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Introduction: Energy Flow

This book, Energy Flow, is about Earth 
systems which involve changes and interactions 
between things. There is never change without 
energy. 

Energy may be a tricky concept to understand 
even though it is all around us, and inside of us.  
Gravitational energy holds our atmosphere on 
the surface of the Earth, and keeps our entire 
planet together.  Energy from the Sun provides 
light and warmth to keep us from freezing. 
Energy from natural radioactivity deep inside 
the Earth causes earthquakes and volcanoes, 
and has shaped the surface of our planet over 
eons of time.  Electrical energy illuminates our 
houses and runs our gadgets. We use energy in 
cooking. We know that food gives us energy which 
our bodies convert to muscle energy, body heat, 

mind energy, sexual energy, and nervous energy. 
We all need energy to survive.  But energy is not 
easy to define.  The energy in a gallon of gasoline, 
in a flashlight battery, or in a chocolate chip 
cookie is not something you can point to or easily 
communicate in a drawing.

Understanding how energy flows through 
Earth’s systems is absolutely essential if you are 
to understand the natural processes that shape 
our world, and the many ways that we—the human 
species—are changing it.

The more you realize what energy is, the 
more places you can “see” it in the world. Energy 
operates in the tiniest of systems, in the largest 
of systems and in every system in between. The 
energy in wind ranges from a gentle breeze 
delightfully caressing your hair to a hurricane 

Waterfall in Hawaii. 
Photo by Alan Gould,
Lawrence Hall of Science.

Which of the waterfalls shown on this page and 
the next page carries the most energy?   

How do you know?

Niagara Falls Photo courtesy U. S. Geological Survey.

Introduction
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force gale blowing down trees and ripping off 
the roofs of houses in a whole community. 
The energy of things moving downwards 
includes grains of sand falling in an hourglass, 
a skateboarder zooming down a steep mountain 
road, or a fearsome landslide with millions of 
tons of soil and rock. Astronomers use huge 
telescopes to try to detect tiny amounts of 
light reaching us from the most distant stars, 
yet light from the Sun can melt metal on the 
planet Mercury. Your compact disc player or 
CD-ROM in your computer uses the tiniest of 
lasers to read music or other information from 
plastic disks, while a larger laser system can 
cut through tissue in laser surgery or blast a 
hole in a piece of metal. 

Energy can unfold very quickly or very 
slowly. The energy of tree roots growing in the 
ground is very slow, but powerful enough to 
crack sidewalks and damage houses over long 
periods of time. Movement of the ground along 
a fault line can warp a fence over many years 
or destroy a whole house in seconds. 

In this book you will find several key 
concepts about energy and several intriguing 
examples of energy in Earth systems. Try to 
think of energy flow as happening in things 
around you in your everyday life, and the 
same forms of energy causing large scale 
catastrophic events. 

Yosemite National Park. Photo by Alan Gould, 
Lawrence Hall of Science.

A waterfall on the island of 
Pohnpei, in Micronesia. 
Photo by 
Alan Gould, 
Lawrence Hall 
of Science.



4 Global Systems Science Energy Flow—Chapter 1: What Is Energy?

1. What Is Energy?

You lean out of the window, far enough to 
feel the breeze on your face. The City is spread 
out beneath you. New York. The Big Apple. A 
million moving points of light seem to throb with 
energy. Cars move across the Brooklyn Bridge. 
People walk the sidewalks. Water flows in the 
East River. All is a swirl of energy.

But the movement and lights of the City are 
not the only forms of energy that surround you. 
You feel the energy of the wind on your face. As 
you walk down the street with earphones pouring 
great sound energy into your ears, you notice 
the sidewalk is cracked and slightly askew. Tree 
roots have grown under that sidewalk and the 
enormous energy of the tree’s growth has broken 
the concrete. Your friend in Los Angeles also has 
a cracked sidewalk, but she wonders if it is really 

tree roots or the relentless energy of movement 
of the ground itself in an earthquake fault zone 
that is breaking the concrete. 

It is getting dark. On returning home you 
feel warmth from the gas heater. You feel the 
energy from dinner surge through your veins, re-
energizing you for the evening’s activity. Energy 
moves through you and around you. 

Much of the energy flowing around you has 
really come from the Sun, even energy from 
electrical power plants to run the world at night, 
the chemical energy stored in batteries and 
gasoline, and the biological energy stored in our 
bodies.  But the Sun went down a half hour ago. 
How can the Sun’s energy still be all around you?  
What could the Sun possibly have to do with it? 
Here’s how...

Chapter 1
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Energy from the Sun
A few hours ago sunlight poured in through the 

window. That energy had left the surface of the Sun 
and traveled through empty space by radiation, taking 
about 8 minutes to travel 155 million kilometers to the 
window of your apartment. Passing through the glass 
window, the light rays were absorbed by the linoleum 
floor.

If we could look at the floor with the world’s 
most powerful microscopes, we might see that it’s 
made of molecules—tiny particles held together in a 
rigid structure, vibrating in place like quivering balls 
of Jello™. When sunlight falls on the molecules they 
vibrate more vigorously. If we touch the linoleum, we 
experience this jiggling as heat. The vibrating molecules 
jiggle the ones next to them, and those jiggle others, 
until the whole area of the floor is warmer. This flow 
of heat by contact is called conduction.

Now that the Sun has set, its light no longer comes 
in through the window, but the linoleum is still warm. 
As it cools, it radiates infrared energy, which cannot be 
seen by the human eye. But if we took a picture using 
infrared-sensitive film, we’d see a bright area on the 
floor where warmth from the day continues to linger. 
We’d also see our bodies and dogs and cats as brightly 
glowing shapes because they, too, have infrared energy 
pouring from them.

 The window is not the only way that energy from the Sun gets inside our 
apartment. The natural gas that our heater uses as fuel was formed millions 
of years ago, when solar energy was stored in the tissues of green plants. The 
plants died and were buried in the Earth, and slowly decayed over millions 
of years, forming coal, oil, and natural gas. The energy from the Sun was 
stored in these fuels in the form of chemical energy.  Wells drilled into the 
ground hundreds of miles away removed the gas and pipelines carry it to our 
apartment.

And what about the electric lights in our apartment and throughout the 
City? It comes from several huge power plants, most of which are powered 
by oil or coal—energy from the Sun that was stored in the ground millions of 
years ago.

Question 1.1  
And how about the 
energy in your dinner? 
Or the music that is 
blaring from the stereo 
next door?  Can you 
trace these back to 
their sources?

But how about the power plants at Niagara Falls? (Photo on 
page 2.) Again, it’s the Sun doing that work. Sunlight evaporates 
the water from lakes and oceans. The Sun warms the moist air, 
forming clouds and creating winds that carry rain clouds over the 
land. Then with the aid of the Earth’s gravitational energy, the rain 
falls, flows into rivers, and over Niagara Falls, where it generates 
some of the electricity that lights up the urban landscape before 
your eyes.
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It is only nuclear power plants which run on fuel that does not 
derive its energy from the Sun. The rare mineral uranium, which powers 
nuclear plants, was created when the Earth was formed, some five 
billion years ago.

A Definition of Energy
Matter is easy to describe. It’s “stuff” that comes in familiar 

forms: solid, liquid and gas. It has mass. It can have weight. You can 
usually see and feel matter—it’s tangible. Energy is more “intangible,” 
yet it underlies our abilities to perceive everything: the light we see, 
the sounds we hear, and the heat we sense by touch, are all forms of 
this intangible thing called “energy.”

Try to imagine a universe with matter, but no energy. The matter 
would just sit there and nothing would ever happen to it. Nothing 
would change. Passage of time would be impossible to detect. Add 
some energy to this universe and things start happening. The Big Bang 
theory of how the universe began starts with a “fireball” of enormous 
energy. 

Energy is difficult to define; but let’s start by saying: energy is 
any means by which matter can be changed. Energy exists in many 
forms, and one form of energy can be converted into another form. 
When such a transformation of energy happens, sometimes it may 
seem like energy is “lost,” but it is not really lost—it always obeys the 
“law of conservation of energy.”

Conservation of Energy
The word “energy” was not used in 

its modern scientific sense until 1807. A 
young doctor and physicist named Thomas 
Young used the word when he saw that 
energy which appears to be “lost” in one 
form is always converted to other forms. 
For example, a skateboarder rolling along 
on a level pavement slows to a stop (if no 
extra pushes are added). It would appear 
that all the energy of motion has been 
destroyed. But wait! Feel the wheels of 
the skateboard. They’re warm! Some of the 
energy of motion was transformed into heat 
energy—heating the wheels as well as the 
pavement. And some of it was transformed 
into wind energy, as the skateboarder cut 
through the air, leaving swirling currents 
in her wake.

E n e r g y  i s  n e i t h e r 
destroyed nor created. This 
basic principle is known as 
the law of conservation 
of energy. The only time 
this law seems to be 
violated is when energy 
is “released” in nuclear 
reactions. In a nuclear 
reaction, the center, 
or nucleus, of an atom 
changes. It might 
join with another 
atom (fusion) or 
give off particles 
( r a d i o a c t i v e 
decay) and turn 
from one kind of 
atom into another. 
In a nuclear reaction a very small amount 
of matter disappears, and an equivalent 
amount of energy appears. 
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Sources of Energy
There are four major sources of Earth’s energy:

• Nuclear fusion inside the Sun. The Sun is composed of very hot 
hydrogen gas. In a series of nuclear reactions, atoms of hydrogen 
join together and produce atoms of helium, a variety of particles, 
and energy. The process is called nuclear fusion. Most of the 
energy we encounter every day comes from this source.

• Gravity. Some of the heat within the Earth is left over from the 
original heat generated when the Earth formed by gravitational 
force. Gravitational energy is also important in generating winds, 
in circulating water throughout the globe, and keeping the Earth 
in its orbit around the Sun.

• Radioactive decay inside the Earth. Most of the heat within the 
Earth comes from certain natural minerals which generate their 
own heat as they slowly change—atom by atom—from one kind 
of element to another.  For example, large atoms of uranium 
emit tiny particles and small amounts of energy. Eventually the 
radioactive uranium atoms turn into stable atoms of lead. 

• Space debris. Every day, tons of space debris fall into the Earth’s 
atmosphere. Every few million years a very large asteroid or 
comet collides with our planet. The energy it delivers, in a very 
short period of time, has vast consequences for the evolution 
of life.

Flow of Energy

Energy can flow from one place to 
another. Light a candle, and you can quickly 
see three ways that energy can flow. 

Radiation. Hold your hand a few inches 
to the side of a candle flame. You will feel 
its warmth, and you will see light from the 
candle flame reflect off of your hand. Energy 
radiates from the candle. That is, it flows 
in straight lines from the source of energy. 
While energy can travel by radiation through 
clear solids and liquids, it travels most easily 
through empty space.

Conduction. Hold a metal paper clip 
in the candle flame, and in a few seconds 
you will feel it get hot. Energy from the 
burning candle wax heats the end of the 
clip and travels through it to your fingers. 
The transfer of heat by conduction requires 
direct contact. While liquids and gases can 
conduct heat, metals are best at transferring 
heat by conduction. 

In Einstein’s theory 
of relativity, matter 
can be thought of as 
just another form of 
energy. So although 
energy seems to 
be created in a 
nuclear reaction, it 
is really just being 
transformed from 
one form (matter) to 
others such as heat 
and light.

Convection. Hold your 
hand a few inches above the 
candle flame and you will feel 
a great deal of heat! This is 
because energy sometimes 
“hitches a ride” with matter. 
The candle flame heats the 
air immediately around it 
by conduction. The hot air 
spreads out, becomes less 
dense, and floats upwards. 
Cooler air comes in from the 
sides, completing a convection 
current.  Convection can only 
operate in gases and liquids 
because they are fluids—they 
flow from one place to another, 
bringing heat energy with them. 
Convection cannot occur in 
solids or empty space.
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Forms of Energy
There are many forms of energy. For example, here are forms 

of energy that we can detect in a thunderstorm:

• Kinetic energy, or energy of motion, is found in the wind, moving 
clouds, raindrops, and hailstones.

• Thermal energy, or heat, is required to start a thunderstorm by 
evaporating large quantities of water from the surface of the 
ocean, lakes or leaves. Thermal energy is really the kinetic energy 
of atoms and molecules. 

• Potential energy, or stored energy, is found in the droplets of rain 
and hail that are carried upwards on rising currents of air, ready 

to fall and release their energy in the form of motion. 

Question 1.2. Describe 
several forms of energy 
and how they change in 
different settings:

a. a basketball game in 
the park

b. a busy day at a mall

c. a rock concert

d. school lunchroom 
during lunch

• Electrical energy builds up within 

clouds during thunderstorms, and 

is released in powerful flashes of 

lightning.

• Electrochemical energy is used 
by our nervous systems to receive 
sensations and convey them to our 
brains. This form of energy allows 
us to see the flash of lightning and 
respond with shock, fear, wonder, 
or a sudden dash for cover.

• Light energy is released by the flash 
of lightning.

• Sound energy which accompanies 
the lightning in the crack of thunder 
is also a kind of kinetic energy, since 
sound energy is made of vibrations 
of molecules. 

Since the energy that drives 
thunderstorms comes from the Sun, 
in a sense these are all different 
“disguises” that solar energy can 
wear.

Photo by NASA
Image courtesy of wikipedia.org
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For new material relating to this chapter, please see the GSS website 
“Staying Up To Date” page:  
http://www.lhs.berkeley.edu/gss/uptodate/6ef
We invite you to send us new articles for the "Staying Up To Date" 
web page for this chapter.  Articles may be from local newspapers, 
magazines, websites, or other sources that you think would be of 
interest to classrooms around the country. To send us articles please go 
to the link http://lhs.berkeley.edu/gss/uptodate/newarticle.html and find 
the "Submit New Article" button. 

Energy Flow—Trickles to Torrents
The mental energy you expend in reading this book is taking you 

on a path that follows myriad ways that energy flows through Earth 
systems. Some energy flows in trickles, like water from a leaky faucet, 
and other energy flows in unbelievably powerful events, such as: 

earthquakes and 

volcanic eruptions, 

 the impact of a huge asteroid

 on the Earth, 

the energy inferno

of the Sun, 

    the changing climate of our   
    entire planet, and the immense   
    destructive power of tornadoes and   
    hurricanes. 

http://www.lhs.berkeley.edu/gss/uptodate/6ef
http://lhs.berkeley.edu/gss/uptodate/newarticle.html
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2. Why Do Volcanoes Erupt?

It was Harry Truman’s last day on Earth.  

That’s Harry Truman from Washington State—not Harry Truman, the 
former President from Washington D.C.  They were unrelated, but they had 
more in common than their names.  Both were men of principle.  Both were 
decisive.  And neither one of them would choose to compromise as a way out 
of a difficult situation.

The Harry Truman of this story was the 83-year-old owner of the Mount 
St. Helen’s Lodge on lovely Spirit Lake.  He had spent the past 53 years here, 
and he wasn’t about to leave now, just because the mountain—five miles 
away—occasionally ejected clouds of steam and ash, and shook the ground 
in a nearly-constant stream of tremors.  He ignored the eviction notices and 
threats from the authorities; and wouldn’t even give in to pleas from friends 
that he move away from the mountain—just temporarily.

 Before the eruption of Mount St. Helens, Spirit Lake was one of the 
loveliest places on Earth.  Every summer kids from the YMCA camp would play 
in its cool fresh water, or hike through the surrounding forest of old growth 
trees of Douglas fir, hemlock and spruce.  Some of the trees were over 65 
meters tall and more than two meters in diameter.  People came back summer 
after summer to stay in tourist lodges that ringed the lake. They enjoyed the 
serene majesty of the forest, the abundant fish and wildlife, and the lovely 
white-capped mountain just five miles to the South.  It was in one of these 
summer tourist havens where Harry Truman lived—and died.

The eruptions had started three months 
earlier, with a cloud of steam and ash, and 
earthquakes that grew more and more numerous.  
Pressure was building in a giant cavern under the 
north side of the mountain—the side facing Spirit 
Lake.  By May 18th, 1980, signs of the pressure 
were unmistakable.  A bulge 150 meters high and 
three quarters of a kilometer long marked the 
location of the underground cavern, like the lid 
on a pressure cooker.

Geologists were aware of the danger.  
Roadblocks were set up, and every home and 
campground within 16 kilometers was evacuated.  
Bruce Nelson, 22, and Sue Ruff, 21, were there 
to see the show.  They were camping with four 
friends 21 kilometers from the mountain—well 
out of the area that experts thought might be 
dangerous.  

The morning of May 18, 1980, dawned bright 
and clear.  Harry was probably up early, feeding 
his sixteen cats.  He was occupied with the normal 
flows of energy in his surroundings. Perhaps he 
was cooking breakfast at 8:32 AM, or pumping 
music from the player piano that had been crafted 
in 1883.  One thing’s for sure.   He was alone at 
the lake that morning—everyone else had been 
evacuated.  Only Harry insisted on staying.

During the next few minutes Mount St. 
Helens exploded in the most powerful volcanic 
eruption in U.S. history. 

Chapter 2
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Mount Saint Helens and Spirit Lake, before May 18, 1980.  By courtesy of 
the U.S. Geological Survey. 
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The Richter Scale is a measure 
of size of earthquake. Devices 
called seismographs measure 
earth movements, waves and 
vibrations. The Richter scale 
magnitude of an earthquake 
corresponds to the reading of 
a hypothetical seismograph 
exactly 100 km. from the 
earthquake epicenter.

The Eruption of Mt. St. Helens

The eruption of Mount St. Helens. 
Source:  U.S. Geological Survey.

It started with an earthquake—5.1 on the 
Richter scale.  Triggered by the quake, the north 
face of the mountain began to collapse in a huge 
avalanche.  The “lid” came off of the mountain, 
and a huge plume, a mixture of steam, rock and 
ash shot from the summit.  The pressure was so 
strong that the plume of gas and black ash reached 
19,000 meters—almost 20 km—into the sky.
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The energy of the blast could be estimated by its destructive 
power.  It uprooted enormous trees and tossed them over ridges 450 
meters high.  It hoisted heavy boulders and blasted tons of ash into 
the stratosphere.   From these effects, experts estimated that the 
total energy of the blast must have been 500 times as great as the 
energy released by the atomic bomb that destroyed Hiroshima at the 
end of World War II. Winds immediately surrounding the blast would 
have reached 320 km per hour (about 200 mph), and were heated to 
1100°C.  

The black cloud, now tinged with yellow and purple and laced 
with lightning bolts, carried death and destruction as it spread out 
from the blast site. Bruce Nelson and Sue Ruff held each other as they 
saw the cloud come towards them.  When the shock wave hit them, 
it toppled trees, and nearly buried them in volcanic ash.  Somehow, 
they survived; crawling up through a two and a half meter layer of 
volcanic ash almost too hot to touch.  Two of their friends were not 
so lucky.  They died, trapped in their tent under the debris.  Their 
other friends also survived, though one had a broken hip and could 
not be moved.  Nelson and Ruff hiked out of the area, and came back 
with a helicopter to rescue the others.  They were among more than 
190 people that were rescued by helicopters in the days just after 
the eruption.

The immediate blast caused only part of the destruction.  Large 
snow-covered peaks are often the source of rivers that carry melted 
snow to lower elevations.  Mount St. Helens had two rivers leading 
away from it: the North and South Forks of the Toutle River.  Both were 
inundated with a flood of hot mud created by the avalanche.  The 
North Fork carried the mud to Spirit Lake, where it buried what was 
left of Harry Truman’s lodge, then continued down the river, pushing a 
wall of hot water ahead of it.  The hot flood waters rushed down the 
two rivers, destroying a lumber camp and fish hatchery, and carrying 
away a bridge before inundating the town of Toutle—40 km from the 
mountain—where the two rivers joined.  

The huge cloud of ash did not stop at the town of Toutle.  It 
swept eastward with the winds, obliterating 26 lakes and damaging 
27 others.  For days the ash rained on the residents of three states, 
and the cloud darkened the Sun across the entire northern portion of 
the United States. 

The final accounting revealed that 1,500 people lost their homes, 
and at least 70 lost their lives.  Countless elk, deer, and smaller animals 
were killed, along with hundreds of thousands of fish that had thrived 
in the Toutle River and lakes.  Harry Truman and his sixteen cats did 
not suffer more than an instant, as their end must have been swift.  
The tall ancient trees that had surrounded the lake were flattened and 
stripped, evidence of the destructive power of the initial explosion.  
Today, signs of life are returning to the region, and the name Spirit 
Lake has new meaning.

(Summarized from Volcano: 
The Eruption of Mount St. 
Helens, by the combined 
staffs of The Daily News, 
Longview, Washington, and 
The Journal-American, 
Bellevue, Washington.)
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Why Study Volcanoes?
If it weren’t for volcanoes and earthquakes, we might 

never know about the tremendous energy beneath our feet.  
It’s also quite possible that we wouldn’t care.  Because these 
crust-shattering events are so destructive of human life, and so 
unpredictable, there is a great deal of interest in understanding 
how and why they occur, and perhaps someday, in predicting 
when they will occur, so that those who want to can get out 
of the way.

But that’s not the only practical reason for learning about 
the energy inside the Earth.  At certain locations where the 
crust of the Earth is unusually thin, molten rock, called magma, 
comes relatively close to the surface, causing  hot springs, 
fumaroles (steam coming out of the ground), and geysers.  
In some of these areas, including California and 
Wyoming in the U.S., and Iceland, New Zealand, 
and Japan, people have harnessed the heat of the 
Earth to warm their homes, provide hot water, and 
even generate electricity.  This form of energy 
production is called geothermal energy. In contrast 
to burning of coal, oil, and natural gas (all fossil 
fuels) for energy in most areas, the use of our 
planet’s interior heat for human needs is much friendlier to the 
environment.  Burning of fuel releases not only air pollution, 

Photos of Yellowstone National Park, 
Wyoming,by Alan Gould, Lawrence Hall 
of Science

but also gases that are responsible for greenhouse 
warming of our whole planet, which may bring on 
climate changes with serious consequences for 
us. But more on that later.  Geothermal energy is 
worth pursuing as one of a number of “alternative 
energy” strategies—alternatives to burning fuels 
to met our energy needs.  

In summary, we study energy inside the Earth to

• improve possibilities for predicting volcanic 
eruptions and earthquakes, to minimize 
losses in those catastrophes.

• explore possibilities for a clean alternative 
energy. Coincidentally, Earth study uncovers 
new reservoirs of fossil fuels as well.

• satisfy our basic inquisitive nature 
to  unders tand  our se lves  and  our 
surroundings.

Firehole Canyon, Yellowstone 
National Park, Wyoming

Above: Biscuit Basin
Below: Midway Geyser Basin



Energy Flow—Chapter 2: Why Do Volcanoes Erupt?  15

Volcanoes and Tectonic Plates
Understanding how and why volcanoes occur 

means understanding how energy flows within 
the Earth. One of the most important clues is the 
location of volcanoes. If we plot major eruptions 
during the past hundred years on a map, we find 
certain patterns. One of the clearest patterns is 
the ring of volcanoes around the Pacific Ocean, 
sometimes called “The Ring of Fire.” Eruptions 
along the Ring of Fire include Mount Unzen in 
Japan in 1991, Mount Pinatubo in The Philippines 
in 1991, Redoubt Volcano in Alaska in 1989, and of 
course Mount St. Helens in 1986. To find out about 
the most recent eruptions, check the University of 
North Dakota’s Volcano World web site at <http://
volcano.oregonstate.edu/>.

In 1957, scientists at the Lamont-Dougherty 
Earth Observatory completed a map of the ocean 
floor (see page 32).  The map revealed a network 
of huge cracks, called rifts, winding through 
the oceans.  The locations of the rifts coincided 
with the locations of hundreds of volcanoes and 
thousands of earthquakes.  Within the next ten 
years, this map and other evidence led to the 
gradual acceptance of the theory that Earth’s 
crust is broken into about twenty large plates, 
like the cracked shell of a hard-boiled egg.  The 
plates are called tectonic plates.  One of the 
largest plates covers almost the entire floor of 
the Pacific Ocean.  Although some plates coincide 
roughly with the shapes of continents, a particular 
plate is not necessarily strictly associated with 
ocean or continent. A single plate can have a 
portion submerged under ocean and have a portion 
carrying a part of a continent.

Question 2.1. What countries or parts of 
countries are in the ring of fire?

http://volcano.oregonstate.edu/
http://volcano.oregonstate.edu/
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Why Do Tectonic Plates Move?
Long ago, geologists thought that the Earth’s 

crust has always been unchanging. But by the 
mid 1960s enough evidence had accumulated to 
show that crustal plates move very slowly—about 
the rate your fingernails grow. This movement is 
caused by heat deep inside the Earth.

Below is a cut-away view of the Earth’s crust 
and the upper mantle, (or aesthenosphere) near 
Mount St. Helens.  The drawing illustrates that 
the movements of the Earth’s crust are the visible 
part of a convection current that is completed 
deep beneath our feet.  

A. Magma in the upper mantle is heated more 
than its surroundings.  That makes it less 
dense, so it floats upwards, creating a rift 
in the crust.  Such rifts are usually found on 
the ocean floor where the crust is thinner.

B. When the hot magma gets to the surface, 
it erupts through the rift as lava, forming a 
new part of the ocean floor.  

C. The new material pushes the crust away 
from the rift.  As it cools and moves away 
from the rift, the crust gets denser.  

D. The crust is pushed underneath the 
continent, which is less dense.  This process 
is called subduction. 

E. As the ocean crust is pushed deeper and 
deeper under the continent temperature and 
pressure increase tremendously.  Rocks and 
sediments melt.  Water trapped in the ocean 
sediments and gases trapped in the rocks 
expand and are forced upwards, erupting 
through volcanoes.  

F. Most of the molten material moves even 
deeper underground, rejoining the upper 
mantle, and moving back towards the rift.  
Eventually, the molten rock completes the 
long convection current when it replaces 
magma that had previously erupted through 
the rift.  

A 

B C 

D 

E 

F
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What Happens When Tectonic Plates Meet?
There are several possible outcomes of 

tectonic plates meeting. The marriage is rarely 
harmonious. According to the theory of plate 
tectonics, earthquakes and volcanoes occur where 
the plates meet and jostle against each other.  
Scientists now have a fairly good understanding 
of how the plates move and how such movements 
relate to earthquake activity. Most movement 
occurs along narrow zones between plates, called 
plate boundaries, where the results of plate-
tectonic forces are most evident.

There are four types of plate boundaries: 
• Diverging boundaries—where two plates are 

moving apart—new crust is generated by 
magma pushing up from the mantle as the 
plates pull away from each other along zones 
called spreading centers. The best known 
divergent boundary spreading center is the Mid-
Atlantic Ridge, which extends from the Arctic 
Ocean to beyond the southern tip of Africa, one 
segment of a global mid-ocean ridge system 
that encircles the Earth. 

• Converging boundaries—where two plates are 
crashing together—crust is destroyed as one 
plate dives under another. One plate diving 
under another plate is called subduction. (More 
about converging plates on the next pages.)

• Transforming boundaries—where crust is 
neither produced nor destroyed as the plates 
slide horizontally past each other.  The San 
Andreas fault zone, about 1,300 km long 
stretches through two thirds of the length of 
California. The Pacific Plate on the west side 
of the fault zone has been relentlessly moving 
in a northwesterly direction past the North 
American Plate on the east side of the fault 
zone for about 10 million years, at an average 
rate of about 5 cm/yr. 

• Plate boundary zones—broad belts in which 
boundaries are not well defined and the effects 
of plate interaction are unclear.

Crater Lake in Southern Oregon.  This lovely 
lake fills in a crater that was once an explosive 
volcano like Mt. St. Helens.  (See the map on page 
19 for the location of Crater Lake.)  Can you tell 
from its location how it was formed?  Photo by 
Alan Gould, Lawrence Hall of Science.
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There are three ways that converging plates can come 
together:

• Ocean-continent converging plates. Example: Off the 
coast of South America along the Peru-Chile trench, the 
oceanic Nazca Plate is pushing into and being subducted 
under the continental part of the South American Plate, 
which in turn is being lifted up, creating the towering 
Andes mountains, the backbone of the continent. 
Strong, destructive earthquakes and the rapid uplift of 
mountain ranges are common in this region. Earthquakes 
in this area are often accompanied by uplift of the land 
by as much as a few meters.

• Ocean-ocean converging plates. Example: As with 
ocean-continent convergence, one plate is usually 
subducted under the other, and in the process a trench 
is formed. Example: The Marianas Trench (paralleling 
the Mariana Islands in the Pacific), marks where the 
fast-moving Pacific Plate converges against the slower 
moving Philippine Plate. The Challenger Deep, at the 
southern end of the Marianas Trench, plunges deeper 
into the Earth’s interior (nearly 11,000 m) than Mount 
Everest, the world’s tallest mountain, rises above sea 
level (about 8,854 m). Volcanic island arcs such as the 
Marianas and the Aleutian Islands are associated with 
trenches.

• Continent-continent converging plates. When two 
continents meet head-on, neither is subducted and, 
like two colliding icebergs, resist downward motion. 
The crust buckles and is pushed upward or sideways. 
Example: The highest mountain range on Earth, the 
Himalayas, is an uplifting resulting from collision of the 
Indian plate against the Eurasian plates starting about 
50 million years ago, and continuing today.  

For more on plate tectonics see the U. S. Geological 
Survey web site Understanding Plate Motions at
http://pubs.usgs.gov/publications/text/understanding.html

QuESTion 2.2. Based on the 
descriptions and classifications 
given in the previous two pages, 
what type of plate boundary is in 
the Mt. St. Helens region?

http://pubs.usgs.gov/publications/text/understanding.html
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Look at the map on page 17 showing Mount St. Helens, not 
far from the Pacific coast.  Out at sea, you will discover a long, 
broken rift where hot magma is pushing upwards from deep under 
the Earth.  To the west of the crack is the Pacific Plate.  To the 
east is a small plate, called the Juan de Fuca plate.  Every few 
years, when the pressure below the rift builds up, the magma 
erupts on the ocean floor as lava.  The lava quickly cools in the 
water, forming undersea mountains.  When more lava comes up, 
the mountains are pushed aside, putting pressure on the Pacific 
Plate to the west, and the Juan de Fuca Plate to the east—right 
against the coast of Washington, Oregon, and Canada.  

In the region of Mt. St. Helens, the Juan de Fuca oceanic 
plate is thinner and denser than the North American continental 
plate, so it is pushed underneath the North American Plate 
carrying with it some of the water of the Pacific Ocean.  As the 
rock of the Pacific floor is pushed deep inside the Earth, it is 
subjected to great heat and pressure.  The heated rock expands, 
and becomes less dense than the surrounding material, so it 
floats upwards.  Water in the rocks turns to steam.  When the 
pressure becomes great enough—Boom!  The “lid” explodes and 
another volcano along the Ring of Fire erupts.

Conclusion

San Andreas Fault
Photograph by Robert E. Wallace, 
USGS.

This chapter began with the explosive 
eruption of Mount St. Helens, and looked under 
the Earth’s crust to see what caused the eruption.  
The immediate cause is a convection current that 
continuously carries heat from hundreds of miles 
down in the Earth to the surface.

Parts of the convection current are rapid, 
such as the eruptions at the rift and at the edge 
of the continent.  Parts are very slow, as when 
matter is slowly subducted and heated, and 
moves underground to replace the magma that 
erupted through the rift.  A single bit of rock that 
is subducted and melted might travel under the 
Earth for millions of years before it erupts again 
through a rift, cools, and again becomes part of 
the ocean floor.

  It is widely believed now that eventually, 

nearly all of the matter that comes up to the 
surface is pushed down again and remelted, so 
that the Earth effectively “turns itself inside-out” 
every few hundred million years.

In the next chapter we look deeper inside the 
Earth, to discover the source of its energy.

View from atop Mount Lassen, with Mt. Shasta 
visible in the distance. See page 17 to find locations 
of these volcanoes. Lassen is active.  Photo by Alan 
Gould, Lawrence Hall of Science.

For new material relating to this chapter, please see the GSS website “Staying Up To Date” page:  
http://lhs.berkeley.edu/gss/uptodate/6ef
We invite you to send us new articles for the "Staying Up To Date" web page for this chapter.  Articles may be from 
local newspapers, magazines, websites, or other sources that you think would be of interest to classrooms around the 
country. To send us articles please go to the link http://lhs.berkeley.edu/gss/uptodate/newarticle.html and find the 
"Submit New Article" button. 

http://www.lhs.berkeley.edu/gss/uptodate/6ef
http://lhs.berkeley.edu/gss/uptodate/newarticle.html
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3. What Heats  
the Earth’s Interior?

The convection currents discussed in the last chapter 
explain most of the world’s volcanoes, because most 
volcanoes occur along the edges of plates.  In some of 
these places, the rift zones, plates are spreading apart, 
so magma comes up from below to cause the volcanoes.  
In other cases, the subduction zones, one plate is diving 
under another.  When it melts, it causes volcanoes near 
the edge of the upper plate.  Mount St. Helens erupted in 
a subduction zone.

But the volcanoes of Hawaii do not fit either of these 
patterns.  The Hawaiian chain of islands is a series of huge 
volcanic peaks, poking up above the surface of the ocean, 
right in the middle of the Pacific Plate!  Earth systems 
scientists explain the Hawaiian Islands by assuming that a 
“hot spot” exists in the mantle under the plate.  That is a 
region in which the magma is hotter than the surrounding 

magma, so it naturally rises and punctures the 
relatively thin oceanic plate above it.  

Very good evidence for this explanation is the 
shape of the Hawaiian Island chain.  The islands 
form a long line, with the youngest islands on one 
end and the older islands on the other.  The very 
youngest is the Big Island of Hawaii which is being 
formed even today.  The line of volcanoes occurs 
as the Pacific Plate moves slowly over the hot 
spot. The very active Kilauea Volcano continues 
to erupt, sending streams of lava into the ocean, 
because it is directly over the hot spot.

In recent years the discovery and mapping of 
vast lava flows throughout the world has suggested 
a new theory.  In addition to convection currents 
in the upper mantle and crust, another process 
is at work to release the energy from deep inside 

the Earth.  This idea is illustrated in the cut-away 
view of the Earth on the next page.  It shows the 
formation of huge plumes of hot magma at the 
boundary between the Earth’s outer core and 
the mantle.  

The Earth’s outer core is composed of molten 
metal.  It is denser than the rocky mantle, and it 
is also hotter. The core heats the lower mantle by 
conduction.  When a blob of magma, or plume, 
becomes hot enough, it expands and floats 
to the surface.  A small plume creates a “hot 
spot,” like the one under Hawaii.  When a huge 
“superplume” reaches the surface, it can create 
dozens of volcanoes and massive lava flows over 
vast areas.

Chapter 3
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Crust (also called the lithosphere) is very 
thin in comparison with the diameter of 
the entire Earth. Continental crust is 
thicker (about 60-100 km) than the crust 
under the oceans (about 10-40 km). The 
bottom of the Earth’s crust reaches about 
1,800°C.
upper Mantle (also called the aestheno-
sphere) extends to a depth of 700 km. It 
consists of hot, molten rock called magma 
that has a consistency like Silly Putty™. Its 
temperature ranges from about 1,800°C 
to about 2,800°C.
Lower Mantle extends to a depth of 2,900 
km. It consists of slightly denser rocks than 
the upper mantle. Its temperature ranges 
from about 2,800°C to 3,800°C.
outer Core extends from the lower mantle 
to 5,100 km. It is made of molten iron, 
mixed with lighter metals. Its temperature 
ranges from 4,300°C to 5,300°C.
Inner Core is a ball of solid iron. The cen-
ter of the ball corresponds to the exact 
center of the Earth, 6,371 km beneath our 
feet. The temperature of the inner core 
is over 5,300°C.

Subduction Zone

Subduction Zone

Rift 
Zone

Plume

Superplume

Cut-away view of the 
Earth.  The deepest holes 
bored into the Earth are no 
more than 10 kilometers 
deep (only part way through 
the crust) so we cannot see 
what is inside.  We can, 
however, detect the reflection 
of vibrations caused by 
earthquakes to infer what it’s 
like inside.  The drawing on 
this page is based on such 
inferences.  

QuESTion 3.1. What is the temperature 
difference between the mantle and the 
outer core?  How does it compare with 
the temperature difference between 
other layers?
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Lava Lamp
A lava lamp is a good illustration of how uneven 
heating of a substance can result in blobs 
moving upwards in a convection current. [It's 
not really lava!]

Long ago, people thought that heat was some kind of fluid.  
They even gave it a name—“caloric.”  Something that was warmer 
was thought to have more caloric in it than something that was 
colder.  The caloric theory of heat explained why a pot of water 
heated up when held over a flame—caloric flowed from the hot 
flame into the cold liquid.  However, this theory could not explain 
how energy of motion could be converted to heat; nor could it 
explain why heating made a liquid or gas rise.  So, it was abandoned 
by scientists more than a hundred years ago, in favor of a more 
useful theory, the kinetic theory of heat. 

The kinetic theory of heat used by scientists today is one 
aspect of the particulate theory of matter—the idea that all matter 
is made up of tiny particles.

In the particulate theory, all materials are made of basic 
building blocks called atoms.  Materials made of just one kind of 
atom are called elements.  The natural elements in the universe 
include carbon, oxygen, hydrogen, gold, copper, uranium, and 
86 others (total of 92 natural elements).  There are also about 
25 man-made elements, most of which do not survive very long 
without breaking down into one or more of the natural elements.  
Everything else is made of clusters of atoms called molecules.  For 
example, water molecules each contain two atoms of hydrogen (H) 

and one atom of oxygen (O).  A molecule of water 
is abbreviated H2O.

In this theory, whether something is a 
solid, liquid, or gas depends on the relationships 
among its molecules.  If the molecules are locked 
together rigidly, the substance is a solid.  If the 
molecules can slide by each other so that the 
substance can flow to take the shape of the 
container, it is a liquid.  If the molecules are far 
apart and can spread out even further to fill the 
container completely, the substance is a gas. 

According to the particulate theory of matter, 
heat is the motion of molecules. 
Adding energy to a solid can cause 
its molecules to vibrate faster and 
faster until they break free of each 
other and flow past one another. 
We observe that change from solid 
to liquid as melting. Add more 
energy and some molecules will 
move so fast that they can escape 
from their neighbors entirely. We 
call that change from liquid to gas, 
evaporation or vaporization.

Why Does Hot Magma Rise?

The calorie as a 
measure of heat has 
relatively recently been 
replaced by the joule.
(1 calorie = 4.19 joules)

Deep inside the Earth, molecules of rock 
are moving so rapidly that they slide past each 
other and flow.  The hot rock becomes a viscous 
liquid—magma.  The magma is heated more in 
some regions than in others.  Additional heating 
causes the molecules to move faster and spread 
out more.  In those regions the magma becomes 
less dense. 

Cooler, denser magma has a stronger 
gravitational attraction to the rest of the Earth, 
so it gets underneath and pushes up the less 

dense magma. That is why hot magma 
rises to the surface and erupts through 
rifts.  When it reaches the surface it 
cools, solidifies, and becomes denser.  
Eventually, it sinks and it is melted 
again inside the Earth.  The convection 
current continues, driven by differences 
in density. 
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D =  m/V
     where
D =  density
m =  mass
V =  volume

Definition of 
Density:

What is Density?
Density is defined by the equation above.  It 

says that density (D) is the amount of matter (m) 
in a given volume (V). As shown in the illustrations, 
cooler materials are generally denser than warmer 
materials; and solids are usually denser than 
liquids, which are usually denser than gases.  

Heat in liquids
   If we add enough energy, 
the molecules may vibrate fast 
enough to break the bonds that 
hold them in a rigid structure, 
and the substance will melt—
the molecules will flow past 
each other and the substance 
will become a liquid.  

 

Heat in gases
   If we continue to add more 
energy, the molecules will move 
faster.  With enough energy, 
the molecules will move so fast 
that they break the bonds that 
hold them to other molecules 
completely and the substance 
becomes a gas, expanding to fill 
the container. 

Hot GasCool Gas

Cool Liquid Hot Liquid

D
en

se
r

Le
ss

 D
en

se

Cool Solid Hot Solid

Denser Less Dense

Heat in solids  
   According to the particulate 
theory of matter, atoms and 
molecules are always in motion.  
Even in solids, the atoms and 
molecules vibrate.  If energy is 
added to the solid, the molecules 
will vibrate even more.  If we 
touch the solid when its molecules 
are vibrating faster, we sense this 
movement as heat. 
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Throw a handful of oatmeal into a pot of water, put it on a 
hotplate, and watch it boil.  When it heats up, you’ll see one or 
more convection currents.  The action will be much faster than 
the movement of magma within the Earth, but convection in the 
pot functions the same way.  It transports heat from the bottom 
of the pot to the top, and releases it into the air.  

Every convection current requires a source of energy.  For 
the boiling oatmeal, the source is the hotplate, which in turn gets 
energy through a wire from your local power plant. The source of 
the energy that drives convection currents inside the Earth comes 
a tiny bit from left over heat from Earth’s formation, but most 
of the heat in the Earth is from radioactive decay in which the 
center, or nucleus of an atom emits a tiny particle, resulting in 
the atom changing into a different kind of atom, and surrounding 
atoms getting heated up.  

An atomic nucleus contains two kinds of particles—protons and 
neutrons.  The number of protons gives an atom its identity.  For 
example, each hydrogen atom has just one proton, helium has two, 
and carbon has six.  The protons have positive electrical charges 
which tend to repel each other and split 
the nucleus apart.  Neutrons have no 
electrical charge.  They provide some 
of the strong attractive nuclear force 
which holds the nucleus together.  

Larger atoms are unstable. Uranium 
has the largest number of protons of any 
naturally-occurring element—92.  It also 
has 146 neutrons, which help to hold the 
nucleus together.  Uranium is unstable.  
On average, it takes about 4.5 billion 
years for half of the atoms in a sample 
of rock to decay and become stable 
lead. Since the Earth is about 4.5 billion 
years old, about half of the uranium in 
the Earth has become lead.

When an atom of uranium or some 
other radioactive material splits, it 
releases a small amount of energy.  The 
energy is radiated from the atom in the 
form of alpha particles, beta particles, 
and gamma rays.  That means the energy 
travels through space.  But inside the 
Earth there is not much space at all!  
The energy is quickly absorbed by a 
molecule of rock or metal, causing it 
to heat up.  

What Is the Source of Earth’s Heat?

Gravitational force  =  F
Mass of object 1  =  m1
Mass of object 2  =  m2
Separation of masses  =  r
Universal gravitational constant  =  G

Below is Isaac Newton’s Universal Law of Gravitation. 
The gravitational force, which depends on the masses of 
the objects (m1 and m2) as well as their separation (r), 
leads to increasing speeds of the masses, hence heating.

m1m2

r2
 F  =  G 

Although most of the heat in the Earth 
comes from radioactive decay, some of the 
Earth’s internal heat is due to gravitational 
energy left over from when the Earth first 
condensed from a cloud of gas and dust, 
about 4.5 billion years ago.  At that time, 
gravitational forces caused all the pieces of 
the solar system to fall gradually inwards 
towards the place where the Sun ultimately 
formed. The increasing speeds of the 
particles and gases led to overall heating of 
the system.

 Heat from Gravitational Collapse
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lead-206 (stable)

polonium-214

bismuth-214

lead-214

polonium-218

radon-222

radium-226

uranium-238

gamma ray (electromagnetic radiation similar to visible 
light, but very much higher energy)

alpha particle (2 protons and 2 neutrons; 
same as a helium nucleus)

beta particle (an electron)

Decay of a uranium atom 
In the simplest terms, atoms are made of 
mainly protons, neutrons, and electrons with 
the protons and neutrons in a central nucleus 
and the electrons moving around the nucleus. 
Many atoms are unstable and tend to break 
apart into smaller pieces. 

Although each atom gives up only a little energy when it 
decays, the huge number of atoms that decay every second keep 
the interior of the Earth at a very high temperature.  Radioactive 
decay is the major source of heat that energized the eruption 
of Mount St. Helens, and every other volcano and earthquake 
on our planet.  

Some of the heat energy comes to the Earth’s surface by 
conduction and convection.  This heat from deep in the Earth 
is an energy source that drives huge convection currents in the 
ocean. Water from the polar ocean regions is very cold and dense. 
It sinks and displaces the bottom layer of water which has been 
warmed by heat from the Earth’s interior.  The warm water is 
pushed upward towards the ocean surface.

The sum of protons and neutrons is known as the atomic 
weight of an atom and the symbol for the atom may have the 
atomic weight as a superscript:  
U238 (92 protons + 146 neutrons = 238).  

Radioactive decay takes place in  a series 
of steps. Each step is a nuclear reaction in 
which a heavy atom is transformed into a 
lighter atom by emitting a part of its mass 
in subatomic particle(s). 

In the last step, a stable atom of 
lead is left.

In some of the steps, gamma rays are 
emitted. Gamma rays are packets of pure 
electromagnetic energy, similar to light.  
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Superplumes and the Earth’s History
On this page is a picture of the floor of the Pacific Ocean.  

Observe the vast difference in terrain of the eastern and western 
sides of the Pacific.  The eastern side is a smooth, striped pattern, 
while the western side is a chaotic jumble of volcanic mountains 
and plains.  The terrain reflects the two different ways that these 
sides of the ocean floor were formed.

The eastern Pacific floor was formed by the orderly process 
of convection in the upper mantle and crust as described earlier in 
this chapter.  The western Pacific puzzled scientists until recently.  
One clue came from deep ocean drilling, which allowed scientists 
to take samples of rock from different depths.  They found that the 
bottom layers contained tiny fossils that dated from the Jurassic 
Period, which lasted from 208 million years ago to 144 million years 
ago.  On top of that were thick deposits of lava from the Middle 
Cretaceous Period, about 120 million years ago.  

The evidence very clearly points to a massive period of volcanic 
activity over a relatively “short” period of just a few million years.  
The level of activity must have been immense—on the order of ten 
Mount St. Helens eruptions every month, for thousands  of centuries.  
Many scientists now believe that the volcanic activity was due to 
a superplume that reached the top of the upper mantle, causing 
great rifts in the crust and hundreds of volcanoes.  The floor of the 
western Pacific still shows those scars.

This drawing of the Pacific 
Ocean floor shows that it 
was formed by two entirely 
different processes—a 
chaotic jumble of volcanic 
peaks to the west and 
smooth, orderly spreading 
of the ocean floor to the 
east. This drawing was 
created by Marie Tharp 
and Bruce Hezeen of the 
Lamont-Dougherty Earth 
Observatory.
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The outer core of the Earth is hotter and denser than the 
lower mantle, which lies just above it.  The core consists of 
molten metal, mostly iron.  The mantle is made of rock which is 
considerably lighter than the metal core.  The hot core heats the 
mantle gradually by conduction, starting a convection current.  
If the temperature difference is great enough, a huge plume of 
molten rock will expand and break away from the mantle-core 
boundary and float up until it reaches the crust, causing rifts 
and volcanoes.  The following simulation will help visualize this 
process.  You can do this in the lab—or in your kitchen.  
All you need is:

• 1 Pyrex™ beaker or clear custard cup

• 1 votive candle

• 1 bottle of red food coloring

• 250 ml (1 cup) of water

• 250 ml (1 cup) of mineral oil

• 1 ring stand or two short glasses

Investigation

Observing Convection Currents and Plumes

What To Do
1. Pour 250 ml (1 cup) of water into the clear 

cup or beaker.  Make sure the cup is made of 
Pyrex™ or some other glass that will not crack 
when heated.

2. Put two or three drops of red food coloring 
into the water and stir it. 

3. Pour 250 ml (1 cup) of mineral oil into the cup.  
It will float on top of the red-colored water.

4. Arrange the ring stand or two glasses (as 
shown) so the candle can be placed under the 
cup, about half-way to one side. 

5.  Light the candle and adjust its height so the 
cup is just above the flame.

6.  Watch for 15-20 minutes.  Observe slow 
convection currents and look for red plumes.  
What happens to them?  Move the flame so 
it’s at the center, or edge of the cup. What 
happens?  You can try out other ideas, such as 
adding ice, to see how currents change.

7. Compare what occurs in your experiment with 
what occurs inside the Earth.

This convection investigation is designed 
to help you visualize  convection currents.  The 
bottom of the glass cup or beaker is heated 
by radiation from the candle flame.  (It is also 

heated by hot air that rises just above the flame.)  
The water in the glass container is then heated 
by conduction, as molecules in the glass start to 
move faster, eventually colliding with molecules 
in the water, causing them to move faster too.  
When the water gets hot enough, it will start a 
slow, steady convection current, which you will 
probably see by the movement of tiny bubbles if 
you look closely enough.  Eventually, a mass of 
water becomes hot enough to float up through 
the layer of mineral oil, where it erupts on the 
surface before falling back again.  In other words, 
your laboratory simulation may demonstrate both 
kinds of convection currents that we see in the 
Earth—the slow steady convection current that 
drives tectonic plates, and the occasional plume 
or superplume. 

In later chapters, the idea of convection will 
apply to energy flow in the Earth’s atmosphere, 
as well as energy flow in the interior of the Sun. 
Basic ideas about energy sources and energy flows 
give us mental tools for understanding the entire 
Earth system—from the center of the Earth’s core 
to the environment of outer space.
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The effect of the volcanic activity on the Earth’s climate 
history was profound.  The Middle Cretaceous Period was the 
warmest of any time before or since.  Fossils of that period from 
all over the globe show that much of the planet was covered 
with tropical forests.  Dinosaurs roamed the continents, and 
the seas teemed with life.  

The connection between the volcanoes and the Earth’s 
climate is not simple.  Some warmth came from the volcanoes 
themselves, as they released heat from inside the Earth, but 
those effects were local and short-lived, like the eruption of 
Mount St. Helens.  It is more likely that the worldwide climate 
change was due to vast quantities of carbon dioxide that the 
volcanoes released into the atmosphere.  

Carbon dioxide is a “greenhouse gas.”  It traps heat in 
the atmosphere, making the Earth warmer.  (More on this in 
Chapter 7.) Normally, this gas circulates through the Earth 
system very slowly.  Carbon dioxide in the atmosphere dissolves 
into rain, forming carbonic acid.  This natural and very dilute 
acid rain becomes runoff that dissolves minerals in rocks and 
these minerals eventually travel to the oceans.  There, marine 
animals take up the carbon dioxide into their bodies, converting 
it into organic compounds.  When they die, their carbon is 
deposited on the ocean floor in the form of carbonates.  After 
millions of years the ocean floor is pushed deep into the Earth 

Volcanic influence on Atmosphere and Climate

and melted.  The melted crust releases the carbon 
as carbon dioxide gas, which floats to the surface 
in huge bubbles, along with sulfur and other gases.  
During volcanic eruptions the gas returns once 
again to warm the atmosphere.

During a period of high volcanic activity, the 
part of the cycle that returns carbon dioxide to 
the atmosphere speeds up.  The ocean floor melts 
faster and huge amounts of carbon dioxide are 
released, warming the worldwide climate.  That’s 
what happened during the Cretaceous Period.
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Conclusion
In this chapter we took a mental journey 

inside the Earth to find the source of its heat 
energy and see how it flows to the surface.  

Most of the energy within the Earth begins 
as radiation and the kinetic energy of decay 
products from the decay of very large atoms.  The 
energy from radioactive decay does not go very 
far before it collides with molecules of magma, 
making them move faster.  

The heat is spread throughout a region of 
magma by conduction, in which molecules hit 
other molecules, making them go faster too.  A 
large volume of magma heats up and becomes 
less dense than its surroundings.  

The Long Term Carbon Cycle  
This illustration shows the important role that volcanoes play in 
cycling carbon through the Earth system.  The amount of carbon 
dioxide in the atmosphere regulates the average global temperature.  
(Illustration adapted from “How Climate Evolved on the Terrestrial 
Planets,” by Kasting, Toon, and Pollack, Scientific American, 
February, 1988,  page 93.)

Living organisms 
incorporate the 
carbonate minerals into 
shells, which settle to 
the bottom when the 
organisms die.

Carbon dioxide is released when the 
ocean floor is pushed down into the 
mantle and melts.

Volcanic eruption caused by 
melting of the ocean floor 
returns carbon dioxide to the 
atmosphere.

Carbon dioxide dissolves in 
rain, forming carbonic acid.

Carbonic acid dissolves minerals, 
which flow down rivers to the ocean.

For new material relating to this chapter, please see the 
GSS website “Staying Up To Date” page:   
http://lhs.berkeley.edu/gss/uptodate/6ef. We invite you 
to send us new articles for the "Staying Up To Date" 
web page for this chapter.  Articles may be from local 
newspapers, magazines, websites, or other sources that 
you think would be of interest to classrooms around the 
country. To send us articles please go to the link  
http://lhs.berkeley.edu/gss/uptodate/newarticle.html and 
find the "Submit New Article" button. 

While radiation and conduction are important 
ways that energy flows through the Earth’s 
interior, most of the Earth’s internal energy 
escapes through convection.  Convection can 
occur in gradual convection currents in the upper 
mantle, as described in Chapter 2, or in huge 
plumes of magma that carry hot molten rocks to 
the upper mantle and erupt through the surface, 
as described in Chapter 3.

http://www.lhs.berkeley.edu/gss/uptodate/6ef
http://lhs.berkeley.edu/gss/uptodate/newarticle.html
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4. How Does the Sun Shine?

Whale Island, near Tromsø, Norway. 
Photo by Alan Gould

An outdoor expedition once brought a group of high school 
students to the top of a bare plateau in the middle of the night.  
Even though it was July, the night air was cold and the wind was 
blowing strongly.  The wind thwarted their efforts to build a fire.  
They couldn’t sleep, and for hours they huddled together to keep 
warm.  As the sky finally lightened and the stars winked out, they 
watched as the Earth turned and slowly brought the Sun into view.  
When the first rays of light shone over the distant horizon, they 
burst into spontaneous applause and “hoots” of appreciation.  Soon 
the rays of sunlight, now exploding into brilliant colors all over 
the sky, would bring the warmth that they and every other living 
thing depended upon for survival.

The Sun—An Average Star
Until now we have focused entirely on the sources of energy 

within the Earth—the heat energy generated by gravity when the 
Earth first formed, and the energy produced by nuclear fission 
from radioactive materials deep underground.  In this chapter 
we’ll focus on the third big source of energy pouring into the Earth 
system—the Sun.

a huge pinwheel of stars called the 
Milky Way galaxy—which is in turn one 
of countless numbers of such galaxies 
in the Universe.  

Although the Sun is not an 
unusual star, its power is awesome.  
The Earth intercepts only a tiny 
amount of the total energy that the 
Sun produces. Yet that energy powers 
all movements of wind and waves; it 
lifts up to the sky all the water that 
falls back to the ground as rain or 
snow; it warms all jungles and the 
deserts; it provides the energy for 
all plants to manufacture their food, 
which in turn supports all animal 
life, including us; and... it warms our 
faces and hands after a cold night 
outdoors. All this energy captured 
from the Sun in Earth systems is 
only about one billionth of the total 
energy output of the Sun! Yes, the 
Sun’s power is awesome.

The Sun is a star.  It’s about 100 times the 
diameter of the Earth.  If the Sun were hollowed 
out, one million Earths would fit inside it.  As 
stars go, it’s not unusually big or unusually small; 
nor is it unusually bright or dim.  It’s an average 
star—one of between 200 and 400 billion stars in 

Chapter 4
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A Visit To our Star
 Temperatures on the Sun range from 6,000°C at the visible 

surface, to over 15 million °C at the core.  Given these conditions, 
you should probably do as Earth-based astronomers do—study the 
Sun from a safe distance and infer what it is like inside by computer 
modeling.  But if you could visit the Sun, you might see something 
like the pictures on the next two pages.

Imagine you are visiting the Sun, equipped with a comfortable 
heat-protective suit, exceptionally strong sunglasses, and a 
powerful rocket engine to get you home again. Poised above the 
Sun’s visible surface in a small spacecraft, you see the faint, 
wispy streamers of the corona all about you.  This is the outer 
atmosphere of the Sun, which extends far beyond Earth, and even 
beyond Pluto.  Streamers of charged particles—atoms that have 
been torn apart into electrons and protons—follow the magnetic 
field lines of the Sun, in patterns like iron filings on a sheet of 
paper covering a bar magnet.  

Arching above the Sun’s surface are very bright streamers 
of hot gas called prominences. Material in these huge loops also 
follow the magnetic field of the Sun, most of it falling back to the 
surface, but some escaping to become part of the corona.

Rising everywhere from the Sun’s visible surface are finger-
like streamers of hot glowing gas called spicules. These comprise 
the lower atmosphere of the Sun, called the chromosphere. 

Image of the Sun from the TRACE spacecraft. Courtesy NASA.

The name comes from the Greek word 
“chromos,” which means “color,” and 
refers to the beautiful pinkish hues seen 
during a Solar eclipse, when the bright 
parts of the Sun are obscured so we can 
see its atmosphere.  

Before descending to the surface, take 
a sample of the solar atmosphere.  You’ll 
find that the charged particles are moving 
very, very fast.  Recalling that the kinetic 
energy of individual particles is measured 
as “heat,” you’ll probably conclude that 
the solar atmosphere is very hot—millions 
of °C!  However, the particles are few and 
far between.  In fact, there is so little 
“stuff” in the solar atmosphere, that it 
would be considered a nearly-perfect 
vacuum on Earth!  If there were a breach 
in your spacecraft hull, you would not be 
burned by the very thin atmosphere—you 
would die from suffocation, decompression 
and radiation.



32 Global Systems Science Energy Flow—Chapter 4: How Does the Sun Shine?

Now donning your solar space suit, you leave your comfortable spacecraft 
and descend to the Sun’s visible surface—the photosphere.  As you descend 
towards the surface, you notice that it is completely covered with bright 
regions, about the size of Wyoming, surrounded by darker areas.  This is 
called “granulation.”  Each granule is the top of a convection current.  Hot 
gas comes up in the bright center portion, releases its energy and cools, then 
sinks along the edges of the granule.  

Sunspots

Granulation

Corona

Prominence
Photograph of a prominence.     
The prominences seem to float 
upwards from darker regions of the 
Sun, called sunspots.  These sunspots 
look black from Earth, but from your 
current vantage point you can see that 
they are only slightly cooler and less 
luminous than the surrounding areas.



Energy Flow—Chapter 4: How Does the Sun Shine?  33

The Earth

(to scale by size 
  but not distance)

Photosphere

Spicules

Sunspots

Core Radiation Zone

Convection 
Zone

Chromosphere

(just above photosphere)

Now coming in for a “landing” on the 
photosphere, you immediately sink!  That’s 
because there is no solid surface.  The atoms are 
still so far apart here that the pressure is roughly 
one sixth of the pressure of air at the surface 
of the Earth.  Checking your thermometer, you 
find that the temperature in this region is “only” 
about 6,000°C.  

By the time you reach the bottom of the 
convection zone, you will have fallen about 15% 
of the way towards the Sun’s center, and the 
temperature will have climbed to about 500,000 °C.  
As you fall, the density increases.  At the bottom of 
the convection zone, density is about 1% of water 
on Earth. 

You have now entered the radiation zone.  At 
this depth there are no more atoms—only pieces of 
atoms—mostly electrons and protons floating in a 
“particle soup” called plasma.  The material around 
you becomes more transparent, and you can see 
that it is brighter towards the center of the Sun.  
You continue to sink into the radiation zone.
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 Your descent finally halts about half-way to the center of the 
Sun, when the density of the Solar plasma reaches the density of 
your body, which is composed mostly of water.  Assuming your suit 
is still protecting you, you will find that the temperature is now 
millions of degrees Celsius.  If you could dive deeper, you would 
enter the core, where it is hot enough for hydrogen to fuse.  At the 
Sun’s center, you’d find the temperature to be about 15 million °C 
and the density to be about 12 times that of lead.   But if you’re 
smart, you’ll push the panic button, igniting the rockets strapped 
to your back to return you to your spacecraft, and read about what 
is going on in the core, rather than experience it first-hand.

So if radioactive decay is not what's happening 
in the Sun, what is happening? 

As luck would have it, there is a different kind 
of nuclear reaction, called nuclear fusion, where 
lighter atomic nuclei fuse together to form heavier 
nuclei. One type of nuclear fusion reaction is the 
combination of four hydrogen nuclei to form a single 
helium nucleus.  Careful measurements of mass show 
that the combined mass of four hydrogen nuclei is a 
tiny bit more—less than 1% more— than the mass of 
the helium nucleus after the nuclear fusion happens. 
The tiny amount mass does not just disappear—it is 
converted into energy. The amount of energy produced 
when mass is apparently “lost” can be calculated from 
Einstein’s famous equation:

E = mc2

In the most simple terms, this equation says 
that a certain amount of energy (E) is equivalent to a 
certain amount of mass (m) multiplied by the speed 
of light squared.  The speed of light is a very big 
number:about 300,000 kilometers per second. If you 
could go that fast, you could go around the world seven 

The Secret of the Sun’s Furnace
When the process of nuclear fission was discovered at the 

beginning of the twentieth century, some scientists proposed that 
perhaps the decay of heavy elements, such as uranium inside the 
Sun, produced its energy.  This seemed reasonable, since heat inside 
the Earth is generated by radioactive decay as described in Chapter 
3 (page 25). However, using instruments called spectrometers, that 
analyze the color of light from the Sun, astronomers found that it 
is composed mostly of hydrogen (70%) and helium (28%).  Just 2% 
of the Sun is composed of heavier elements, and almost none of it 
is of the variety that will generate energy by radioactive decay.

This diagram represents 
nuclear reactions going 
on in the core of the Sun. 
In reality, there is not one 
nuclear reaction, but a 
series of several different 
nuclear reactions. See 
the GSS book Dynamic 
Universe for more about 
secrets of the  Sun's 
furnace and how those 
secrets were discovered.

Nuclear Fusion

Four protons  
(hydrogen nuclei)

PP
P P

Energy Helium
nucleus
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times in a single second.  So, indeed, 
the speed of light is a very large number, 
and when it is squared it is way bigger!  
So the tiny bit of mass that is lost when 
four hydrogen atoms fuse and become 
one helium nucleus results in a huge 
amount of energy.  

And there is no shortage of 
hydrogen in the Sun. In the Sun's core, 
about five billion kilograms of hydrogen 
is turned into helium every second and 
about 50 million kg of mass is lost each 
second—enough to account for the Sun’s 
production of energy.  The Sun has been 
fusing hydrogen at this rate for about 
five billion years; and there is enough 
hydrogen fuel to keep the Sun “burning” 
for another five billion years.

As shown in the picture on pages 32 and 33, 
the Sun’s core is relatively small, about 1% of 
the Sun’s volume.  Within the core, the density 
is twelve times greater than that of lead, and 
the temperature reaches 15 million °C.  These 
are the temperatures and pressures required for 
fusion reactions to occur.  It is also too hot for 
atoms to exist.  

At room temperature on Earth, a hydrogen 
atom consists of a single proton surrounded by a 
single electron.  If the volume of a hydrogen atom 
is represented by a large basketball stadium, the 
proton would be about the size of a bumble bee 
at the center, and the electron would be the size 
of a mote of dust floating around the edges.  But 
within the Sun, the temperature is very high and 
particles are moving at very high speeds, smashing 
into each other with a great amount of kinetic 
energy.  The electrons are quickly knocked free, 
destroying the atoms, and creating a “soup” of 
protons and electrons called a plasma.

In the plasma at the Sun’s core, colliding 
protons can fuse.  Fusion is actually a multi-step 
process in which four protons become a helium 
nucleus that weighs a little less than the four 
protons. In the process, other particles, such as 
photons and neutrinos are released.  A photon has 
no mass.  It is a form of pure energy that travels 
through space.  As we’ll see later in this chapter, 
light, x-rays, and radio waves are all composed 
of photons. 

When a photon released by the fusion 
reaction strikes a particle, its energy is absorbed 
and almost immediately given off as another 
photon.  That photon then hits another particle, 
and on and on.  Each photon travels at the speed 
of light, but it only travels about a millimeter 
before it hits another particle.  After each 
collision, the new photon that results may go in 
any direction—outwards towards the surface of 
the Sun, sideways, or even back into the center.  
A bit of energy will travel in this manner for 
an average of ten million years, before finally 
reaching the upper level of the Sun.  The region 

How Does Energy Get from the Sun’s Core to the Surface?
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above the core, where photons make their long wandering journeys, 
is called the radiation zone.

Eventually, the photons reach the upper 15% of the Sun, 
where the temperature and pressure have fallen enough for atoms 
to exist.  Here, electrons can join with nuclei to produce atoms.  
Atoms absorb the energy of the photons and huge volumes of 
hydrogen gas just above the radiation zone heat up and start to 
float upwards, with cooler gas falling to take its place.  We have 
reached the convection zone, where the Sun’s energy flows in huge 
convection currents.

The tops of the convective cells can be seen in telescope 
photographs  of the Sun’s surface.  Each one is about the size of 
Wyoming , and appears a little lighter than the region between 
the cells, where material has cooled and is beginning to sink.  The 
overall effect is like a bowl of rice grains, and is called granulation.  
We see the hot centers of the grains because the atoms give off 
photons as they cool—photons of light, as well as ultraviolet and 
infrared photons—which bathe our planet in life-giving energy.

Space Weather and Space Storms

Janet Luhman,  
solar scientist at the Space Science Laboratory,  
University of California, Berkeley.

The Sun’s surface is a seething cauldron of 
gases and photons. Material spews off the Sun’s 
surface in copious quantities. The whole region of 
space around the Sun is affected, all the way to 
the Earth and even the outermost planets. NASA’s 
Office of Space Science (OSS) has a whole 
division called the “Sun-Earth Connection” 
that studies the Sun and “space weather.” 
The NASA TRACE spacecraft (Transition Region 
and Coronal Explorer) has captured images 
and movies of the Sun’s surface that show in 
exquisite detail the violence of activity in the 
Sun’s atmosphere and surface.

Working on NASA’s Sun-Earth Connection 
program, studying space weather, is Dr. Janet 
Luhmann, at University of California’s Space 
Science Laboratory in Berkeley. We visit her 
to find out what space weather means to us 
here on Earth. 

Dr. Luhmann tells us, “Space weather is 
weather above the atmosphere of the Earth. 
We are familiar with dangerous aspects of 
weather in Earth’s atmosphere from high 
winds, thunderstorms, hailstorms, tornadoes, 
and hurricanes. The space above Earth’s 
atmosphere is not really a vacuum. It is filled 
with particles and magnetic fields coming from 
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both the Earth itself and the Sun. When we are far enough from 
the Earth the Sun’s influence takes over, and we are in what is 
called the solar wind. The solar wind fills the solar system, so we 
are effectively immersed in the Sun’s outer atmosphere, as are 
Mercury, Venus, Mars, and all the planets. While the solar wind, 
which is made of ionized gas or plasma, is nowhere near as dense 
as wind in the Earth’s atmosphere, it still poses dangers to us.

“We often observe violent events on the Sun. For example 
flares are regions where sudden energetic eruptions happen. 
They last from minutes to hours and can give off huge amounts 
of particles and radiation including energetic particles, X-rays, 
radio waves, and ultraviolet light. But it’s not flares that cause 
most problems on Earth.  Coronal mass ejections (CMEs) are 
gigantic blobs of the Sun’s upper atmosphere, or corona, that 
explode into space, sometimes in our direction. The size of CMEs 
is often a large fraction of the diameter of the Sun, but they 
grow still larger as they expand outward into the solar wind. We 
cannot see CMEs with our naked eyes unless something like a total 
solar eclipse, or a special device called a coronagraph, blocks 
the bright solar surface and lets us see the faint coronal light. 
The leading edges of fast-moving CMEs drive giant shock waves 
before them as they move through the solar wind at speeds up 
to 2000 km per second. In one CME, as much as 10 billion tons of 
the Sun’s atmosphere can be blown into interplanetary space.

“The solar wind is not uniform and constant-
there are often ‘gusts’ and big changes in plasmas 
and magnetic fields. The CME makes an especially 
strong gust that acts like a snow plow in the 
solar wind. If the shock wave, the snow-plowed 
solar wind, and the coronal blob hit the Earth’s 
magnetic field, they distort it and disturb the 
space close to the Earth, including our own upper 
atmosphere. The CME-caused shock wave also 
adds a lot of energy to a few of the solar wind 
particles, as well as to some of the particles in the 
space around the Earth, increasing the radiation 
levels at high altitudes. The Sun has its own 
version of seasons- the frequency of sunspots, 
flares, and CMEs fluctuates on an 11-year cycle 
between times of maximum activity and minimum 
activity.

“CMEs can trigger severe magnetic storms 
near Earth and wreak havoc with spacecraft 
components, satellite communications systems, 
and multi-use space networks such as global 
positioning satellite (GPS) system. Onboard 
satellite computer chips can get zapped and then 
false commands occur due to data bits that have 
flipped their binary value. Satellite solar cells get 
damaged and their performance degraded from 
radiation. The disturbed ionosphere interferes 
with ground communications to satellites, and 
solar radio noise is received by antennas meant 
for our own radio communications. When a severe 
magnetic storm from a CME hits Earth, huge 
electric currents can be produced in our upper 
atmosphere causing it to heat up and expand. 
This in turn increases the atmospheric friction or 
drag on satellites in orbit and causes their orbits 
to decay (decrease in altitude) more rapidly than 
usual. On Earths surface, at high latitudes, there 
can even be electric currents set up in electric 
power transformers and oil pipelines, resulting in 
overload and failure of power grids or increased 
corrosion in the pipelines. Of course, there is 
also direct threat to the health of astronauts 
onboard the Space Shuttle and the International 
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Space Station, due to the increased radiation 
near Earth around the times of magnetic storms. 
Energetic particles can also leak into Earth’s 
polar regions and expose people in high flying 
aircraft on polar routes to increased radiation-
equivalent to a couple of chest X-rays.

“Not all solar eruptions will hit Earth.  A 
mass ejection may look very threatening in a 
coronagraph image but not produce anything at 
Earth if it is moving away from us or off to the 
side. Sometimes energetic particles produced 
by the CME-caused shock wave in the solar 
wind reach us days before the shock itself. 
These are sometimes a good indication that we 
will be hit, but the severity of the following 
geomagnetic storm is hard to tell from these 
particles alone.”

Dr. Luhmann explains to us about the latest Sun-Earth 
Connection mission that she is a Principal Investigator on: “Despite 
the importance of CMEs, they are not well understood. While 
CMEs are now seen routinely with existing instruments, those 
erupting directly towards us are least likely to be detected. Until 
their 3-D structure is revealed, we cannot be certain of their 
nature, behavior, and origins.  Our goal is to predict when there 
will be bad episodes of space weather-storms that can cause 
power blackouts and endanger airplane landings because of GPS 
navigation problems.  There are only a few such bad episodes 
each solar cycle, and though there are more at 
the time of solar cycle activity maximum, bad 
storms can happen any time during the solar 
cycle. Predicting space weather is in  its infancy 
and it’s very difficult. For example, a large CME 
was observed in the corona in June of 2000 and 
we expected a humongous magnetic storm, but 
it  didn’t happen. Normally, for material from a 
solar eruption to reach Earth takes about four 
days. But a fast ejection can take as little as two 
days to reach Earth, and the first effects of an 
approaching shock can happen within an hour of 
the eruption from the Sun.

“To study solar eruptions in 3-D, we are 
preparing a new spacecraft mission called 
STEREO, for Solar Terrestrial Observatory. STEREO 
will include two spacecraft, both orbiting the Sun 
in the same orbit as Earth, but one leading ahead 
of Earth and one lagging behind Earth in its orbit.  
This will give us a stereoscopic 3-D view of the 
Sun, with ‘eyes’ separated by millions of miles. 
The craft will slowly drift apart through the two 
to five year mission which is set to launch in 2004. 
In addition to solar and coronal imagers, the 
STEREO spacecraft will carry magnetometers to 
detect the solar wind’s magnetic field as well as 
plasma sensors to detect the solar wind particles 
themselves. Here at the Space Sciences Lab 
in Berkeley, we are developing the sensors for 
those invisible parts: the solar wind plasma and 
magnetic fields. When STEREO observations are 
combined with data from instruments on Earth or 
in low Earth orbit, the buildup of magnetic energy, 
eruption, trajectory, and structure of Earthward-
bound CMEs can be tracked in three dimensions, 
‘from cradle to grave’.”

The TRACE mission website is at 
http://vestige.lmsal.com/TRACE/.

Dr. Luhmann 
points out a coronal 
mass ejection on an 
image of the Sun.

http://vestige.lmsal.com/TRACE/
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Conclusion
In this chapter we traced the energy that 

provides heat and light on Earth back to its origin 
in the center of the Sun. We also followed the 
flow of that energy from the center of the Sun to 
the surface where it emerges into space and saw 
what happens to that energy as it approaches the 
vicinity of Earth. In the next chapter, we take a 
closer look at the energy itself, and answer the 
question, “What is light?”

For new material relating to this chapter, please see the GSS website 
“Staying Up To Date” page:  
http://lhs.berkeley.edu/gss/uptodate/6ef
We invite you to send us new articles for the "Staying Up To Date" 
web page for this chapter.  Articles may be from local newspapers, 
magazines, websites, or other sources that you think would be of 
interest to classrooms around the country. To send us articles please 
go to the link http://lhs.berkeley.edu/gss/uptodate/newarticle.html 
and find the "Submit New Article" button. 

http://www.lhs.berkeley.edu/gss/uptodate/6ef
http://lhs.berkeley.edu/gss/uptodate/newarticle.html
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It is 10°C below zero 
outdoors, and the snow is piled 
high against the walls of the 
Tromsø Planetarium—the most 
northerly planetarium in the 
world.  But it’s warm and cozy 
indoors, where Planetarium 
Director Franck Petersson shows 
us some of his most recent 
photographs of the aurora 
borealis, or northern lights.  
Tromsø, Norway, where Franck 
lives with his wife, Marit, who 
is also a teacher, is nearly 400 
kilometers above the Arctic 
Circle. 

5. What Is Light?

Planetarium in Tromsø, Norway.  Photograph courtesy of Franck Petersson

 That reminds Franck of his pictures 
of the midnight sun.  “That’s when the Sun 
remains in the sky night and day for several 
months.  It never gets very high in the sky, 
but it’s never completely dark, either,” 
he explains.  “In the winter, it’s just the 
reverse.  We don’t see the Sun at all for 
several months.”  He shakes his head and 
tells us that, “The long night is definitely 
the worst.  Even people who are born here 
never get used to months of darkness; and 
that’s why I’m especially interested in the 
lovely, colorful streamers that frequently 
appear in the winter sky.”

“The aurora,” explains Frank, “is evidence that 
the Earth’s magnetic field is protecting us from one 
form of Solar radiation that would be quite dangerous 
to us—the solar wind.  The solar wind is actually part 
of the corona, the outer atmosphere of the Sun.  It 
is made of electrically charged particles—electrons 
and protons—that continuously stream outward from 
the Sun.  The Earth’s magnetic field, that allows our 
compasses to work, channels the particles to the North 
and South Poles of the Earth.  Where the particles 
strike the upper atmosphere, they strike molecules 
of air, which is mostly nitrogen and oxygen. The air 
molecules absorb the energy from the solar wind, 
and then release that energy in the form of visible 
light photons—which we see as the lovely colors of 
the aurora.”

“Of course,” he adds, “most of the Sun’s radiation 
is in the form of photons—packets of energy with no 
mass and no electric charge.  The photons penetrate 
the magnetic field and reach the Earth’s atmosphere, 
where they give us heat and light....except”—he 
adds with a shudder—“above the Arctic Circle in the 
winter!”

Chapter 5
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What is Light?
In the last chapter, we learned of 

the source of the Sun’s light. This is the 
ultimate source of most of the energy 
flowing around us, including the constant 
stream of electric signals triggered 
by photons of light hitting nerves in 
the retinas of our eyes.  Light fills our 
world—we see everything in our homes, 
admire trees and flowers, read books and 
maps, find our way to school or work, 
watch movies and concerts, marvel at the 
spectacle of aurora borealis. But what is 
light?

Isaac Newton favored the idea that 
sunlight was composed of streams of tiny 
particles.  Particles of light are called photons. He thought that there were 
different colors of light particles—blue light being composed of blue particles, 
red light composed of red particles, and so forth. Other investigators thought 
light acted more like a wave than a particle. For the wave proponents, color 
was determined by the length of the wave, from crest to crest. Blue light 
had a shorter wavelength than red light, and each of the colors of the visible 
spectrum had its own specific wavelength. 

Many experiments indicated that light was a wave motion rather than 
a stream of particles. But it was a mystery as to what was vibrating! Water 
waves travel through water. Earthquake 
waves travel through rock and soil. But 
light moves through the almost-empty 
space between the Sun and Earth. Even 
before it was established that there was 
no air between the Earth and the Sun, 
experimenters had removed air from glass 
jars and found that light readily passed 
through. The answer to what was waving 
came from experiments with electricity 
and magnets by scientists such as Michael 
Faraday.

Michael Faraday, the son of an English 
blacksmith, made a series of discoveries 
that would change the world.  Faraday 
began his work in science as a washer of 
laboratory glassware. Later he became 
the head of the laboratory.  In 1821 he 
began a series of experiments that were to introduce the age of electricity.  
Only the year before, Danish physicist Hans Christian Oersted had discovered 
that electricity flowing in a wire produces a magnetic field around the wire.  
Faraday built on Oersted’s discovery and found that the converse also works: 
a moving magnet produces an electrical current in a wire.  That discovery 
eventually led to the invention of electric generators, which now produce 
most of our electric current.  Faraday’s work also laid the foundation for the 
development of electric motors. 

The aurora above Tromsø, 
Norway, photographed by 
Franck Petersson. Colors 
in the aurora are most 
commonly red and green.

Franck Petersson’s picture 
of the midnight sun, near 
the city of Tromsø, Norway.
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Image Source:
http://imagers.gsfc.nasa.gov/ems/

consider.html

James Clerk Maxwell

On a spring evening in 1846 Michael Faraday was to 
introduce another scientist as the speaker of the evening at a 
lecture for people interested in science. At the last moment 
the speaker got cold feet and left the meeting. Faraday was 
left standing alone on the platform. In order not to disappoint 
the guests he explained his work with moving magnets and the 
production of electricity.   First, he explained that a magnet 
had an invisible magnetic field around it. He could make the 
field visible by holding a magnet under a sheet of paper, and 
sprinkling iron filings on the paper.  The pattern of the iron 
filings revealed the presence of the magnetic field.  It was this 
field which attracted iron objects that came within its range. 
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Faraday wondered what happens to the magnetic field of a 
magnet if you move the magnet up and down rapidly.  If you shake 
the end of a rope up and down, the rest of the rope responds by 
moving up and down and the disturbance moves down the rope as 
a wave.  Faraday thought that surely the movement of a magnet 
would cause its magnetic field to move as well.  He knew that a 
moving magnet could produce an electric current in a nearby wire.  
Might the disturbance in the magnetic field move out beyond the 
wire?  Possibly, he reasoned, moving the magnet up and down 
produced a moving wave in the magnetic field; and just possibly, 
that is the way that light might travel.

A young Scottish mathematician named James Clerk Maxwell 
heard about Faraday’s ideas. He knew that magnets are surrounded 
by magnetic fields and that there are also electric fields that 

Michael Faraday
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surround objects that have static electric charge. 
Your most direct sensation of these electric fields 
has probably been the feel of “static cling” of 
certain fabrics, especially when they are fresh 
out of a dryer after having been tossed about 
and rubbed against other fabrics producing an 
excess or deficiency of electric charge on some 
of them.  You may also have experienced the 
result of electric field if you felt a shock from 
touching a door knob or other metal object after 
you accumulated enough electric charge when the 
soles of your shoes rubbed a carpet as you walk. 
Electric fields attract (or repel) charged particles 
such as electrons and move electrons in wires, 
making electric current. 

Maxwell asked himself: if electricity flowing 
in a wire could cause a magnetic field, and a 
moving magnetic field could cause an electric 
field that makes electricity flow in a wire, what 
was the relationship between the two fields?  How 
fast could a magnetic field produce an electric 
one and how fast could the electric field produce 
a magnetic one?  

Maxwell had the mathematical skill to work 
out equations that allowed him to determine 
how quickly such changes would occur.  When he 
found the answer he was astounded.  The speed of 
propagation of such changes was the same as the 
speed of light.  A theory immediately suggested 
itself to him and 
later experiments 
indeed proved that 
light is a wave of 
changing magnetic 
and electric fields 
that travel through 
space.  In other 
experiments, light 
acts as if it were 
made of particles, 
so we are forced 
to accept this dual 
nature of light—it 
ac t s  i f  i t  were 
both waves  and 
particles.

http://imagers.gsfc.nasa.gov/ems/consider.html
http://imagers.gsfc.nasa.gov/ems/consider.html
http://www.th.physik.uni-frankfurt.de/~jr/gif/phys/oersted.jpg
http://www.th.physik.uni-frankfurt.de/~jr/gif/phys/oersted.jpg
http://siarchives.si.edu/history/jhp/papers01.htm
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The Electromagnetic Spectrum
What do you think of when you hear the word “radiation?” 

Danger? Nuclear disasters? Mutant creatures with super powers? 
The word “radiation” is used so many ways that it is easy to 
get different kinds of radiation mixed up. In general, the word 
“radiation” can apply to anything that moves outward from some 
central point. In this sense, a “boom box” speaker is the source 
of “sound radiation,” but it is not dangerous to you, unless the 
music that is radiating is dangerously loud or offends someone 
with violent tendencies. 

Energy from the Sun is generally called electromagnetic 
radiation.  As described previously, it is composed of oscillating 
electric and magnetic fields.  Radiation transfers happen in 
packets of energy—normally miniscule amounts of energy—called 
photons.  Many forms of electromagnetic radiation are probably 
familiar to you.  Light is one form of electromagnetic radiation.  
Others include infrared, microwave, radar, television and radio 
waves. All of these have wavelengths longer than that of visible 
light. Other kinds of photons, with shorter wavelengths than light, 
are ultraviolet, x-rays, and gamma rays. The full range of these 
vibrations is called the electromagnetic spectrum.

Long wave radiation.  The longer the wavelength, the 
less energy in each photon.  Here are types of photons 
with wavelengths that are longer than visible light:  

Radio waves are the longest electromagnetic photons 
known.  Although they are the least energetic, they can 
carry messages through clouds and across space.

Microwaves are shorter and more energetic than radio 
waves.  Microwaves are used in ovens to heat food, 
and for communications. 

Infrared radiation (abbreviated IR).  All objects give 
off IR radiation to some extent; hotter objects give 
off more infrared radiation than cooler ones. 

Radio waves are 
photons with very 
long wavelengths 

Hot toasters give off 
infrared photons.

Infrared

Red

Orange

Yellow

Green

Blue

Indigo

Violet

Ultraviolet

PRISM
White Light
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Honey bees 
can see 
ultraviolet 
light.

X-rays pass 
through skin 
but not bones.

The human eye 
is only sensitive 
to visible light 
photons.

Visible light radiation.  The photons that we can sense with 
our eyes are in the middle of the electromagnetic spectrum.   
Photons of red light have less energy than photons of violet 
light. 

Short wave radiation.  The shorter the wavelength, the more 
energy in each photon.  Here are the types of photons with 
wavelengths that are shorter than visible light:

Ultraviolet radiation (abbreviated UV) has higher energy  
than violet light. It is sometimes referred to as ultraviolet 
light, but it is not visible to humans. (Honey bees can see 
ultraviolet light.) 

X-rays have even more energy than UV. No one outside the 
comic books has eyes that can see x-rays but these invisible 
rays can be used to take pictures. Since x-rays can shine right 
through many solid objects, pictures made with x-rays are 
used to reveal the insides of people and airline baggage.  

Gamma rays  include all electromagnetic radiation with more 
energy than x-rays. Gamma rays are produced by nuclear reac-
tions deep inside the Earth, in the Sun, and in other stars.

The most energetic photons produced by 
the Sun are dangerous for people and other living 
things.  Large doses of gamma rays can kill rather 
quickly.  X-rays were once thought to be harmless, 
and shoe stores even installed X-ray machines so 
people could watch their toes wiggle inside their 
new shoes.  The machines were removed when 
it was discovered that in time, X-rays can cause 
cancer.  Even today, X-ray technicians wear lead 
aprons to protect themselves, and dosages are 
kept as low as possible for patients who must have 
X-rays taken of their bones and teeth.

Ultraviolet radiation can also be dangerous 
in large doses.  It can kill microorganisms quickly.  
Ultraviolet photons cause sunburn, and it is 
likely that damage caused by UV is cumulative 
throughout a person’s lifetime, and can lead to 
skin cancer.  UV is also blamed for cataracts—a 
condition in which the clear covering of the eyes 
becomes cloudy and can lead to blindness if not 
treated with surgery.   Animals do not wear hats 
and sunglasses, so they cannot protect themselves 
from UV radiation.

Fortunately we are shaded from gamma rays, 
X-rays, and most ultraviolet radiation by the layer 
of ozone gas high in the atmosphere.   There is 
serious concern about depletion of the ozone layer 
due to the use of certain human made chemicals, 
called chlorofluorocarbons, or CFC’s.

our Atmospheric Shield
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For new material relating to this chapter, please see the 
GSS website “Staying Up To Date” page:  
http://lhs.berkeley.edu/gss/uptodate/6ef
We invite you to send us new articles for the "Staying 
Up To Date" web page for this chapter.  Articles may 
be from local newspapers, magazines, websites, or 
other sources that you think would be of interest to 
classrooms around the country. To send us articles 
please go to the link  
http://lhs.berkeley.edu/gss/uptodate/newarticle.html 
and find the "Submit New Article" button. 

Question 5.1 How many things at your home 
or in other places you go depend on types 
of radiation other than visible light? Some 
examples are given on this page. Make a list 
of as many things as you can and explain 
what type of radiation is involved.

Other forms of electromagnetic radiation 
are generally considered safe.  However, any form 
of electromagnetic radiation, if made intense 
enough, can cause heating and burning. Think of 
what happens when you use a simple magnifying 
glass to focus the Sun’s rays!

The diagram on this page shows what happens 
to energy across the electromagnetic spectrum 
when it encounters the Earth’s atmosphere.  
Notice that most UV photons are absorbed in the 
stratosphere, where the concentration of ozone is 
highest.  X-rays and gamma rays are also absorbed 
in the atmosphere.  Some IR is absorbed as well, 
due to water vapor, but much of it gets through.  
The fact that visible light easily penetrates the 
atmosphere is probably responsible for the fact 
that complex life forms on Earth have evolved 
eyes that can sense visible light. 

ra
dio vis

ibl
e 

inf
ra

re
d 

ult
ra

vio
let

 

x-
ra

ys

Conclusion
This short chapter presents a very important 

net of ideas that you will need to understand 
energy flow through the atmosphere—that light 
is a form of energy that acts as both a wave 
and a particle. The next chapter focuses on 
what happens to infrared photons in the Earth’s 
atmosphere.  The fate of those photons has 
great bearing on the average temperature of the 
Earth.

http://www.lhs.berkeley.edu/gss/uptodate/6ef
http://lhs.berkeley.edu/gss/uptodate/newarticle.html
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6. Energy Flow In the Atmosphere

Most natural systems are continuously changing. Yet 
within them certain things remain the same, or fluctuate 
within limits. Any balance between opposing forces or 
influences can be called “equilibrium.”  There are two 
kinds of equilibrium: static and dynamic. 

Systems in Static Equilibrium
Static equilibrium is when parts of a system really 

are not changing at all. A good example is a rock resting 
quietly on the ground. It is not changing its position. The 
force of gravity pulling down on the rock exactly balances 
the upward force of the ground on the rock. The rock 
system is in static equilibrium because it is not changing 
its position at all.

Systems in Dynamic Equilibrium

A system in dynamic equilibrium is always changing, 
yet certain characteristics of the system stay the same or 

Escalator 
runs up

Person  
runs down

Dynamic  
Equilibrium

Gravity pulls down

Chair pushes up

Static Equilibrium

about the same within limits. A good example is 
a person walking down an up escalator at just the 
right rate, so that she stays midway between the 
ends of the escalator at all times. She is moving 
and the escalator is moving, but she remains at an 
equilibrium position in the middle of the escalator. 
She may not stay exactly at the same spot, but 
she can maintain her position within a few feet. 
She can stay in dynamic equilibrium as long as she 
can keep walking at about the same speed as the 
escalator is moving. Eventually, however, she will 
get tired and the system will take her out of the 
dynamic equilibrium position.

A more complex example of dynamic 
equilibrium is the total amount of money that a 
bank holds. The amount of money held in “reserve” 
remains fairly constant, even though the bank is 
receiving deposits from people and making loans 
to other people all the time. Equilibrium can be 
upset if a lot of people withdraw their savings at 
the same time. In that case, the flow of money 
out will exceed the flow of money in, and the cash 
reserves will be greatly reduced.

Chapter 6
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The water level in a beaver pond stays constant, even 
though water continuously flows into and out of the pond.

The water level in a beaver pond illustrates 
dynamic equilibrium. A beaver creates the 
pond by building a dam. Water runs 
through and over the dam of tree 
branches. Stream water is 
continually flowing in and 
out; while the dam maintains 
a nearly constant level of 
water in the pond.

Systems can break 
down if they are stressed too 
much or if their maintenance 
is neglected. A bank can 
collapse due to major changes 
in the economy, or failure of the 
bank officers to make cautious decisions. 
A beaver dam may be lost if spring flooding is 
unusually severe, or if the beaver fails to plug 
holes and maintain the dam.

The Earth-atmosphere system is in dynamic 
equilibrium since the energy absorbed by the Earth 
equals the energy it emits into space.  The uppermost 
part of the Earth’s atmosphere is very cold, -18°C; but 
due to the greenhouse gases, the temperature at the 
surface is a toasty 15°C.  As long as the energy from 
the Sun remains constant, and the composition of the 
atmosphere stays the same, the system will remain in 
dynamic equilibrium, and the average temperature at 
the surface will stay about the same.  But if there is 
a significant change in the system—such as a change 
in the Sun’s brightness, or in the composition of the 
atmosphere, the Earth’s dynamic equilibrium could 
change, bringing about a global change in climate.
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Experimenting With Equilibrium
Investigation

A clear plastic container (such as a 2-liter 
soda bottle) has a series of holes about 1¦2 cm. in 
diameter. The holes are evenly spaced from top 
to bottom, about 2 cm. apart, in a spiral pattern 
around the bottle. Water flows continuously into 
the bottle from above, through a tube from a 
water faucet. Water flows continuously out of 
the bottle through the holes.  A sink or large tub 
of water catches the water flowing out so it does 
not spill on the floor.

Predict 
1. When the water is turned on, what will happen 

to the level of the water in the bottle?

2. What will happen to the water level if one of 
the holes is blocked?

3. What will happen if the water flows into the 
bottle faster?  Slower?

observe and Record
1. Turn on the water and adjust the flow so the 

water level stays constant.  Mark the level with 
a piece of tape.  What happens if you increase 
(or decrease) the rate of flow?

2. Block one or two of the holes.  What 
happens?

Draw Conclusions 
1. What is the relationship of the water level to 

the rate of flow?

2. What is the relationship of the water level to 
the number of blocked holes?

3. How is the rate of incoming water related to 
the rate of outgoing water?

4. Is this system in equilibrium? Why or why not? 
If it is in equilibrium, is it in static or dynamic 
equilibrium?
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Temperature Records 
at Vostok, Antarctica, 
showing °C warmer or 
cooler than today.  The 
data are from J. Jouzel, 
C. Lorius, J.R. Petit, 
N. Barkov, and V.M. 
Kotlyakov, 1994, “Vostok 
Isotopic Temperature 
Record,” pages 590-
591, in Trends, ‘93: A 
Compendium of Data on 
Global Change, ORNL/
CDIAC-65 Carbon Dioxide 
Information Analysis 
Center, Oak Ridge National 
Laboratory, Oak, Ridge, 
Tennessee.

The issue came to a head in 1988, when 
climate researcher James E. Hansen of the 
National Aeronautics and Space Administration 
(NASA) testified before congress that he was 
“99 percent certain” that global warming was 
underway.  Since then, the battle has raged 
between those who agree with Hansen and those 
who disagree, with new data emerging every few 
months.  The jury is still out on how much the 
globe will warm and how severe the effects will 
be; but understanding how solar energy flows 
through the atmosphere is growing.

The theory of global warming hinges on a 
process known as the “greenhouse effect.”  The 
experiment on the following pages will help you 
understand how the greenhouse effect works.

Is Earth’s Climate Changing?
One of the most fascinating questions in 

global systems science has been whether the 
Earth is warming up or cooling off.  In the 1970’s, 
the analysis of layers of ice buried near the 
North and South Poles revealed that for nearly 
all of the past 160,000 years the Earth has been 
in the grip of an ice age.  Then, about eighteen 
thousand years ago, it started to warm up.  We 
are currently enjoying a relatively warm period 
in the history of the Earth, called an “interglacial 
period”—between glaciers.  The long cycle of ice 
ages is now attributed to very gradual changes in 
the Earth’s orbit around the Sun, and the direction 
of its spin axis in space.  Researchers predict that 
in another 5–10 thousand years, Earth would start 
to cool again.

Then, in the 1980’s, a new theory suggested 
that long before the Earth starts to cool due to its 
slowly changing orbit, it would warm up—perhaps 
within 50 or 60 years.  The new theory predicted 
that the Earth would warm because of certain 
gases that humans are adding to the atmosphere; 
mostly carbon dioxide from the burning of coal, 
oil, and natural gas in cars, power plants, and 
factories.  The theory of global warming predicted 
significant climate changes in a few decades, 
causing drought in some areas, increased severity 
of storms in other areas,  and a rise in the sea 
level around the world, which would threaten 
low-lying areas with flooding.
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 Heat Trappers, Inc.
Investigation

Your job as a member of Heat Trappers, Inc., 
is to work with a team of engineers (your fellow 
students) to create as warm an environment as 
possible for some miniature exotic tropical plants 
that have just been acquired for your school’s new 
botanical garden. 

Your team will modify a shoe box to make 
a greenhouse. You can add features such as a 
window and insulation. Since a single layer of 
transparent material can both let heat in and 
(because it is a poor insulator) let heat out, a 
good question to think about is, “What will be the 
optimum size and construction of the window?”

Your team’s shoe box should have a 
thermometer showing the temperature of the 
air inside.  You will then place your “greenhouse” 
in the Sun next to a closed shoe box that has 
not been modified, except with a thermometer 
to show temperature in the same way as in the 
“greenhouse” shoe box. Record the temperatures 
of the two boxes for about 20 minutes.  You’ll find 
out whether or not Heat Trappers, Inc., succeeded 
in creating a warm greenhouse design.

Materials
• 2  shoe boxes of same color and thickness

•  2  thermometers (Celsius)

•  1  roll of tape

•  1  scissors and/or utility knife

•  1 clear plastic transparency

•  1  sheet of plastic sandwich wrap

•  1  copy of the data sheet and a pencil 

•  Odds and ends (dirt, rocks, colored paper, 
cardboard, foam insulation, etc.) 

Investigation Strategies
1. Design and construct your greenhouse heat 

trap.
a. Tape the thermometers inside the boxes so 

they measure the temperature of the inside 
air and can be read without opening the 
boxes.   Shade the bulbs of the thermometers 
with a piece of paper or cardboard, so they 
are not heated by direct sunlight.

b. Stop air leaks in the boxes with tape.

2. Predict how the temperature of your 
greenhouse and the control box will change 
when they are placed in the sunlight.   Select 
the graph below that you think shows how 
the temperature inside your greenhouse will 
change.  How will it be different from the 
control box?
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Heat Trappers, Incorporated
Data Sheet

Team Members Graph lines:
 Control box
 Greenhouse

Degrees Celsius (C°)
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3. Conduct a Greenhouse Test.
a. Record the temperature of your heat trap 

and control box indoors.

b. Place the boxes in sunlight.  Make 
sure they are not disturbed, and that 
no shadows fall on them during the 
experiment. 

c. On a data sheet like the one here, record 
and graph both temperatures every 
minute for about 24 minutes.

d. Bring the trap and control box back inside.  
Feel the outside of the containers. Are 
they warm?

Draw Conclusions
1. Look closely at the graph, and compare 

it with your prediction. How would you 
describe the way the temperature in 
the greenhouse and control box changed 
during the test?

2. Did the temperature level off, or did it 
keep getting hotter and hotter? Why did 
the temperature change the way it did?

3. At the conclusion of the experiment, did 
the container feel warm? Where did this 
heat come from?

4. If the temperature of a system is constant, it is said to be 
in equilibrium. The graph of your heat trap test started at 
a temperature equal to that of the room. If it rose to a new 
equilibrium temperature, what was the difference, in degrees, 
between these two equilibrium temperatures? How did the 
equilibrium temperature of the greenhouse differ from that 
of the control box?

5. Compare the graph of your 
experiment with the other teams’ 
graphs. What is similar about all 
of the graphs? What is different? 
How can you account for what 
you observe about the graphs? 
How well did your heat trap 
perform?
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How Windows “Capture” Solar Energy
Imagine a photon of visible light winging its way from the Sun. It zooms 

down through the Earth’s atmosphere and comes in for a crash landing at the 
speed of light on the cover of the control box (with no windows).  The photon 
encounters a molecule in the box top that absorbs its energy. That vibrating 
molecule jostles other molecules and causes them to vibrate as well. The box 
top heats up.

Molecules of air inside the box are bumped by rapidly moving molecules 
in the box top. So air inside the box gains some heat by conduction through 
the box top. But most of the Sun’s energy is quickly reradiated back into the 
space around the box in the form of infrared photons.

If the visible light photon encounters a 
window in one of the greenhouses, the story is 
quite different. A window of clear plastic has 
a transmittance for visible light of 96%. 
Most photons pass right through to the 
inside where they crash into the floor of 
the box and meet molecules that absorb 
their energy.

The floor of the greenhouse will 
reradiate infrared photons. Some of 
these photons move to escape back into 
space through the window. But wait! The 
transmittance of plastic to infrared energy is 
only 50%. Half of the photons are trapped by the 
plastic, warming it up. The heated plastic emits 
infrared photons, some of which escape to the outside. 
But others are emitted back down inside the box where 
they will warm the floor still further. 

The net result is that more of the sun’s energy is 
absorbed by the greenhouse than in the box with no 
windows. Air molecules inside the greenhouse thus have 
many more opportunities to touch the warm walls, floor, 
window, and top of the box, where they will be bumped and 
shoved so that they move even faster. Thanks to the window, 
the air inside the greenhouse warms up, and keeps the exotic 
plants from “catching cold.”

6. When light strikes a surface, it can either: 
(a) go through; (b) be absorbed; or (c) be 
reflected. Transmittance is the percentage 
of the energy that goes through. Clear glass 
and plastic have almost 96% transmittance 
for visible light but only about 50% for 
infrared energy.  Use this information to 
show how you think energy flows through 
your greenhouse.  Make a sketch of the 
greenhouse.  Use straight arrows to show 

visible light, and wavy arrows to show infrared. 
Your sketch should show:

a. What happens to the incoming light energy?

b. What happens to energy that “tries” to get 
out of the box?

7. Compare the designs of each of the greenhouses 
in your class. Offer explanations for why some 
trapped more heat than others.

8. How might the results of this experiment be of 
practical value?
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How the Earth’s Atmosphere  
“Captures” Solar Energy

The idea that the Earth is like a florist’s greenhouse is not quite 
accurate. You can always open the window of a greenhouse to let 
outside air flow in and the greenhouse will cool off. You can’t do that 
with the Earth’s atmosphere. The diagram on this page shows how 
the Sun’s energy flows through the Earth-atmosphere system. 

Energy Flow through the  
Earth’s Atmosphere System

Image courtesy of Nasa
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For the Earth to retain its energy balance, the amount of 
radiant energy absorbed must be equal to the energy radiated 
back into space. If this were not so, Earth’s temperature would 
rise continuously and the oceans would boil away.   Our planet 
absorbs about 70% of the solar energy that it intercepts, and 
radiates the same amount to space.  But the energy takes a 
slight detour along the way (refer to the diagram on the previous 
page):

1. Input—The Earth intercepts one billionth of the Sun’s energy 
output. This fraction of the Sun’s light energy powers the Earth-
atmosphere system.

2. Reflected—Measurements show that 25% of the energy 
intercepted by the Earth is reflected from cloud tops and particles 
of dust in the Earth’s atmosphere. Five percent is reflected 
from the Earth’s oceans, land, and polar caps. Thus 30% of the 
solar energy intercepted by the Earth does not enter the Earth-
atmosphere system at all. Observers from other planets that might 
take a picture of us would see us by this reflected light. 

3. Absorbed—Twenty-five percent of the energy intercepted by 
the Earth is absorbed by the atmosphere, warming it up. Forty 
five percent is absorbed when it strikes the surface of the Earth, 
warming it further. Thus 70% of the energy intercepted by the 
Earth is absorbed by the Earth-atmosphere system.

4. Greenhouse Effect—The heated oceans 
and land surfaces emit infrared photons. The 
atmosphere absorbs these photons and warms up. 
The atmosphere emits other infrared photons, 
some of which go back down to the Earth’s 
surface, warming it even further. This exchange of 
energy between the atmosphere and the ground 
is known as the greenhouse effect. 

5. output—According to careful measurements, a 
small amount (4%) of the infrared energy radiated 
by the ground passes through the atmosphere 
without getting absorbed, and goes directly into 
space. Some of the infrared energy radiated by 
the atmosphere also escapes into space (66%). 

The Energy Balance. All of the energy intercepted 
by the Earth returns to space. Some of it is 
reflected in the form of visible light (5% + 25% 
= 30%), while the rest is emitted in the form 
of infrared energy (4% + 66% = 70%).  In the 
meantime, temporarily trapped energy keeps the 
Earth’s surface at a nice living temperature.  
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Opaque 
Wall

(a) Sunlight enters the greenhouse 
and warms the soil and plants.

Glass  
window

Sunlight enters the atmosphere  
and warms it and the Earth.

(b) Warm soil and plants give off heat 
energy, warming up the walls and glass 
of the greenhouse.

Warm Earth gives off heat (infrared energy) 
warming the greenhouse gases in the atmosphere.

(c) When the windows and walls give up their 
heat, some of it escapes to the air outside, and 
some of it goes back into the greenhouse.

When the greenhouse gases give up their 
heat, some of it escapes to space and some of 
it goes back to warm the Earth further.

The Greenhouse Effect
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Mars is too cold! Because 
Mars is much smaller than 
Earth and Venus, it cannot hold 
onto a dense atmosphere, so the 
greenhouse effect on Mars is only 
6°C.   (NASA photo)

Venus is too hot!  Because it 
has a dense atmosphere of carbon 
dioxide and no oceans, Venus has 
a greenhouse effect that raises its 
temperature by 483°C. (NASA 
photo)

Earth is just right!  Thanks to 
our oceans and an atmosphere with 
about 0.03% and small amounts of 
other greenhouse gases, the Earth’s 
greenhouse effect is about 33°C.   
(NASA photo)

Greenhouse Gases and the “Goldilocks Effect”

Now please recall the Equilibrium Experiment you did (p. 48).  

If you travel in a rocket ship to the upper 
reaches of the Earth’s atmosphere, you’ll find that 
it’s very cold up there: about -18°C below zero.  
But here at the surface, it’s a comfortable 15°C 
above zero.  What accounts for the difference?

Some gases in the Earth’s atmosphere are 
more efficient at absorbing infrared radiation than 
other gases. The very efficient infrared absorbers 
are called greenhouse gases, and include mainly 
carbon dioxide, water vapor, methane, and a few 
others.  The warming effect, 33°C, is due to the 
presence of greenhouse gases in the atmosphere.  
If it were not for these greenhouse gases, the 
Earth would not be warmer at the surface, and 
we’d be locked in a perpetual ice age.

Mars is further from the Sun than the Earth, 
so we’d expect it to be colder.  The top of the 
Martian atmosphere is -66°C below zero.  If we 
land, we’d find that the greenhouse effect on 

Mars is very slight, warming the planet just  6°C; 
so the average temperature on the surface of 
Mars is -60°C—not the best place for a vacation.  
The reason for this is that Mars lost most of its 
atmosphere billions of years ago.  Its current 
atmospheric pressure is less than a hundredth 
that of Earth and its greenhouse effect is just 
barely measurable.  

Venus is closer to the Sun than the Earth, 
but it has bright clouds that blanket its surface 
and reflect 80% of the Sun’s energy so it absorbs 
less solar energy than the Earth.  The cloud tops 
are a cool -23°C, which is a little cooler than the 
Earth.  However, its dense atmosphere of carbon 
dioxide is so efficient at trapping heat that the 
temperature at the surface has been measured 
at 460° C! That’s a greenhouse warming effect of 
483°C!  This has sometimes been referred to as 
a “runaway greenhouse effect” that can occur if 

  Planet name        Measured  Greenhouse     Measured at Goldilocks
        from Space    Effect         Surface              says, It’s
 Venus -23°C +483°C 460°C too hot!

 Earth -18°C +35°C 15°C just right!

 Mars -66°C +6°C -60°C too cold!



Energy Flow—Chapter 6: How Does Energy Flow in the Atmosphere? 57

a planet’s greenhouse gases are abundant enough. It is so hot on the 
surface of Venus that lava from volcanoes flows for hundreds of miles 
before it solidifies. 

Venus, Mars, and Earth are all at equilibrium.  They emit just as 
much energy into space (in the form of infrared energy) as they absorb 
from the Sun.   However, each of these planets has a very different 
greenhouse effect because their atmospheres are very different.  If 
we were really visitors from space, we’d find that Venus is much too 
hot for habitation; while Mars is much too cold.  Earth is the only 
planet that is just right!  This has come to be called “The Goldilocks 
Effect,” after the fairy story, Goldilocks and the Three Bears.  If we 
want Earth to continue to be “just right,” we need to be certain that 
the level of greenhouse gases does not increase too much beyond the 
current level.

The Global Warming Hypothesis
The graph on this page represents the Earth’s average global 

temperature since weather station measurements began to be 
recorded systematically in 1850.  Each point on the graph represents 
an average made at hundreds of stations all over the Earth, every day 
for a year.

The data show that the Earth has been warming up in the 
past century. The question arises, what caused the warming?  Many 
scientists believe that increasing concentrations of greenhouse gases, 
especially CO2, associated with burning of fossil fuels since the time 
of the industrial revolution, is leading to global warming. Earth could 
experience a 1°C to 3.5°C increase in temperature in the next 100 
years. Although this does not sound like much, it could cause climate 
changes having serious consequences for many creatures on Earth, 
including humans. 

opponents of the Global Warming Hypothesis
Close examination of 

the data show that the Earth 
was warming up in the 1890s 
and continued to do so until 
the 1940s when there was 
a cooling. It wasn’t until 
the 1980s that the warming 
trend started again.  Although 
clouds of particles from 
volcanic action are cited as 
the reason for the cooling 
period of the 1940s, the 
cooling has not yet been fully 
explained.  

Data are from the NASA Goddard 
Institute for Space Studies in New 
York, obtained via World Wide 
Web:   http://www.giss.nasa.gov.
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Scientists are skeptics.  That is, they generally resist accepting 
things that they are told just because someone, even someone 
who is said to be an “authority,” says it is true.  A scientist wants 
evidence: measurements or observations,  which have been 
carefully collected so that they can be analyzed and independently 
evaluated before a conclusion can be agreed to.  

Since 1988 scientists have hotly debated whether or not the 
gradual warming of the Earth’s climate, by about 1°C over the 
past century, is due to the release of greenhouse gases by human 
activities.  In December, 1995, the International Panel on Climate 
Change (IPCC), a United Nations team of 2,500 scientists from 
around the world, cautiously concluded that “The balance of 
evidence, from changes in global mean surface air temperature 
and from changes in geographical, seasonal and vertical patterns of 
atmospheric temperature, suggests a discernible human influence 
on global climate.”

Unknowns
Although the vast majority of climatologists are convinced 

that an increase in greenhouse gases will eventually result in an 
increase in the Earth’s average annual temperature, there is a lack 
of agreement on when or how fast that global climate change may 
happen.  Predictions are based on computer models which leave 
out many details of global climate factors and their predictions 
vary so much that long range estimates are not reliable. Much is 
unknown about how Earth systems process the energy emitted 
from the Sun.

Even if we assume that warming will occur 
as greenhouse gases increase, keep in mind 
that the changes will not occur today, probably 
not tomorrow, or possibly not even within our 
lifetimes.  The predictions are that the climate 
will warm over the next century.  In other 
words, our current uses of fossil fuels is likely 
to affect the climate for our children and our 
grandchildren.  

While virtually all climatologists agree 
that the theory of global warming caused by an 
increased greenhouse effect is correct, there 
is a great deal of disagreement with regard to 
specific questions.  These questions define the 
frontier of research on global climate change.  
For example:

• Does the amount of energy emitted by the 
Sun change over time?

• To what extent will the destruction of rain 
forests increase the amount of carbon 
dioxide in the atmosphere?  

• How will these factors change the 
climate?

 The largest unexplored frontier on Earth is the 
ocean which covers three quarters of its surface.  
Water can absorb large quantities of heat and carbon 
dioxide gas.  Ocean currents distribute the heated 
surface water of the tropics around the globe and 
into the depths.   

There is much to be learned about how the 
ocean will respond to global warming.  One scenario 
suggests that a warmer ocean may not absorb as much 
carbon dioxide as it presently does.  This would be 
a feedback effect which would add to the severity 
of global warming and is therefore called a positive 
feedback effect.

On the other hand, a warmer ocean and 
atmosphere means more evaporation of surface water 
and an increase in the production of clouds.  Will the 
additional clouds shade the surface and reflect more 
of the Sun’s energy back into space?  This would be 
another feedback effect but one which would work in 
the direction of reducing the warming.  It is a negative 
feedback.  It is known that low flying clouds do cool 
the surface but high thin clouds tend to increase the 
greenhouse effect.  There is simply not enough known 
about the role of clouds to definitely say what their 
effect will be.
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The greatest uncertainties, however, concern how 
much the climate will change in different regions, and what 
effect this change will have.  Predictions of very long hot 
dry spells, droughts in some areas, floods in other areas, 
and more intense storms in still others, remain uncertain.  
On these issues, the jury is still out.  The systems are so 
complex, global warming will make an interesting and vital 
issue to watch in years to come.

Conclusion: is the Earth’s Equilibrium Changing?
In the water bottle demonstration, 

as long as the water level in the bottle 
is constant or varies within limits, the 
bottle is in equilibrium. On average, the 
water flowing in must equal the water 
flowing out. In a similar way, the Earth 
will continue to emit into space as much 
energy as it receives from the Sun. To a 
space visitor who measures only the total 
amount of infrared energy emitted from 
the Earth, the greenhouse effect will not 
be noticed.  However, from our vantage 
point, the prediction of global warming 
is that the average temperature at the 
Earth’s surface will increase.  What we 
don’t know is how much it will warm, 
when the warming will occur, and what 
effect it will have.

Fol lowing our  bott le  analogy,  the 
climatologists’ question is like trying to predict 
what will happen if one of the holes at the bottom 
of the bottle is blocked.  It is not easy to accurately 
predict unless we try the experiment. And that is 
just what the human species is doing—conducting 
an experiment with the entire atmosphere of our 
planet as a test chamber.

In a sense, the puzzle of global warming 
and the greenhouse effect is like the question 
about why the Eastern and Western halves of the 
Pacific Ocean floor look so different (Chapter 
3, p. 32).  Both are fascinating questions about 
changing conditions on our planet.  Both involve 
observation and measurement of the available 
evidence and both involve knowledge about 
how energy flows through natural systems.  
Furthermore, knowledge about how our planet’s 
climate changed in the past provides valuable 
information about how the climate may change in 
the future.  Although the sources of energy might 
be different (burning of fossil fuels rather than 

For an update on current research 
on the impact of climate change on 
different regions of the united States 
check out the following Web site: 
http://www.globalchange.gov/

For new material relating to this chapter, please see 
the GSS website “Staying Up To Date” page:  
http://lhs.berkeley.edu/gss/uptodate/6ef
We invite you to send us new articles for the 
"Staying Up To Date" web page for this chapter.  
Articles may be from local newspapers, magazines, 
websites, or other sources that you think would be of 
interest to classrooms around the country. To send us 
articles please go to the link  
http://lhs.berkeley.edu/gss/uptodate/newarticle.html 
and find the "Submit New Article" button. 

volcanic eruptions) the ways that energy flows in 
the two situations may be the same.

In the next chapter, we’ll turn to the short-
term changes caused by the flow of solar energy 
in our atmosphere—the complex variety of energy 
flows that we call “weather.”

http://www.globalchange.gov/
http://www.lhs.berkeley.edu/gss/uptodate/6ef
http://lhs.berkeley.edu/gss/uptodate/newarticle.html
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7. What Causes Thunderstorms 
and Tornadoes?

“Dad was outside and Mom and I were getting dinner ready,” said 
Karen Knobloch, who lived with her parents on a farm in northwest 
Iowa.  “Dad came inside and said we’d better get to the basement.  
It hit when we were halfway down the steps.”  Windows were blown 
out, and doors were pulled from their hinges and splintered.  The 
turkey, ham and relish on the kitchen table were covered with 
broken glass.  Four silos had their tops blown away.  Karen said, 
“It sounded terrible.  But it was over in about four minutes.  When 
we came out everything was a big mess.  It looked like the main 
part of it missed the house.”  (Tornado:  Accounts of Tornadoes in 
Iowa, Second Edition, 1987; this story attributed to the  Des Moines 
Register, April 28, 1986.)

Ellsworth Air Force Base, South Dakota
http://www.ellsworth.af.mil/~weather/Tornado.htm

for thunderstorm conditions that breed 
tornadoes.  Several hundred tornadoes 
occur annually in the U.S.  Although most 
occur in the Mid-West during tornado 
season, tornadoes can occur at any time; 
and twisters have been recorded as far east 
as Boston, and as far west as California.

Wherever we live, we need to be 
conscious of the energy flow around us—
both the destructive energies of tornadoes 
and hurricanes, and the nurturing forces 
of wind, rain, and sunshine.  We may 
complain about the weather, but without 
it we wouldn’t survive.  Like so many other 
unpredictable aspects of life on the third 
planet from the Sun, we need to learn to 
live with it.

The tornado described by Karen occurred about three 
weeks before the eruption of Mount St. Helens in Washington 
State.  Two tornadoes damaged fourteen farms that day, 
killing a four-year-old girl and injuring two of her relatives.  
In July of the same year a tornado hit a coal-burning power 
plant in Sioux City, Iowa, causing $50 million in damage.  The 
previous year a tornado cut a 33-mile swath of destruction 
through Iowa, destroying 30 farmsteads; and 
the year before that forty tornadoes struck four 
states in a single day, devastating the town of 
Barneveld, Wisconsin, killing 36 of its residents, 
and injuring 200.

Eruptions like Mount St. Helens might 
occur a few times in a century. An average of 
two tornadoes—like the one described by Karen 
Knobloch—occur each day in Iowa during tornado 
season.  Tornado season starts in April and ends 
in June, when atmospheric conditions are ripe 

Chapter 7

http://www.ellsworth.af.mil/~weather/Tornado.htm
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Tornadoes are born in thunderstorms.  Thunderstorms 
are part of Earth’s energy balance.  In the previous 
chapter we saw that the Earth must radiate all of the 
energy it receives back to space, or it will get hotter 
and hotter.  Most of the Earth’s heat is radiated back 
into space from the surface, in the form of infrared 
energy.  But a third of that energy is carried to the upper 
atmosphere by thunderstorms.  Without thunderstorms, 
our planet's average climate would be about 12°C hotter 
than it is now.

In this chapter we’ll see how the distribution of 
the Sun’s energy around the entire planet results in 
thunderstorms and tornadoes.  We’ll start with the 
two most important factors—the uneven heating of the 
Earth and seasons. 

The Earth is Heated unevenly

Remember Franck Petersson from Tromso, Norway?  
He lives north of the Arctic Circle.  That means he lives 
within 231¦2° of the North Pole.  Frank 
never sees the Sun in winter.  He feels 
its warmth only during the late Spring, 
Summer, and early Fall.  In Summer the 
Sun is up all day long. 

Max Rojas is an artist who lives in 
Costa Rica, a few degrees north of the 
Equator.  From Max’s point of view, days 
and nights are always about the same 
length, and the Sun always climbs high 
in the sky at midday, so the climate is 
warm all year. 

You probably live somewhere 
between the equatorial and polar 
zones.  The entire United States is 
within the temperate zone, between 
the Arctic Circle (231¦2° from the North 
Pole) and the Tropic of Cancer (231¦2° from the equator).  
Whether or not you have snow in the winter, you probably 
experience seasons of some sort.  During the summer, 
when the Sun climbs higher in the sky, it is warmer in most 
areas.  During winter, when the Sun is lower in the sky, it 
is colder.
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Investigation

Pencil Model of Sunlight Beams
To see why the height of the Sun in the sky makes a 

difference in how warm it is, take three sharpened pencils, 
and lay them on the picture above, pointing towards the Earth.  
The pencils represent three beams of solar energy.  When they 
strike the Earth near the equator they concentrate the energy 
on a small area of ground.  When they strike the Earth near the 
poles, they hit at an angle, so the energy is spread out over a 
large area.  Try it! Compare how the Sun warms all of the various 
regions of the Earth, including the region where you live.

Gyroscope

When it’s summer in the Northern Hemisphere, it 
is winter in the Southern Hemisphere.  

Many people mistakenly believe that the 
Earth is closer to the Sun in summer.  In fact, the 
Earth’s orbit is very nearly circular, although our 
planet is slightly closer to the Sun in January, 
making the Northern Hemisphere winter slightly 
warmer than it would be otherwise.  The cause of 
the seasons is the tilt of the Earth’s spin axis—not 
its changing distance from the Sun.

The Reasons for Seasons
A gyroscope is a sort of top that has a heavy disk of 

metal that can spin. There are toy gyroscopes that you spin 
by wrapping a string around the central bar and pulling on it.  
Once a gyroscope starts spinning, it is very difficult to tip it 
over.  You can hold it on a fingertip, or even make it “walk a 
tightrope” on a piece of string.  It will continue to keep its spin 
axis in the same direction, no matter what.  

The entire Earth is like a huge gyroscope that spins once in 
twenty-four hours.   It also revolves in its orbit around the Sun 
once in 365 days.  The orbit of the Earth lies in a plane, like a 
table top, with the Sun in the middle.  If the Earth’s spin axis 
were vertical with regard to this plane, Earth would not have 
any seasons at all.  It would be hotter near the equator and 
colder near the poles, because the Earth is spherical in shape; 
but the climate in each zone of the Earth would always remain 
the same.  But the Earth’s spin axis is not vertical.  It is tilted 
231¦2 degrees from vertical—a very heavy, stable gyroscope 
that keeps its tilt as it moves slowly in its orbit 
around the Sun.

Because of the tilt of the Earth’s spin axis, 
the Northern Hemisphere is tilted towards the Sun 
during June, July, and August.  That makes the 
Sun appear higher in the sky, and creates

• more hours of daylight.

• more concentrated sunlight per area of 
ground.

The net result is Northern hemisphere of 
Earth warms up, bringing summer.  During the 
same months, the Southern Hemisphere is tilted 
away from the Sun, so it appears low in the sky.  
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Global Wind Patterns
Put a pot of water on to boil and notice where the 

convection currents start—over the hottest parts of the burner.  
Likewise, huge convection currents in the Earth’s atmosphere 
start in the equatorial zone, where the Sun’s rays are most 
concentrated.  

Wherever sunlight is most concentrated a huge mass of air 
is heated, and the molecules start to move faster, pushing each 
other further and further apart. The air mass expands, becomes 
less dense, and begins to float.  When 
the expanding air mass reaches the 
bottom of the stratosphere (about 16 
kilometers up), it starts to cool and 
spread out.  Some of the air moves 
south and some moves north.

About a third of the way from 
the equator to  the poles, the air has 
cooled enough to start to contract 
and become denser.  It begins to fall 
to the surface and move towards the 
Tropic of Cancer to replace air that is 
just now floating upwards.  As the air 

Question 7.1. Which letter 
corresponds to the position of 
Earth in its orbit in the summer? 
Fall? Winter? Spring?

Question 7.2. What’s wrong with 
the size of the Earth at the 
different positions shown in the 
Earth’s orbit?

moves across the surface of the Earth 
we feel it as wind.

Further north, in the temperate 
zone, another convection current 
forms.  And near the North Pole yet 
another huge current forms.   Look at 
the drawing and notice the pattern 
of winds on the Earth’s surface.  Cold 
winds blow from the North Pole toward the 
temperate zone to meet moderately warm winds 
moving poleward; while in the equatorial zone, 
even warmer winds move south to replace air that 
has floated up into the stratosphere.  

Around the world, winds are the bottom portions 
of giant convection currents.  A wind moving northward 
means that several kilometers up in the sky there must 
be another stream of air moving southward.

A

C

B

D

The spin axis of Earth 
always stays pointing the 
same direction in space: almost exactly 
towards the North Star. Caution: this view of the 
Sun-Earth system is very distorted. For one thing, the 
shape of Earth’s orbit is really very nearly circular.  The 
view depicted here is as if we are viewing it nearly edge 
on.
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Question 8.3. Look at the 
winds in the United 
States.  Which way do 
they blow?
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The tendency of things 
to veer east or west on a 
spinning globe is known as 
the “Coriolis effect.”

If the Earth did not spin, wind 
patterns would move due north and 
south.  But the Earth does spin, and 
that affects global wind patterns.  To 
see how, imagine a bird taking off 
from the North Pole to fly to an island 
somewhere south of the Arctic Circle.  
After six hours the bird arrives, only 
to discover that the island is gone!  
Where could it have gone?

If you haven’t already guessed 
it, the Earth made one quarter turn in 
that six hours, and the island is now 
several thousand miles to the east of 
where it was before.  The bird flew due 
south, but from the viewpoint of the 
people on the island, who travel with 
the Earth, the bird’s flight seemed to 
curve to the west.

In a similar manner, winds moving 
southward seem to curve to the west; 
and winds moving northward curve 
to the east. The picture on this page 
shows the prevailing wind patterns 
over the entire globe.  Notice the 
bands of curving winds.  These are the 
bottoms of convection currents that 
are pushed to the east or west because 
of the Earth’s spin.

Notice the two bands of winds in the 
Atlantic.  European sailors called these wind belts 
the trade winds.  They would sail from home 
ports in Europe down the coast of Africa until the 
winds blew strongly towards the southwest. These 
winds would carry them across the Atlantic to 
the Americas.  When they traded the goods they 
brought with them, and had filled their holds with 
cotton, tobacco or sugar, they would sail north 
until they encountered strong winds blowing to 
the northeast.  These winds would carry them 
back to Europe.

Mid-Latitude Cyclones
Weather systems in the United States tend 

to move from west to east, since that is the 
direction of prevailing winds.  But there are also 
cold dry winds from the Arctic, and warm winds, 
filled with water vapor, from the Gulf of Mexico.  
When warm and cold masses of air meet, they 
form huge, slowly rotating storm systems called 
cyclones.

Effect of the Earth’s Spin
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There is a lot of confusion about the word “cyclone,” since some people 
use it to refer to tornadoes or hurricanes.  Meteorologists use the word to 
refer to a large storm system that can cover several states, and may be as 
large as 1,000 kilometers in diameter.  Thunderstorms that cover a few tens 
of kilometers can form within cyclones, and tornadoes, which are commonly 
less than one kilometer in diameter, sometimes form within thunderstorms.  
So, cyclones are much bigger storm systems.

The sketches on this page show what occurs 
when warm and cold air masses collide.  The 
direction in which the cold air is moving is shown 
by dark arrows, and that of the warm air is shown 
by white arrows.  

Remember that warm air is less dense, so 
it will tend to float upwards when it encounters 
cold air.  Where the warm air mass is pushed into 
the cold air—called a warm front—it slowly floats 
upwards, cooling as it goes.  The water vapor 
condenses in the cooling air, just like droplets 
of water forming on the outside of a pitcher of 
ice water.  Clouds form and the droplets fall as 
rain.

Where the cold air is pushed into the warm 
air, it is called a cold front.  The warm air is 
pushed upwards even faster, forming clouds and 
frequently thunderstorms.  If the conditions are 
just right, dozens of thunderstorms might form 
along the cold front; and the largest of these may 
spawn tornadoes.

It takes a day or two for a mid-latitude 
cyclone to move over a particular location.  
Suppose you were located a few hundred miles to 
the south of the center of the cyclone.  At first, 
you would see some high clouds, where the wedge 
of warm air is pushed far up into the atmosphere.  
Then, as the cyclone moved over your location, 
and you got closer to the warm front, the clouds 
would lower, and it might rain.  When the warm 
front passed you the temperature would go up a 
few degrees and the sky would clear.  After a few 
hours—depending on how quickly the storm was 
traveling—you would see white, fluffy, cumulus 
clouds to the west, moving in your direction.  As 
the cold front approached, and you felt the leading 
edge of the cold air wedge, it would get colder 
again.  That is the point at which thunderstorms 
might form, drenching you with rain, and possibly 
hail, sleet, or snow.  Eventually, as the westward-
moving cyclone passed you, the clouds would thin, 
and you’d see blue sky again.
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Warm FrontCold Front

The Sun’s energy drives worldwide convection 
currents that cause the hot and cold air masses 
to collide. A mid-latitude cyclone with its cold 
front can set the stage for thunderstorms. The 
difference between the temperature of the air 
masses determine how violent the storms will 
be. Let’s follow the Sun’s energy flow all the way 
from the Gulf of Mexico to a thunderstorm over 
Oklahoma.

  In summer, sunlight is concentrated in the 
Gulf of Mexico, evaporating huge amounts of 
water.  Warm air masses move northward along 
the surface from the Gulf of Mexico, picking up 
tons of water vapor.  The hot, moist air moves into 
the southern and mid-western states, and when 
it encounters a wedge of very cold air coming 
south from the Arctic, it is pushed upwards very 
rapidly, forming strong, vertical winds called 
updrafts.   Cooler air cannot hold as much water 
vapor as warm air, so water vapor in the updraft 
condenses into droplets. But wait! Condensation 

of the water releases the heat that was stored in 
it from the Sun’s energy evaporating it from the 
Gulf of Mexico.  This heat released in the cloud 
causes the warm air mass to become even less 
dense and float upwards even more rapidly.

 The updrafts become visible from a distance 
as rapidly-building clouds that are white at first, 
then grow darker as they get taller and block off 
more sunlight. There is a limit to how high the 
column of clouds can go. The troposphere, the 
densest part of the atmosphere, closest to the 
Earth’s surface, extends up about 12 kilometers 
and contains 95% of the Earth’s atmosphere. It is 
where all of Earth’s weather occurs.  Above the 
troposphere is the stratosphere, where the air is 
too thin to support convection—not enough air 
to exert a very strong force on upward moving 
masses of air.  Fluffy white cumulus clouds in 
our updraft might push into the stratosphere for 
a short distance, but then they will flatten out 
at the top of the troposphere, forming a kind of 
“anvil” shape, as shown in the picture.  

Formation of a Thunderstorm

inside a Thunderstorm
In the center of a thunderstorm is a rising 

column of air.  Air is drawn into the bottom, 
rises rapidly within the cloud, where it cools, 
releases its water, and drops down along the 
sides, forming a local convection current that 
people on the ground experience as a strong 
cold wind.  The birth of a tornado can happen 
when the cloud begins to rotate.
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Rotation is partly due to the spin of the Earth that 
we saw when looking at global wind patterns. A mid-
latitude cyclone is a very large, slowly rotating storm.  
Streams of wind within the cyclone, moving at different 
speeds, can start the rotation of smaller clouds—the size 
of thunderstorms.  Sometimes two or more storms can join 
together, forming a “superstorm.”  The superstorm not only 
combines the rotational motion of the other storms, it can 
spin faster and get smaller in diameter, like an ice skater 
increasing her rate of spin as she brings in her arms.  

The rotational motion of a thunderstorm can be 
increased by surrounding winds which stream around 
the storm, forcing the outsides of the cloud to spin. The 
speed of the updraft can be increased by a high altitude 
wind flow, called the jet stream, that acts like a vacuum 
cleaner, pulling air up the center of the cloud.

Eventually, a strong rotating column of air, called 
a vortex, may form near the center of the cloud. Winds 
with speeds of as much as 100 kilometers per hour (about 
60mph) within the vortex spiral upward.  Fresh air is sucked 
into the vortex at the bottom and expelled from the top 
of the cloud.  



68 Global Systems Science Energy Flow—Chapter 7: What Causes Thunderstorms and Tornadoes?

Tornado In The Mature Stage 
Seymour, Texas; April 10, 1979 

Photographer:  D. Burgess 
NOAA Photo Library

Cusack Feed; http://www.cusackfeed.com/tornado.htm

University of Alaska Fairbanks  
Atmospheric Science Group

Tornadoes
A funnel cloud can form at the bottom 

of the vortex in a strong thunderstorm.  If the 
funnel reaches down to the surface, it is called a 
tornado.  A tornado is a rapidly-spinning vortex, 
from 10 to 400 meters in diameter.  The small size 
of the tornado is the key to the tremendous speed 
of its winds which can exceed 200 kilometers per 
hour (about 125 mph).  Again, think of the ice 
skater who spins more and more rapidly as she 
pulls in her arms and becomes a blur of motion.  As 
the funnel cloud extends downward it contracts, 
and spins faster and faster.  

Tornadoes typically last no more than 
15 minutes, though they can occasionally last 
for several hours, and more than one can be 
generated by a single superstorm.  

People who have witnessed tornadoes say 
that they are usually preceded by rain, hail, 
and lightning.  The tornado itself generates a 
tremendous roar, and the funnel cloud moves 
very rapidly in a straight line, or snakes about 
unpredictably.  

Because of the great updrafts at the centers 
of tornadoes, they can lift cars, trees, and entire 
houses high into the air, and hurl them aside with 
tremendous force.  Sometimes, a large tornado 
contains several mini-twisters, from two to thirty 
meters in diameter, which move even faster than 
the large cloud.  These can cut a house in half, 
leaving part of it untouched.

http://www.cusackfeed.com/tornado.htm
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Conclusion
People who are trying to get to know one another will 

often “talk about the weather.” But truly, weather is not just 
“small talk.”  It’s a fascinating and complex topic.  Though this 
chapter just skims the surface, certain aspects of the weather 
should now be clear. For one thing, weather is driven by the 
Sun’s energy.  Rain, snow, sleet, winds, and storms are all 
caused by radiant energy from the Sun.  Because the Earth is 
a sphere, energy from the Sun heats it unevenly.  It is warmer 
near the equator than near the poles.  This uneven heating 
drives convection currents.  We experience the bottoms of 
convection currents as wind.  Because the Earth rotates, wind 
patterns curve towards the east and west, causing masses 
of air with different temperatures and moisture content to 
collide with each other. Colliding air masses spawn huge storm 
systems, and  small but powerful thunderstorms and tornadoes.  
Weather involves more than the atmosphere.  The warming 
of the land and oceans, and evaporation of water by the Sun 

play an equally important role.  

Another important global weather pattern is described 
in the next chapter.

For new material relating to this chapter, please see the 
GSS website “Staying Up To Date” page:   
http://lhs.berkeley.edu/gss/uptodate/6ef. We invite you 
to send us new articles for the "Staying Up To Date" 
web page for this chapter.  Articles may be from local 
newspapers, magazines, websites, or other sources that 
you think would be of interest to classrooms around the 
country. To send us articles please go to the link  
http://lhs.berkeley.edu/gss/uptodate/newarticle.html and 
find the "Submit New Article" button. 

http://www.lhs.berkeley.edu/gss/uptodate/6ef
http://lhs.berkeley.edu/gss/uptodate/6ef.html
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8. El Niño

In the Peruvian hamlet of Chato Chico, after weeks of rain, 
Isaias Ipanaqué Silva watched the Piura River rising more than he had 
ever seen. Every several years, for as long as anyone in the village 
could remember, heavier than normal rainfall had come. 

But never like this—five or six inches a day in some places. 

On February 15, 1998, the river overflowed its banks and water 
entered the homes of Chato Chico villagers—first knee-deep and 
soon chest high. “Suddenly we were surrounded from all directions,” 
Silva said. “It took all the little animals. Then my house just fell 
down completely.” 

Families struggled to save what they could. “In most cases,” 
said villager, Rosa Jovera Charo, “we just grabbed clothes for the 
children.” Everything else—chickens and goats, pots and pans, 
religious icons and personal treasures—washed away. Residents of 
Chato Chico were evacuated on barges, a few in helicopters, to a 
barren but dry refugee camp in the desert. Nearly all survived. 

One hundred kilometers (60 miles) to the 
south, in the neighborhood of Motse outside the 
city of Chiclayo, Flora Ramirez said “We thought 
that the water couldn’t come here but we lost 
practically everything.” The neighborhood was 
flooded in minutes. “They strung ropes from 
one house to another to rescue people,” recalls 
Manuel Guevara Sanchez. “Some spent three days 
on the roof. Those who knew how to swim brought 
them food.” Ten people died out of a village of 
just 150. 

Meantime, water flowing into the normally 
quite arid Sechura Desert suddenly formed the 
second largest lake in Peru: 145 kilometers (90 
miles) long, 30 kilometers (20 miles) wide, and 
three meters (ten feet) deep. In some areas 
pooled water made perfect habitat for mosquitoes 
that caused rampant malaria—30,000 cases in the 
Piura region alone, three times the average for 
its 1.5 million residents.

Chapter 8
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Other places in the world had different problems that 
year. Smoke and soot from forest fires in Sumatra, Borneo, 
and Malaysia forced drivers to use their headlights at noon. 
The haze spread thousands of miles to the west to the Maldive 
Islands, where visibility was only half a mile at times. Heat 
waves caused temperatures to reach 42°C (108°F) in Mongolia, 
but Kenya’s rainfall was 100 centimeters (40 inches) above 
normal. Central Europe suffered record flooding that killed 55 
in Poland and 60 in the Czech Republic. Indonesia had drought. 
Madagascar experienced monsoons and cyclones. Mudslides and 
flash floods hit communities from California to Mississippi and 
tornadoes ripped Florida. 

But it all seems to have begun in the South Pacific off the 
coast of Peru. Every 3 to 7 years, a mass of hot seawater the size 
of Canada forms off the west coast of the Americas. It happens 
right around Christmas time, so fishermen called it El Niño, for 
the Christ Child. It is the source of giant storms that pour vast 
amounts of rain onto Peru’s normally arid northwestern coast 
and cause abnormal weather patterns across the equatorial 
Pacific and in turn around the globe. 

It’s amazing that anomalies of ocean temperature can 
so drastically affect climate worldwide—temperature, air 
pressure, wind, humidity, rain, clouds, and ocean currents. The 
giant energy flow, El Niño of 1997-98, through unusually severe 
weather patterns around the world, killed an estimated 2,100 
people, and caused at least $33 billion in property damage. 
It rose out of the tropical Pacific in late 1997, bearing more 
energy than a million Hiroshima bombs. 

But wait. An El Niño winter is often followed 
by “La Niña”—where climate patterns and 
worldwide effects are, for the most part, the 
opposite of those produced by El Niño. 

What Causes El Niño? 
Under normal conditions, surface trade 

winds blow from east to west along the equator 
and pile warm water in the upper ocean of the 
western tropical Pacific near Indonesia and the 
Australian continent. The air above this warm 

Normal Walker Circulation

mass of water is heated causing convection and 
precipitation. In the upper atmosphere, winds 
blow from west to east, completing a large scale 
atmospheric circulation known as the Walker 
Circulation (named after Sir Gilbert Walker 
who studied variations in the tropical Pacific 
atmosphere during the 1920's). Often, the first 
sign that an El Niño event is underway is the 
appearance of unusually warm water off the 
coast of Ecuador and Peru, especially within a 
few months of Christmas. 

El Niño Circulation
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Graphs of the difference in the summertime ocean structure 
along the equator during a year without El Niño, 1996, and 
1997 which is a strong El Niño year. Color version is at 
http://nsipp.gsfc.nasa.gov/enso/primer/englishprimer3.html 
The Tropical Atmosphere Ocean (TAO) Project.  

Every 3 to 5 years, an El Niño circulation 
happens in which the normal trade winds relax 
and the warm mass of water in the western 
Pacific can move east towards the South American 
continent. This shifts atmospheric convection 
and precipitation that was in the western Pacific 
(Asia/Australia) to the central and eastern 
Pacific, resulting in heavier than normal rains in 
northern Peru, Ecuador and other areas in tropical 
South America. In the western Pacific, with the 
mechanism for precipitation shut off, Indonesia 
and Australia can experience drought during an 
El Niño. 

During 1996, the warmest water was about 
30 degrees Celsius in the western Pacific and 
about 20 degrees Celsius at the surface in the 
eastern Pacific. During the 1997 El Niño, the 
warmest surface waters shifted to the central 
Pacific and the eastern Pacific surface waters 
warmed to over 25 degrees Celsius. 

An El Niño produces alternating patterns 
of low and high pressure which can have major 
impact on weather far away from the equatorial 
Pacific. For North America, low pressure centered 
just to the southwest of Alaska and low pressure 
centered over the southeastern United States 
affects weather in western Canada, as well as 
the upper plains and southeastern regions of the 
United States. 

Higher than normal temperatures occur 
in western Canada and the upper plains of the 
United States due to the low pressure system in 
the Pacific drawing warm air into Canada. Over 
the southern United States, another low pressure 
system draws cold moist air into that region 
bringing lower than normal temperatures. 

Color version at  
http://nsipp.gsfc.nasa.gov/enso/rimer/englishprimer5.html 

Data from Center for Ocean-Atmospheric Prediction 
Studies (COAPS) Group at Florida State University   

http://www.coaps.fsu.edu

http://nsipp.gsfc.nasa.gov/enso/primer/englishprimer3.html
http://nsipp.gsfc.nasa.gov/enso/rimer/englishprimer5.html
http://www.coaps.fsu.edu
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La Niña
Where there was flooding there is drought, where winter 

weather was abnormally mild, it turns abnormally harsh. 
Fisherman might notice an unexpectedly high catch of sardines 
off the coast of Chile or tuna in the Gulf of Alaska. Lucky home 
owners might have to pay lower heating bills in some areas 
of the U.S. 

Just as El Niño is caused by abnormal heating of water in 
the eastern Pacific, La Niña is caused by abnormal cooling of 
water in that same region. Like El Niño, the effects of La Niña 
happen most from December to March. Stronger than usual 
easterly wind from South America drives more than normal 
amounts of warm surface ocean water westward. This drives 
a larger than normal convection upwelling of cold water off 
the South American coast, producing a “cold tongue” of water 
that extends 4,800 kilometers (3,000 miles) westward along the 
Equator. It’s a revving of the Pacific’s mighty heat engine.

Color version at  http://nsipp.gsfc.nasa.gov/enso/primer/englishprimer6.html     

The same low pressure system in the southern 
United States is also responsible for increases in 
precipitation during an El Niño especially in those 
areas close to the Gulf of Mexico. 

http://nsipp.gsfc.nasa.gov/enso/primer/englishprimer6.html
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Economic Consequences
The economic consequences of El Niño can be staggering. 

Off the east coast of southern Africa, drought conditions often 
occur while El Niño is in progress. In countries such as Zimbabwe, 
whose economy is critically tied to maize production, the 
effects of drought can be devastating. Worldwide, over 8 billion 
dollars in damages can be directly attributed to the 1982 El 
Niño, which was the strongest such event recorded over the 
past 50 years. 

Not all El Niño's are the same, and the atmosphere does 
not always react the same way from one El Niño to another.  
Meteorologists and oceanographers continue to strive to 
understand the El Niño phenomenon and how it interacts with 
global weather. However, there is no convincing evidence to 
explain what causes the waters of the Eastern Pacific to become 
warmer or cooler than normal, starting the worldwide chain of 
weather events known as El Niño and La Niña. 

There are many international efforts to predict El Niño 
events. At Goddard Space Flight Center, computer models of 
the atmosphere and the ocean are being developed and used 
in conjunction with satellite data for a better understanding 
of El Niño and how satellite observations can lead to reliable 
predictions of future Los Niños and the related effects on the 
ocean and atmosphere. With sufficient warning farmers and 
others can be prepared and damages from El Niño and the 
related weather changes can be minimized.  

There are written records of El Niño’s effects in Peru at 
least as far back as 1525, and researchers have found geologic 
evidence of Los Niños in Peruvian coastal communities from at 
least 13,000 years ago. “We know the Inca knew about them,” 
says Adm. Giampietri Rojas of Peru’s Institute of the Sea. “They 
built their cities on the tops of hills, and the population kept 
stores of food in the mountains. If they built on the coast, it 
was not near rivers. That’s why so many of their dwellings are 
standing today.” 

In western South America, farmers can benefit by planting 
more rice rather than a normal crop of cotton during an El Niño 
as they are likely to experience heavier than normal rainfall. 

The warm water flowing toward Asia creates heavier 
monsoon rains in India, increased precipitation in Australia and 
as far west as southern Africa. Winter temperatures are warmer 
than normal in the Southeast U.S., and colder than normal in 
the northwest and upper midwestern states. That’s because 
the polar jet stream, which in an El Niño year stays high in 
Canada, moves farther south, driving frigid air down into the 
U.S. A subtropical jet stream flowing across Mexico and the Gulf 
during El Niño events weakens during La Niña causing less rain 
in the South and drought in the desert Southwest. 
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Conclusion
El Ninõ and La Niña are 

only “abnormal” in the sense 
that they do not occur every 
year. However, they do occur 
on a longer cycle of every 3-5 
years. Unlike global warming, 
which is probably a result of 
human activities, El Ninõ and 
La Niña are almost certainly 
due to natural causes.

Hurricane Elena, photographed by 
a space satellite, shows the circular 

movement of winds in a huge 
storm system.  NASA photograph.

http://hurricanes.noaa.gov/prepare/

For new material relating to this chapter, please see 
the GSS website “Staying Up To Date” page:   
http://lhs.berkeley.edu/gss/uptodate/6ef. We invite 
you to send us new articles for the "Staying Up 
To Date" web page for this chapter.  Articles may 
be from local newspapers, magazines, websites, or 
other sources that you think would be of interest to 
classrooms around the country. To send us articles 
please go to the link  
http://lhs.berkeley.edu/gss/uptodate/newarticle.html 
and find the "Submit New Article" button. 

It is very important for us to understand why 
these conditions occur so that we can better predict 
extreme weather around the globe, giving people time 
to prepare. The key to understanding and prediction 
involves understanding how energy flows through 
Earth systems. 

In the next chapter we’ll see how energy flows 
through living systems.

http://lhs.berkeley.edu/gss/uptodate/newarticle.html
http://www.lhs.berkeley.edu/gss/uptodate/6ef
http://lhs.berkeley.edu/gss/uptodate/newarticle.html


76 Global Systems Science Energy Flow—Chapter 9: How Does Energy Flow in Living Systems?

9. How Does Energy Flow in 
Living Systems?

It's a sunny spring day.  Lush green 
grass from winter rainstorms carpets 
the hillside, punctuated here and 
there with ancient oak trees.  Zooming 
in on one of the trees we see that it’s 
alive with hundreds of oak caterpillars, 
munching holes in the leaves.  It’s a 
feast day for squirrels and blue jays, 
flitting among the branches collecting 
acorns, and occasionally stopping 
to gobble a tasty caterpillar.  The 
squirrel stops to scratch a flea.  A 
pair of chickadees hop through the 
branches collecting caterpillars for 
their chicks that are waiting eagerly 
in their hole nest in the trunk.  Animal 
droppings, egg shells, leaves and dead 
insects fall to the ground beneath the tree.  Soil organisms such 
as earthworms, mushrooms and bacteria consume this organic 
matter, breaking it down into nutrients that can be taken up by 
the tree roots.

Ecologists use the term food web  to describe the system 
of relationships that allows energy to flow from one organism 
to another.  Food webs are seldom simple.  If we diagram an 
example like the oak tree, with arrows pointing to the consumers 
of energy, we end up with quite a complex picture.  

The ultimate source of energy is the Sun. In an 
ecosystem, it is only the green plants that are able 
to trap the Sun’s energy to produce food.  Even 
animals that just eat other animals must include 
in their diet animals that have eaten plants, or 
that eat other animals that eat plants.  Plants 
have the capability of transforming the radiant 
energy of sunlight into the chemical energy stored 
in food.  Ecologists are scientists who study the 
relationships among living organisms and how they 
interact with their environment. They call plants 

Energy Transfer through Food Webs
producers because they are the only organisms 
that can produce food from sunlight.  Without 
the producers, animals (including humans) could 
not survive.

Non-producer plants and animals have 
evolved strategies to get stored chemical energy—
food—from green plants.  The chart on the next 
page summarizes the categories that describe 
the different ways that plants and animals get 
food to survive.

Chapter 9
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Food Web Components of Food Webs
Producers:   Organisms that add energy to 

an ecosystem.  These organisms 
are green plants that trap light 
energy to make sugars through 
photosynthesis.

Herbivores:   Animals that eat living plants.
Carnivores:   Animals that eat other live ani-

mals.
omnivores:   Animals that eat both plants and 

animals.
Scavengers:   Animals that eat dead and decay-

ing organisms.
Parasites:   Organisms that take nutrients 

directly from other living plants 
or animals.

Decomposers: Organisms such as fungi and 
bacteria that break down dead 
organisms into nutrients for plants.

Plants use solar energy to power chemical 
reactions inside their cells.  These reactions 
transform simple carbon dioxide and water 
molecules into a more complex chemical called 
a sugar.  Sugars molecules contain carbon (C), 
hydrogen (H), and oxygen (O) atoms.  It takes 
energy to build sugar molecules; and when they 
are broken down they release that energy.  

The chemical reaction in which plants build 
sugar molecules is called photosynthesis.  It is 
actually a multi-step reaction that is only partly 
understood by biochemists.  (If the reaction were 
completely understood, perhaps we could create 
food in the laboratory without green plants.)  
Below is a simplified equation which shows the 
starting and ending points of photosynthesis in 
green plants.

How do plants produce food?

?

Question 8.1 Study the Oak 
Food Web diagram on the 
previous page.  What plant is 
the producer?  What animals 
would you classify as omnivores?  
What animal is a scavenger?  
Can you find an example of 
each energy-getting strategy 
in this simplified version of an 
oak food web? 

Question 8.2  What are some 
other organisms that could be 
part of this oak food web?  

Question 8.3 Make a diagram 
of a food web that includes 
you.  Identify the producers, 
he rb i vo re s ,  ca rn i vo re s , 
omn i vo re s ,  s cavenge r s , 
parasites, and decomposers 
for your food web.

Diagram of the food 
web in and under an 
Oak Tree 
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Respiration

CH2O  +  H2O  +  O2        --->   CO2      +     2H2O  + Energy for life
sugar     +  water   +  oxygen    yields   carbon dioxide + water +   chemical energy & heat

note: this is the reverse of the photosynthesis reaction (above)

As the leaves of a plant produce sugar 
molecules, other areas of the plant use the sugar 
for various life functions.  For example, oak trees 
need to produce new tissues to replace the leaves 
eaten by the caterpillars, and new acorns to 
replace those devoured by the squirrels and blue 
jays.  So, the sugars produced by the plant flow 
through veins in the leaves and branches to where 
they are needed.  There the energy is released 
in a process known as respiration.  The great 
majority of living organisms, including plants, 

CO2       +       2H2O  +        Sun’s Energy    -->       CH2O  +   H2O   +  O2

carbon dioxide  +  water     +                 light                  yields       sugar   +    water    +   oxygen

Photosynthesis

Energy Loss in the Food Web
The matter which makes up the bodies of plants and 

animals, both living and dead, is called biomass.  This biomass 
includes the chemical energy stored in the tissues of the 
organism.   As plants are eaten by herbivores, and herbivores are 
eaten by carnivores or scavengers, matter with stored chemical 
energy is transferred from one organism to the next. 

When one organism is eaten by another, much of the 
original biomass, along with its stored energy, is lost to the food 

  1,000 calories 
of sunlight

0.1 calorie of 
trout

10 calories of 
grasshoppers

100 calories 
of grass

1 calorie of 
frogs

0.01 calorie of 
human

web.  In the case of plants 
for example, the roots, dead 
leaves, and stems of the 
plant may be left behind. 

 Some of the biomass 
of an animal that is eaten 
by a scavenger may be left 
unused as bones or feathers.  
Furthermore, not all of the 
energy in biomass that is 
consumed is used, since no 

animals (and people), as well as many bacteria, 
use the process of respiration to get the energy 
out of sugars to run our life processes, whether it 
be growing new tissue, making our muscles move, 
warming our bodies, or electrical activity in our 
brains that we call “thinking.”  

When you light a candle, you are starting a 
chemical reaction in which oxygen combines with 
molecules in the candle wax to release heat and 
light energy.  We call it “burning.”  Respiration is 
a similar process, in that oxygen is combined with 
sugar molecules, releasing energy.  The process 
is shown below.
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machine—mechanical or living—is 100% efficient.  Some of the 
biomass is not digested and is eliminated.  Some is lost in the 
form of heat.  

This transfer and loss of energy and biomass can be 
illustrated with a pyramid.  The drawings on this page show the 
consumption of energy and biomass that might occur each time 
one kind of organism is eaten by another.  An ecosystem usually 
needs many more producers to support fewer herbivores, and 
many herbivores to support fewer carnivores. 

Humans are omnivores.  We can eat plants or animals.  In 
the United States people eat much more meat than in other 
countries.  This means that we make very inefficient use of 
biomass.  For example, it is estimated that it takes 1,000 
calories of sunlight to produce just one tenth of a calorie of 
energy from beef.  The world’s resources would go much further 
if people obtained more of the nutrients that they needed 
from plants than from animals. This is also in accord with 
recommendations of many nutritionists—that people should 
eat a lot more grains, vegetables and legumes than meat to 
achieve a healthy diet.

Energy Stored in the Ground
On the forest floor, leaves, pine needles, 

fruits, cones, and other debris that has fallen 
from the canopy builds up, forming a rich layer 
of organic material.  This deposit of carbon-
rich plant material is home to a myriad of small 
invertebrates, fungi and microorganisms that 
feed on the cellulose and animal matter, thereby 
returning many of the nutrients to the soil, where 
they are absorbed by new plants and eaten by 
other animals. 

Decomposition and decay are processes that 
most of us try to avoid!  Dead things smell when 
they break down and look really weird.  But for 
all its unpleasant aspects, organic decomposition 
is essential to the well-being of life on Earth.  
The nutrients and energy within living things get 
passed on to future generations of organisms via 

the hidden world of scavengers and decomposers.  
In your lifetime, you will eat about 45,000 kg (50 
tons) of “second hand” food made up of recycled 
nutrients! The unappreciated “realm of the 
rotten” helps us stay alive.

Not all plant and animal debris is immediately 
recycled. In cold polar regions and at high 
mountain elevations large deposits of organic 
matter have formed.  When plants growing in 
these frozen environments die, they accumulate 
layer after layer, eventually forming a substance 
called peat.  Peat also forms in bogs, where the 
amount of free oxygen is limited, slowing the 
process of decay.  People in the British Isles, 
Northern Europe and the Arctic have a long history 
of mining and burning peat as fuel.
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Oil field. Courtesy of wikipedia.org

During the carboniferous period, 
400 million years ago, large stands 
of ancient forests grew and died in 
swampland, adding layer upon layer of 
peat.  This peat was buried by other 
sediments.  After millions of years, 
the compressed sediments formed 
black and brown rocks that we call 
coal.  Coal burns because it contains 
the partially decayed remains of plants 
and animals.  Remains of marine plants 
and animals deposited on the ocean 
floor that are buried under layers of 
sediment eventually turned to oil and 
natural gas.  Coal, oil, and natural gas 
are called fossil fuels.  

When our use of fossil fuels 
was limited, there were no serious 
problems.  But as our population has grown, and the level of 
industrialization has increased in the world, certain problems 
have become apparent: 

•  Fossil fuels pollute the environment where they are 
burned, causing dangers to people and other living 
things.  

•  The burning of fossil fuels releases carbon dioxide gas.  
The concentration of carbon dioxide in the atmosphere 
has increased substantially since the beginning of the 
industrial revolution, and the rate of increase is growing.  
This change in our atmosphere can lead to global 
warming.  

Windmill in Northern Chile. 
Photo by Alan Gould

•  Since fossil fuels are limited in quantity, 
their cost will increase as the most easily 
extracted fuel deposits are exhausted.  
When fuel costs increase, so will the 
costs of everything that requires fuel for 
production or transportation—including 
food, clothing, and housing.  

If we  use the energy in sunlight directly, 
or harness wind energy which derives from 
sunlight, rather than fossil fuels, perhaps we 
can avoid some of these problems.
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How Does the Flow of Energy Affect You?

 In Your Opinion

This book has touched on a variety of ways that 
energy flows through the Earth system, making things 
happen.  While we have focused on spectacular displays 
of energy from Mount St. Helens to a tornado, we have 
also discussed the way we experience energy everyday—
in the form of wind, rain, warmth, light and sound, food, 
and the use of fossil fuels.  

1.  Select one aspect of energy that is most relevant to 
your life or that you find most interesting.  Write an 
outline for an essay about it that reveals:

•  The source or sources of energy involved.

•  How the energy is transformed from one form to 
another.

•  How the energy flows through the Earth system.

•  How you experience the energy and why it is 
important to you.

•  What happens to the energy after you experience 
it, keeping in mind the Law of Conservation of 
Energy.

2.  Discuss your outline with a classmate.  Ask 
questions to help you improve the essay, such 
as:

•  Did I define the aspect of energy that I want 
to write about clearly?

•  Did I show how the flow of energy is 
important to me?

•  What have I forgotten to take into 
account?

•  What could I do to help a reader who has 
not read Energy Flow to get interested in 

my essay, and understand my point 
of view?

3.  Write a draft of the essay.  Exchange 
essays with your friend.  Give each other 
comments and suggestions, and write a 
final draft.
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Conclusion
When we enjoy the beauty of a tree we 

probably aren’t thinking of this marvelous 
structure as a carbon-based system that 
transforms sunlight and gases into food.  A single 
cell in a tree leaf is a tiny chemical factory that 
uses light energy from the Sun plus water and 
carbon dioxide from the air to produce sugar.  
All life on the planet depends on this very 
commonplace but remarkable process.

While a leaf on a single oak tree may not 
seem terribly important at first glance, it takes 
on greater importance when we realize that 
energy cannot enter living systems without it. If 
we want to maintain a livable habitat on Earth, 
we need to learn as much as possible about how 
energy flows through living systems—from the 
level of a single cell to the level of the entire 
planet.

Life is fragile, yet has persevered on 
our planet for billions of years. We have 
energy flowing within us and all around us, 
from the minuscule energy flows in our nerve 
cells to the most powerful blasts of energy in 
volcanoes, earthquakes, tornadoes, hurricanes, 
and supernova explosions. While in our day to 
day experience we are mostly conscious of the 
moderate flows of energy around us (movement 
of cars and trucks, people walking and talking, 
waves on a beach, streams flowing), most of these 
modest energy flows stem from the inconceivably 
intense energy source in the core of the Sun. 

Recognizing the different forms of energy 
and how they flow through Earth systems is very 

important if we are to understand the natural 
processes on which our lives depend. Earthquakes 
and volcanoes depend on the way energy is 
released by radioactive materials deep inside the 
planet. Our climate and weather depend on the 
way solar energy heats the atmosphere, surface, 
and oceans. Life itself depends on the ability 
of green plants to combine water and carbon 
dioxide in the presence of sunlight to produce 
food. The rare impact of a large comet, or a 
nearby supernova are other sources of energy 
that may someday have a profound effect on life 
as we know it.

While understanding the flow of energy is 
important from a scientific point of view, it can 
also enrich the way you perceive the world around 
you. We encourage you to appreciate the myriad 
varieties of energy flow surrounding you, much 
as you would appreciate works of art and music, 
which are themselves no more—and no less—than 
flows of energy.

Image courtesy of wikipedia.org
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For new material relating to this chapter, please see the GSS website 
“Staying Up To Date” page:   
http://lhs.berkeley.edu/gss/uptodate/6ef. We invite you to send us new 
articles for the "Staying Up To Date" web page for this chapter.  Articles 
may be from local newspapers, magazines, websites, or other sources that 
you think would be of interest to classrooms around the country. To send 
us articles please go to the link  
http://lhs.berkeley.edu/gss/uptodate/newarticle.html and find the 
"Submit New Article" button. 
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