow.
4. Water vapor is a powerful greenhouse gas that moves quickly in and out of the
atmosphere. It aﬀects short-term weather more than long-term climate change.
5. Water vapor creates a reinforcing feedback loop: more warming leads to more
water vapor leads to more warming. The cycle is interrupted when the air
becomes so saturated that water vapor condenses into rain.
6. The oceans dissolve a great deal of CO2, but as oceans warm, they dissolve
less. This leads to another feedback loop of warming leading to less CO2
dissolving which leads in turn to more CO2 in the atmosphere and more
warming.
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7. Dissolved CO2 makes oceans more acidic, which makes it
more diﬃcult for marine organisms to build their shells and
exoskeletons.
8. Warm water expands slightly, leading to sea level rise.
9. A warmer Earth leads to melting of glaciers as well as of sea
ice. Water from melting glaciers eventually reaches the sea,
contributing to sea level rise.

Climate feedback loops
By now, we have discussed three important feedback loops that
can increase the warming eﬀect of rising CO2 levels in the
atmosphere. These are:
1. Melting ice decreases albedo.
2. Warmer air leads to more evaporation, and water vapor is a
greenhouse gas.
3. A warmer ocean holds less CO2.

In the next chapter, we’ll look at how these feedback loops have
contributed to the ups and downs of Earth’s climate history.
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Chapter 8

Earth’s
Temperature
History
Type to enter text

By looking at the fossil record and ice cores, we
can get a glimpse of Earth’s average temperature
as it rose and fell over millions of years. When
dinosaurs lived, Earth was warmer than it is today,
but during human history there has never been a
time of such rapid temperature change as now.

Section 8.1

Drilling for ice
ICE CORES CAPTURE EVIDENCE OF PAST
TEMPERATURE
1. Scientists can drill ice cores thousands of
meters deep.

In the biting Antarctic wind, at a temperature of -40 degrees Fahrenheit (which is
also -40 degrees Celsius), a group of scientists huddle around a structure made of
a pair of tall metal poles. The structure is a giant drill. As the scientists watch, the
drill lifts a three-meter cylinder of ice from deep below the surface.

2. Air bubbles captured within ancient ice
carry evidence of past temperatures.
3. The “lighter” the oxygen in ice bubbles, the
warmer the temperature was when the ice
formed.

Here is a short segment of ice core from Greenland. Source: NASA
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The scientists release the cylinder of ice and lay it down on a

Remember, the deeper the ice layer, the older it is. Scientists can

table in a tent. Using a power saw, one of them carves the ice

date a sample of ice from its depth and other markers. Individual

cylinder into sections a meter long. Meanwhile, the drillers go

years are not clearly defined as they are with tree rings, but basic

back to excavate another cylinder from still farther down the hole

trends over time are very clear.

they are drilling.

One clue to past temperature depends on isotopes. We learned in

For over forty years, scientists have known that ice cores from

Chapter 4 that some atoms exist in more than one isotope. Heavy

Greenland and Antarctica hold clues to the climate of the past.

isotopes of an atom have the usual number of protons, but

On the huge ice sheets in these places, a new layer of snow falls

contain extra neutrons in their nuclei. Normal or “light” oxygen

every year. Included in these snow layers are pockets of air, along

contains 8 protons and 8 neutrons, while the rarer “heavy”

with traces of dust and pollen from all over the world. There may

oxygen contains 8 protons and 10 neutrons.

even be layers of ash from volcanic eruptions.

In water, heavy oxygen

As more layers of snow pile on top, lower layers compress into

makes water slower to

ice. The bubbles of air are now like locked jewel boxes containing

evaporate and quicker

a breath of atmosphere from the past.

to condense into rain.

How can ice cores tell us about past temperatures on Earth?
Scientists follow many diﬀerent lines of evidence. One is the
mixture of gases found in air bubbles. The gases are little
samples of past atmosphere. We can look at how CO2 levels
have changed over time. We can also examine temperature.

It turns out that as
global temperature
falls, less heavy water
evaporates in the first
place--there’s just not
enough heat energy.

Oxygen-18 contains two more neutrons
than oxygen-16. Image from NASA Earth
Observatory

In Greenland and again in Antarctica, European teams of

As a result, the amount

scientists have drilled ice cores more than three kilometers deep.

of heavy water that

These cores have allowed scientists to understand the prevailing

reaches the polar regions to fall as snow in Greenland or

temperature on Earth for as much as the past 800,000 years.

Antarctica decreases.

114

Scientists can analyze the ratio, or relative amounts, of heavy and
light water in ice cores. Smaller proportions of heavy water in the
polar ice mean global temperature was colder the year the ice
formed.

In colder temperatures, less heavy water evaporates from the ocean. When rain or ice
condenses from water vapor on its way to the poles, heavy water is more likely to fall
than light water. So snow that falls at the poles has less heavy water. The colder Earth’s
temperature, the less heavy water at that layer of an ice core.
Image from Nasa’s Earth Observatory.
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Section 8.2

What causes ice ages?
Our study of ice cores tells us that Earth cycles through cold periods or ice ages.
EARTH HAS PERIODIC ICE AGES

Over the past 800,000 years, we have had about nine periods when the earth grew

1. Around every 100 thousand years, Earth
goes through a period of cold known as an
ice age.

much cooler. These periods of cooling come at intervals of about every 100,000

2. Ice ages appear to be caused by changes
in the tilt of Earth’s axis and the shape of its
orbit.
3. During an ice age, glaciers grow to cover
much of Earth’s land.
4. Our next ice age is not due for tens of
thousands of years.

years. During these periods, glaciers grow, spreading north and south from the
poles.
Our most recent ice age began around 28,000 years ago and lasted for thousands
of years. During that time, the northern half of North America was covered in
sheets of ice several kilometers thick. Sea levels were low because so much water
was bound up in ice. Our ancestors hunted woolly mammoths on the snowy plains
in places that are now covered in sea water.
Why do ice ages happen? Evidence suggests that they are due to periodic
changes in the geometry of Earth’s tilt and its orbit. For example, Earth’s orbit is
sometimes closer to a perfect circle and sometimes flattened into more of an
ellipse. When the orbit gets closer to a perfect circle, the total amount of energy
earth receives from the sun falls slightly.
When the tilt of Earth’s axis changes, as it does in a 41,000-year cycle, the
contrast between winter and summer temperatures changes. The more the tilt, the
greater the seasonal contrast. This happens even though the changes in tilt are
small, varying from about 22 to 25 degrees.
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It turns out that low contrast between summer and winter

Glacier growth starts a reinforcing cycle of cooling. More surface

temperatures, which happens when Earth’s axis is more upright,

ice reflects more sunlight, and Earth cools. Cooler ocean waters

is better for growing glaciers. Ice and snow pile up in the winter,

dissolve more CO2—remember the experiments with cans of

but in the cooler summer they melt less than before. With less

soda at diﬀerent temperatures. Dissolved CO2 cycles deep into

melting, glaciers grow

the ocean where it is held

from year to year.

away from the atmosphere
for a long time. Less CO2 in

This is a good time to

the atmosphere means

stop and think about

Earth retains less heat.

the diﬀerent climate

Cooler conditions also mean

feedback loops and

less water evaporates, so

how they might aﬀect

there is less water vapor in

ice ages. As glaciers

the atmosphere. Since

grow, what happens

water vapor is a greenhouse

to albedo? How does

gas, less of it in the

that aﬀect global

atmosphere means Earth

temperature? What

will trap less heat.

happens to the
amount of water vapor

Now we have a classic set

in the atmosphere?

of positive feedback loops.

What happens to the

See if you can sketch them.

amount of CO2 that
dissolves in the

Woolly mammoth display from the Royal British Columbia museum. Wikimedia
Commons.

ocean? How do all of
these cycles aﬀect Earth’s temperature?

The cooling cycle may
continue until the tilt of
Earth’s axis grows larger

again, and hotter summers start to melt the ice.
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Section 8.3

Carbon dioxide and temperature
CARBON DIOXIDE LEVELS AND GLOBAL

Ice cores show strong evidence that higher levels of CO2 in the atmosphere are

TEMPERATURE ARE RELATED

associated with higher temperatures. By contrast, lower CO2 levels are associated

1. Ice cores show us that global temperatures
have risen when carbon dioxide levels in
the atmosphere are high.

with cooler temperatures.

2. Today, carbon dioxide levels are rising
faster than ever before in the human era.
3. Global temperature has not yet caught up
with today’s levels of carbon dioxide.

Take a look at the graph on the next page. (You may want to review how to read a
graph first.) This graph is a bit more complicated than some we’ve seen before,
because it shows how two diﬀerent measurements, CO2 and temperature
(estimated from isotope mixes) vary over the same period of time. Whenever a
graph shows two diﬀerent vertical scales on the left and right side, you know that
the graph will be showing how two diﬀerent dependent variables (or output
values) change as the independent variable (or input value) changes. It’s like a
table with three columns that display time, CO2 level, and temperature.
Along the horizontal, or x-axis, you can read the number of years before the
present. That is, how far in the past are we talking about? We have good ice core
data going back eight hundred thousand years.
Along the right vertical axis, you can read the concentration of CO2 in the
atmosphere, which is shown in blue. Check the units. Ppm means parts per
million-- how many out of each million molecules is a molecule of CO2. The blue
line in the graph shows how concentration of CO2 has changed over time, as
measured by air in ice core bubbles. There are diﬀerent blue lines because the
data has been pooled from diﬀerent ice experiments.
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On the left vertical axis, and
in the red line, you can read
the estimated average
temperature of Earth over
time. These temperature
levels are learned from the
diﬀerent mix of oxygen
isotopes found in ice at a
particular level, as discussed
in section 7.1. You will notice
that temperature is shown as
temperature anomaly,
meaning it shows how much
the temperature was
diﬀerent from a standard
baseline value. On the
graph, the baseline is our
current average temperature.
Look for yourself. Over the
past 800,000 years, CO2
and average global
temperature generally rise
together.
These temperature and CO2 levels were drawn from several different ice cores. Image by Leland McInness via
Wikimedia Commons.

If you look closely, you will
see that the red line of
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temperature often appears to rise a bit earlier than the blue line of

What is happening on our graph of CO2 versus temperature

carbon dioxide levels. This suggests that rising temperature leads

today? Look at the very top right corner of the graph. The

to more CO2 reaching the atmosphere. How can this happen?

concentration of carbon dioxide in Earth’s atmosphere has

Think about the climate feedbacks you have explored. In a

already increased a lot since the early 1800s, before coal began

warmer world, more dissolved carbon dioxide is released from

to fuel factories and railroads, long before cars and huge power

ocean stores. In this situation, carbon dioxide acts as a

plants. This change has happened so rapidly it’s hard to even see

passenger, riding along with the temperature changes caused by

the rising blue line against the right axis, but a black arrow marks

changes to Earth’s orbit. But then it also acts as an accelerator.

the current CO2 level (In fact, the graph is a little out of date, and

The higher carbon dioxide level traps more heat, leading to a

CO2 levels are now approaching 410 ppm.)

further rise in temperature.

We have not yet seen the full eﬀect on Earth’s temperature of the

This is a case of a reinforcing cycle that heats the climate system.

carbon we have already put into the atmosphere. That means that

Changes in Earth’s tilt and orbit get a warming period started.

even if we stop adding carbon dioxide to the atmosphere right

Then rising carbon dioxide levels rev it up. Sea ice melts and a

now (burning no more gasoline, oil, natural gas, wood or coal),

lower albedo means the ocean absorbs more sunlight. A warmer

Earth will continue to warm for several decades until it reaches a

ocean releases more CO2 into the atmosphere. Earth keeps

new equilibrium at a temperature about 0.6 degrees Celsius

getting warmer and warmer until Earth reaches a new, higher

higher than we have now.

temperature equilibrium. These higher temperatures last until
Earth’s orbit and tilt change again.

We know from the Keeling curve that CO2 levels are rising rapidly
In fact, they are higher today than they have been any time in the

What can ice ages tell us about today’s changing temperature?

past 800,000 years. That’s way longer than the whole of human

First, we can see climate feedbacks in action.Second, we can see

civilization. Humans have never known carbon dioxide levels as

the connection between CO2 levels and temperature. By

high as they are today.

analyzing these connections, scientists can understand climate
sensitivity: how much temperature change we should expect from
a certain rise in CO2 levels.

This time, carbon dioxide levels are no longer just a
passenger. They are leading the way and driving the climate
system. On the graph, current temperature levels have not
caught up to levels of atmospheric CO2.
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Section 8.4

Further back in time
WE CAN LOOK BACK 500 MILLION YEARS

Ice cores give us good evidence about Earth’s average temperature over hundreds

1. Fossils and sediment cores from the ocean
floor allow us to deduce Earth’s
temperature hundred of millions of years
ago.

of thousands of years. But to find out how hot Earth was millions of years ago, we

2. Earth’s highest temperatures in that time
occurred during the Paleocene-Eocene
Thermal Maximum, following a sudden
release of CO2 into the atmosphere.
3. Even during the PETM, CO2 levels did not
rise nearly as fast as they are rising today.

need to look deeper. One way is by examining fossils in deep layers of rock. If a
certain layer of rock contains fossil remains of tropical plants, it’s a good bet that
those plants grew in a warm climate.
Another approach is to take sediment cores from the bottom of the ocean. This
process is similar to drilling ice cores, but it is done from the deck of a ship. As
with ice, the deeper a layer of sediment is, the older it is. Once scientists extract a
length of sediment from a known depth and time, they examine it for the remains
of ancient marine organisms. These organisms died and fell to the sea floor long
ago. Now all that remains of them is their shells.
Shells are made of calcium carbonate, and calcium carbonate contains oxygen. As
with ice cores, it is possible to measure the ratio of diﬀerent isotopes of oxygen in
these compounds. Depth of the sediment layer tells us the age of the shells. The
ratio of heavy to light oxygen tells us how warm the ocean was when the shells
were formed. We can also look at species of plankton found in the cores. Tiny
exoskeletons from warm-water species can tell us the past waters they sank from
were warm.
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Based on these kinds of evidence, here is a record of Earth’s

How does the graph show temperature? Some values are positive

average temperature over the past several million years.

and some negative. Does that mean some were way below

Examine the graph. It has some unusual features. Describe and
discuss what you can learn from the graph.
This graph is interesting because the time scales along the
bottom or x-axis change over time. The last 20,000 years take up
the same amount of space as the first 500 million years or so.

freezing? Be sure to check the vertical axis on each end of the
graph to help you answer.
What period of time does the graph show? What part of the graph
shows the past 800,000 years, which we examined earlier in this
chapter?

Why do you think the scientists who drew the graph chose to do

Try to compare times in the graph to time periods that are familiar

it this way? Think about this: temperature changes look “steeper”

or make sense to you. Dinosaurs dominated Earth from about 200

in parts of the graph toward the left. A change that took ten

million to 66 million years ago. Mark this period on the graph.

million years 290 million years ago looks steeper than one that

What was Earth’s temperature like during the time of the

occurred much faster only 20,000 years ago.

dinosaurs?
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The earliest hominids, our first human-like ancestors, appeared

methane gas frozen in slush at the bottom of the oceans could be

on the plains of Africa about 6 million years ago. Mark their

released and bubble up into the atmosphere, where it would

appearance on the graph.

quickly be transformed into CO2.

The first modern humans, Homo sapiens, appeared in Africa

One very important lesson from the PETM is that although CO2

nearly 200,000 years ago. How warm were they?

levels rose quickly during that period, they are rising ten times

From the graph, you can see that at times in the past few million
years, Earth has been much warmer than it is now. You may

faster today. Whether Earth and its inhabitants can adapt to such
a rapid rise will be the subject of coming chapters.

wonder why people are concerned about the Earth getting a
couple of degrees warmer now. But remember that humans were
not around during these hot periods. And these warm periods
came on much more gradually than the changes we are seeing
now.
One important warming period occurred around 56 million years
ago. This is called the Paleocene-Eocene Thermal Maximum or
PETM. You can see it as a sudden spike in the green part of the
graph. In fact, the temperature rose by about 6 degrees C over a
period of 20,000 years. A key finding about this period is that
carbon dioxide levels in the atmosphere rose first, followed by
temperatures. This is just what is happening today.
Nobody is quite sure what caused the rise in CO2 levels 56 million
years ago. At that time, the huge ancient continent of Pangaea
was breaking up. Maybe large numbers of volcanoes during that
event threw lots of greenhouse gases from melting rock into the
atmosphere. This would set oﬀ a warming cycle where even
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Section 8.5

Conclusions from Earth’s temperature history
1. Scientists deduce Earth’s temperature
history from ice cores and the fossil record.
2. Chemistry, and especially an understanding
of isotopes, are important for
understanding evidence about Earth’s past
temperature.
3. Evidence from the past tells us that today’s
steep rise in atmospheric CO2 levels will
lead to a fast rise in Earth’s temperature.

In conclusion, we can see from ice and sediment cores, along with measurements
of carbon dioxide in the atmosphere, that:
1. Earth’s temperature has varied in the past, in part as a result of changes in
the tilt of Earth’s axis and how Earth orbits the sun.
2. Positive feedback loops in the climate system help make ice ages last for
thousands of years.
3. We are not due for another ice age for tens of thousands of years.
4. Warmer temperatures can lead to higher carbon dioxide levels in the
atmosphere, and these in turn can lead to higher temperatures.
5. 56 million years ago, a sudden rise in carbon dioxide in the atmosphere
kicked oﬀ a major warming period.
6. Carbon dioxide levels today are rising more steeply than they have in
hundreds of millions of years.
7. Earth’s current temperature rise has not caught up with rising carbon
dioxide levels in the atmosphere.
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Chapter 9

The View to
2100: Modeling
Climate Change
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Will there still be snow in the Rockies in 2100? Will
people in Africa be able to find drinking water?
How hot will summers be where you live?
Scientists use computers and complex models,
based on the physics we know, to come up with a
range of possible answers. Much about our future
climate depends on decisions we make now.

Section 9.1

Modeling future climate
MODELS DEPEND ON PHYSICS AND
MEASUREMENT
1. Models are always simplified pictures of
how things work.

In 2100, will there still be ice in Antarctica? Will Miami be underwater? Will people
be sunbathing on the beaches of Canada? Will there still be polar bears and
penguins? What are
reasonable predictions and

2. A strong model has to stick to the
principles of physics.

what are scary scenarios that

3. Computers allow us to build ever more
complex models, using more information.

example of an unrealistic

4. As we continue to refine our models, we
will be able to say more about our future
climate.

fiction disaster movie The Day

probably won’t happen? (One
scenario is the 2004 science
After Tomorrow. In the movie,
melting Antarctic ice leads to a
worldwide ice storm that
covers the US in glaciers.
Nothing so sudden and
dramatic is going to happen.)
Sunbathing in Canada isn’t common, yet.

We can’t visit the future to take

Photo by Erich Ferdinand via Flickr.

movies. Instead, we have to
rely on models. Models are our

best attempts to represent the world, whether now, in the past, or in the future.
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Models are simplified pictures that point out the main features of
some part of the world, such as a building, a business, or the
entire earth.
All models are built up from physical reality. Climate models
represent temperature, evaporation, precipitation, and general
weather patterns. To do so, climate models must start with the
physics we know. For example, they must follow physical rules for
how heat moves. In addition, they must conserve matter and
energy. Carbon or water can cycle through the model, but they
can’t just appear or disappear. Energy, too, must be accounted
for. If energy comes into the Earth system from the sun, the model
has to show where all that energy goes, whether it ends up
heating Earth or being radiated back to space.
Today’s models begin with a detailed estimate of climate
conditions at some past date, say 1860. The models add inputs
to account for such things as CO2 being added to the
atmosphere by burning fossil fuels, and sulfates being added by
volcanoes. Then the model runs, with computers making
thousands and hundreds of thousands of calculations.
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Section 9.2

Back to climate sensitivity
CLIMATE PREDICTIONS TAKE INTO
ACCOUNT DIRECT AND FEEDBACK
EFFECTS
1. Doubling the carbon in the atmosphere
should directly increase global temperature
by 1.5 degrees C.
2. Additional feedback loops, including ice
melting and oceans warming, could further
increase temperatures by another 2.5
degrees C.

In Section 5.5, we discussed climate sensitivity and suggested that doubling the
level of CO2 in our atmosphere would raise average global temperatures by 1.5 to
4 degrees Celsius. We said that the low end, 1.5 degrees, takes into account only
the direct warming eﬀect of carbon dioxide acting as a blanket. The higher end
takes into account eﬀects we expect from feedback loops.
Now we know what three of those feedback loops are.
A warmer atmosphere leads to more ice melting. That means less sunlight is
reflected, and the ocean warms even more.
Warmer water can dissolve less carbon dioxide. As the oceans warm, they will
gradually release more carbon dioxide into the atmosphere.
Warmer water leads to more evaporation. Water vapor is a greenhouse gas, but
one that moves quickly in and out of the atmosphere.
Current projections are that as we double CO2 levels, feedback loops combined
with direct eﬀects will most likely lead to a rise in temperature of 3 degrees C. But
if we stop adding CO2, will Earth’s temperature eventually flatten out? Or will it
keep rising and rising?
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Remember our discussion of blankets in Section 5.5 You will
recall that greenhouse gases work by keeping some of the
infrared energy Earth radiates within the climate system. As
greenhouse gases capture more infrared energy, Earth’s climate
system falls out of balance. Earth is no longer radiating as much
energy as it is receiving.
But as Earth heats up, it radiates more energy. Yes, some of that
energy is absorbed by the higher level of greenhouse gases, but
some of that energy escapes. Eventually, Earth is radiating just as
much energy into space as it is receiving from the sun. Earth’s
climate system is in balance again, but at a higher temperature
than before.
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Section 9.3

Weather, climate and uncertainty
UNCERTAINTY MEANS THERE IS A RANGE
OF POSSIBLE FUTURES
1. No model can account for everything that
might happen in the future, but models can
present a range of possibilities.

It’s easy to doubt what climate models tell us. How can we know what the climate
will be like in fifty years, some people ask, when we can’t even tell what the
weather will be two weeks from now?
This objection is based on a confusion between weather and climate. I may not be

2. The International Panel on Climate Change
makes predictions based on diﬀerent
scenarios of how human governments will
respond to the climate challenge.

able to tell you what the temperature will be at 10:23 am two weeks from

3. In science, uncertainty refers to a range of
possible measurements rather than a
single precise prediction.

Our ability to predict weather depends on a very detailed picture of starting

Wednesday, but I can tell you with high certainty that average temperatures in July
will be warmer than in January, at least in North America.

conditions. We gather tremendous amounts of weather data through instruments
distributed around the globe. We measure Earth’s average surface temperature at
thousands of weather stations and by satellite. Weather balloons measure
temperature and humidity at diﬀerent altitudes in the atmosphere, and ocean
buoys measure temperature, salinity (amount of salt in the water) and current at
various depths. All of these measurements can be fed into massive computer
models to track and predict weather.
To see how measurements from many diﬀerent places can come together to make
a coherent picture, try the investigation in Section 9.5.
Even with all that starting data, weather occurs at such a local level and is subject
to such fast changes that our predictions become less accurate the further out we
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look. Weather is subject to what call chaotic eﬀects, where a tiny

climate models require some simplifications in both the physics of

diﬀerence in initial conditions can balloon into a large diﬀerence

our climate and its starting conditions. They can only represent

over time. You may have heard of the “butterfly eﬀect”: the idea

the Earth system to a certain level of detail. Computers can make
huge numbers of calculations

that a butterfly flapping its wings
in the tropics can cause a

very rapidly, but even

hurricane to change course

computers are finite. People

weeks later. While this may be

running the computers can’t

an exaggeration, it highlights

include every detail of Earth’s

the fact that we can never

surface or the way diﬀerent

know starting conditions in

molecules react.

enough detail to overcome

Second, models rely on

chaotic eﬀects.

assumptions about what

It may seem odd that we are

people will do in the future.

better at predicting long-term

Climate models use estimates

eﬀects of climate change. But

of population growth and what

remember that we talk about

our mix of energy use will be in

global average temperatures,

coming decades. How many

not what will happen hour-to-

people will there be, and what

hour in Muncie, Indiana. Over

kinds of cars will they drive?

time and space, the chaotic
variations we see in weather
tend to average out. We can

Morpho marcus butterfly.
Museum of Toulose, photo by Didier
Descouens via Wikipedia.

have confidence in scientists’ prediction of long-term trends.
Nevertheless, not all climate models spit out exactly the same

How much energy will they use,
and will they get that energy
from coal or renewables?

Social scientists, especially those who study how groups of
people behave, work with climate experts to help make

result. There are two main reasons for the variation. First, all
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predictions. They develop diﬀerent scenarios for how people will
behave and how much CO2 they will release.
The International Panel on Climate Change is a worldwide
association of scientists studying what is happening to Earth’s
climate. They look at current evidence and create models to make
projections about the future. To do so, they examine various
scenarios, or potential versions of the future. This allows them to
test what is likely to happen to Earth’s climate based on diﬀerent
assumptions about such inputs as our level and kind of energy
use.
Will people on Earth quickly decrease our use of fossil fuels and
very soon stop putting more carbon dioxide into the atmosphere?
Will we only gradually change to clean, green energy? Or will we
continue to grow our use of fossil fuels as world population grows
and more people want cars, electricity, and oil? Diﬀerent IPCC
scenarios consider several possibilities.
Projections and predictions about the future always include some
uncertainty. In science, uncertainty doesn’t mean that we have
no idea what is going to happen. Instead, it means that there is a
range of possible values that we will measure in the future. We
know the direction and basic scale of future temperature change,
but not the exact value. That means people and governments
have to make decisions based on probabilities—what is likely
rather than what is certain.
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Section 9.4

Earth’s climate in 2100
HOW MUCH THE EARTH WILL WARM
DEPENDS ON OUR DECISIONS NOW
1. Most people agree that we should try to
keep global temperature rise to no more
than two degrees Celsius.
2. The range for possible temperature rise
by 2100 is from 1.8 to 6.4 degrees C.

So what can we say about Earth’s climate in 2100? The IPCC models suggest that
the possibilities range from about 1.8 degrees to 6.4 degrees C of warming above
pre-industrial levels.

Global Temperature Rise: Four Scenarios

3. Many of the negative eﬀects of a
warmer planet will fall most heavily on
the world’s poor.

Four different scenarios for global temperature rise based on four
different patterns of future CO2 emissions. from stopping all
emissions (orange) to high growth in emissions (red).
Graphic from NASA Earth Observatory.
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This warming has already begun.From the graph you can see that

temperature rise below certain levels. It also predicts how Earth is

our temperatures are already one degree C above pre-industrial

likely to change under diﬀerent degrees of temperature rise.

levels. What happens next depends on decisions we make now.
Remember, even if we stop all CO2 emissions today, another 0.6
degrees C above yer 2000 levels is already baked into the
system.

Based on these predictions, climate negotiators from across the
world have suggested that we should try very hard to keep total
global warming below 2 degrees Celsius. The 2016 Paris accord
focused on the 2-degree limit. That is, countries that signed on

Review 9.1 Predicting future temperature
According to the graph on the previous
page, how much do we expect temperature to rise above 1900 levels by 2040 in
the low growth scenario?

One feature of

agreed that we should work to make sure global average

this graph is

temperature in 2100 is only 2 degrees more than the average in

the shaded

the period around 1860.

area around
each colored
line. This area
represents
uncertainty or

A. 0.4 degrees
B. 1.8 degrees
C. 2.4 degrees

variation in

Check Answer

climate models tell us that certain things will happen. For one,
heat waves will be longer and more severe. We will still have frigid
days, but record-breaking cold will come less often. Snow cover
will not last as long. Glaciers will continue to retreat.

possible

More energy trapped in the Earth system means a more intense

outcomes, for

water cycle, with more evaporation and precipitation. More water

each scenario.

will evaporate from dry places. More rain will fall on wet places.

The 2014 IPCC

D. 4.2 degrees

Even if Earth warms this century by only two degrees, all the

report

Thus, there will be both more severe droughts and more flooding.
More flooding will lead to more mudslides.

discusses

Extreme storms will also carry more energy than they do today.

what we will

Hurricanes, typhoons, and cyclones will not necessarily happen

have to do to

more frequently, nor will they always be stronger than now. But

keep

the strongest, most dangerous storms will be stronger and more
dangerous than today.
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At some time in the future, if current trends continue, we are likely
to see the entire ice sheet of Greenland or Antarctica collapse
and melt. Either of these would lead to 5 to 7 meters rise in sea
level. Scientist do not predict that this will happen by 2100—but if
we continue to add carbon dioxide to our atmosphere, ten to
fifteen meters of sea level rise may become inevitable.
In later chapters, we will examine how climate change is already
aﬀecting people and nature, and what eﬀects we can expect
going forward. One of the things about climate change that feels
unfair is that many of its worst eﬀects will fall on poor people and
developing nations. These are often people who have never had a
Oso mudslide in Washington State, 2014. The slide occured
when a forest slope became supersaturated with water. At
least 42 people died in the slide. Worldwide, landslides are
among our most devastating natural disasters, killing

high-carbon, high energy lifestyle. They may not have electricity
or cars. They may cook on a wood stove. Yet their life and world,
their way of getting food and the safety of their shelter is about to
be turned upside down by a changing climate.

thousands each year.

How climate change is aﬀecting human populations is the topic

Photo courtesy of Jonathan Godt, US Geological Survey.

of chapter 11. Meantime, chapter 10 will examine climate
change’s eﬀects on plants, animals, and ecosystems.

Gradual melting of the ice sheets in Greenland and Antarctica will
lead to rising sea levels. The fact that warm waters expand will
make sea level rise even higher. Sea level is already rising faster
than the IPCC predicted in its 2007 report. Ice sheets are melting
faster than expected. Scientists now think that sea level will rise
at least one meter by 2100.
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Section 9.5

Constructing a contour map of temperature
CONTOUR MAPS SHOW HOW A
MEASUREMENT VARIES ACROSS SPACE

If you like to go hiking or camping, you may have seen a contour map, a map that
shows elevation with a series of looping lines at a given altitude above sea level.

1. Contour maps can show elevation, depth,
temperature, salinity in the ocean, or
almost any other continuous variable.

Such a map tells you where there are peaks and valleys and how steep a particular

2. Contour maps can give a broad picture of
how some measurement varies across a
geographic area.

There are also contour maps showing how temperature varies across diﬀerent

3. Creating your own contour map can help
you understand how these maps work.

This is a good activity for a family, group, or classroom.

trail will be.

areas, or even how temperature is changing. Creating a temperature contour map
of your own can help you understand how to read this type of data visualization.

In this investigation, you will create a temperature contour map of your school or a
part of your house. You will need graph paper and a sensitive thermometer for
each person involved in the investigation.
1. First, make a simple map of the area you are checking. Choose a scale and
draw the outlines of the rooms you are including, along with any important
landmarks.
2. Next, choose the places in the map where you will be measuring temperature.
This could be at student seats in a classroom or in various parts of kitchen and
living room if you are doing this at home.
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3.Take your temperature measurements. Try to take them at the

all the temperatures of 71 and up in red, temperatures from 70 to

same height at each location (Why?). Allow enough time for the

70.9 in orange, etcetera.

temperature reading on your thermometer to stabilize. If several
people are doing the investigation together, they should measure
temperature at the same time. If you are doing it alone, move
quickly from one spot to another.

8.

Now draw the contour lines on your map. Start with your

warmest interval. The key is to include on one side of your line
any points that fall above that temperature, shile separating them
from points below that temperature. For example, suppose your

4. Mark the temperature measurements on the map. Then

orange-colored interval goes from 70 to 70.9 degrees. With a

examine your data. What is the range of measurements

smooth curve, connect all the points that measure 70 degrees

(diﬀerence between highest and lowest measurement)?

while separating all orange points from yellow, green, or blue

5. Choose an interval for your contour lines. The interval, or
distance between measurements you will mark, should be one
that allows for a manageable number of contour lines. Too large

points. You are separating points that are 70 degrees or warmer
from points that are cooler than 70 degrees, just as a contour line
on a map of elevation separates lower from higher points.

an interval will mean not enough contour lines and too little

9.

information in your map. Too small an interval will mean crowded

to their starting point. No lines just end in the middle of the page.

lines and a map that is diﬃcult to read. Four to six intervals is
usually a good number on a small map like this. That means
dividing your range into four to six equal steps.
6. Now choose the colors for your map. Traditionally, for
temperature, red means warmer, and orange, yellow, green and
blue get progressively cooler. But you can choose whatever
colors you prefer.
7. Circle or highlight in color the temperature points that will be

All lines must either extend oﬀ the page or return in a circle

10.

Color your map.

11.

When you have finished your first map, you may want to

introduce a change to your map. What happens if you turn on a
heater in one part of a room or open a window to a cold
outdoors? Wait ten minutes and create a new map. Can you see
how the temperature change spreads through the room? Looking
at your two maps together can be like seeing two frames in a
slow-motion movie of temperature change.

included in each interval on your map. For example, if you are
using 1-degree intervals and your top temperatures is 71.9, circle
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Contour maps can help you see variation in any measurement

Take a look at the maps below. What are they trying to show you?

that changes across two-dimensional space. Examples include

Examine the title, then the key (the colored labels that tell you

elevation, temperature, air pressure, ocean depth, humidity, ice

what color goes with what temperature) and the description. In

thickness, or even the date when leaves start to fall in autumn.

each map, what is the range from high to low temperature? How

Can you think of other possibilities?

much do diﬀerent parts of Antarctica and its surrounding ocean
heat up in the summer? Are there any patterns that surprise you?

Contour map of winter and summer temperatures in Antarctica

Here is a temperature contour map of the surface of Antarctica in summer and winter. Map from
Wikimedia Commons Atlas of the World.
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Chapter 10

Eﬀects on
Ecology
Type to enter text

A warmer planet means the natural world around
us will change. Changing habitats present a
survival challenge to both plants and animals.
Those that cannot adapt or adjust to a changing
climate will go extinct. Ultimately, adaptation may
require organisms to evolve. This means that only
certain genetic variants will survive and
reproduce.

Section 10.1

The quino checkerspot butterfly
ANIMALS MAY NEED TO ADAPT TO NEW
FOOD SOURCES
1. Hot, dry weather killed oﬀ the main food
source of the quino checkerspot butterfly.

By 2014, field biologists were worried that the quino checkerspot butterfly was
going extinct. In Southern California, the butterfly had been crowded out by the
expansion of San Diego and Los Angeles. Meanwhile, hot, dry weather in the
quino’s Mexican home had killed oﬀ the plantain its caterpillars needed for food.

2. Caterpillars managed to adapt by changing
their food source.

The quino checkerspot appeared to be doomed.

3. Animals that adapt rapidly will be more
likely to survive climate change.

But then biologists made a happy discovery. As they explored higher ground to the
east, they discovered new populations of the butterfly. Quino checkerspot
caterpillars were munching on a species of flowering plant they had never fed on
before.
How did the caterpillars “learn” to eat something new? Was it a
genetic change? How many species will be able to adapt to new
habitats and new climate? How many are likely to go extinct as
Earth’s climate changes around them? This chapter explores the
challenges a warming climate presents to living things.

Quino checkerspot butterfly. Public domain photo by
Aaron Barna, USFSW.

140

Section 10.2

Changes in growing conditions aﬀect plants
WHERE PLANTS GROW BEST IS
CHANGING
1. Most plants grow best in a narrow range of
temperature, rainfall and humidity.
2. The ideal growth zones for particular plants
are moving.
3. Plants are also changing the timing of
blooming, sprouting, dropping leaves and
other life cycle events in response to a
warming climate.

Plants and animals are adapted to thrive in particular habitats. They do best in
certain ranges of temperature and humidity and (for animals) when their preferred
food is in ample supply. When these conditions change, they may change their
behavior, change their timing, move or perish.
Plants are especially sensitive to their environment. They are adapted to a narrow
range of temperature and rainfall. Events of their life cycle, such as producing
flowers, seeds or fruits, sprouting, growing, producing or losing leaves, all respond
to signals such as average temperature or duration of sunlight. Plants also depend
on other organisms, such as earthworms to aerate the soil, bees to fertilize them,
or birds to carry their seeds afar.
Climate change does not change the length of the day, but it can disturb
temperature signals and change the amount and timing of rainfall. Plants have a
limited toolbox of responses. They can’t vote with their feet by getting up and
moving to a better place.
But plants do make some changes. As the climate warms, flowering plants bloom
earlier in the spring. Trees that lose their leaves do so later in the fall than before.
And although plants cannot move during their lifetimes, their seedlings, carried by
wind or animals to diﬀerent locations, may grow in new places. That way, the
distribution range of the plant—the area where it grows—can shift over time. In the
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northern hemisphere, plants may die out in the southern end of
their range and at low altitudes, while expanding into higher,
more northerly regions.
Take a look at the set of maps opposite. These maps show
“hardiness zones,” which gardeners use to decide what plants
will grow best in what regions. The bottom two maps are colorcoded to show zones based on annual low temperatures. For
example, in zone 7 (yellow), annual low temperatures are 0 - 10
degrees F, while in zone 8 (orange), annual low temperatures are
10 - 20 degrees. (In this map, the key that links temperature to
zone is not shown, but the main idea is that a higher zone
number means a higher temperature range.)
As temperature rises, the range in which certain trees may best
grow in the U.S. is moving gradually north. The upper map
shows change in zone. Many areas in the U.S. have seen their
zone number increase by one, and a few have increased by two.
What does this mean in terms of what plants will thrive in these
areas? Discuss how you think these changes may also aﬀect
animals.
Would you consider these to be contour maps? What is the
variable shown across space? Can you verify the top map by
comparing the bottom two?
These maps from the USDA and Arbor Day Foundation are
licensed under a Creative Commons Attribution-2.5 License.
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Scientists track changes in the distribution of plants and the
timing of events such as blooming in order to monitor eﬀects of
climate change. Citizen science projects allow students and
others to help with this research. Citizen scientists gather and
examine data from many diﬀerent parts of the world. One project
that asks citizens to help notice when plants are blossoming is
Project Budburst: www.budburst.org.
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Section 10.3

Climate change can aﬀect animals’ activity levels
SOME ANIMALS ARE INACTIVE AT
CERTAIN TIMES OF YEAR
1. Bears and ground squirrels lower their
metabolism and stay inactive in cold
months.
2. Some snails, insects and amphibians hide
out and move little during hot months to
avoid drying out.
3. The timing and eﬀectiveness of both
strategies--hibernation and estivation--are
changing as the climate warms.

Some animals have always responded to seasonal change by becoming inactive
for part of the year. Bears and ground squirrels hibernate, or become inactive in
the winter. Some snails, insects, and amphibians estivate, or hide out and become
inactive to preserve themselves during the summer. Changing global temperature
patterns may aﬀect both kinds of behavior.
When bears hibernate, they lower their temperature and metabolic rate. That way,
they don’t need as many calories during the winter when food is scarce. Female
bears give birth during the winter hibernation period. They nurse their young
through the first couple of weeks in a warm den.
Bears rely on temperature signals to tell them when to wake up. Utah black bears
appear to emerge from hibernation up to a month early if the weather is warm
enough. This would be fine if all their usual foods were available early, but there
may not yet be enough plants and insects to feed them. A nursing mother bear
may well run short of food and not be able to properly nourish her young.
Grizzly bears, on the other hand, seem to stay out later in the fall when the
weather is warm and there are plenty of berries. They eat well, but the time a
pregnant female needs in the den may be cut short, endangering her cubs.
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Some land snails and salamanders estivate. They prefer to be
active only when the weather is cool and moist. During the dry
summer months, snails find a protected place under stones or
leaves or underground. Once there, they retreat into their shells
and seal oﬀ the outside world with a plug of mucus to keep
moisture from escaping from their soft bodies. They turn all their
body processes way down and wait for cooler, moister weather. If
the summer is too hot and dry and the wait is too long, the snail
will run out of stored food or water and die.

Estivating Helix aspersa snail in Spain, by Tamorlan (Own work) [CC BY 3.0 via
Wikimedia Commons
145

Section 10.4

Cimate aﬀects animals’ food and migration patterns
ANIMALS MUST ADAPT TO CHANGES IN
PLANT DISTRIBUTION
1. Animals will often shift their ranges to
follow their sources of food. Animals that
cannot move easily may have trouble.

As plant ranges shift northward (in the northern hemisphere) or to higher, cooler
elevations, the animals that feed on these plants have to follow. Thus we find fish
species moving northward along the Atlantic or Pacific coasts to cooler waters, or
butterflies seeking new plants to feed on.

2. Many animals have complex migration
patterns. Climate change may mean these
migration patterns have to change.

If animals can’t move in response to changing climate, they may be in trouble. We

3. If animals are not able to adapt by
changing their food source, where they live
or their migration pattern, they may not
survive.

far in their lifetime.

have already looked at corals, which die oﬀ if the water gets too warm. Other
animals, for example earthworms or water striders, are not known for journeying

Even animals that can travel a long distance may find that their environment no
longer supports them. Polar bears are a famous example. Polar bears in the Arctic
lurk on sea ice, waiting by gaps in the ice for seals or other animals to surface for a
breath of air. When sea ice melts too early, polar bears have no place to hunt. To
avoid starvation, they may haunt human garbage dumps instead.
Many animals migrate as a regular part of their life cycle, in order to find food or
good places to breed and raise young. Migration is often annual, and it may follow
a winding path. Tracking with radio transmitters has shown that birds often take a
complex route to warmer regions, stopping along the way at reliable food sources
such as lakes or fields. Climate change threatens to disrupt these routes, when, for
example, wetlands dry up in drought or plant foods change their range.
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Birds have adapted over a long time to arrive at their nesting
grounds at a certain time, breed, and hatch eggs on a schedule.
Ideally, eggs hatch just as the birds’ insect food becomes
plentiful. But insects, being cold-blooded, are very sensitive to
temperature. They hatch and grow earlier when warm days come
earlier in the season. This may lead to a mismatch between when
the most insects are available to eat and when birds most need
them to feed their young.
Other animals migrate over a period of years as part of their life
cycle, particularly to breed. Fish of the salmon family go out to
sea for many years but return to spawn (lay and fertilize eggs)
high upstream in their home rivers. If coastal flooding has
disguised the river’s mouth, the salmon may not find its way
home. If the river waters are low because there was not enough
snow the past winter, the salmon may not be able to swim all the
way upstream. Salmon are also adapted to cold water, and if the
river waters are too warm, swimming becomes diﬃcult or even
impossible. The salmon life cycle will be disrupted.
A warming climate means that some animals no longer migrate at
all. Canada geese, for example, now congregate year-round in the
parks of northern cities. They save themselves a lot of eﬀort. But
dirt piles up. The geese are more likely to catch diseases. There’s
a downside to not migrating.

Grizzly bear fishes for a salmon during a salmon
run. Photo by Dmitry Azovtsev via Wikimedia.
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Section 10.5

How fast can plants and animals adapt?
ADAPTATION USUALLY REQUIRES
GENETIC CHANGE
1. Some higher animals can learn new
behaviors, but most adaptation requires
genetic change.
2. Organisms that reproduce more frequently
and have more oﬀspring can adapt more
rapidly, because there are more chances
for random mutations to arise.

A species’ ability to adapt to changing climate depends on a number of factors.
How far and fast can it travel in its lifetime? Wolves can move hundreds of miles;
corals don’t move at all. For a plant, the question is how far its seeds can travel so
that some of them have a chance of landing where they can grow.
Some animals have a broad repertoire of behaviors, while others have much
simpler, more defined behaviors. For example, gorillas or orangutans know of
many sources of food, and when one is no longer available, they can shift to
another. Elephant bands are led by matriarchs, elderly females that remember their
geography. Wise matriarchs can usually find a waterhole even in the midst of
drought. Insects, on the other hand, may feed on only one or two plants and have
a fixed set of behaviors that does not vary much in one brief lifetime.
Another factor to consider is the organism’s generation time and the number of
its oﬀspring. How often is a new generation born? Much adaptation, such as what
plants a caterpillar can digest, requires genetic change.
Random mutations can arise each time a new organism is formed. A species that
reproduces rapidly with many oﬀspring has the most chances to evolve new traits
that will allow it to survive a changing environment. That’s why bacteria, which
double every few hours, are so good at adapting to antibiotics. In a couple of
weeks, there will be millions of new bacteria with plenty of random mutations. With
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luck (for the bacteria), at least one of them will be resistant to a
new antibiotic, and that individual will thrive, multiply and spread.
Bacteria double every few hours. Fish lay millions of eggs, with
each one a possible survivor. Contrast them with an elephant,
which lives seventy years but has only a few oﬀspring in that
time. Elephants do not evolve quickly. If their habitat changes so
it can no longer support them, they will have a hard time
adapting. This is especially true if they are confined to a small
area and cannot move to a new environment.
People live as long as elephants. Like elephants, we learn and
remember, and we don’t have hundreds of children. We can move
farther than elephants and change our environment more. In the
next chapter, we will look at how climate change aﬀects humans.
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Chapter 11

Eﬀects on
People
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A temperature rise of a couple of degrees Celsius
may not sound like much, but it will change the
lives of hundreds of millions of people. Extreme
heat, floods, falling crop yields and the spread of
disease could make life much more difficult for
many of our fellow humans in the coming century.

Section 11.1

Extreme heat
HIGH HEAT IS DANGEROUS TO HUMANS
1. As Earth warms, heat waves come more
often and last longer.

In August 2003, a heat wave swept through Europe. In France, temperatures
reached record levels. August is a holiday month, and many Parisians were
vacationing far from home. That meant no one was around to check on elderly

2. Babies and the elderly are at most risk of
dying from too much heat.

people or invalids who stayed behind. Many of these people had no air

3. When weather is very hot, people are less
able to work outside. This cuts people’s
income in poor countries.

Urban heat waves are made worse by the “urban heat island” eﬀect. Cities often

conditioning. A fan works for a while, but not if all the air it moves around is hot.

have a lot of dark asphalt which absorbs and re-radiates heat. They lack the shade
of vegetation and the cooling eﬀect of evaporation from plants’ foliage. In addition,
air conditioners and electricity
generators pump heat out into
the air. Cities are often a couple
of degrees hotter than the
nearby countryside.
For a while, homebound
Parisians coped by dressing
lightly, drinking lots of water,
and not moving around much.
Their bodies perspired in order
Boys playing with a fire hydrant during a city

to cool them with evaporating
moisture. But with air

heat wave. By ftzdomino via Flickr.
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temperatures lingering above body temperature for several days,
the body’s cooling mechanisms fail. At body temperatures greater
than 40 degrees Celsius, body systems break down. Estimates of
how many people died in France of heat stress that August range
from a few hundred to more than 14,000.
Death from heat stroke is an extreme, direct example of the eﬀect
on humans of a warming planet. Even if the planet warms by only
a couple of degrees, heat waves will be more frequent and last
longer. The summers of 2015 and 2016 once again brought
dangerous heat waves to France. A series of alerts warned
people to keep cool and check on their neighbors.
Imagine trying to work digging ditches or pouring concrete in
suﬀocating heat and humidity day after day. Climate change

Child laborers at a brick kiln in South Asia. By
Shresthakedar via Wikimedia.

threatens people’s ability to work outside. One projection

conditions, it can be dangerous to spend even a few hours

suggests that in thirty years, outdoor conditions will be so hot

outside, or even inside without air conditioning. This means the

and humid in Southeast Asia that productivity—how much work

hajj--the annual religious pilgrimage of Muslims to Mecca, is likely

people can do—will fall across the region by 12 to 25 percent.

to be dangerous in some years.

That means a lot less income for many people who already have
very little. Another study suggested that a hot year in Australia
(2013 - 2014) led many people to stay home or work less
eﬃciently – enough to account for a loss of over $600 per worker.

Current climate models suggest that warming may occur twice as
fast in hot areas of the Middle East as in the rest of the world.
Extreme heat will come more often. People may be driven to
migrate to cooler countries.

Heat waves are likely to be even more severe in parts of the
Middle East. During the summer of 2016, temperatures rose to 52
degrees C (126 degrees F) in Jiddah, Saudi Arabla. Southern
Morocco reached 46.5 degrees C (116 degrees F). In such
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Section 11.2

Droughts, floods and clean water
MORE HEAT ENERGY IN THE WATER
CYCLE MEANS MORE DROUGHTS AND
FLOODS
1. Droughts lead to forest fires as well as crop
failures.
2. Floods threaten lives and property
3. Both drought and floods can lead to
shortages of drinking water, which in turn
can lead to disease.

We have talked before about the fact that in a warmer climate, more energy will
flow through Earth’s weather system. Specifically, the water cycle will grow more
intense. More water will evaporate, and more will fall in the form of rain and snow.
The eﬀect will be to increase the contrast between wet and dry lands. SubSaharan Africa will almost certainly see more severe drought. Other areas, such as
the American South or parts of Europe, will likely see more frequent and more
severe floods. Floods can kill people and destroy millions of dollars worth of
property.
One eﬀect of drought is more and larger forest fires. Consider this article and
graph from Wildfire Today of the number of acres burned in forest fires in the
western U.S. each year for the past thirty years. Notice the variation from year to
year. What questions come to mind as you examine the graph? Do you agree that
forest fires are becoming more severe? Can you think of possible reasons other
than a warming climate? What new data might you want to see?
Whether hurricanes will come more often in a warming world is still uncertain.
Most climate scientists agree that intense tropical storms have increased in the
North Atlantic, but long-term eﬀects in other regions are not yet certain. Still, with
more heat energy in the ocean, more tropical cyclones may well arise.
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What eﬀect will these changes have on access to drinking water?

It’s easy to see that severe drought can cause reservoirs and

The United Nations states that all people have a right to clean

wells to dry up. Floods act diﬀerently. When water floods latrines

water. But in many places on the globe, people, usually women,

or sewage systems, raw sewage can mix with drinking water,

walk many miles a day to collect water. Both drought and flooding

making it unsafe for humans. Drinking unsafe water causes

threaten to make this problem worse.

disease. Rising sea levels or a huge coastal storm can also
contaminate wells and croplands with salt water.

Girls in India carrying water.
By Tom Maisey (Flickr) [CC BY 2.0 (http://creativecommons.org/licenses/by/2.0)], via Wikimedia
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Section 11.3

Climate and crops
RISING CARBON DIOXIDE LEVELS WILL
HAVE MIXED EFFECTS ON CROP GROWTH
1. Some people claim rising carbon dioxide
levels will be great for plants, but it’s not so
simpleCO2 is necessary for plants to grow,
soil moisture, heat and weather patterns
are also important.
2. Some crops, such as corn (maize) and
wheat, are likely to grow less well in a
hotter climate.
3. People in some parts of the world may
have to change the mix of crops they grow
and rely on for food.

Plants use carbon dioxide, so rising carbon dioxide levels should lead to healthier
crops, right? To some extent, the answer is yes. A fertilizing eﬀect of CO2 may lead
to better crop growth in some cooler countries like Canada, and a warmer climate
is likely to lengthen the growing season by weeks.
But food production depends on a lot of factors besides just carbon dioxide levels.
Is the soil moist? Is enough water available? Will there be a drought? Do we have
to worry that crops will be washed away in a sudden downpour? Will warmthloving weeds, pests, and fungi ruin the crops?
Current estimates suggest that on average the positive eﬀect of carbon dioxide on
crop growth will almost (but not quite) make up for the problems caused by heat.
Rising carbon dioxide levels can be associated with higher growth rates, but they
can also reduce the nutritional value of some grains. Corn, soybeans and rice have
less protein and fewer mineral nutrients when grown in more CO2.
Overall, current projections suggest that a rise in global temperature of 2 degrees
C or more will lead to less success in growing the world’s major grains, especially
wheat and corn. According to the National Research Council, crop yield, the
amount grown per acre, is likely to fall by around twenty percent .
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Eﬀects are likely to be worse at low latitudes, that is, closer to the

What do you think would be a good way to represent these data

equator. In a warmer world, the ideal growing range of some

in a graph? Would you choose a set of bar graphs or perhaps a

crops will move away from the equator to higher latitudes, or up

line graph with multiple lines, one for each crop?

into higher elevations.

Remember, you should only choose a line graph if you think your

Here is a table constructed from the results of report from the

data are continuous. That means that you think there is a whole

National Research Council. The table shows how we might

range of possible in-between temperatures. It also means you

expect crop yields to change for a few important crops as

think an in-between temperature, say a temperature rise of 1.5

temperatures rise.

degrees, would give you yields in between those you see for one

Percentage change in crop yield expected for

degree or two degrees. See if you can graph these data in a way

diﬀerent degrees of temperature rise (Data from NRC,

that is easy for your reader to understand.
Here is another approach to sharing data. This infographic uses

2011)

diﬀerent ways of presenting how climate change is expected to
Temperature
rise

1 degree C

2 degrees

3 degrees

4 degrees

Soybeans,
U.S

+6

0

-14

-30

Corn, U.S

0

-13

-17

-60

charts in this example. Are they easy to understand? What facts

Wheat, India

-5

-23

-47

-68

and ideas stick out the most for you?

Rice, Asia

+3

+1

-4

-7

Maize (corn),
Africa

-14

-25

-37

-46

aﬀect crops and what we eat.
Infographics organize graphs, images and text to get information
across in a friendly, easy-to-read way. See what you think of the

Discuss what you notice in this table. For example, compare
expected eﬀects on corn yields in the US and Africa. Why do you
think a rise of one degree Celsius might have a negative eﬀect on
corn yields in Africa but not in the United States?
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Section 11.4

Rising sea levels
BY 2100, SEA LEVEL MAY RISE BY A
METER OR MORE.
1. Higher sea levels threaten low-lying
countries such as some Pacific Islands,
Vietnam and Bangladesh.
2. Millions of people live in coastal cities that
could be aﬀected.
3. Even in rich countries, seawater can
damage power plants, highways, hospitals,
sewage systems and much more.

We have already referred several times to the impact of sea level rise. Worldwide,
sea level has risen by about 3 to 10 inches over the past hundred years, but the
rate of rise is increasing. We are likely to see a rise of 1 meter by 2100, and the
water won’t stop there. You can use this tool from NOAA to see how areas along
the US coast would be covered by water rise of one to six feet (0.3 to 2 meters).
Steer to an area of the coastal U.S., zoom in, and move the slider bar at the upper
left to see how much land will be aﬀected as sea levels rise.
Worldwide, the countries most vulnerable to sea level rise include poor countries
like Vietnam, Bangladesh, and small Pacific island
nations. Salt water can flood the coast, poisoning
wells and fields and sweeping away fragile housing.
Ocean waves will wash over entire Pacific islands
by 2100, and their populations are already looking
for new places to live.
In Vietnam’s Mekong River

Elsewhere in the world, more people are settling on

Delta, many people live

the coast, where strong storms and floods can

crowded on islands or

reach them. With sea level rise, coastal cities will

riverbanks. CC0 public domain.

have many problems. Highways, railroad tracks,
power stations, sewage systems, water supply

systems, hospitals and homes may all be flooded again and again.
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Even before sea level becomes a daily problem, rising sea levels
will magnify the flooding risk from storms. Low atmospheric
pressure at the heart of a storm causes water to rush in, creating
a kind of bulge of high water. When a storm comes ashore, this
bulge and the piling up of water caused by the wind can cause
water levels to rise. This is called
storm surge.
If a storm surge arrives at high tide,
serious coastal flooding can occur.
In 2012, Hurricane Sandy flooded
the New York and New Jersey
coast. The cause was not only the
storm’s 9-meter waves but a 2meter storm surge. The surge of
water flooded the subway system,
tunnels, power generators and
many buildings. Damages reached
$75 billion.
Every year, sea level gets a little
higher. That means that every year
the same storm surge becomes
more damaging.

Bayside Park on Assateague Island after Hurricane Sandy. National Park
Service photo
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Section 11.5

Human health
SOME DISEASES WILL SPREAD IN A
WARMING WORLD
1. Mosquito-borne diseases like malaria and
Zika will spread out from the tropics.
2. Allergy season is likely to lengthen.

Besides the direct health eﬀects of extreme heat, a warmer climate will lead to the
spread of tropical diseases. Biting insects that prefer a warm climate spread a
number of diseases. One of these is malaria, a severe tropical disease carried by
certain mosquitoes.
Malaria causes headaches, fever, anemia (not enough red blood cells) and
sometimes kidney failure, seizures and death. Malaria currently infects about 140
million people a year and kills almost half a million, mostly children in Africa. The
World Health Organization estimates that increasing world temperature by 2 to 3
degrees Celsius would increase the number of people who could get malaria by 3
to 5%. That could be several million more people getting sick each year.
Another mosquito, which carries Zika virus, dengue, and chikungunya fever, is
increasing its range from Latin America into the southern United States. A warmer
climate is probably part of the reason. Dengue and chikungunya cause fever and
painful muscles and joints. Zika can lead to serious birth defects.
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Female Aedes aegypti mosquito, carrier of Zika, dengue and
chikungunya viruses. Photo by James Gathany via Wikimedia.

Some people can also blame their sneezing and sniﬄing on
global warming. The culprit is ragweed. Over the past twenty
years, the season in which ragweed spreads its pollen has
lengthened by up to twenty-five days.
With warmer weather, ragweed season is lasting longer in
most of the U.S. Map from the U.S. Environmental Protection Agency.
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Section 11.6

Human impacts: Make your own summary
You can create your own table showing how climate change is aﬀecting people in diﬀerent parts of the world. Make your own
version of the table below. See if you can do some research and add more rows of your own. Are there other columns you would
like to include? How about estimated number of people aﬀected, or your own rating from 1 to 5 of how serious the eﬀect is? What
else can you think of? Can you draw an infographic that highlights some of your findings?

Geographic region

People most affected

What is changing

Effect

Canada and Arctic

Inuit

Fewer seals and walruses
to hunt

Diet and way of life

Sub-Saharan Africa

Farmers

Drought

Hunger, warfare

Bangladesh

Poor people in low areas

Frequent flooding

Loss of homes and fields

Middle East and India

Especially people who work
outdoors

Extreme heat waves

Less income, sometimes
loss of life

North America

People who spend time
outdoors

More disease-carrying ticks
and mosquitoes

Fevers, Lyme disease
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Chapter 12

Adapting to
Climate
Change
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Humans can try to slow and limit climate change
by decreasing our use of fossil fuels. But in the
meantime we need to plan for the higher
temperatures and higher seas that are already on
their way.

Section 12.1

Introduction to adaptation
HUMANS WILL HAVE TO ADAPT TO A
WARMING WORLD
1. Although we can act to slow or limit
climate change, a warmer planet is coming.

The next three chapters of this book will discuss what we humans can do to
respond to the threat of climate change.
Sometimes it may feel as if this is a huge problem, too big for us to handle. But

2. People may have to change where and how
they live and what they eat.

humans, with all our flaws, have addressed environmental threats before. We have

3. Poor countries are seeking help from rich
countries to cover the cost of moving their
populations or building protections.

decreased the threat of acid rain, and we stabilized the hole in the ozone layer. If

4. Poor countries argue that rich countries
have added the bulk of greenhouse gases
to the atmosphere and therefore should
carry most of the cost of adaptation.

our Earth.

cleaned our rivers and harbors. We have reduced pollution in our air. We
we act wisely, we can adapt to the changes that are coming. With good
information, good will, and good policy, we can change the ways we are harming

This book has presented you with information and ideas about how our climate is
changing and why. You have followed a chain of evidence showing that humancaused global warming is real. You have learned how climate change is already
aﬀecting our Earth and its inhabitants.
If we change how we use energy, we can slow down global warming. But whatever
we do and however soon we start, we are headed for warmer days. We will see
more dramatic weather, changes in our food supply, and higher sea levels. Just as
animals and plants have to adapt to a changing world, so do human communities.
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This chapter will present some ideas for how we can adjust to
what’s coming. In later chapters, we’ll discuss how to slow

One of the low-lying islands of Vanuata in the

climate change and what you can do personally to help.

Pacific Ocean. Wikimedia Commons

For human communities, adaptation means adjusting to a threat
or problem. It may mean changing where we live or how we act.
In most cases, it means spending money.
Adaptation is easier for people living in wealthy countries. People
living in poor countries have fewer resources. One of the big
debates facing the international community is who should pay for
what parts of adaptation. Rich countries have added to
greenhouse gases far more than poor countries have. Some
people argue that this means rich countries should carry more of
the cost for adaptation. For example, if a rising ocean overflows a
small island in the Pacific, who should pay for the island people
to move to the safer mainland? What country should take them
in?
Climate change will aﬀect diﬀerent regions in diﬀerent ways. The
most important ways of adapting will be diﬀerent too. Let’s look
at some of the strategies people and communities may use for
diﬀerent challenges.

"The issue of equity is crucial. Climate aﬀects us
all, but does not aﬀect us all equally."
--UN Secretary-General Ban Ki-moon
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Section 12.2

Adapting to heat and drought
WARMER, DRYER WEATHER REQUIRES
PLANNING
1. Planting trees and gardens can help cities
lower their summer temperatures by a
degree or two.

The most direct eﬀect of climate change is warmer weather. Your own personal
response might be to use your air conditioner more, but this use of energy just
adds more heat to the outside air. What else can people do to adjust to greater
heat?

2. Cities also need to plan how they will
respond to heat emergencies.

Farmers may need to plant diﬀerent, heat-resistant crops. As fish migrate to cooler

3. Areas subject to drought should conserve
underground water stores by decreasing
water use even before a drought arrives.

We have mentioned that cities can become heat islands, with dark asphalt

4. Conserving water and preventing fire
damage will mean changing human
behavior.

waters, fishermen will need to hunt diﬀerent species of fish.

absorbing lots of sunlight. City leaders may decide that planting and preserving
green spaces is important to help lower temperatures by a degree or two. They
can plant trees along
streets and encourage
residents to paint their
roofs white or plant
rooftop gardens.
Cities may also have
to plan for heat

Rooftop gardens in Tongyang, Hebei Province,
China. The haze may be pollution from burning coal.
Vmenkov, Creative Commons license.

emergencies. They
can teach people how
to watch out for
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symptoms of heat exhaustion and heat stroke. They can set up

Communities and states will need to plan for how to conserve

systems where people check on their neighbors to make sure

water. How can they be sure to collect whatever rain does fall?

they are safe during a heat wave. City oﬃcials can create air-

When do they declare a water emergency? How will they divide

conditioned emergency shelters. In these shelters, sick or elderly

water among farmers, city dwellers, and people who want to

people can find plenty of water and a safe place to stay until the

water their lawns? It’s a lot better if plans can be made ahead of

heat passes.

time. Not every front yard needs a thirsty lawn.

Soldier being treated for heat exhaustion. By Staﬀ Sergeant
David Mitchell, public domain via Wikimedia.

Closely related to the problem of heat is the problem of drought.

Drought-resistant garden for a dry climate.

When rains fail, people and farms run short of water. Farmers may

Gunter via Wikimedia Commons

need to change the mix of crops they grow. For example, in parts
of California, fruit trees may no longer thrive in a drier climate.

By Renee

Drought and heat can also lead to wildfires. Should states prohibit
campfires in the summer? How much money should they put
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aside to fight forest fires each year? Should towns try to prevent
people from building houses in places where fires are likely?
Homeowners may need to clear brush around their houses to
help protect them in case of fire.
.

Fire in Boulder creek, California. Note how the fire is surging through the
underbrush. Could you protect your house by clearing all the underbrush around it?
Photo by H Dragon via Flickr.
167

Section 12.3

Adapting to sea level rise
MANY PEOPLE WILL HAVE TO MOVE TO
ESCAPE A RISING SEA
1. Dikes or sea walls will be expensive and
won’t work everywhere.

A rising sea level and more violent storms will cause damage to coastal
communities. In some cases, as we have seen, whole islands may be flooded.
Sometimes entire communities will have to move to escape the rising sea.

2. Houses can be raised on stilts, but they are
likely to be fragile.

Besides evacuating, how else can we adapt to rising sea levels? One suggestion is

3. People will need to protect their water
supply.

below sea level, but dikes have been keeping Dutch fields and people safe for

4. Coastal cities may have to relocate power
plants, hospitals, and transportation
systems.
5. Costs will be high.

to build dikes or walls to keep the sea out. After all, much of the Netherlands is
centuries. The city of Boston is currently considering a proposal to spend many
billions of dollars on a sea wall.
Could we do the same in a country like Bangladesh? It will be much more diﬃcult.
The coast of Bangladesh has so many inlets and outlets that the dikes would be
too long to manage.
Wetlands and coral reefs themselves help protect against storms. One strategy is
to make sure to protect and preserve these natural barriers. That means that as
the sea advances, wetlands must also move inland. People will not be able to
build their houses in scenic spots right next to the ocean.
In rich countries, citizens may resist this idea. Rather than move inland, they may
try to build up beaches in front of their houses by adding sand. But sand washes
quickly away.
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In poorer regions with frequent flooding, people sometimes build

Even in wealthier countries, cities and towns will have to plan for

their houses on stilts. To deal with the problem of seawater

flooding from the sea. They will have to check the location of

flowing into wells, they build wellheads high above the ground.

power plants, hospitals, train stations and sewage systems.

That is, they build a little tower over the top of the well. They

Which are likely to be flooded? Which should be moved to higher

reach or climb up to the opening before drawing water.

ground? Where should there be pumps, and what is the plan if
the power goes out? At some point, will the city have to move
altogether?

A restaurant on stilts in Bangladesh.
Wikimedia Commons.
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Section 12.4

Ecosystems
WE SHOULD TRY TO DECREASE OTHER
SOURCES OF STRESS ON ECOSYSTEMS
1. Protected areas and corridors can help
decrease stress on ecosystems and give
plants and animals a chance to adapt to
climate change.

Unless we intervene, many species may go extinct as the planet warms. From
corals to polar bears, animals and plants we value are at risk. Is there anything we
can do to help?
Even if we cannot prevent temperatures from rising, we may be able to reduce
other factors that stress species. For example,

2. In some cases, we can move plants or
animals to new habitats.

coral suﬀers when waters are polluted. Countries
can work to decrease pollution and harmful fishing
practices like dynamiting or dragging heavy nets
over corals. These changes may help make corals
more resilient—better able to adjust to
temperature and pH change.
Coastal erosion and

We know that many species on land will need to

temperature change can

migrate more toward the poles or higher ground to

affect sea turtle nesting.

survive. We can try to preserve corridors of

Citizens help these animals

protected land so species have a way to move.

by guarding their nests and
helping hatchlings make it to
the sea. Baby green sea turtle by
Tyler Karaszewski.

We can try transplanting plants that don’t seem to
be shifting well on their own. We can also try to
move members of some animal species to a new
habitat.
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Section 12.5

Human migration
PEOPLE MAY LEAVE THEIR HOME
COUNTRIES

We have talked about how island dwellers or people who live along the coast may

1. People have already begun leaving their
homes because of drought or flooding.

need to move as sea level rises. This may also be true of people who live in arid or

2. The world will have to come up with ways
to respond to the needs of climate
refugees.

desert regions.
When people can no longer farm on their land, they need to find some other way
to survive. Some countries can plan for such migration, helping people find new
homes and work.
Here is a map showing areas of the world that such migrants might want to leave,
and why. Click to enlarge so you can read the key.

Areas of the world subject to climate
disasters. Refugees from these disasters
may seek to settle elsewhere.
By KVDP, via Wikipedia.
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China is already encouraging people to move out of the

In Louisiana, government grants are helping members of the

expanding Gobi desert into new towns perched beside oases.

Jean-Charles band of Biloxi-Chitimacha-Choctaw Indians move

You can see the region in this interactive article from the New York

together oﬀ an island that is shrinking and subsiding under rising

Times.

waters.
But poor, weak, or overcrowded countries may not be able to
resettle their citizens into good homes. If these climate refugees
seek to move to cooler, wealthier countries like the U.S., how will
the world respond?

Gobi Desert, Inner Mongolia Autonomous Region, China.
en:user:Junming Wikimedia Commons

Houses on the shrinking, sinking Isle de Jean-Charles in
Louisiana
by Karen Apricot. via Flickr
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Chapter 12

Mitigation:
Preventing
CO2 Rise
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The most important, and perhaps the hardest, thing
we can do to protect our future climate is to
decrease the amount of carbon we put into the
atmosphere. This will mean changing how all of us,
the world over, produce and use energy.

Section 13.1

The countries of the world need to work together
AN INTERNATIONAL APPROACH TO
WARMING
1. Climate mitigation means finding a way to
slow and stop Earth’s warming.
2. All the countries of the world will need to
work together to stop putting greenhouse
gases into the atmosphere.
3. The Intergovernmental Panel on Climate
Change (IPCC) brings together hundreds of
top scientists from all over the world.
These scientists volunteer their time to
repeatedly check and update what we
know about our climate.
4. THE IPCC makes recommendations based
on both science and human values.

Adapting to a warming planet is going to be necessary no matter what else we do.
But if humans are going to continue to thrive on Earth, we also need to find a way
to slow down and eventually stop the warming. Strategies to attack the cause of
climate change are called climate mitigation strategies.
The first and most important way to fight climate change is to reduce the amount
of greenhouse gases we put into the atmosphere. Of these, by far the most
important is the carbon dioxide emitted when we burn fossil fuels. We can reduce
the amount of future carbon dioxide in the atmosphere by:
- reducing our energy use through eﬃciency and conservation
- changing our energy use to renewable sources, or
- capturing and storing carbon dioxide as we produce it.
Nations of the world have come together several times to try and figure out what
each must do to help solve the global warming crisis. The IPCC or
Intergovernmental Panel on Climate Change consists of hundreds of top climate
scientists from all over the world who volunteer their time. They meet in
committees to look at the newest evidence in their own areas of expertise, for
example oceans, physics, ecosystems, weather, or agriculture.
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Every few years (the most recent time was 2016), the full panel
releases their latest, updated report. This is how science works at
its best: constantly looking at new evidence, debating it and
communicating it to the public.
By consensus--that is, by agreement of all its

Gallery 13.1 Walrus in the Arctic

members--the IPCC sets an upper limit for the amount
of carbon dioxide we can tolerate in the atmosphere.
This goal is based on both science and values.
The science involved is the kind of evidence you’ve
seen in this book. What eﬀects will diﬀerent degrees of
temperature rise have on plant, animal, and human
lives, on weather events and the crops we grow? We
don’t know absolute answers, but we have a good idea,
and the more we learn, the more certain and precise our
predictions become.
The values part can be even trickier. How much do we
value coral reefs, polar bears, and human communities
on islands or near the ocean? What is it worth to us to
try and prevent drought, flooding, and extreme weather
in the future? How much are we willing to spend today
to protect our grandchildren?

Walruses spend fifty percent of their time on ice floes. Photo: Wikimedia
commons, Joel Garlich Miller, U.S. Fish and Wildlife Service
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Section 13.2

The 2016 Paris accords
A GOOD FIRST STEP

1. In the 2016 Paris accords, the UNFCCC, or
United Nations Framework Commission on
Climate Change, set a goal to limit global
warming to no more than 2 degrees C
above pre-industrial levels.
2. By November 2017, 195 countries had
signed on to the Paris accords.

Based on the science and recommendations in the IPCC reports, policy makers
across the world have come together and agreed that keeping temperature rise to
less than 2 degrees Celsius above pre-industrial levels is an important goal.
Nations value this goal enough to make significant changes in how they use
energy.
To help achieve this goal, each nation has to pledge to lower the amount of carbon

3. The U.S. originally signed on to the Paris
accords and agreed to lower its emissions
by at least 26 percent compared to 2005
levels.

its own people pump into the air. Each country has set its own goals. For example,

4. However, in November, 2017, the Trump
administration announced its plan to
withdraw from the agreement--the only
country in the world to do so.

percent of global emissions, committed to reaching peak emissions by 2030 and

in the 2016 Paris accords, the United States, which is responsible for 12 percent of
global carbon emissions, committed to lowering its CO2 emissions by 26 to 28
percent compared to 2005 levels by 2025. China, which is now responsible for 23
decreasing them after that.
This may not seem fair to you. Why does China get to keep growing while the US
has to start lowering its emissions right away?
China is a less-developed country. Its per-capita emissions – how much carbon it
releases for every person in the country – is less than half that of the US. Many of
China’s people and villages do not yet have access to the energy they need for
what we would consider a decent standard of living. China wants to grow the
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amount of energy its people can use even as the country moves

How would the rank of countries change if we looked at per-

toward more eﬃcient or renewable forms of energy.

capita emissions instead of total emissions? What can looking at

On the next page is a table showing the commitments several
diﬀerent countries made as part of the Paris accords. The table

per-capita emissions versus total emissions tell you about the
size of a country’s population?

includes the top seven emitters along with one poor African

How diﬀerent is the average amount of carbon released from a

country for comparison.

developed country like Japan or the U.S. compared to a

Discuss the table. What does it tell you?

developing country like India or the Central African Republic?

Gallery 13.2 A village space in the Central African Republic

What do you think that means for
the standard of living in these
countries? What do you think it
means to say that the Central
African Republic is responsible for
a zero percent share of global CO2
emissions?
Is there anything else that surprises
you in this table?

The amount of energy each person uses in the Central African Republic is very low. Photo from UK
Department for International Development..
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Country

2013 CO2
emissions
(gigatons)

Share of
global CO2
emissions

Rank in
CO2
emissions

Per capita
CO2
emissions
(tons per
person)

China

10.3

29%

1

7.4

15% non-fossil fuels by 2025, increased forest cover

United States

5.3

15%

2

16.6

Reduce emissions by 17% compared to 2005

European Union

3.7

10.5%

3

7.3

20-30% below 1990 levels

India

2.1

5.9%

4

1.7

Reduce to about year 2000 levels

Russia

1.8

5.1%

5

12.6

15-25% below 1990 levels

Japan

1.4

3.9%

6

10.7

25% below 1990 levels

South Korea

0.6

1.8%

7

12.7

Cut to 4% below 2005 levels

Central African
Republic

0.001

0%

147

0.1

Increased forest cover and more renewable energy

Commitments by 2020
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Sectiion 13.3

Paris is not enough
ARE THE PARIS ACCORDS ENOUGH?
1. Even if all the countries who signed the
Paris accord meet their pledges, Earth will
still warm by 2.6 to 3.2 degrees above preindustrial levels by 2100.

The Paris accords represented a major first step in addressing the problems of
climate change. It’s hard to think of any time the nations of the world came
together to work in such a serious way. By November 2017, 195 countries had

2. If the U.S. pulls out of the accord and goes
back to business as usual, that alone will
add another 0.3 degrees of warming.

signed on to the agreement.

3. Many cities and states are making their
own commitments to reduce emissions,
even without the help of Washington D.C.

announced that the U.S. would become the only country in the world to pull out of

Something else happened in November 2107. The Trump administration
the accords. This is a process that will take several years, and the president’s
decision may still change.
One estimate says that if the U.S. backs out of the pledges it made in the Paris
accord, Earth will warm by an extra 0.3 degrees Celsius.
Even if the U.S. re-commits, the Paris accord has weaknesses. It’s not enough.
For one thing, there is no enforcement mechanism. Countries pledged to make
changes, but other countries can’t make them keep their pledges.
Second, even if all the countries who signed the accord and made pledges meet
their commitments, it won’t cut emissions wteeply enough. Remember the bathtub
analogy. Until we get to essentially zero emissions, Earth’s temperature will
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continue to rise. One estimate says that even if all the countries
keep their promises, Earth’s temperature will still rise by 2.6 to 3.2
degrees by 2100. That moves us into the
danger zone.

Gallery 13.3 How much will Earth’s temperature rise by 2100?

Take a look at the graph below, which
comes from Climate Action. The left-hand
axis shows how much CO2 we would be
adding to the atmosphere in diﬀerent
scenarios. The right side shows how many
degrees higher than pre-industrial values
our 2100 is likely to be under these
diﬀerent scenarios. The dark blue band
means following our current policies. How
much will temperature rise if we do that?
How about if we gradually cut emissions to
zero, as shown in the yellow and green
bands? Light blue represents the pledges
in the Paris accord.
Be careful: Note that though the light blue
band goes down, that does NOT mean
temperature will go down!
So here is the big challenge: How can we

From Climate Action, this graph shows how our 2100 temperature will depend on how much CO2
we add to the atmosphere in the next several years.

drastically reduce the amount of carbon
dioxide we emit?
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Section 13.4

Reducing demand: eﬃciency and conservation
WE CAN MAKE ENERGY MORE EFFICIENT,
AND WE CAN USE LESS OF IT
1. Cars that travel farther per gallon, electric
vehicles, and more eﬃcient electrical
appliances can decrease our carbon
emissions.
2. We are building more “green” buildings,
which can use 20 percent less energy than
traditional ones.
3. Individuals can help by using simple
strategies to decrease their own energy
use.

The first way a nation can decrease its contribution to global warming is by
reducing the amount of energy it uses. One way to do this is by making cars,
buildings and appliances more eﬃcient—that is, by reducing waste and getting
more bang for our
energy buck. The
second is by simply
using cars and
appliances less.
How can we make our
energy use more
eﬃcient? By looking at
where we use the most
energy now, we can
figure out where the best
opportunities lie. This
pie chart shows where
we use energy now in
the US.
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We use 28 percent of our energy for transportation. Let’s start

fuel cell chemically separates hydrogen gas into protons and

there.

electrons. The electrons then flow through a circuit as electricity

Over the years, the US government has gradually increased the
fuel eﬃciency it demands of cars.

react with oxygen to release water and heat as the only
byproducts.

Fuel eﬃciency of both cars and trucks has increased by about
50% since 1980 and by 28% since 2004. Carmakers use lighter
materials, improve tires, and give cars a more aerodynamic
shape. Hybrid cars, which mix the use of gasoline and electricity,
now often get 40 to 60 miles per gallon. In 2017, nearly 200,000
electric cars sold in the US, though

to power a motor.Afterward, the electrons rejoin the protons and

Chrysler, General Motors, Toyota, Mazda, Honda, BMW and other
car companies are already building a handful of cars powered by
hydrogen fuel cells. Their motors are currently fragile and
expensive. A lot more research is needed before very many of us
can run our vehicles on hydrogen.

this was still less just over one percent
of all cars sold.
Of course, electric cars need to get
their electricity from somewhere. One
challenge is the need for electric charging
stations to spring up everywhere, just like
gas stations. How “clean” the car’s energy
will be depends on where that electricity
comes from. Does it come from burning
fossil fuels in a power plant (“dirty”) or from
a clean technology like solar or wind
power?
The next frontier in transportation may be
hydrogen fuel cells. The principle is that a

Chevrolet Equinox fuel cell vehicle. Wikimedia Commons.
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So, have our emissions from transportation gone down? No.

What do you think are some of the reasons people have been

People continue to drive and fly more miles. The number of miles

driving and flying more? How many miles per gallon do any cars

we drove increased by 37 percent from 1990 to 2014. That meant

or trucks in your family get? How many miles does your family

that even with improved fuel eﬃciency, total carbon emissions

drive or fly in an average year?

from transportation increased by 17 percent during that time.

Greenhouse gas emissions from transportation peaked around 2004-2007 and has
fallen slightly since then. What do you predict will happen in the next few years? Can
you justify (give good reasons for) your prediction? Graph from the Environmental Protection
Agency.
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13.5

Eﬃciency and conservation in buildings
WE CAN ALSO CONSERVE ENERGY IN

A second big target for eﬃciency eﬀorts is to build “green buildings.” Green

THE WAY WE BUILD AND USE BUILDINGS

buildings are designed to require less energy to operate. By using certain building

1. Green building techniques allow us to save
money and energy at the same time.

materials, good insulation, light-colored roofs, windows that allow passive

2. Old buildings can also be upgraded to
decrease their energy use, especially for
heating.

low. New buildings can be “LEED-certified,” which means they are eﬃcient and

warming and cooling, and low-energy light bulbs, we can help to keep energy use
environmentally sound.

3. Individuals can take simple steps to
decrease their own personal energy use
and decrease their “carbon footprint.”

The first LEED-certified parking lot in the U.S., this building in Santa
Monica, California has solar panels on the roof, recharging stations for
electric vehicles, and bicycle storage. Photo by Schlüsselbein 2007 via Flickr.
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It is just as important to improve the eﬃciency of old buildings.

Think about what might make you or your family more likely to

Often simply adding insulation to an attic and fixing leaky

use one of these strategies.

windows will lead to a fall in heating bills. In addition,
refrigerators, washing machines, and other appliances keep
getting more eﬃcient.
Conservation is the second way to reduce demand. Your air
conditioner may be eﬃcient, but if you crank the temperature you
want down from 72 degrees F to 65 on a hot day, you will use
more energy. Ways for people to decrease their energy use
include:

Each person creates a unique “carbon footprint” in Earth’s
atmosphere. Think about the ways you use energy and add CO2
to the air. How much energy can you save with the ideas above
and other ideas of your own?
You can find tools on the Internet to help you calculate your own
carbon footprint. Just Google “carbon footprint calculator” and
use the one that makes sense for you.

Be gentle on the thermostat: Wear sweaters indoors in the winter,
and allow indoor temperatures to rise in summer.
Take public transportation, ride a bike or carpool instead of each
driving separately.
Reduce air travel.
Run dishwashers and washing machines less frequently.
Turn oﬀ and unplug appliances, including computers, when no
one is using them.
Install energy-eﬃcient light bulbs, using LEDs instead of
incandescent bulbs. Turn oﬀ lights when you don’t need them.
Fix windows and doors to reduce drafts.
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4.6

Carbon capture and storage
WHAT IF WE COULD CAPTURE CARBON
AND KEEP IT FROM REACHING THE
ATMOSPHERE?

Technologies exist that allow us to capture CO2 just at the point where it exits a
large power plant.

1. Carbon capture and storage (CCS) oﬀers a
way of “catching” CO2 from power plants
before it enters the atmosphere.

A carbon dioxide scrubber treats exhaust gases from power plants by using a

2. CCS is currently quite expensive, but it will
probably be necessary to meet our goals of
reducing emissions.

scrubber. Something similar happens in rebreathers in scuba equipment to allow

chemical mixture that binds CO2 at lower temperatures and then releases it at
higher temperatures. CO2 flowing over the scrubber adsorbs onto, or sticks to, the
people to stay underwater for a long time on one tank of oxygen, or in space
stations where new oxygen can’t be pumped in all the time.
The captured CO2 can then be compressed and transported via pipelines or
trucks. Once it reaches its destination, the CO2 can be injected deep into the
ground. Theoretically, the CO2 can be stored permanently, or at least for
thousands of years, within a rock formation. This technology oﬀers a way of
drastically cutting CO2 emissions from one major source, power plants.
CCS could let us decrease smokestack CO2 emissions by 90-99%. However,
putting such systems in place is expensive, uses energy, and makes power cost
more. These technologies will probably need to be part of a climate solution, but
they are unlikely to take hold without governments changing their energy policies
as discussed in section 15.2.
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Section 13.6

Using diﬀerent sources of energy
WE CAN USE SOURCES OF ENERGY THAT
EMIT LESS CARBON
1. Natural gas releases less carbon than other
fossil fuels; coal releases the most.
2. Burning biomass releases carbon, but
using biomass means continuing to grow
plants that draw carbon dioxide from the
air. The net eﬀect on atmospheric carbon
may be neutral.
3. Renewable, non-carbon-releasing sources
of energy include hydropower, wind power,
and geothermal and tidal energy.
4. Nuclear power is carbon-free. Many
citizens worry about whether it is safe, but
its safety profile compares well to other
energy sources.

Biomass and biofuels are organic materials such as plants or animal waste that
can be burned for energy. Humans have been burning wood since our earliest
days, so it may seem strange to consider biofuels a sign of progress. But when we
burn wood or feed engines with biodiesel made from food oils, we are using
carbon that recently came from the atmosphere and can be renewed quickly.
When farmers grow corn to be used as ethanol in car engines, those corn stalks
draw carbon dioxide from the air as they grow.
But biofuels bring problems of their own. Cooking fires used in much of the world
spew smoke and ash that are bad for health. In some places, growing crops for
fuel may pay better than growing crops for food. This means either that some
people will go hungry or that new land will be have to be cleared to grow food.
Clearing land means losing forest
FUEL

POUNDS OF
CO2 released

Coal

214 - 229

that has been storing carbon. That
carbon will be released into the
atmosphere.
Biogas is a fuel produced when food

Diesel fuel and heating
oil

161

Gasoline

157

example in a dump or landfill. This

Natural gas

117

gas, which is made up of methane

or animal waste breaks down in a
special, low-oxygen environment, for
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and carbon dioxide, can be captured and used for lighting or

and reservoirs can lead to land sinking low near a river’s mouth.

heating.

This sinking then allows more flooding.

Other renewables: hydropower

Wind

What about other renewable sources of energy? Worldwide, the

Wind is a fast-growing source of renewable energy. Wind, you will

most important of these is large-

remember, is caused by

scale hydropower, which gets

uneven heating of Earth’s

energy from falling water. Usually,

surface. Air in warm areas is

water is held behind a dam and then

less dense and tends to rise.

released to flow through a turbine.

Higher density, cold air rushes

Hydropower currently meets 16% of

in to fill its place, creating

global electricity needs.
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wind.

The mountainous country of Bhutan

People have used windmills to

produces so much energy through

grind grain for centuries, just

hydropower that electrical energy is

as they have used flowing

its major export. All that excess
energy goes to Bhutan’s huge
southern neighbor, India.

Bus in Nebraska running on soybean biodiesel. US Dept of Energy
via Wikimedia Commons

Damming rivers for hydropower does have downsides. Dams
drown an area upstream and change the downstream ecology.

water. Today’s wind turbines
can be simple or complex.
They can supply energy for

one household or make up part of a massive wind farm that feeds
electricity into a grid to supply a city.

Unless you install special ladders, fish can no longer swim upriver

Currently, China has the most wind power of any country in the

to spawn. The dam holds back sediment that once flowed

world and is installing almost half the world’s new turbines. Close

downriver and deposited along river deltas, where it built up the

to five percent of the electricity the world uses comes from wind

land and increased its fertility. By holding back sediments, dams

power; that could rise to 20 percent by 2030. You can play with
an interactive map of how wind energy is growing worldwide by
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clicking here. Study the map to be sure you can read what it is showing. You can see the growth of wind power in diﬀerent countries.
Move the slider to 1982. In what country did wind power begin? Where did wind power grow the fastest in the 1980s? Which continent
uses the least wind power today? How much growth in wind power do you predict for the next ten years?
The advantages of wind power are that it is very clean and there is plenty of wind available. One limitation is that the wind does not blow
steadily all the time. Wind energy needs to be stored and transported. Wind turbines can be expensive to build, although they usually pay
oﬀ within a few months. Some people don’t like the
noise turbines make, or they feel that wind turbines
spoil the view. Sometimes the wind turbine’s spinning
blades kill migrating birds.
Solar power
Solar power converts sunlight directly into electrical
energy. Today, this process provides about one percent
of the world’s electricity needs. China is building up its
solar power faster than any other country, followed by
Japan and the U.S. You can see solar panels on the
roofs of houses or public buildings, and you may see a
large array or field of solar panels beside a highway.
Solar panels are also known as photovoltaics. When a
solar cell in the panel is struck by sunlight, electrons
become excited and move through the material of the

Wind farm in Romania by Sandri Alexandra via Wikimedia Commons

solar cell, creating electrical energy.
The advantage of solar panels is that they can be placed anywhere the sun shines. The problem is that the sun doesn’t shine at night; and
clouds, dust, rain, or snow can block sunlight during the day. As with wind power, solar power raises challenges of storing
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power for later use. Still, solar power is spreading even to small villages in Nepal or Africa, where communities that have never had
electricity can now light their houses or charge their cell phones without releasing CO2 or aﬀecting the climate.
Nuclear power is one of our more controversial sources of energy. Like power plants fueled by coal or natural gas, nuclear plants heat
water into steam. This steam then drives turbines and generates electrical energy.
The heat in nuclear power plants comes from splitting uranium atoms. A neutron
plows into a uranium
atom, splitting it into
two new atoms while
also releasing new
neutrons and a burst
of energy. These free
neutrons strike other
uranium nuclei,
causing a chain
reaction. A nuclear
reactor controls this
chain reaction and
uses the energy
released to heat
Solar array in the Expo 2005 Aichi Japan Nagakute hall.
water into steam. This process generates power without emitting any carbon.
Creative Commons

Solar panel on a thatched roof in Africa
Pixabay free image.

Nuclear power supplies 19.5 percent of US electricity needs. By the end of 2016, 31 countries were using nuclear power, and it supplied
11 percent of electricity used in the world.
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There are two major concerns with nuclear energy. The first is how to dispose of nuclear waste. The materials left over following nuclear
reactions are radioactive. They need to be stored in a way that will keep people safe, for example by being buried deep underground.
Nobody really wants nuclear waste stored nearby.
The second big concern is the possibility of nuclear accidents. A Russian reactor in Chernobyl melted down in 1986, releasing huge
amounts of radioactive gases that drifted across Europe. Two people died in the explosion, and 28 more people nearby died within a few
weeks from acute radiation poisoning. Nineteen more people died of likely radiation-related causes in the next few years, and there
were more than a hundred new cases of thyroid cancer that had
to be treated in children.
In 2011, the Daichi nuclear power plant in Fukushima, Japan, was
damaged by a massive oﬀshore earthquake. Radioactive
compounds were released into the air and ocean. No direct
deaths resulted from radiation exposure, but scientists have
estimated that these compounds may eventually cause 130 extra
cancer deaths worldwide.
Nuclear accidents such as these naturally cause fear. However, it
can be informative to compare the risks of nuclear power with the
risks of more traditional sources of energy. For example, in the
US alone since 1900, more than 100,000 coal miners have died in

France gets 75 percent of its electricity from nuclear power.

cave-ins, fires and other accidents. (Death rates have fallen

Photo by Clicgauche on fr.wikipedia

sharply as mines applied safety practices.) Here are a few of the
many large accidents in the energy business:

Table: Some large energy-related accidents
Beyond these disasters, it is important to consider the health eﬀects of burning wood and fossil fuels. The World Health Organization
estimates that 7 million people a year die early as a result of indoor and outdoor air pollution. Indoor air pollution comes mainly from
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cooking fires and wood or coal heat. Outdoor air pollution can come from industrial pollution and vehicle exhaust. Nuclear, wind, solar
and hydropower do not cause any of this pollution.
Other renewable sources currently make only small contributions to human energy systems. Geothermal energy relies on bringing heat
from underground to the surface. It is especially useful for heating buildings. When geothermal wells are deep and hot enough, they can
also be used to generate electricity. The most important limitation of geothermal energy is that digging deep geothermal wells can be very
expensive.
Name

Country

Year

Type of energy

Deaths

Comments

Chernobyl

Russia

1986

Nuclear

30 - 49

4000 new cases of thyroid cancer,
treatable

Fukushima

Japan

2011

Nuclear

0

Expected excess deaths from
cancer: 130

Shimantan Dam

China

1975

Hydropower

175,000

Dam broke in typhoon

Upper Big Branch
Mine

US

2010

Coal

29

Mine explosion

Deepwater Horizon

US

2010

Oil

11

Offshore oil rig explosion and fire.
Largest oil spill in US history.

Benxi Mine

China

1942

Coal

1549

Mine explosion

Lac-Megantic Train

Canada

2013

Oil

47

Train carrying crude oil derailed
and exploded

Ghislenghien

Belgium

2004

Natural gas

24

Gas line explosion; 122 injured

Jesse, Niger Delta

Nigeria

1998

Oil

More than 500

Oil pipeline explosion and fire

Ufa Train

Russia

1989

Natural gas

645

Sparks from train struck gas leak,
causing explosion
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The use of tidal energy is still in early stages. Here the gravitational pull of the sun and moon do most of the work. Where the diﬀerence
between high and low tide water levels is large, water rushes through a tidal channel four times a day. This rushing water can turn a
turbine just as water does when it rushes through a dam’s spillway.
Tidal movement is constant and reliable, but tidal power
systems are expensive. Tidal energy is of no use to the
middle of a country, and it is most useful only where the
change from low to high tide is large.

Krafla geothermal power plant in Iceland. Geothermal energy
supplies 25 percent of Iceland’s electricity needs
Ásgeir Eggertsson via Wikimedia Commons
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Section 13.7

How are we doing?
U.S. CARBON EMISSIONS IN 2016 WERE

How are we doing?

15 PERCENT LOWER THAN IN 2005
1. Much of the change has come from
switching away from coal use toward use
of natural gas.
2. What do you think are the most likely ways
we can continue to make progress?

It may surprise you to learn that the US is already making significant progress
toward the goals we committed to in the Paris agreement. In 2016, our carbon
emissions are expected to come in at about 5.1 gigatons of carbon. Remember,
that’s 5,000 million tons of carbon put into the atmosphere, which is a lot. But it’s
down from 6 gigatons in 2005. That means we have reduced our emissions by
15% since 2005. We can do more by 2025.
The following graph from the US Energy Information Administration (EIA) shows
how much carbon the U.S. is emitting from which source of fuel.
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Here is another graph, also from the EIA, that shows the growth in

comparing two graphs to make sure they are measuring the same

use of renewable sources of energy in the U.S. Note the rapid

things. If you just glance quickly at these graphs without

growth in the use of solar, wind, and biofuel power.

analyzing them, it looks like we use more renewables than fossil

Compare these last two graphs. Do they cover the same time

fuels, but that’s not true.

period? Are they using the same units (British thermal units vs.

Next comes a complicated graphic which shows where our

gigatons of carbon released)? It is important when you are

energy comes from and where it goes. Don’t be intimidated! Take

U.S. only

Type to enter text
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a systematic approach. First check the title and units. “Source”
means where we get our energy from. “Sector” means how we
use it.
Examine the left side of the graph, which is just a stacked bar
graph showing
the sources
from which we
get our energy.
Get a sense of
how big the
diﬀerent blocks
are. Our
biggest source
is oil
(petroleum)
followed by
natural gas,
then coal.
Which source
provides the
least? All the
renewables
you saw on the

block in the left-hand column.
Once you’ve made sense of that, take a look at the right side,
which shows how we use that energy. Thirty-nine percent goes to
electricity and 24 percent to transportation.
Finally, examine
the lines that
connect these two
sides. On the lefthand end of the
line, you can read
what percentage
of a certain source
goes to each
category of use.
For example, you
can read that 72
percent of our oil
goes to
transportation,
and 100 percent of
our nuclear energy
goes to electricity.

preceding

On the right-hand

page fit into

end of the line,

the small green

you can see what
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percentage of the energy used for category comes from each
source. For example, you can read that 92 percent of
transportation energy comes from oil and only five percent comes
from renewables. Forty-two percent of the electricity we use still
comes from burning coal.

Ask yourself some questions. What percent of our natural gas
goes to heat buildings (residential and commercial)? How much
of our electrical power comes from renewable sources? Where do
you think we could make the biggest changes?
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Chapter 14

Geoengineering:
Wild Ideas and
Caution
Type to enter text

Some people are seeking technological fixes to
Earth’s climate problems. They want to decrease
the amount of sunlight hitting Earth or to remove
carbon dioxide from the air. Such approaches,
which worry many, are called “geoengineering.”

Section 14.1

Reflecting more of the sun’s rays
A FEW IDEAS TO INCREASE EARTH’S
ALBEDO

Humans are clever. Can’t we come up with a technology fix for global warming?

1. Perhaps we could put mirrors or sunshades
into orbit to reflect the sun’s rays.

How about putting mirrors at the edge of space to reflect some of the sun’s rays

2. We might be able to spray sulfate aerosols
into the stratosphere.

air? Or maybe some way of making tiny sea creatures absorb more carbon dioxide

3. Lighter-colored crops could increase
albedo.
4. Spraying salt into the air in mid-ocean
might create brighter clouds.
5. All these approaches are risky and
expensive, and none addresses the root
problem of too much carbon dioxide in the
atmosphere.

before they hit us? Or building giant pumps that suck carbon dioxide out of the
and solidify the carbon into shell material?
In fact, engineers are considering all of these approaches. The idea of making
major changes to how Earth works is called “geoengineering:” engineering the
earth.
Some geoengineering ideas, someday, may contribute to how we manage Earth’s
climate. All of the proposed ideas carry costs, limits, and dangers to consider.
None of them is ready to use right now.
The first idea is to reflect more of the sun’s rays. It seems obvious: reduce the
sunlight striking Earth’s surface, and we won’t get as much energy entering the
Earth system.
One proposal suggests launching a series of space reflectors or shiny parasols
into orbit above Earth. For example, we could launch one sunshade every five
minutes for ten years from each of twenty launch sites. (How many would that
be?)The sunshades would eventually cover an area of four million square
kilometers. They would gently diﬀract (bend) incoming sunlight, causing it to miss
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Earth’s surface. Such a large area could allow us to reduce

A second idea is to imitate the eﬀect of volcanoes by spraying

sunlight by two percent, enough to reverse the global warming we

sulfate aerosols into the highest layer of the atmosphere.

have experienced so far.

Airplanes, artillery, or balloons could fire the aerosols, and they

There are some big problems with this idea. The technology to
build and launch these sunshades is not yet developed. The
project would take decades to develop and would cost trillions of

would persist, as with volcanoes, for a couple of years. With
enough spraying, this process could almost immediately reduce
global temperature to historical levels.

dollars. It would begin to work gradually, though it would act

There are risks to this approach. The eﬀect of sulfate aerosols on

rapidly once it was fully in place.

weather is uncertain. How would rainfall patterns change? We
don’t know. Secondly, sulfate spray would likely use up ozone in
the stratosphere. Dangerous UV radiation would be able to reach
Earth.
Moreover, spraying sulfate aerosols addresses the
symptoms, not the cause, of global warming. If we had to
stop spraying because of environmental side eﬀects, global
temperatures would quickly rise.
Finally, spraying the atmosphere wouldn’t reduce carbon
dioxide levels. It wouldn’t help our acidic oceans. Shells
would still grow weak and marine ecosystems would still
suﬀer.

Adding sulfate aerosols to the
atmosphere by balloon or volcano.
By Hughhunt, CC BY-SA 3.0 via Wimkimedia
Commons
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Are there other ways to make Earth more shiny?

Some people have suggested choosing or creating lighter-

We could paint all our roofs white. In fact, California calls for
“cool roofs” in its building code. More reflective roofs can make a
city a bit cooler and decrease the need for air conditioning, but
not much of Earth’s surface is covered by roofs.

colored, more reflective crops. Crops cover a far greater surface
than roofs do. But farmers will only choose these crops if they
grow at least as well and taste at least as good as darker-colored
varieties.
We could also try to increase the brightness of clouds. Clouds
with smaller water droplets are brighter and reflect more
sunlight. (Think of a fluﬀy white cloud versus a dark and
gloomy raincloud where large droplets are forming.) One
proposal is to increase the number and brightness of
clouds over the mid ocean by spraying salt into the air.
Tiny salt particles would allow water vapor to condense
around them, forming cloud droplets. This method could
be quick, eﬀective, and easily to reverse, but we’re not
sure of its eﬀects on global weather patterns.
None of these suggested methods would address the
root problem of too much carbon dioxide in the
atmosphere. None of them would help reverse ocean
acidification. But they might be good emergency
measures if warming starts to get truly dangerous.
These high-tech methods might buy us some time while
we work to transform our worldwide energy system.

A white roof in Bermuda. Such a roof can reflect up to 90 percent of incoming
sunlight, keeping a building cool. By Acroterion, CC BY-SA 3.0

via Wikimedia Commons.
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Section 14.2

Removing carbon from the atmosphere
CAN WE PULL CARBON DIOXIDE FROM
THE AIR?
1. We could capture and store carbon from
burning biomass, or we could create
biochar.
2. Well-managed forests draw down carbon
dioxide from the air.
3. Some people have proposed fertilizing the
ocean surface with iron to grow more
plankton.
4. A few companies are experimenting with
ways to pull carbon dioxide molecules
directly out of the air.

Instead of just limiting sunlight, maybe we should be trying actively to remove
carbon dioxide from our atmosphere. This strategy includes both biological
methods and non-biological methods. Both approaches can be considered
engineering, since both involve humans applying science to create practical
solutions to a problem.
Bio-energy with carbon capture and storage
In the last chapter we discussed carbon capture in power plants. We can also
capture carbon in bio-energy plants. First we grow biomass—grass, wood, corn or
something else. This process pulls CO2 from the air. We burn the biomass for
energy, but instead of letting CO2 return to the atmosphere, we capture and store
it. The level of CO2 in the air falls slightly.
Another approach to processing biomass is by creating biochar. In this process,
biomass is heated in a container with very little to no oxygen. Without oxygen, the
biomass can’t burn and release CO2. Instead, it becomes a form of charcoal.
Heat produced during the process, along with oils and gases produced, can be
used for energy. The biochar itself can be mixed into the soil, where it helps to
bind carbon and makes the soil more fertile. The bound soil carbon stays out of
circulation for hundreds of years, so biochar production is carbon negative.
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Planting forests
Trees draw CO2 from the air and convert it into wood. As long as
the trees are living, that CO2 has been removed from the

To make a measurable impact on carbon levels, we would have to
plant huge areas of forest each year and maintain them forever.
But even planted in smaller quantities, trees can help.

atmosphere.

Fertilizing the ocean

Planting a forest can help to reduce CO2 levels, but they will rise

Besides growing more forests, could we cover our oceans with

again if trees burn or rot after they die. However, wood can be

plant life drawing carbon dioxide from the air? There are vast

buried, or it can be used in building. If the forest is well-managed

expanses of the

and replanted, it can continue to draw down carbon dioxide

ocean that might be

levels.

able to grow algae
and phytoplankton
with a little bit of
fertilizer, particularly
iron.
Most of the midocean is poor in iron,
which phytoplankton
(microscopic marine
plants) need to grow.
Natural experiments
occur when dust
storms or volcanoes

These tree and shrub windbreaks in North Dakota help shelter

Phytoplankton bloom in the South

people, animals and crops from wind and dust. They keep

Atlantic, from NASA via Wikimedia Commons.

houses warmer, save energy, and remove carbon from the air.
Creative Commons photo from U.S. Dept. of Agriculture.

spread particles
including iron far
across the ocean.
Often, “blooms” of
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phytoplankton follow.

Enhanced weathering

Some plankton use carbon in their skeletons. Most of these

The natural weathering of rock is a very slow but important part of

organisms enter the food chain and nourish fish. Others, perhaps

the carbon cycle. Certain minerals—silicates and carbonates—

20 percent, eventually die and sink into the deep ocean. There the

gradually dissolve in rainwater. When they do, the resulting

carbon will stay for thousands of years. In theory, seeding the

solution draws CO2 out of the air to make bicarbonate.

upper ocean with iron could lead to significant decreases in

Bicarbonate is also found in baking soda; you may recognize it as

atmospheric CO2 levels.

an antacid, a mild base that helps neutralize acid in the stomach.

Still, adding lots of iron to the ocean surface might aﬀect food

Water flow eventually carries most of the bicarbonate to the

chains and ecology in ways we can’t predict. A handful of

ocean. There it

research projects are going on now to study such eﬀects. Results

slightly raises the

so far are mixed.

ocean’s pH,
working against

Pulling carbon from the air

ocean

Capturing carbon dioxide from the smokestack of a power plant

acidification. The

is hard enough. Capturing it directly out of the air, where only one

bicarbonate can

out of every 2500 molecules is a CO2 molecule, is much more

end up in the

challenging. Still, there are a number of companies and a few

shells of marine

government-funded eﬀorts trying to develop a workable

organisms, and will

technology to do just this.

eventually sink to
the sea floor.

The idea is to use giant fans to pass a large volume of air over a
surface that is sticky for CO2. Then the CO2 is separated and

If we could speed
Olivine and basalt sand from Hawaii’s

this natural

be sold, for example to “feed” greenhouses or to help create

Big Island. Olivine is considered ideal

process, we might

biofuels. So far, this process is much too expensive and ineﬃcient

for enhanced weathering. By Silm via

have an eﬀective

Wikimedia Commons.

tool against global

stored, while the sticky surface is re-used. The rescued CO2 can

for wide use.
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warming that would also work to protect our oceans from
becoming too acidic. The idea is to spread crushed silicates
(similar to sand) over inland areas, coastal areas, or certain parts
of the ocean itself. The process would be expensive, and we are
still uncertain about how quickly weathering could occur.

Rock formations along the coast often show signs of weathering. This is from
Natural Bridges State Park in mid-coast California. by Melissa Wiese CC BY 2.0.
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Section 14.3

Objections to geoengineering
THERE ARE NO SAFE, QUICK FIXES

Many geoengineering ideas are both bold and controversial. People worry that

1. We can’t predict the side eﬀects of
geoengineering ideas.

they are expensive and risky, carrying too many unknowns. What will really happen

2. Geoengineering approaches could aﬀect
everyone on earth. Who gets to decide
whether to try them?

pumped deep underground really stay there? Most scientists and members of the

3. It is important not to let our hopes for an
engineering solution distract us from the
work we need to do to change our energy
use and decrease carbon emissions.

Another question about these ideas is who gets to decide. Adding sulfate to the

if we add a sulfate haze to our skies or add iron to our oceans? Will carbon dioxide
public want to see a lot more research before trying any of these solutions.

atmosphere might be good for some parts of Earth but reduce growing seasons in
other parts. How will such decisions be made?
There is another reason to oppose geoengineering. Some people worry that
thinking there might be a technological fix “out there” will make people and
governments complacent. If technology can fix it, why try to reduce our emissions
by conservation and moving to renewable energy?
Others, though, say that even with our best eﬀorts it will be very diﬃcult to reduce
our carbon dioxide emissions as fast as we must to avoid disaster. Coming up with
geoengineering strategies to help carry us through as we work to change our
energy use, these people say, is good insurance.
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Chapter 15

What You
Can Do
Type to enter text

Every person living on Earth has a role to play in
helping to solve the climate crisis that faces us.
That is especially true for young people, and there
are many ways you can contribute.

Section 15.1

How can you help?
CLIMATE CHANGE IS A GRAND
CHALLENGE FOR YOUR GENERATION
1. Learn as much as you can about Earth’s
climate.

At the beginning of this book, we talked about how climate change can sometimes
feel like an overwhelming problem, one too big to think about. We have tried to
show that while climate change is a serious problem—a grand challenge for your
future—possible solutions do exist. Earth is not doomed to become a steamy

2. Modify your own energy use.

wasteland. With good science, good will, and good decisions, countries of the

3. Imagine a sustainable future.

world can maintain our Earth as a beautiful and welcoming place to live.

4. Whatever your career goals, there are ways
for you to become part of the climate
solution!

What can you do to help?
You can start by reducing and
modifying your own use of energy.
While this will only make a tiny
contribution to solving the problem,
it will mean you are starting to think
the way all people will need to think
in the future. Turn oﬀ lights, adjust
the thermostat, use bicycles
Imagine if the morning commute looked
like this every day! Five-borough bike tour

instead of cars—all the ideas
mentioned in Section 12.3.

of New York City, 2008. Photo by Jesper Rautell

Second, be an eager consumer of

Balle

climate science. Learn whatever
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you can. As a citizen, you will be helping to make important

Maybe you will be a civil engineer helping communities plan for a

decisions in the future. You may help your town plan its

changing climate. You might become

adaptation to warming, drought, flooding or storms. You may be

a farmer testing new drought- and

called on to vote about whether to try a geoengineering

heat-resistant crops. Maybe you will

approach. You may vote on whether to open a new nuclear power

be a scientist studying the climate or

plant. You will have a lot of influence.

a computer scientist refining our
climate models. Perhaps you will

Third, see if you can envision a zero-emissions future. What do

research new ways to capture

you think will be the mix of energy sources we use? What will be

geothermal or tidal power eﬃciently.

diﬀerent about the way we live, work and travel? The world needs

Click to see a pattern of

visionaries who think about the future and how to make it better.

irrigated crops in

Finally, you may find that your future work or leisure activities

Kansas. Could you be

address a piece of the climate

the one to figure out

challenge. Maybe you will work

how to grow crops well

building or running wind

with less water? NASA,

turbines or solar batteries. You

public domain.

might even invent new kinds of
batteries to store and transport
Who will build electric cars
and recharging stations?
Public domain image from Pixabay.

electricity. Maybe you will help
design, build, or repair the cars
and planes of the future. You
could be a business person

installing electrical charging stations for cars across the country.
Or maybe you’ll be helping to develop completely new forms of
transportation we haven’t imagined yet.

You
might
decide
you
want to
work
more
directly

with nature. You could work in a
national park, protecting the forest,

Wangari Maathai of

monitoring the health of plants and

Kenya, the first woman

animals, and helping to educate

from East Africa to earn a

children about nature. You could

PhD, won a Nobel Peace

lead kids on camping trips and

Prize for her work on the

bicycle tours, and you could

environment, tree

encourage your community to plant

planting and women’s

hundreds or thousands of trees.

rights. Photo by Martin Rowe.
209

You might decide to make your contribution through the arts. You
could compose and sing songs about our
natural world or write science fiction about
diﬀerent versions of the future. You could help
people value the natural world through your
photography or paintings.
Or perhaps you will want to serve the public in
other ways. You might work to protect the
human rights of people fleeing climate disasters.
Maybe you will be a politician helping your
country build a prosperous clean-energy
economy. You might run for Congress so you
can help make laws addressing the climate
challenge.
Whatever your personal approach to climate

Landscape painter at Charlottenberg Castle Park, Berlin. By Sir

change, you will also be called upon as a voter

James via Wikimedia.

to help find public policy solutions, as discussed
in the next section.
What other ways can you imagine yourself confronting climate change
in your life? Be bold and think big. The challenge of climate change is
one your generation can solve.
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Section 15.2

Public policy approaches
CUTTING CARBON EMISSIONS WILL TAKE
MORE THAN INDIVIDUAL ACTION
1. Nations, states, towns, and world bodies all
have a role to play in making policies to cut
emissions.

States, nations, and groups around the world are considering the best policies to
slow and stop carbon emissions. A good policy should be eﬀective and fair. It
should not restrict people’s freedom more than necessary. It should try to keep the
economy growing even as it cuts carbon pollution.

2. Public policies to cut carbon emissions
include incentives, direct regulation, carbon
cap-and-trade, and carbon taxes.

In the United States, several kinds of policies are either being tried or are being

3. Alert voters will ask their representatives to
explain their approach to energy and
mitigating climate change.

1) Incentives. Governments can give grants or tax breaks to people or companies

considered by federal or state government. Here are four of them:

that develop or use new technology to cut carbon emissions. State and federal
governments can oﬀer people rebates (some money back) for installing solar
power in their homes. They can also oﬀer grants or low-cost start-up loans for
new. low-emission energy companies.Both the federal government and some
states oﬀer tax credits (some money oﬀ their tax bill) to people who buy electric
cars.
2) Regulation. The government can require companies to meet certain standards.
For example, the federal government has required auto manufacturers to
increase their cars’ average miles per gallon.These are the so-called CAFE
standards, for Corporate Average Fuel Economy rules. Household appliances
are also required to meet standards of energy eﬃciency.
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3) Cap-and-trade. A government can set a limit on how much

A very eﬃcient power plant, for example, won’t need all its

carbon emission it will allow overall The government then

tickets, so it can sell them to other users. The eﬃcient power

issues (auctions oﬀ, sells, or just gives) permits to the major

plant can use the money it saves to lower rates, make

emitters, for example power plants. Usually, the government

improvements like carbon capture systems, or pay investors.

sells “tickets” in units of one ton of carbon emission. That’s
about how much a car emits in driving 2400 miles, say from
New York to Las Vegas.

Cap-and-trade systems have some advantages. For one thing,
the government can lower the number of carbon tickets it sells
each year, so it can be sure carbon emissions will drop.

Emitters can then buy and sell these “tickets” (think of them

Secondly, the government can use the money it raises by

like tickets to spend at rides at a carnival) among themselves.

auctioning oﬀ carbon tickets to pay for other things--most

Gallery 15.1 Widows Creek Power plant

often for incentives to companies and people. Third, cap-andtrade has already shown it can work. In the 1990s and 2000s,
a cap-and-trade system for sulfur dioxide emissions drastically
reduced the problem of acid rain.
Currently, California uses a cap-and-trade system. So do
some Canadian provinces, a partnership of states in the
northeastern U.S, and the European Union. China is planning
to come aboard next.
4) Carbon tax. Finally, and perhaps most simply, governments
can impose a carbon tax. This approach tends to be more
favored by conservatives because it allows the most freedom
from government interference.
Governments can simply charge a certain amount for every ton
of carbon put into the air. They can charge power plants, gas

Most of this coal-powered Alabama power plant closed by 2015, to
be replaced by renewable energy systems.
By TVA Web Team - Widows_Creek_Fossil_Plant-7, CC BY 2.0,

stations, and any other business that distributes fossil fuels.
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The government can adjust the tax rate until emissions fall to
the desired level. In order to pay as little tax as possible,
companies will look for ways to cut emissions.

up paying more than they get back.
So far, very few governments have imposed a carbon tax. One
town that has is Boulder, Colorado.

When companies spend more, of course, they also charge their
customers more. There’s no way around it:
cutting emissions by any of these methods

Gallery 15.2 Who should pay for carbon emissions?

means people will have to spend more for

All of these
decisions and
solutions depend on
the public will.

gasoline, for heating and cooling their

Citizens can aﬀect

houses, or for airline travel. Costs of food

the fate of the planet

and other goods that have to be transported

by asking questions,

will also rise to some degree.

debating solutions,

For this reason, some policy-makers have

and voting.

proposed that all the money raised by
carbon taxes should be paid back to citizens
as a “carbon dividend.” The conservative
Climate Leadership Council, for example,
proposes that every U.S. citizen should
receive an equal share of the money raised.
This might quickly come to one or two
thousand dollars per family each year. In
theory, that should be enough to more than
cover increased costs for the average family.
The wealthy, who use more energy (for
example by using more air travel and by

A round-trip flight from New York to San Francisco releases almost
a ton of carbon per passenger into the atmosphere. That’s almost
one-sixth of what the average American uses each year. With a
carbon tax, those who emit more carbon would pay more.
Open source image.

heating and cooling larger houses) will end
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Appendices
Look here for a guide to reading and creating
graphs, as well as some usual end-of-book stuﬀ,
like sources for images and information about the
authors.

Appendix 1

Reading, Understanding and Creating Graphs
GRAPHS AND CHARTS CONDENSE

A. How to Read a Graph

INFORMATION
1. A systematic approach to reading graphs
will help you get the most information from
them.
2. Diﬀerent kinds of graphs work best with
diﬀerent kinds of data.
3. When you need to create a graph, a flow
chart or decision tree can help you decide
what kind to use.
4. Be sure to make your graph readable.
Include an informative title, axis labels, and
if necessary a key.

Figure out what kind of graph it is (bar, circle graph or pie chart, scatterplot,

1.

line graph, contour map, diagram, other—see below for definitions and examples).
Read the title of the graph. Ask yourself what the graph will be trying to show

2.
you.
3.

Look at the labels of any axes. Along the x- or horizontal axis, are you looking
at a discrete variable that shows separate categories? Or is it a continuous
variable that can have many in-between values? You can find examples of
both on page 193.

4.

Check for features that tell you you are looking at more than one dependent

5. Be sure to choose a range that will work
well for your graph/

variable at once. Does the graph have two vertical axes with diﬀerent scales?

6. Specify your units.

you may see a stacked bar graph showing several diﬀerent quantities in each

7. Explain what your graph shows in text that
goes along with the graph.

In a line graph, you may lines in diﬀerent colors showing diﬀerent variables. Or
category.
4.

Examine any key. Usually this will show what certain colors or shapes mean.

5.

What are the units?

6.

What is the range of values? (They don’t always start with zero.)
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7.
8.

Ask yourself questions.

3.

Explain what the graph shows in your own words. Make

sure you can explain all parts of the graph.

A scatterplot shows the relationship between two variables

with multiple separate measurements. The x-axis can be
continuous (smooth, has lots of in-between measures) or discrete
(showing separate
categories). Example: time it

B. Common graph types used in

takes to swim a hundred

this book

yards vs. age (continuous) or
vs. hometown (discrete).

Click on any of these to go to the glossary
for more information and images of

4.

examples.

the relationship between two

1.

variables when the x-axis

A bar graph shows how a certain

(independent variable)

measure or quantity diﬀers between

measures something

categories. Example: average heights of

continuous. This is most

boys vs. girls in a classroom. A stacked bar

often time, but can be pH,

graph can show several diﬀerent measures

temperature, or something

for each category. Example: Number of A’s,

else. Example: number of

B’s, C’s or D’s received by boys vs. girls in

tadpoles that hatch vs. pH in

the classroom.
2.

a pond; amount of CO2 in the
atmosphere vs. time.

A circle graph or pie chart shows

what percentage of some measure falls into

5.

diﬀerent categories. Examples: percentage
of calories someone eats that comes from

This graphic uses two different kinds of graphs at once.

diﬀerent food sources; percentage of

Why do you think the author made this choice? Click to

energy used in a state that comes from
diﬀerent sources.

A line graph shows

enlarge.

A contour map shows

how some measure varies
over two-dimensional space.
One important distinction to
think about when you are
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creating a graph is whether your data are discrete (separate

Are you showing the percentage of something? Choose a circle

categories) or continuous (smoothly changing; can

graph.

have lots of in-between values).

Are you comparing some measure between diﬀerent categories?

Examples of discrete (discontinuous) data:

Choose a bar graph.

Type of energy source (coal, wind, solar)

Are you comparing how some variable changes over time? Make

Nations of the world

a line graph or scatterplot.

Crops
Species of animal
Examples of continuous data:
Time
Wavelength
Temperature
Rainfall
pH

Do you have a continuous independent variable, and do you want
to show a trend over time? Create a line graph or scatterplot with
line of best fit.
Do you want to keep information about diﬀerent individual points?
Use a scatterplot or show the individual data points in your bar
graph.
Are you showing how some measurement varies over space?
Draw a contour map.

Gigatons of energy used

C. How to Create a Graph
Now it’s your turn.
1.

Choose the appropriate graph or visualization type. Consult
the list above or the flow chart on the following page.

2.

Choose an informative title for your graph.

3.

Label your axes accurately. Be sure to include the units you

are measuring.
4.

Choose a range for your measurements that can fill your

space well. Divide that range into even intervals and mark them.
5.

Plot the points of your graph. For line graphs or scatterplots,

that will mean plotting ordered pairs, with the independent
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Organize your
data

No

Create a diagram or
infographic

Do

Do you

Yes

you have

want to show how a

quantitative data

quantity varies in 2-D

(numbers)?

space?

No
Yes
Are you
showing amounts or

Discrete

Is your

Create a contour map

independent variable
continuous or discrete?

percentages?

Continuous
Amounts

Percentages

Do you want
to show several different

Do you

Create a circle

trials for each position on

graph (pie chart)

the x-axis?

have only a few
categories?

Yes
Create a bar chart
(may be stacked or
show individual data)

Yes

No, many, many

No

categories
Create a scatter plot
(may include a trend line)

Create a line graph

variable on the horizontal x-axis, and the dependent variable on
the vertical y-axis.
6.

For a bar graph you can calculate the average for each

category and make the bar that height. You can also plot the
individual data points around the average value so your reader
can see the variation in your data (e.g. you can show the average
height of boys in your class, but it will be more informative if you
include a dot or x for the height of each individual boy.)
7.

Explain in the text what your graph shows. Be as specific as

possible. Make sure your graph has the evidence you need for
any claim you make in your description of it.
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Appendix 2

Summary infographic
1. An infographic summarizes important
information in a visually inviting way.

One fun way for you to summarize and help yourself remember the ideas in this
book is to draw an infographic. An infographic is just a visual representation of
data, information or knowledge. Its purpose is to make ideas clear and
memorable. You have already seen this one; it appeared in the book’s first chapter.
Click on the links for review.
There are various programs that can help you create an infographic on the
computer, but a good place to start is by drawing one by hand.
Try your hand at creating an infographic of your own. Here are some topics you
might try:
1) What a zero-emissions future would look like.
2) Feedback loops in our climate system.
3) Upcoming changes in transportation.
4) Adapting to rising sea levels.

You can probably think of better ideas of your own.
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Click for a graph of the
evidence.

Review the model.

Review “Earth’s Energy
Budget”

Experiment with feedback
loops.

Revisit “Why Fishermen Need
Forests.”

See them again! Global
wind patterns.
Look again at California’s
three-year drought.

See how plant growth
ranges are changing.

Where do we get our
energy now?
How is our energy use
changing?

Read more about the
geoengineering debate.

Appendix 3

Review: Answering doubts and challenges
This section gives you a chance to review
your understanding by responding to common
questions and objections people raise about
climate change science.

You are likely to meet people who dispute the importance of climate change to our
world’s future. They may deny that it’s happening at all or that human activity is the
main thing causing it. They may not trust scientists, they may rely on fossil fuels for
their livelihood, or they may worry that “big government” solutions will hurt the
American economy or restrict their freedom.
Debate about how we should all respond to climate change is good. At the same
time, it’s important to aﬃrm your knowledge of the science and not let arguments
that don’t make sense confuse you. You won’t always be able to convince people
who question climate science. But you should think about how to answer common
challenges, so you know how to handle them even in your own mind.
Here are some such challenging questions. You and your friends can come up with
more. Try answering them. Then click the pop-ups and scroll down for ideas and
links back to earlier sections.
1.

“Did you see how cold it was today? Or this winter? Who’s talking about
global warming now?”
“They can’t predict next Friday’s weather accurately. How
can they predict what will happen twenty years or a
century from now?
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2.

“Sure, the climate is changing. It’s

4.

“Carbon dioxide is natural, so it’s good.

always changing.”

It’s not a pollutant.”

3. “Yes, the climate is changing, but there’s no proof humans

5.

have anything to do with it. It’s sunspots/changes in the earth’s

than ever. Agriculture will take oﬀ!”

orbit/ volcanoes…”

“Plants love carbon dioxide. They are going to grow better

(See Section 11.3)

Figure 16.1 Volcano vent in Hawaii
6.

“Energy jobs are more important than something that might

or might not happen eighty years from now.”

7.
Wikimedia

“Why should we in the U.S. have to make all the sacrifices,
when people in the rest of the world aren’t doing their share?”
See Section 13.2.
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8.“Global warming is just too big an issue. There’s nothing we can
do about it anyway.
See Chapter 15.

This is just a small sampling of challenges you may hear. Think of
some more questions and objections to climate science you have
heard. How would you respond to them?
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Related Glossary Terms
Drag related terms here
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Chapter 9 - Earth's climate in 2100

Absolute zero
The temperature at which all molecular movement stops; -273 degrees Celsius or zero
degrees Kelvin.

Related Glossary Terms
Drag related terms here

Index

Find Term

Chapter 4 - The electromagnetic spectrum
Chapter 13 - Reducing demand: efficiency and conservation
Chapter 13 - Efficiency and conservation in buildings

Absorbs
Takes in or soaks up.

Related Glossary Terms
Emitted

Index

Find Term

Chapter 4 - Earth radiates heat!

Acidity
The state of being chemically acid; readiness to donate a hydrogen ion in a chemical
reaction. Lemons and vinegar are acidic.
The opposite of an acid is a base.
How acidic a substance is is measured by pH. The lower the pH, the more acidic a solution
is. The pH of neutral water is 7.0. The pH of the oceans is about 8.1.

Related Glossary Terms
pH

Index

Find Term

Chapter 2 - Coral bleaching in Australia

Acute radiation poisoning
Sickness that comes from very high doses of radiation. Within a couple of hours, the
radiation damages cells and DNA. Symptoms of radiation sickness include nausea,
vomiting, low blood count, anemia, infections, and in some cases nervous system eﬀects
and even death.

Related Glossary Terms
Drag related terms here

Index

Find Term

Chapter 13 - Using different sources of energy

Adapt
To adjust to new conditions. In living things, adaptation may require evolutionary change
resulting from natural selection.

Related Glossary Terms
Mutations

Index

Find Term

Chapter 12 - Introduction to adaptation

Aerosols
An aerosol is a cloud of tiny particles or droplets suspended in air.

Related Glossary Terms
Drag related terms here

Index

Find Term

Chapter 6 - What about volcanoes?

Albedo
Albedo is a measure of reflectiveness or how shiny a surface is. Albedo ranges from 0 to 1.
A surface with an albedo of one would reflect all the light that struck it. A surface with an
albedo of zero would absorb all light.

Related Glossary Terms
Drag related terms here

Index

Find Term

Chapter 6 - Let me reflect on that

Alpine
High in the mountains.

Related Glossary Terms
Drag related terms here

Index

Find Term

Chapter 2 - Shrinking glaciers in South America

Anecdote
A colorful story about something that happened.

Related Glossary Terms
Evidence

Index

Find Term

Chapter 2 - Anecdotes and Evidence

Anomaly
Something diﬀerent from what you expected to see.

Related Glossary Terms
Temperature anomaly

Index

Find Term

Chapter 6 - What about volcanoes?

Anthropogenic
Caused by human activity.

Related Glossary Terms
Drag related terms here

Index

Find Term

Chapter 5 - Burning fossil fuels has raised carbon dioxide levels

Antibiotics
Medicines used to fight infections by killing bacteria in the body.

Related Glossary Terms
Drag related terms here

Index

Find Term

Chapter 10 - How fast can plants and animals adapt?

Aquifer
Water stores found underground in formations of sand or permeable rock (full of gaps and
holes).

Related Glossary Terms
Drag related terms here

Index

Find Term

Chapter 7 - Warm water expands

Arctic
Near the North Pole.

Related Glossary Terms
Drag related terms here

Index

Find Term

Chapter 3 - How heat drives the weather

Attribute (v.)
To attribute is to assign an eﬀect to a cause. If I attribute your good grades to your faithful
studying, I am saying your studying caused the good grades.

Related Glossary Terms
Drag related terms here

Index

Find Term

Chapter 2 - Coral bleaching in Australia

Axis
The line or imaginary pole around which a body like Earth turns or rotates.

Related Glossary Terms
Drag related terms here

Index

Find Term

Chapter 3 - Sun and seasons

Balancing cycles
Also called negative feedback loops. In a system, a balancing cycle occurs when an
increase in one variable leads to an increase in a second, which then feeds back to cause
an opposing decrease in the first. For example, an increase in your hunger causes you to
eat more; when you eat, your hunger goes down. There is a balance between hunger and
eating.

Related Glossary Terms
Negative feedback loop

Index

Find Term

Chapter 6 - Looking at system feedback

Bar graph
A bar graph shows the amount of some measure found in several diﬀerent categories.
Unlike a pie chart or circle graph, a bar graph does not try to compare parts to a whole.
For example, here is a bar chart (by mattlemon via Flickr) comparing population growth
rates in diﬀerent parts of the world. It wouldn’t work to try and display this in a circle graph.
Why not? Well, for one thing, “growth rates “ is not a whole amount that you can divide into
parts.

A stacked bar graph can show several diﬀerent, color-coded measures for each category. A
bar graph can also show several bars next to each other in each category.
Below is an example from the EIA showing how the production of oil (dark color) and
natural gas (light color) in three diﬀerent countries (See the key: blue is the U.S., brown is
Russia, and reddish is Saudi Arabia) changed from year to year. The main category is
“year.” Which country grew its production most? Which country produces a lot more oil
than natural gas?

Related Glossary Terms
Circle graph, Key, Line graph, Pie chart

Index

Find Term

Chapter 6 - Let me reflect on that
Chapter 16 - Graphs: Reading, under...

Bill Nye
Lorem ipsum dolor sit amet, consectetur adipisicing elit, sed do eiusmod tempor incididunt
ut labore et dolore magna aliqua. Ut enim ad minim veniam, quis nostrud exercitation
ullamco laboris nisi ut aliquip ex ea commodo consequat.

Related Glossary Terms
Drag related terms here

Index

Find Term

Biochar
Charcoal produced by burning plant matter in a low-oxygen environment. It can be buried
underground as the last step in a process (growing plants) to remove carbon dioxide from
the air.

Related Glossary Terms
Drag related terms here

Index

Find Term

Chapter 14 - Removing carbon from the atmosphere

Biofuels
Any fuels made directly from living matter, such as corn ethanol or biogas.

Related Glossary Terms
Drag related terms here

Index

Find Term

Chapter 13 - Using different sources of energy

Biogas
Gaseous fuel, most often methane (CH4) made by fermenting (chemically breaking down)
organic material, often animal waste.

Related Glossary Terms
Drag related terms here

Index

Find Term

Chapter 13 - Using different sources of energy

Biomass
The total mass of organisms or amount of living matter in an area.

Related Glossary Terms
Drag related terms here

Index

Find Term

Chapter 13 - Using different sources of energy

Black body radiation
The energy given oﬀ by every object in the universe that has a temperature above absolute
zero.

Related Glossary Terms
Drag related terms here

Index

Find Term

British thermal unit
Abbreviated as Btu, a British thermal unit is the amount of heat required to raise the
temperature of one pound of water by one degree Fahrenheit.

Related Glossary Terms
Drag related terms here

Index

Find Term

Chapter 13 - How are we doing?

Buoy
Pronounced “boo-ey.” A buoy is a float attached by a long line to a weight or anchor on the
ocean floor. Lobster buoys are colorful floating markers attached to heavy lobster traps on
the seabed.

Related Glossary Terms
Drag related terms here

Index

Find Term

Chapter 2 - Warming waters in Maine

Calcium carbonate
A chemical compound with the formula CaCO3, often found in rocks. It is the main
component of the shells of shellfish, snails, and bird eggs. It gradually dissolves in acid.

Related Glossary Terms
Drag related terms here

Index

Find Term

Chapter 5 - Where is carbon in the Earth system?

Carbon fingerprinting
Carbon fingerprinting refers to figuring out the source of carbon in a stock by analyzing the
ratio of heavy to light carbon. More light carbon means that more of the carbon came from
a once-living sources, e.g. from fossil fuels.

Related Glossary Terms
Fingerprinting
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Chapter 5 - Burning fossil fuels has raised carbon dioxide levels

Carbon negative
Any process that permanently removes some CO2 from the atmosphere.

Related Glossary Terms
Drag related terms here
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Chapter 14 - Removing carbon from the atmosphere

Carbon pollution
See carbon-polluting.

Related Glossary Terms
Carbon-polluting

Index

Find Term

Chapter 15 - Public policy approaches

Carbon-polluting
In 2007, the U.S. Supreme Court ruled in a 5-4 decision that carbon dioxide and other
greenhouse gases should be classified as pollutants, and the EPA (Environmental
Protection Agency) therefore has the right and duty to regulate their emissions.

Pollution refers to the introduction of harmful substances into the environment.

Related Glossary Terms
Carbon pollution

Index
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Celsius scale
Temperature scale used in most of the world and in much of science. Water freezes at 0
degrees C and boils at 100 degrees C. Each degree Celsius is equal to 1.8 degrees
Fahrenheit.

Related Glossary Terms
Fahrenheit scale, Kelvin scale
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Chapter 4 - Temperature

Chaotic effects
Eﬀects found when small changes in initial conditions can lead to large diﬀerences in
outcomes. Many weather eﬀects are chaotic. That means that, for example, a small change
in temperature in one place could mean heavy snowfall somewhere else.

Related Glossary Terms
Drag related terms here
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Chapter 9 - Weather, climate and uncertainty

Circle graph
A circle graph shows percentages of a measure that fall into diﬀerent categories, It allows
you to compare the size of parts to the whole and to each other. Also called a pie chart.
As an example, here is a circle graph or pie chart showing the sources of energy in Japan in
2009. You can see how important coal, gas and nuclear energy were overall, and you can
see that each contributed about the same amount to Japan’s total energy that year.

Related Glossary Terms
Bar graph, Pie chart, Scatterplot
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Chapter 4 - Greenhouse gases in our atmosphere
Chapter 16 - Graphs: Reading, under...

Citizen science
Large-scale scientific projects carried out with the help of many regular people, who often
make observations and gather data in far-flung places. Citizen scientists can also help
analyze data to figure out what it all means.

Related Glossary Terms
Drag related terms here
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Chapter 10 - Changes in growing conditions affect plants

Coast, coastal
Land that is close to or forms a border with the sea.

Related Glossary Terms
Delta, Down East, Gulf of Maine
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Chapter 2 - Warming waters in Maine

Complacent
Satisfied; pleased with a situation; not aware of dangers.

Related Glossary Terms
Drag related terms here
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Chapter 14 - Objections to geoengineering

Concentration
The concentration of a chemical or substance is how much of it there is in a certain volume
or amount of a carrier substance. For example, the concentration of carbon dioxide in
seawater is how much carbon dioxide you can measure in a certain volume or weight of
seawater.

Related Glossary Terms
Saturated
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Chapter 5 - The Keeling curve

Conduction
The movement of heat or electricity from one object to another that is directly touching it.
The opposite of a good conductor, which conducts heat or electricity easily, is a good
insulator.

Related Glossary Terms
Convection, Heat, Insulator
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Chapter 3 - What is heat?

Continuous
Smooth and connected, not cut up into chunks. In continuous data, it is possible to have all
the “in-between” points. For example, age is a continuous variable, because people of all
ages exist. What country you were born in, however, is a discontinuous or discrete variable.
Either you were born in a country or you were not. (A few babies born on ships or airplanes
aren’t enough to make nation of birth a continuous variable!)
Continuous variables can be graphed with connected or line graphs. For discrete variables,
you are better oﬀ using something like a bar chart or possibly a scatterplot.

Related Glossary Terms
Discontinuous, Discrete
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Chapter 3 - Mars, Venus, Earth and Mars
Chapter 4 - Visible light

Contour map
A graphic display that shows how the amount of some continuous variable varies across
two-dimensional space. Contour lines divide the surface into areas where the amount is
above or below a certain level. A classical contour map shows elevation of the landscape,
where peaks and valleys appear circled by contour lines.
Here, for example, is a topographical map, a kind of contour map, from the U.S. Geological
Survey (public domain). The lines connect points of equal elevation.

Related Glossary Terms
Drag related terms here
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Chapter 16 - Graphs: Reading, under...

Convection
Convection is the transfer of heat as it is carried from one place to another by a fluid, which
can be a liquid or a gas.

Related Glossary Terms
Conduction, Heat, Radiation

Index

Find Term

Chapter 3 - What is heat?

Coral bleaching
Coral bleaching, or whitening of colorful corals, occurs when stressed corals eject or throw
out the algae that help them grow. Bleached coral is dying coral.

Related Glossary Terms
Drag related terms here
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Chapter 2 - Coral bleaching in Australia

Culprit
The person or thing at fault. The one to blame.

Related Glossary Terms
Drag related terms here
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Data
Bits of information; facts or statistics.

Related Glossary Terms
Drag related terms here
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Find Term

Chapter 2 - Displaying and Understanding Data

Debt
Owing money. Also, the amount that is owed.

Related Glossary Terms
Indentured servitude
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Chapter 2 - Flooding in Bangladesh

Delta
The area at the mouth or outflow of a river, where many rivulets or streams criss-cross the
coastal land.

Related Glossary Terms
Coast, coastal

Index

Find Term

Dense
Density is a measure of mass per unit volume, that is, how much stuﬀ there is in a given
space. An object or substance that is dense may be heavier than you expect for its size. An
object denser than water will sink. A material less dense than air (say a hydrogen balloon)
will rise.

Related Glossary Terms
Drag related terms here
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Chapter 3 - How heat drives the weather

Dependent variable
The output variable that changes as a result of change in another, input or independent
variable. Usually this variable is graphed on the vertical axis of a graph.

Related Glossary Terms
Independent variable
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Chapter 8 - Carbon dioxide and temperature
Chapter 16 - Graphs: Reading, under...

Discontinuous
Discontinuous data are discrete; they fall into chunks or categories. They are not smooth
and continuous.

Related Glossary Terms
Continuous, Discrete
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Discrete
Separate or distinct. Discrete data involve separate categories or objects. Discrete or
discontinuous data are the opposite of continuous data.
Don’t confuse this word, discrete, with discreet, which means good at keeping secrets.

Related Glossary Terms
Continuous, Discontinuous
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Chapter 3 - Mars, Venus, Earth and Mars

Distorted
Pushed out of its usual or expected shape.

Related Glossary Terms
Drag related terms here
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Chapter 5 - The Keeling curve

Down East
An expression meaning farther east and north in the Gulf of Maine. It is called “down”
because the prevailing winds blow from the southwest along the coast, so sailing vessels
used to sail “downwind” to travel east.

Related Glossary Terms
Coast, coastal, Gulf of Maine
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Chapter 2 - Warming waters in Maine

Drought
A period, usually lasting more than a year, of not enough rainfall or other precipitation.
Drought can lead to crop failure.

Related Glossary Terms
Drag related terms here
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Chapter 2 - Drought in California

Electromagnetic waves
Waves that carry energy and travel through space at the speed of light. They are caused by
changes in movement of an electrical charge.

Related Glossary Terms
Infrared, Radiation, Ultraviolet
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Chapter 3 - What is heat?
Chapter 4 - Visible light

Emitted
Sent out or released. To emit is the opposite of to absorb.

Related Glossary Terms
Absorbs

Index

Find Term

Equator
An imaginary line that runs horizontally around the middle of the earth. Lands close to the
equator are usually quite warm, without seasonal variation.

Related Glossary Terms
Latitude
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Chapter 3 - Sun and seasons

Equilibrium
Balance that comes from equal action of opposing forces or equal amounts of a substance
or energy coming in and going out of a system.

Related Glossary Terms
Drag related terms here
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Chapter 5 - Cimate sensitivity: blanket of carbon dioxide

Erosion
Erosion is the moving of sediment, like sand, soil, pebbles or bits of rock, by water or
physical forces. Flooding and wave action from storms can cause major erosion.

Related Glossary Terms
Drag related terms here

Index

Find Term

Chapter 2 - Flooding in Bangladesh

Estivate
To enter a period of torpor or very low activity during the hot dry months to avoid
overheating or drying out. Some snails, amphibians and insects estivate.

Related Glossary Terms
Hibernate
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Chapter 10 - Climate change can affects animals' activity level

Evaporation
The process of liquid water changing phase to become water vapor. This phase change
requires heat, and the water vapor stores “latent heat” that is released when it condenses
again into a liquid or solid.

Related Glossary Terms
Latent heat
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Chapter 3 - How heat drives the weather

Evidence
Evidence is information that supports or weighs against a point of view. Scientific evidence
is objectively gathered data and information that tells us whether or not a scientific
hypothesis is likely to be true.

Related Glossary Terms
Anecdote, Hypothesis
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Exchanges
In this book, to exchange means to move from one store or stock to another. For example,
water exchanges between the ocean and the atmosphere. Carbon may exchange between
the shells of sea creatures and dissolved carbon dioxide in the ocean. A whole collection of
exchanges make up a cycle such as the carbon cycle or the water cycle.

Related Glossary Terms
Stock, Store

Index

Find Term

Chapter 5 - How does carbon move through the Earth system?

Exoskeleton
The hard outer structure of a soft-bodied animal, such as the shell of a snail or the hard
outer surface of an insect.

Related Glossary Terms
Drag related terms here
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Chapter 7 - Water absorbs carbon dioxide

Fahrenheit scale
The temperature scale commonly used in the U.S., where water freezes at 32 degrees F
and boils at 212 degrees F. Each Fahrenheit degree is 5/9 the size of a degree Celsius.

Related Glossary Terms
Celsius scale, Kelvin scale
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Chapter 4 - Temperature

Feedback loops
The process of a system’s outputs aﬀecting its inputs. In a system, when changes in factor
A (input) causes changes in factor B (output), and then changes in factor B act back on
factor A, you have a feedback loop. Feedback loops can be positive or negative.

Related Glossary Terms
Negative feedback loop, Positive feedback loop
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Chapter 3 - Earth is a system
Chapter 5 - Out of balance

Fingerprinting
See carbon fingerprinting.

Related Glossary Terms
Carbon fingerprinting
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Chapter 5 - Burning fossil fuels has raised carbon dioxide levels

Finite
Measurable, having an end; not infinite.

Related Glossary Terms
Drag related terms here
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Chapter 9 - Weather, climate and uncertainty

Flow chart
A flow chart is a diagram of the steps in a process. Usually there are decision points where
the user answers a question to decide which direction to take for the next step.

Related Glossary Terms
Drag related terms here
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Chapter 16 - Graphs: Reading, under...

Fossil fuels
Oil, coal, or natural gas. These burnable fuels currently supply most of the energy people
use. Fossil fuels come from long-ago living things buried underground and changed by heat
and pressure over thousands to hundreds of millions of years.

Related Glossary Terms
Drag related terms here
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Chapter 3 - Most of Earth’s energy comes from the sun
Chapter 5 - How does carbon move through the Earth system?

Generation time
How long it takes an organism to reproduce. It can range from hours in bacteria to decades
in large mammals like people or elephants.

Related Glossary Terms
Drag related terms here
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Chapter 10 - How fast can plants and animals adapt?

Geoengineering
A deliberate attempt to make large-scale changes in the Earth system, based on scientific
knowledge, as a way to stop or reverse global warming.

Related Glossary Terms
Drag related terms here
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Chapter 14 - Reflecting more of the sun's rays

Geothermal energy
Energy in the form of heat that comes from deep underground, where layers below the
crust heat rocks and water. This energy comes originally from the heat of Earth’s core.

Related Glossary Terms
Drag related terms here

Index

Find Term

Chapter 3 - Most of Earth’s energy comes from the sun
Chapter 13 - Using different sources of energy

Gigaton
A billion metric tons, equal to 2,200,000,000,000 pounds.

Related Glossary Terms
Drag related terms here
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Chapter 5 - Where is carbon in the Earth system?

Glacier
An accumulation of layered snow and ice that lasts many seasons or years.

Related Glossary Terms
Recede
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Chapter 2 - Shrinking glaciers in South America

Great Barrier Reef
A giant coral reef oﬀ the coast of Australia.

Related Glossary Terms
Drag related terms here
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Chapter 2 - Coral bleaching in Australia

Greenhouse gases
Gases that tend to absorb and re-radiate infrared waves. In our atmosphere, the most
important greenhouse gases are carbon dioxide, water vapor, nitrous oxide and methane.

Related Glossary Terms
Drag related terms here
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Chapter 4 - Earth radiates heat!

Gulf of Maine
The part of the northwest Atlantic Ocean that is bordered on the south by Cape Cod in
Massachusetts and on the north by part of Canada.

Related Glossary Terms
Coast, coastal, Down East
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Habitat
The place or ecological area where a living thing naturally grows.

Related Glossary Terms
Drag related terms here
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Chapter 2 - Coral bleaching in Australia

Heat
Energy that flows spontaneously from one body to another of lower temperature.

Related Glossary Terms
Conduction, Convection, Radiation, Temperature

Index
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Chapter 3 - What is heat?

Heat capacity
The amount of heat it takes to raise the temperature of an object or substance by one
degree. A substance with a higher heat capacity takes longer to heat or cool.

Related Glossary Terms
Drag related terms here

Index
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Chapter 7 - Water stores heat

Heat exhaustion
A condition caused by too much heat and not enough fluids. A person with heat exhaustion
feels faint and nauseated. Their pulse is fast and their skin is clammy, as they sweat
profusely. A person with heat exhaustion may faint and collapse. They will need fluids to
recover.

Related Glossary Terms
Drag related terms here
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Chapter 12 - Adapting to heat and drought

Heat stroke
Heat stroke is more serious than heat exhaustion. It occurs when the body of a person
exposed to too much heat for too long loses its ability to cool itself. The person no longer
sweats. They have a rapid pulse and fever, their skin is hot and dry, and they can become
delirious, fall into a coma or die.

Related Glossary Terms
Drag related terms here
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Chapter 11 - Extreme heat
Chapter 12 - Adapting to heat and drought

Hibernate
To enter a state of torpor, which means low activity and metabolism, in order to preserve
energy during the cold months of winter. A hibernating animal appears to be in a deep
sleep, with lowered temperature, breathing rate and heart rate.

Related Glossary Terms
Estivate
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Chapter 10 - Climate change can affects animals' activity level

Horizontal axis
In a graph, the horizontal axis goes from left to right. It records the input variable, the one
you are changing to see what its eﬀect will be. In a line graph, the horizontal axis usually
shows the passage of time. Also called the x-axis.

Related Glossary Terms
Independent variable, Line graph, Vertical axis
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Chapter 3 - Mars, Venus, Earth and Mars

Hydropower
Energy that comes from falling or flowing water that turns a turbine.

Related Glossary Terms
Turbine

Index
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Chapter 13 - Using different sources of energy

Hypotheses
See “hypothesis”

Related Glossary Terms
Hypothesis
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Chapter 2 - Anecdotes and Evidence

Hypothesis
A hypothesis is a trial explanation that can be tested. For example, the hypothesis, “Maybe
sea level seems to be rising in Bangladesh because the land is sinking” can be tested by
satellite and surveying measurements of land elevation.

Related Glossary Terms
Evidence, Hypotheses
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Incandescent light bulb
A glass bulb in which electricity heats a thin wire, often made of tungsten, to such a high
temperature that it glows brightly.

Related Glossary Terms
Drag related terms here
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Chapter 3 - How much sunlight?

Indentured servitude
A condition close to slavery, where a person must work without pay and often in harsh
conditions in order to pay oﬀ a debt.

Related Glossary Terms
Debt

Index
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Chapter 2 - Flooding in Bangladesh

Independent variable
The input value, which either changes smoothly on its own, like time, or changes because
the experimenter is adjusting it on purpose to see what happens. An example might be
temperature, if for example you were heating water to see if warm water can dissolve more
salt or CO2.
The independent variable is usually graphed on the horizontal x-axis.

Related Glossary Terms
Dependent variable, Horizontal axis
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Chapter 8 - Carbon dioxide and temperature

Infographic
An image that usually combines pictures with a few select words to convey information.

Related Glossary Terms
Drag related terms here
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Chapter 11 - Climate and crops

Infrared
The portion of the electromagnetic spectrum just beyond red light. Infrared light has slightly
lower energy and longer wavelengths than visible light. People can’t see infrared light
directly, but they perceive it as heat, and various instruments and cameras can detect it.
Some of the infrared waves radiated by Earth are captured and re-radiated by greenhouse
gases in our atmosphere.

Related Glossary Terms
Electromagnetic waves
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Chapter 4 - Visible light
Chapter 4 - The electromagnetic spectrum

Insulator
A material that tends to resist conduction of heat or electricity.

Related Glossary Terms
Conduction
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Chapter 3 - What is heat?

Intense
Strong or extreme.

Related Glossary Terms
Drag related terms here
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Chapter 3 - How heat drives the weather

Intensity
Strength or great energy; an extreme degree of something.

Related Glossary Terms
Drag related terms here
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Chapter 3 - Two experiments to model the sun’s heat

Interval
A step; a period of time; the space between two points or measurements. In graphing, the
distance between marks on an axis.

Related Glossary Terms
Drag related terms here
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Chapter 8 - What causes ice ages
Chapter 9 - Constructing a contour map of temperature

Intuitive
Based on innate understanding or gut feeling rather than data and analysis.

Related Glossary Terms
Drag related terms here
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Chapter 3 - What is heat?

Ions
Charged atoms or molecules. Atoms become ionized by losing or gaining electrons.

Related Glossary Terms
Drag related terms here
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Chapter 7 - Water absorbs carbon dioxide

Isotopes
Diﬀerent “versions” of an atom, all containing the same number of protons but in which the
numbers of neutrons diﬀers. Diﬀerent isotopes of an element behave the same way
chemically, but their ratio in ice or shells, plants or air can change slightly as temperature
changes. This allows us to measure past temperatures.

Related Glossary Terms
Drag related terms here
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Chapter 5 - Burning fossil fuels has raised carbon dioxide levels

Kelvin scale
A temperature scale that starts at absolute zero, often used in science. 273 degrees K is
equal to 0 degrees Celsius. Each Kelvin degree is equal in size to one Celsius degree or 1.8
Fahrenheit degrees.

Related Glossary Terms
Celsius scale, Fahrenheit scale
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Find Term

Chapter 4 - Temperature

Key
Usually found in a box below or beside a graph or map, the key is a guide to what diﬀerent
symbols, colors, or shapes in the image represent.

Related Glossary Terms
Bar graph
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Chapter 12 - Human migration
Chapter 16 - Graphs: Reading, under...

Latent heat
The heat required for melting or evaporating that is not reflected in a change in temperature
but only in a change of state. It takes heat to melt ice cubes into water, but when it is first
melted, water will have a temperature of zero degrees Celsius. The heat that it absorbed in
melting will be released again if the water re-freezes.

Related Glossary Terms
Evaporation
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Chapter 7 - Water transports heat

Latitude
A measure of how far north or south a place is, measured as an angle from the equator. The
equator lies at zero degrees latitude, while the north pole is at 90 degrees north and the
south pole is at 90 degrees south.

Related Glossary Terms
Equator, Northern hemisphere, Southern hemisphere
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Chapter 3 - How much sunlight?

Latrine
An outdoor toilet; basically a hole in the ground surrounded by a shed.

Related Glossary Terms
Drag related terms here
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Chapter 11 - Droughts, floods and clean water

Line graph
A very common kind of graph used to compare changes in two variables. Lines connect the
points of the graph to show a trend, usually a trend over time.
Here is an example showing how energy consumption in the U.S. has changed over time.
This is a public domain graph from the Energy Information Administration. In this multiple
line graph, each colored line represents a diﬀerent source of energy and shows how its use
has changed over many years.

In a line graph, the horizontal x-axis shows the independent or input variable. This is the
variable that is smoothly changing and that you are using to look for a trend. Most often, in
a line graph, you are looking at how something changes over time, so the x-axis shows
time.
The vertical or y-axis shows the dependent variable--the quantity that is aﬀected by or
changing because of the x-variable. For example, if you are looking at how oil production
changes over time, oil production isn’t making time change; it’s the other way around.
Similarly, if you are comparing frog health in a pond with changing temperature levels, the
frogs don’t aﬀect the temperature; it’s the other way around. Temperature will be the
independent variable on your x-axis, and number of frogs surviving will be the dependent
variable on your y-axis.

Related Glossary Terms
Bar graph, Horizontal axis, Scatterplot, Vertical axis
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Chapter 16 - Graphs: Reading, under...

Marine
Having to do with the oceans.

Related Glossary Terms
Drag related terms here
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Chapter 5 - Where is carbon in the Earth system?

Marine biologists
Scientists who study living things in the ocean.

Related Glossary Terms
Drag related terms here
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Chapter 2 - Coral bleaching in Australia

Methane
The simplest hydrocarbon, whose molecules consist of one carbon atom and four
hydrogen atoms. Written CH4. Methane is a major component of natural gas. On earth it is
a minor greenhouse gas.

Related Glossary Terms
Drag related terms here
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Chapter 5 - Where is carbon in the Earth system?

Mnemonic
A trick or aid to help you remember something, such as the name “ROY G. BIV” to help
recall the colors of the spectrum in order from longer to shorter wavelengths.

Related Glossary Terms
Drag related terms here
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Chapter 4 - Visible light

Mutations
Random changes in an organism’s DNA that can be caused by radiation, chemicals, or
chance. Mutations can lead to changes in the proteins an organism makes. These can have
a positive or negative eﬀect on the organism’s chance to survive and reproduce.

Related Glossary Terms
Adapt
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Chapter 10 - How fast can plants and animals adapt?

Nanometer
One billionth of a meter.

Related Glossary Terms
Drag related terms here

Index
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Chapter 4 - Visible light

Negative feedback loop
The opposite of a positive feedback loop. Also known as a balancing cycle. A change in
stock A leads to a change in stock B, which in turn leads to stock A to change back in the
opposite direction, tending to return to where it was at the start.

Related Glossary Terms
Balancing cycles, Feedback loops, Positive feedback loop, Stock
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Chapter 6 - Looking at system feedback

Noise
Random changes in data that tend to hide or obscure overall trends. For example, noise
can be background sound that messes up an audio tape or daily variations in temperature
that make it hard to see longer-term changes in climate.

Related Glossary Terms
Drag related terms here
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Chapter 5 - The Keeling curve

Northern hemisphere
The half of Earth that is north of the equator.

Related Glossary Terms
Latitude

Index
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Chapter 3 - Sun and seasons

Oscillate
To swing back and forth in a predictable pattern.

Related Glossary Terms
Drag related terms here

Index
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Chapter 5 - The Keeling curve

Passenger
In the climate system, a passenger is a measure or factor that “goes along for the ride.” As
climate changes, so does the passenger, but it is not the main cause or driver of the
change. An example of a climate change passenger is water vapor, which moves in and out
of the atmosphere (changing to rain or snow) so rapidly that it is not a cause by itself of
longterm temperature change.

Related Glossary Terms
Drag related terms here
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Chapter 4 - Greenhouse gases in our atmosphere
Chapter 8 - Carbon dioxide and temperature

Peat bogs
Marshes or swamps in which layers of moss or other plants have lived and died for
generations, creating a compressed organic fuel.

Related Glossary Terms
Drag related terms here
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Chapter 5 - How does carbon move through the Earth system?

Per-capita
Per-person, per-citizen. Per-capita CO2 emissions for a country are the total emissions
divided by the population of the country.

Related Glossary Terms
Drag related terms here
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Chapter 13 - The 2016 Paris accords

Perpendicular
At right angles to; pointing ninety degrees away from.

Related Glossary Terms
Drag related terms here
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Chapter 3 - Sun and seasons

pH
A measure of acidity or basicity of a watery solution. Neutral water has a pH of 7. Levels
lower than 7 are acidic and levels higher than 7 are basic. The pH of ocean water today is
about 8.1, down from 8.2 a couple of centuries ago. Although this sounds like a small
change, in fact it means the ocean is 25 to 30 percent more acidic than it was two hundred
years ago..

Related Glossary Terms
Acidity
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Chapter 12 - Ecosystems

Photosynthesis
The chemical process occurring in all green plants that converts carbon dioxide and water,
in the presence of light, to oxygen and sugars that can be used for energy.

Related Glossary Terms
Respiration
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Photovoltaics
Technology that converts the electromagnetic energy of sunlight directly into electricity.
Used in solar arrays.

Related Glossary Terms
Drag related terms here
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Chapter 13 - Using different sources of energy

Pie chart
A pie chart or circle graph shows percentages of a measure that fall into diﬀerent
categories, It allows you to compare the size of parts to the whole and to each other.
For an example, click on “circle graph” below.

Related Glossary Terms
Bar graph, Circle graph, Scatterplot
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Chapter 4 - Greenhouse gases in our atmosphere
Chapter 16 - Graphs: Reading, under...

Positive feedback loop
A loop in a system whereby a change in stock A causes a change in stock B that in turn
leads to further change in stock A in the same direction. A positive feedback loop can be
thought of as causing more and more change in the same direction.

Related Glossary Terms
Feedback loops, Negative feedback loop, Reinforcing cycle, Stock
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Chapter 6 - Looking at system feedback

Power
The rate at which energy can be used or converted; the rate at which work is done. In this
book, power is usually measured in watts.

Related Glossary Terms
Watt
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Find Term

Chapter 3 - How much sunlight?

Radiation
The process in which energy emitted as waves by one object travels through space where it
can be absorbed by another.

Related Glossary Terms
Convection, Electromagnetic waves, Heat, Radioactive

Index
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Chapter 3 - What is heat?

Radioactive
Radioactive elements have heavy, unstable nuclei. These nuclei break down at a steady
rate by emitting radiation in the form of particles and waves. When the nucleus emits
radioactive particles, the element becomes a diﬀerent element. For example, uranium can
break down through a series of steps into lead.

Related Glossary Terms
Radiation
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Chapter 3 - Most of Earth’s energy comes from the sun
Chapter 13 - Using different sources of energy

Range
In a set of measurements or on a graph, the range is the distance or number of units
between the highest and lowest value.

Related Glossary Terms
Drag related terms here
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Chapter 9 - Constructing a contour map of temperature

Ratio
Proportion. A number or pair of numbers that compares one quantity to another. A ratio is
often but not always written as a fraction. All of the following are ratios:

1/3
.60
8 to 3
26 miles per gallon
532 miles per hour

Related Glossary Terms
Drag related terms here
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Chapter 8 - Drilling for ice

Recede
To pull back or shrink. As the earth warms, glaciers recede.

Related Glossary Terms
Glacier
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Chapter 2 - Shrinking glaciers in South America

Reinforcing cycle
In a system, a reinforcing cycle, also caused a positive feedback loop, is one in which
increase in one store leads to change in another, and that change in turn causes even more
increase in the first.

Related Glossary Terms
Positive feedback loop
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Chapter 6 - Looking at system feedback

Repertoire
Prononced “REP-er-Twahr,” this is an organism’s bag of tricks, the full set of behaviors or
strategies it can call on.
“Repertoire” also refers to all the pieces that a performer like a singer or actor can present.

Related Glossary Terms
Drag related terms here
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Chapter 10 - How fast can plants and animals adapt?

Reservoir
A reservoir is an artificial lake or storage area for water.
A reservoir can also be a store of anything. For example, we can refer to a “heat reservoir”
or “a reservoir of good will.”

Related Glossary Terms
Store
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Chapter 2 - Drought in California
Chapter 5 - Where is carbon in the Earth system?

Respiration
1. Breathing
2. The process in living things by which sugars and oxygen are broken down into water and
carbon dioxide, releasing energy in the process.

Related Glossary Terms
Photosynthesis
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Chapter 5 - How does carbon move through the Earth system?

Rotation
Spinning about an axis.

Related Glossary Terms
Drag related terms here
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Chapter 3 - How heat drives the weather

Runoff
Water flowing from melting snow or upstream rivers that can help to irrigate the land.

Related Glossary Terms
Drag related terms here
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Chapter 2 - Drought in California

Salinity
A measure of how much salt is dissolved in a given amount of water. The concentration of
salt in water.

Related Glossary Terms
Drag related terms here
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Chapter 3 - How heat drives the weather

Saturated
Containing as much of one substance as possible dissolved in another. For example, if a
glass of water is saturated with salt, adding any more will cause salt to fall out of solution
and collect in the bottom of the glass. When the atmosphere is saturated with water vapor,
any more will cause the vapor to condense into precipitation.

Related Glossary Terms
Concentration
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Chapter 7 - Ocean effects: Summary

Scatterplot
A chart of plotted points that shows the relationship between two sets of data. We use a
scatterplot in place of a line graph when we are focusing on individual data points instead
of assuming a smooth relationship between two kinds of data.
This example from Wikipedia plots per-capita income--the average amount of money for
every individual in a country--versus the average number of kiloWatts of energy each
person in that country uses. Individual countries are important, so the author used a
scatterplot.

If the authors of this book were drawing this graph, we would have put per-capita income
on the x-axis and average energy use on the y-axis. Why?

Related Glossary Terms
Circle graph, Line graph, Pie chart
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Chapter 2 - Flooding in Bangladesh
Chapter 16 - Graphs: Reading, under...

Scenario
An assumed or suggested set of conditions or sequence of events. A climate scenario is a
picture of what will happen to the climate under certain conditions, such as specific levels
of population growth and use of fossil fuels.

Related Glossary Terms
Drag related terms here
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Chapter 9 - Weather, climate and uncertainty

Seasons
Variation throughout the year in the length of day, direction of sunlight, average temperature
and usual weather, all caused by the tilt in Earth’s axis as it circles the sun.

Related Glossary Terms
Southern hemisphere, Winter
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Chapter 3 - Sun and seasons

Sewage
Wastewater and solid waste that passes through sewers to carry it away from people’s
houses.

Related Glossary Terms
Drag related terms here
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Chapter 11 - Droughts, floods and clean water

Snorkel
Snorkeling is swimming with a face mask and a bent tube that goes from the mouth to the
air above.Here’s a snorkeler jumping into the water.

Related Glossary Terms
Drag related terms here
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Chapter 2 - Coral bleaching in Australia

Southern hemisphere
The half of Earth that is south of the equator.

Related Glossary Terms
Latitude, Seasons
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Chapter 3 - Sun and seasons

Spillway
An overflow passage for water held behind a dam.

Related Glossary Terms
Drag related terms here
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Chapter 2 - Drought in California

Stock
In a system, a stock is a collection, amount, or store of something.

Related Glossary Terms
Exchanges, Negative feedback loop, Positive feedback loop, Store
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Chapter 3 - Earth is a system
Chapter 5 - Where is carbon in the Earth system?

Store
A store, a stock, or a reservoir all all names for a a collection or amount of something in a
system. For example, we may talk about the store of carbon found underground in fossil
fuels.

Related Glossary Terms
Exchanges, Reservoir, Stock
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Chapter 5 - Where is carbon in the Earth system?

Storm surge
A storm surge is an unusually high water level and high waves that occur temporarily during
a storm.

Related Glossary Terms
Drag related terms here
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Stratosphere
The layer of Earth’s atmosphere that stretches from about ten to thirty kilometers above the
surface. It lies above the clouds and weather found in the atmosphere’s lowest layer. Jets
fly in the lower part of the stratosphere.

Related Glossary Terms
Drag related terms here
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Chapter 6 - What about volcanoes?

Subducting
Subduction occurs when two tectonic plates of Earth’s crust run against each other, and
one sinks or subducts under the other.

Related Glossary Terms
Drag related terms here
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Chapter 7 - Warm water expands

Supernovas
Supernovas are stars that have collapsed under their own weight and exploded, spewing
heavy elements at great speed through space.

Related Glossary Terms
Drag related terms here
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Chapter 3 - Most of Earth’s energy comes from the sun

System
A system is a set of interconnected parts that aﬀect one another. A system can have stocks
of things or energy, inputs and outputs, and feedback loops.

Related Glossary Terms
Drag related terms here
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Tambora
A volcano on the island of Sumbawa in Indonesia. Its eruption in 1815 was probably the
largest volcanic eruption on Earth in the past ten thousand years.

Related Glossary Terms
Drag related terms here
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Chapter 6 - What about volcanoes?

Temperature
A measurement to compare hot and cold objects. Temperature measures the average
movement of molecules in a substance. We have three major temperature scales: Celsius,
Fahrenheit, and Kelvin.

Related Glossary Terms
Heat, Temperature anomaly
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Chapter 3 - What is heat?

Temperature anomaly
A temperature measurement that diﬀers from what is expected or from past experience.

Related Glossary Terms
Anomaly, Temperature
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Chapter 8 - Carbon dioxide and temperature

The International Panel on Climate Change
The IPCCC is a group of climate scientists from all over the world who study research and
come together to summarize our best understanding of what is happening to Earth’s
climate.

Related Glossary Terms
Drag related terms here
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Chapter 9 - Weather, climate and uncertainty

Tidal energy
Energy drawn from the rapid flow of tidal surges over a turbine. The moon’s gravity supplies
this energy, and it works best where tides swing widely and water rushes through a narrow
channel.

Related Glossary Terms
Drag related terms here
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Chapter 13 - Using different sources of energy

Tropical cyclone
A tropical cyclone is a whirling storm with high winds and rain that forms over the ocean in
the tropics near the equator. Tropical cyclones are known as typhoons in the north Pacific,
as hurricanes in the north Atlantic, and as cyclones in the southern hemisphere.

Related Glossary Terms
Typhoon
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Chapter 2 - Flooding in Bangladesh

Turbine
A mechanical device that is turned by moving fluid such as water or air, and that converts
this to a rotary motion that generates electricity or thrust (in an airplane).

Related Glossary Terms
Hydropower
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Chapter 3 - Most of Earth’s energy comes from the sun

Typhoon
A typhoon is what we call a tropical cyclone (like a hurricane) when it occurs in the Pacific
Ocean north of the equator.

Related Glossary Terms
Tropical cyclone
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Chapter 4 - Greenhouse gases in our atmosphere

Ultraviolet
The part of the electromagnetic spectrum just beyond violet. It has shorter wavelengths and
higher energy than visible light. Honeybees can see ultraviolet light, but humans can’t.
Ultraviolet light, also known as UV, is responsible for sunburn but can be partially blocked
by sunscreen.

Related Glossary Terms
Electromagnetic waves, UV

Index

Find Term

Chapter 4 - Visible light

Uncertainty
Uncertainty refers to the fact that when there is imperfect or unknown information,
predictions of the future include a range of possible outcomes. You get a range of possible
measurements, rather than one absolutely certain answer.

Related Glossary Terms
Drag related terms here
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Chapter 9 - Weather, climate and uncertainty
Chapter 9 - Earth's climate in 2100

UV
Short for ultraviolet.

Related Glossary Terms
Ultraviolet
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Chapter 4 - Visible light

Variation
In scientific measurement, variation refers to the way multiple measurements are usually
spread out instead of being all exactly the same. For example, even if you measure your
own height several times in one day, you are likely to get several slightly diﬀerent
measurements. I
If you look at measurements among groups, you will see even more variation. For example,
say you are comparing the heights of sixth graders and eighth graders in your school. Both
groups will show a lot of variation, and there will probably be some overlap.

Related Glossary Terms
Drag related terms here
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Chapter 6 - Let me reflect on that
Chapter 6 - Let me reflect on that
Chapter 9 - Earth's climate in 2100

Vertical axis
In a graph, the vertical axis is the one that goes up and down. It’s usually found on the left,
but sometimes there are two vertical axes, one on each side of the graph. This allows you
to graph more than one variable at once, for example carbon dioxide and temperature. The
vertical axis is also called the y-axis.

Related Glossary Terms
Horizontal axis, Line graph
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Chapter 3 - Mars, Venus, Earth and Mars

Watt
A watt is a measure of power, equivalent to one joule per second. We measure the amount
of energy reaching Earth from the sun in watts per meter squared. An average incandescent
light bulb puts out about 60 to 100 watts.

Related Glossary Terms
Power
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Chapter 3 - How much sunlight?

Winter
The season in which Earth’s axis tilts away from the sun in your hemisphere, leading to
fewer hours of daylight and less direct sunlight. In the northern hemisphere, winter occurs
in December, January and February. In the southern hemisphere, it occurs in June, July and
August.

Related Glossary Terms
Seasons
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Chapter 3 - Sun and seasons

