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1. Strange Happenings

Something strange is happening 
... There is the possibility of danger 
...  Unknown forces are at work, but 
there are clues ... 

These are the elements of a 
mystery, a mystery that cries out for 
investigation.   Solving mysteries is 
exciting, and it is at the core of what 
the scientific endeavor is all about.

In 1985, Joe Farman of the British 
Antarctic Survey Team discovered 
something strange happening over 
the South Pole.  The amount of 
ozone gas high in the atmosphere was 
drastically diminishing each spring 
(September to December in the 
Southern Hemisphere) and seemed 
to be making a comeback through 
the summer and fall.  Data from 
previous years indicated that the 
amount of spring loss was increasing 
each year.

There was plenty of danger in the situation.  If the layer of ozone was 
actually thinning it would let more of the deadly ultraviolet rays of the Sun 
penetrate to the Earth’s surface.  If the ozone depletion were to extend over 
other parts of the Earth, there would be extreme potential for global disaster.  
Also dangerous was the investigation itself.  To find out what was happening 
required moving into severely inhospitable territory.  Still there were many 
questions that needed answers.  What was the extent of the thinning?  What 
was causing it?  Why was it happening over the South Pole?  Would the thinning 
spread to the rest of the world’s ozone layer?  The mystery was a challenging 
one.

A mystery contains danger, suspense, and a who-done-it.  In the 
case of the disappearing ozone, it is not a “who” but a “what” that 
is the culprit.  (Photo by John Pickle.)

What is ozone?   
Ozone is a molecule that 
has 3 oxygen atoms instead 
of the molecule of 2 oxygen 
atoms which we must 
breath to live.

Chapter 1
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At Punta Arenas, Chile, August, 1987

Map of Antarctica and the southern tip of South 
America, showing the location of Punta Arenas, 
Chile. (Courtesy of Peter Nelson, Atmospheric and 
Environmental Research, Inc.)

The director of the project is 
an atmospheric chemist from NASA, 
Dr. Robert Watson.  He and his team 
have ideas of what to look for, but 
they are keeping an open mind about 
the cause of the ozone depletion.  
Research conducted at 
the McMurdo Station 
in the Antarctic the 
year before found the 
presence of chlorine gas 
in the polar atmosphere.  
That would indicate 
a chemical cause of 
the ozone depletion.  
However, the chlorine 
gas might be a natural 
occurrence.  On the 
other hand, man-made 
chemica l s  may  be 
destroying ozone.  

 In an airport hanger of the Chilean Air Force 
in the town of Punta Arenas at the southernmost 
tip of South America are two American planes.  
One of them is a converted DC-8 jet passenger 
plane, known for its dependability.  The cruising 
altitude of the DC-8 is 10.5 kilometers (35,000 
feet), but can reach altitudes up to 12.4 km 
(41,000 ft).  The other plane is an ER-2, an 
advanced design high altitude aircraft similar to 
the U-2 developed originally for military aerial 
reconnaissance.  The ER-2 is a single-seat aircraft 
that can fly at altitudes over 20 kilometers (66,000 
feet) above the Earth where the air is very thin. 

A small laboratory is set up on board each 
plane to sample the atmosphere and measure 
the chemicals that might change before they can 
be analyzed back on the ground.  Four retired 
U.S. Air Force pilots take turns flying the planes 
simultaneously at two different altitudes on 
twelve missions.

National Aeronautics and Space Administration 
(NASA) scientists have set up a laboratory in a 
corner of the hanger.  They are waiting to do 
additional analysis of the air samples collected 
over the South Pole to determine the chemical 
composition of stable molecules.   Making 
measurements of the atmosphere’s chemistry is 
very difficult.  First, getting to the stratosphere 
high above the ground is a daunting task.   Then, 
collecting accurate, representative air samples is 
difficult to do from a fast moving airplane.  And, 
in this case, the laboratory itself must come along 
since some molecules may react very quickly with 
other chemicals to form a new chemical, especially 
when removed from that particular environment 
which has a specific temperature, pressure, 
sunlight level, and chemical components.  And 
over the Antarctic, the conditions are extremely 
hazardous: colder and windier than any other 
place airplanes have ever flown.  The flight 
crews will face temperatures as low as -90°C and 
winds as high as 115 miles per hour.  They will 
fly over territory where there are no emergency 
airfields.

Dr. Robert Watson. 
 (Photo: Courtesy of the 
World Bank.)
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The view of the channel leading out from Punta Arenas, 
Chile toward Cape Horn.  (Photo taken by Commander 
Richard Behn, NOAA Corps, and courtesy of the 
NOAA Photo Library).

Through the Layers of the Atmosphere

Layers of the Atmosphere
 One way to classify layers of the atmosphere is by the 

amount of temperature change with height.  Names ending 
in “sphere” are layers of the atmosphere with temperature 
either increasing or decreasing with height, and those ending 
in “pause” are transition zones in which temperature remains 
constant with height. 

At dawn both planes take off to begin 
their data collection over Antarctica.  The 
DC-8 is loud and powerful.  The ER-2 has 
long, fragile-looking wings that flex up and 
down as it starts to taxi along the runway.  
They seem in danger of breaking off!  The 
plane struggles to lift its heavy fuel supply 
into the air.  It manages, and the planes 
head off on their important missions.  

The planes move rather slowly through 
the dense sea-level atmosphere.  Most 
planes are built to travel at high altitudes 
where the air is thinner.  The gravity of the 
Earth not only holds the planes back; it also 
compresses the atmosphere so that it is most 
dense close to the surface.  Ninety percent 
of the Earth’s air is within 10–12 kilometers 
from the surface.  As the aircraft climb, 
the air temperature changes around them.  
Examine the figure on the following page to 
see which two layers of the atmosphere will 
be studied during this experiment.

Troposphere
The troposphere extends from sea level to 

an altitude of about 11 km, depending on latitude 
and season of the year.  At the equator, where the 
Sun’s heating expands the troposphere, the layer 
extends up to 16 km.  At the poles, where the 
air is colder and hence denser, the troposphere 
may extend to only 9 km.  The thickness of the 
troposphere increases during the summer months 
due to increased heating, and contracts during 
the winter months.

A key feature of the troposphere is cooling 
with height.  The temperature cools by 6.5ºC 
with each kilometer gain in altitude  (-6.5ºC/km).  
Within the thin layer of air adjacent to the Earth’s 

surface, this rate is rarely observed due to the 
ever-changing temperature of the Earth’s surface 
throughout the day and night.  The average 
temperature at the top of the troposphere is 
roughly -55°C.

One of the main qualities of the troposphere 
is that it smooths out the effects of the Sun’s 
uneven heating of the Earth’s surface.  The name 
troposphere is derived from the Greek word 
“tropein”, which means to turn or change.  Air 
molecules within energetic weather patterns can 
travel to the top of the troposphere and back 
down again in just a few days.  

ER-2 Single seat aircraft. 
Used for measuring ozone 
concentrations in the lower 
stratosphere, 20 km high.   
(Photo courtesy of NASA)
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Troposphere

Stratosphere

Mesosphere

Thermosphere

Stratosphere
Above the tropopause, the stratosphere 

extends from 12 to 50 km in altitude and is 
characterized by air temperature increasing with 
height. Increasing temperature with altitude 
creates a stabilizing effect on the stratosphere, 
effectively capping the churning and turbulence 
of the troposphere. The stratosphere behaves as 
a stable layer, or strata, of air (hence, the term 
stratosphere) having little vertical motion.

The stratosphere’s temperature is a result of 
its chemical composition, specifically, the large 
concentration of ozone which captures a portion 
of the energy from the Sun and converts it to heat. 

Approximately 90% of the atmosphere’s ozone is 
in the stratosphere, with concentrations up to 11 
parts per million (ppm) by volume as compared to 
roughly 0.04 ppm by volume in the troposphere.  
Most of the ozone molecules are in a region of 
the stratosphere between 20 and 50 km above 
the Earth’s surface.

Stratopause
The stratopause is the thin layer of constant 

temperature between the stratosphere and the 
mesosphere.

Tropopause
The troposphere is capped by the tropopause, a layer about 

1 km thick in which the temperature does not change with height. 
What stops the temperature from decreasing with height?  The 
layer of ozone-rich air lying just above the tropopause.
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Mesosphere
The mesosphere is the middle layer in the 

atmosphere extending between 50 km and 85 
km.  Because this layer contains so few atoms 
and molecules that absorb the Sun’s energy, 
such as ozone, it is very cold.  At the top of the 
mesosphere, air temperature reaches its coldest 
value, around -90ºC.  

The air is extremely thin at this level.  Over 
99.9% of the atmosphere’s mass lies below the 
mesosphere.  Interestingly, the proportion of 
nitrogen and oxygen at these levels is about the 
same as at sea level.  Despite the low density of 
air molecules, this is where meteoroids that fall 
to the Earth burn up in the atmosphere due to 
the friction from collisions with gas molecules. 
People sometimes refer to the resulting streak 
of light as a shooting star. 

Mesopause
The mesopause is the thin layer of near constant 

temperature between the mesosphere and the 
thermosphere. 

Thermosphere
The thermosphere is the warm layer above the 

mesosphere, extending from 90 to 500 km altitude.  
The temperature increases with altitude in this layer.  
The thermosphere has mostly lighter molecules, such 
as atomic oxygen, hydrogen, and helium.  These 
molecules are heated by the energy coming from the 
Sun to temperatures exceeding 1500ºC.  The type 
of solar radiation that heats the molecules in the 
thermosphere has a different wavelength compared to 
the radiation that breaks up ozone molecules and heats 
the stratosphere.  This portion of the Sun’s radiation 
is absorbed in the thermosphere and is not available 
to heat the molecules in the mesosphere below.

Parts per What?
 

What would one part per thousand look like?  
Below are 1,000 symbols, 999 of which are dots and 
there is one x.  The concentration of “x” in the 1,000 
symbols is 1 part per thousand (ppt).

QuESTION 1.1. How much space would you need to illustrate one 
part per million (ppm)?  Or one part per billion (ppb)?

• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 
• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 
• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 
• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 
• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 
• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 
• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 
• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 
• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 
• • • • • • • • • • • • • • • • • • • • • x • • • • • • • • • • • • • • • • • • • • • • • • • • • • 
• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 
• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 
• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 
• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 
• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 
• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 
• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 
• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 
• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 
• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 

• • • • • • • • • • • • • • • • • • • • • • • • • 
• • • • • • • • • • • • • • • • • • • • • • • • • 
• • • • • • • • • • • • • • • • • • • • • • • • • 
• • • • • • x • • • • • • • • • • • • • • • • • • 

There are 100 symbols above: 99 dots and 
one “x”.  The concentration of “x” gas is one 
part per hundred (pph).  The concentration 
of the other gases is 99 pph. 

The space used to illustrate one part per thousand is about 6 inches by 3.5 inches.  
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Shooting star seen in the Alaskan 
evening sky during the Leonid meteor 
shower.  What appear to be clouds in 
the background is actually the Aurora.  
(Photo courtesy of Jan Curtis.)

Even though the measured temperature of individual 
molecules is very hot, skin exposed in the thermosphere would 
feel very cold. There are not enough molecules bombarding your 
skin to transfer enough heat to feel the actual temperature of 
the molecules.  

You may have heard of the aurora, or northern lights. These 
occur in the thermosphere when charged particles from the Sun 
are captured by the Earth’s magnetic field and rain down into 
the thermosphere, creating moving, shimmering curtains of 
colorful light.

Within the thermosphere is the 
ionosphere, a layer of electrically charged 
(ionized) molecules.  Intense solar 
radiation strips away electrons from the 
gas molecules to create ions.  This layer 
reflects radio waves back to the Earth’s 
surface allowing communication over 
thousands of miles.   

Exosphere
The exosphere is the uppermost 

layer of the atmosphere where molecules 
can overcome the pull of gravity and 
escape into outer space.  Here, the 
Earth’s atmosphere slowly diffuses into 
the void of space.  The exosphere usually 
begins at roughly 500 km, but there is no 
definable boundary to mark the end of 
the thermosphere and the beginning of 
the exosphere. It extends to over 64,000 
km above the earth’s surface.

 

QuESTION 1.2: Which “sphere” or “pause” 
of the atmosphere do commercial 
airplanes fly in? 

The Results of the Flights
The opportunity to move into uncharted territory to gain 

important new knowledge is what drives people in science to 
sometimes face harsh conditions and possibly risk their lives.  
This time the effort paid off.  After long hours of flight over the 
vast white wilderness, the planes returned safely to base.  The 
measurements from instruments onboard both planes from their 
multiple flights showed that the so-called “ozone hole” was real.  
The reduction in ozone concentrations was about 50%, and it was 
confined to the stratosphere above the South Pole.  But the area 
of depletion was surprisingly large.  It covered an area larger 
than the United States and half of Canada.  The other result of 
the investigation confirmed the findings of a ground expedition 
the year before concerning the chemical makeup of the air in 
the ozone-depleted area.  It contained chlorine.  

This research effort was the result of the cooperation of 
about 170 people that included scientists, pilots, engineers, lab 
technicians, mechanics, and aircraft maintenance crews. The 
project accomplished its mission by establishing the size of the 
area of ozone depletion and its magnitude. 

The colorful 
Aurora in the 
winter northern 
sky.  The lower 
left insert is the 
Aurora looking 
down from space 
from the Space 
Shuttle.  Courtesy 
of NASA.

For new material relating to this chapter, please see the GSS website “Staying Up To Date” page:  
http://www.lhs.berkeley.edu/gss/uptodate/4oz
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/4oz
http://lhs.berkeley.edu/gss/uptodate/newarticle.html
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2. Ozone in Nature
In order to understand the mystery of why ozone over the South Pole 

was being destroyed, it is necessary to learn more about ozone and other 
chemicals that affect it.  This will be the subject of Chapters 2, 3, and 4.  
We’ll return to the mystery in Chapter 5.

Ozone, up Close and Personal
“When I was a kid, as soon as summer vacation came, my family would 

move to a cabin in the nearby mountains to escape the heat of the city.  I 
remember it clearly although the incident happened nearly 50 years ago.  
The day had been hot and sultry and, as I stood near the front door of the 
cabin, I was enjoying the cool wind that had sprung up.   White clouds 
sailed across the bright blue sky with tops like cauliflowers.  As I watched, 
the tops grew and spread upward at an extraordinary rate.  It was as if the 
clouds were boiling.  Occasionally a cloud blocked the Sun and the shadow 
rushed across the meadow in front of me and darkened the woods beyond.  
Suddenly the darkness deepened and it became as dark as twilight.  It felt 
as if the day had abruptly been cut short.  The wind stopped and the woods 
became very quiet.  

Multiple cloud-to-ground lightning strokes 
during a night-time thunderstorm in Norman, 
Oklahoma.  (Image taken by C. Clark, courtesy of 
NOAA Photo Library.) 

“Without warning the whole scene suddenly 
turned white.  The light was blinding and with it came 
a crack like that of a tremendous tree branch breaking 
but much, much louder, like an explosion.  I found 
myself on my hands and knees on the floor inside the 
cabin without knowing how I got there.  My closed 
eyes still saw the meadow and trees as gray outlines 
in a field of white.  I began to smell a strange odor.  
It filled my nostrils uncomfortably and caught in my 
throat.  I started to cough and wanted to sneeze at 
the same time.  I now know it was ozone gas, created 
by the lightning.  

“I got to my feet and saw that the trunk of a 
large oak tree on the edge of the meadow was on fire.  
Green leaves were slowly falling down from the upper 
branches.  A black scar curled down the trunk and in 
the lower section, close to the ground, yellow-orange 
flames were leaping from the black streak.  The grass 
at the base of the tree was brown and smoking.  With 
a sudden rush, a strong wind swept across the meadow 
and immediately after, large drops of rain began to 
pound down.  The fire hissed and was gone.  The smell 
of ozone disappeared.  The rain became heavier and 
sheets of it were blown across the meadow.  Within a 
half hour the rain ended and the drops that fell from 
the leaves sparkled in brilliant sunlight.”

Chapter 2
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What is Ozone?
The distinctive pungent-smelling gas associated with lightning 

was familiar to many people who were near lightning bolts when they 
struck the Earth, but it was not until 1840 that it was given the name of 
ozone.  The name was based on the Greek word ozon, meaning to have 
odor.  This was at the time that experiments with electricity began to 
be performed and it was observed that the odorous gas was produced 
when even small electrical sparks passed through the air.  

The aircraft flying out over the Antarctic from Chile in 1987 were 
searching for ozone.   Ozone consists of three connected oxygen atoms, 
O3, whereas the dominant form of atmospheric oxygen consists of two 
connected oxygen atoms, O2 (often referred to as molecular oxygen or 
dioxygen).  Ozone is formed from the O2 molecules in the atmosphere.   
About 21% of the air is composed of molecular oxygen, and most of 
the rest is nitrogen (78%).  Nitrogen gas occurs as a connected pair of 
atoms, N2.  Whenever we take a breath we are inhaling both oxygen 
(O2) and nitrogen (N2) and a variety of trace gases, but our bodies use 
only the oxygen.

An allotrope is a molecule made up of only one 
type of atom, for example, ozone and dioxygen. The 
chemical properties of allotropes of a particular atom 
can be remarkably different. For example, carbon as 
graphite in pencils is quite different from carbon as 
diamonds in wedding rings!

What causes the difference in physical properties 
of allotropes?  As with molecules made of an assortment 
of atoms, it is the molecular structure of the combined 
atoms that creates the physical properties of the 
molecule.  The primary factors of molecular structure 
are the strength and arrangement of the bonds between 
the atoms.  The strength of the bonds depends on the 
number of electrons shared between the atoms.  In 
the case of dioxygen, two pairs of electrons are shared 
which creates a strong bond that is not easily broken 
in a chemical reaction.  Ozone, on the other hand, has 
a third atom attached by a weak bond due to sharing 
just one electron.  Ozone is therefore less stable 
than dioxygen, and it can be broken down easily and 
combined with other molecules.

Dioxygen (O2 ) vs. Ozone (O3)
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Making a System Map of Ozone Production

Sunlight is composed of light of many 
different colors, each color having a different 
energy.  The entire range of colors is 
called the solar spectrum.  An instrument 
that breaks up light into all of its colors is 
called a spectroscope, and one that can 
measure the intensity of the colors is called 
a spectrometer.  Some spectrometers can 
allow us to detect “colors” that are invisible 
to the eye.  Invisible colors include infrared 
light and microwaves, which are beyond the 
red end of the spectrum, and ultraviolet light 
and x-rays, which are beyond the violet end 
of the spectrum.

To understand how ozone 
interacts with energy and other 
molecules, it’s helpful to draw 
a diagram.

As illustrated above, a 
lightning bolt does not make 
ozone directly; it breaks up 
dioxygen molecules (O2) so 
that the free oxygen atoms can 
combine with other dioxygen 
molecules to form molecules of 
ozone (O3).  In the stratosphere, 
between about 18 km and 30 km 
above the Earth’s surface, the 
source of energy is not lightning.  
It’s sunlight. 

QuESTION 2.1. See if you can point to places 
in the diagram above where the following 
interactions take place.

1.  O2 + energy ⇒ O + O

2.  O  +   O        ⇒  O2

3.  O  +   O2       ⇒  O3

In 1881, two scientists, W.N. Hartley and A. 
Cornu, found an unexpected missing section of the 
spectrum of energy coming from the Sun.  There 
was energy missing in the ultraviolet portion of 
the spectrum.  In an attempt to explain their 
findings, they discovered that the gas ozone 
could absorb ultraviolet light, just as filters on 
colored theater spotlights absorb certain colors 
from the visible light spectrum.  But the amount 
of ozone available near the surface of the Earth 
was much too small to be responsible for the 
absorption.  The scientists deduced that a much 
larger quantity of ozone must exist in the upper 
atmosphere.  Today we know that their hypothesis 
was right.  Samples of air taken at different 
altitudes confirm that there is an ozone-enriched 
layer in the stratosphere.
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Investigation

Visible light is just one small part of the entire spectrum 
of energy from the Sun, which includes infrared, ultraviolet, 
radio waves, microwaves, x-rays, and gamma rays.  All of 
these are the same form of energy called electromagnetic 
radiation.  The entire electromagnetic spectrum is described 
in the GSS student guide, Energy Flow.

Spectrum of the Sun
Strategies for Investigation
1. Place a mirror in the sunlight on the windowsill 

and close all the shades to darken the room, 
so that only the reflected beam of sunlight 
enters the room.

2. Use the prism or diffraction grating to break 
up the light into a spectrum of colors on the 
ceiling.  

3. When the spectrum is displayed on the ceiling, 
place a colored filter gel in the beam.  How 
does the spectrum change?  Which color(s) 
does a red filter absorb?  A green filter?  A 
blue filter?  If you could see ultraviolet light, 
where would it be in the spectrum?

You can break up sunlight into its colors 
with a glass or plastic prism, or with a diffraction 
grating (a sheet of plastic ruled with very tiny 
lines).

Materials
• mirror

• prism or diffraction grating and  
cardboard slit

• colored filter gels
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Different energies in the electromagnetic 
spectrum have different wavelengths. For 
example, the wavelength of radio waves from a 
radio station that calls itself 102 FM, is about 
3 meters (10 feet) long. These waves are very 
low energy compared with the energy in visible 
red light, which has a wavelength of less than a 
thousandth of a millimeter. UV is even higher 
energy, but shorter wavelength. For such short 
wavelengths, we use a unit that is a millionth 
of a millimeter (10-9 m): called a nanometer, 
abbreviated nm. Different portions of the 
ultraviolet spectrum are affected by dioxygen 
and ozone molecules.  Dioxygen molecules 
absorb wavelengths shorter than 242 nm, and 
ozone absorbs wavelengths shorter than 320 nm.   
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Streaming unhindered through the upper 
atmosphere ultraviolet energy encounters 
dioxygen molecules in the stratosphere.  The 
UV energy acts just like lightning, breaking up 
the molecules of oxygen into atoms which can 
combine to form molecules of ozone. When ozone 
absorbs UV energy it is broken into a molecule of 
dioxygen and a free atom of oxygen.  Thus, the 
ozone layer is like a dance, with oxygen atoms 
continuously changing—dancing by themselves, 
or in twos or threes, absorbing UV energy every 
time they switch partners. The chemical changes 
caused by the interaction of molecules with UV 
light are called photo-chemical reactions.

Production and Destruction of Ozone 
As so often happens in science, Hartley and 

Cornu’s discovery led to more questions.  Why was 
the ozone layer high in the atmosphere?  How did 
it get there?  Was it always there?  What would 
happen if it were not there?   What happens to 
the ozone molecules when they absorb ultraviolet 
energy? The answers to these questions have 
come from a variety of fields—including chemistry, 
physics, meteorology, and astronomy.

The violent processes that go on in the heart 
of the Sun release vast amounts of energy that 
radiate in all directions through space at the 
speed of light.  After traveling for about eight 
minutes, a tiny fraction of the total energy is 
intercepted by the Earth.  A portion of the energy 
coming from the Sun is in the form of ultraviolet 
energy, or UV.
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QuESTION 2.2. This diagram shows how ozone is produced and 
destroyed in the stratosphere by UV energy from the Sun.  Copy 
the diagram onto a blank sheet of paper and extend it, showing 
what happens when the oxygen molecule at the end of the last 
arrow is struck by additional UV energy from the Sun.  How far 
can you extend the “dance?”
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The natural processes of ozone production 
and destruction result in a more or less stable 
number of ozone molecules in the upper 
atmosphere.  If, for example, the number of ozone 
molecules should decline, more ultraviolet energy 
would penetrate further into the atmosphere.  
This would have the effect of increasing the 
chances of the radiation striking an oxygen 
molecule and producing more ozone a little lower 
in the atmosphere.  

If, on the other hand, the number of ozone 
molecules should increase above the normal 
number, there would be more ozone targets for 
the ultraviolet radiation to hit and more of the 
ozone molecules would break down.  Also, ozone 
is more reactive than dioxygen, and more ozone 
would be available for chemical reactions with 
other types of molecules.  In effect, the number 

of ozone molecules present affects the number 
produced and the number broken down.  When 
there are fewer ozone molecules an increase in 
production occurs.  When there is an excess of 
ozone molecules, more of them are broken down.  
Thus a stable level of ozone gas is maintained.   

This kind of self-regulating process is called 
a negative feedback effect.  It is called negative, 
not because it is bad, but because any slight 
change in conditions creates a new condition 
that helps to reduce that change. In the system 
of interactions that produces ozone, the stable 
condition produced by the negative feedback 
effects is known as a stable equilibrium.  In the 
system that is the stratosphere, the level of ozone 
stays within certain limits.   Negative feedback 
occurs often in natural systems and serves to 
maintain the system within certain levels.  

Levels of Natural Ozone Production 
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Symbols for  
system mapping
In mapping systems one way to 
show a collection of things is to 
make a box and put a label inside.  
When there are a large number of 
them think of the box as being full.  
Flows into and out of the box can 
be shown as lines. Labels represent 
the processes that control the 
flows.  Other lines with arrows 
show connections or transfers.

Mapping the feedback system

Number of UV rays   
penetrating into the 
atmosphere

Rate of 
absorption

Feedback loop

Rate of 
production

Rate of 
destruction

Rate of 
penetration

slow
s

increases

Number of ozone 
molecules in the 
stratosphere

 Natural Rhythms of Ozone Production
There are natural changes in this feedback 

system.  The production and destruction of ozone 
depends on the intensity of the solar UV radiation.  
During the winter months at each pole, there is no 
sunlight so there is no ozone production. During 
the summer, the poles experience a maximum 
intensity of light so there is increased production 
of ozone. 

Since the intensity of the Sun’s UV is greatest 
in the tropics, the primary source of ozone 
formation is found near the Equator in the middle 
and upper stratosphere.  

The Sun generates more intense radiation 
during periods when sunspot activity is greatest 
(called the solar maxima), which occur in an 11-
year cycle.  The emission of UV is greatest from 
the areas of the sunspots, which are generally 
clustered in one or two spots on the Sun.  As the 
Sun rotates through its 27-day period, an increase 
of ozone production of a few percent occurs when 
the sunspots are facing the Earth each 27 days.

Temperature controls the rates of ozone 
production and destruction.  The warmer the 
temperature, the slower the generation of ozone. 
Conversely, temperature in the stratosphere is 
affected by the amounts of ozone.  The greater 
the amount of ozone destroyed by interactions 
with UV, the greater the warming, which slows 
the process of ozone formation. This is a negative 
feedback control on the formation of ozone in 
the tropics.  It helps create a regulated amount 
of ozone.

Heating in the stratosphere caused by the 
breakdown of ozone causes a current of air that 
slowly transports ozone formed in the tropics 
toward the poles.  

As described above, natural processes 
control the amount of ozone, so there is never too 
much or too little in the stratosphere.  Sometimes 
the natural system is overwhelmed by another 
influence and the stable condition, or equilibrium, 
may change.  That is what was happening over 
the Antarctic.  During the spring something upsets 
the natural feedback arrangement and the level 
of ozone is reduced by 50% or more.



Ozone—Chapter 2: Ozone in Nature  15

NASA. Studying Earth’s Environment From Space. 
June 2000. <August, 2001> 
http://see.gsfc.nasa.gov/edu/SEES/ 

The Earth Without Ozone  
For most of the Earth’s existence, there 

was not enough oxygen in the air to produce 
an ozone layer. But thanks to the evolution and 
widespread growth of blue-green algae, more 
and more oxygen was injected into the Earth’s 
atmosphere. 

The early atmosphere of the Earth was the 
product of volcanic eruptions and gas escaping 
from the cooling solid Earth.  Atmospheric 
chemists believe that the original atmosphere 
“quickly” formed during the first few hundred 
million years after the formation of the Earth, 
4.5 billion years ago.  Studies of ancient rocks 
that formed a billion years later confirm that the 
early atmosphere did not contain oxygen.  Without 
oxygen in the atmosphere there was no ozone.  

Prior to the production of an oxygen-rich 
atmosphere, intense rays of ultraviolet energy 
must have bombarded the Earth’s surface.  Excess 
ultraviolet radiation is deadly to life because it 
can disrupt the functioning of the living cell.  Even 
water is not a perfect shield from ultraviolet rays 
as you may well guess since you can get a severe 

sunburn while swimming! Living things require 
water tens of meters deep before having complete 
protection from UV.  Research continues in an 
attempt to identify how early microorganisms 
were protected from deadly UV radiation.

By 1.5 billion years after the Earth’s 
formation, there were many forms of very simple 
life that drifted and swam in the waters of the 
world.  Among them was a species of small plant 
called blue-green algae.  As a by-product of its 
life functions this tiny plant produced minute 
quantities of oxygen.   Huge numbers of these 
plants over the course of billions of years produced 
enough oxygen to change the atmosphere and the 
history of the Earth.  

At first much of the oxygen released by 
the blue-green algae combined chemically with 
compounds floating in the water. Eventually, after 
more than two billion years of reacting with the 
huge reservoir of oxygen-loving compounds in 
the oceans, some of the oxygen bubbled out of 
the water into the atmosphere: molecules of 
oxygen gas formed.   Little by little the quantity 
of oxygen gas in the air increased.  As the amount 
of oxygen increased so did the ozone in the upper 
atmosphere.  Protected from UV by the ozone 
layer, organisms evolved that could exist out of 
the water, and a new chapter in the history of 
the Earth was opened—evolution of life on land 
was possible.  The earliest fossil land plants date 
back to nearly 400 million years ago.

As we’ll see in Chapter 3, the continued 
presence of this layer of ozone high in the 
stratosphere is essential to the health of both 
plants and animals that live on land.  First, 
however, we’ll follow the ozone mystery story 
from its beginning in Wilmington, Delaware, in 
the 1930s to its conclusion at the South Pole in 
the 1980s.

Accumulation of Oxygen and Ozone in the 
Atmosphere over Time
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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/4oz
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://see.gsfc.nasa.gov/edu/SEES/
http://www.lhs.berkeley.edu/gss/uptodate/4oz
http://lhs.berkeley.edu/gss/uptodate/newarticle.html
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3. The Danger of 
UV to Living Things

When the Earth was unprotected by the ozone layer, the full strength 
of the Sun’s ultraviolet energy prevented living things from existing 
outside of the protection of water.  After the ozone layer formed, life 
was able to evolve on land.  Although the ozone absorbed most of the 
Sun’s ultraviolet energy, some managed to penetrate to the surface.  The 
result was that all living things on our planet evolved some protective 
structures, such as feathers, scales, or in the case of people, a dark 
pigment in the skin called melanin.  

The thinning of the ozone layer that has been observed over the 
South Pole, and more recently over the North Pole as well, will allow 
more UV energy to penetrate to the Earth’s surface.  As the amount of 
ultraviolet energy increases, the defenses that plants and animals have 
developed to protect them from ultraviolet energy will be tested.

Increased ultraviolet energy may pose hazards to life on Earth, 
starting with the dangers posed directly to humans: skin cancer, cataracts, 
and reduced immunity to disease.  It is possible to protect ourselves from 
exposure to ultraviolet energy, but unlike humans, plants and animals 
are not able to protect themselves by putting on sunglasses, hats and 
sunscreen. We can predict how increased exposure to ultraviolet energy 
will affect plants and animals, including the tiny living things that exist 
in the very top layer of the world’s oceans, where ultraviolet energy is 
able to penetrate.

The Effect of uV Energy on Humans
Researchers are currently focusing on three 

problems that increased exposure to ultraviolet 
energy may cause to people: cataracts, reduced 
immunity, and skin cancer.  Cataracts are a 
clouding of the clear lens of the eye, which 
can cause blindness. Common in older people, 
cataracts can be treated by replacing the cloudy 
lens with artificial materials.  You can reduce 
your risk of cataracts by wearing eyeglasses with 
glass lenses or coatings that absorb ultraviolet 
energy.  

Your immune system protects your body 
from viruses and bacteria that can cause disease.  
Certain cells within your body identify the 
invading organisms and absorb or destroy them.  
The devastating effect of AIDS occurs when 
the disease attacks the immune system itself, 

UV

making the body vulnerable to a wide variety 
of serious illnesses.  Scientists suspect that 
increased ultraviolet energy may also reduce the 
effectiveness of the immune system.

A great deal of attention in recent years has 
been focused on the role of ultraviolet energy in 
causing skin cancer.  Ultraviolet energy is able 
to penetrate the skin, pierce cell walls, and 
damage DNA within the cell.  DNA is a complex, 
spiral-shaped molecule that tells the cell how and 
when to reproduce.  If damaged, it can give the 
cell incorrect instructions, producing cancerous 
tumors rather than normal skin.  

Most skin cancers can be cured if found 
early.  However, an especially dangerous form of 
skin cancer, called melanoma, is very difficult to 
stop if not detected and removed early.  Although 

Chapter 3
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Beaches are a common spot to soak 
up the Sun’s rays—including UV. 
(Photo by John Pickle.)

at one time melanoma was rare, the number of cases is 
growing faster than all other cancers except lung cancer.  
The reasons for the increase are not certain, but many 
doctors suspect our sun-loving life-styles.  We live and 
work indoors, so our skin builds up very little protection 
against the sun’s rays.  On weekends we rush out to 
the beach, exposing the DNA in our skin to increased 
ultraviolet energy. In the next two investigations you 
will have an opportunity to examine some of the data 
about the incidence of melanoma, and experiment with 
the effectiveness of various kinds of sunscreen, which 
may help prevent it.

Identifying Melanoma
Dermatologists have identified the warning signs to spot 

moles that may turn cancerous.  Moles are harmless skin 
growths that may be flat or protruding. They vary in color 
from pink flesh tones to dark brown or black.  The majority 
of people are born without moles, and few people older than 
70 or 80 years old have moles.  However, usually in childhood 
and adolescence, everyone develops moles; some more than 
others.  No one knows what causes moles or what their function 
is. However, the number of moles appears to depend on one’s 
genetic make-up. 

Most are perfectly harmless. However, some moles, due 
to overexposure to the Sun and its UV radiation, may turn 
cancerous.  Monthly examinations of your moles using the 
following ABCD rules on this page will help you identify problem 
moles at an early stage.  Early identification of melanoma is 
critical for effective treatment. If any of your moles shows 
signs of change in any of the following categories, see your 
physician immediately.

(B) Border irregularity
Safe moles have sharply defined borders.  A 
physician should examine a mole with notched, 
jagged or blurred edges. 

(A) Asymmetry
A symmetrical mole has matching sides. An 
asymmetrical mole has sides that are different from 
each other, showing an irregularity. Watch for 
moles developing asymmetrically.
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Investigation

You are a student volunteer helping a 
senator to prepare for a Congressional Committee 
meeting on public health hazards.  You have some 
information on melanoma in the U.S. including 
the number of people in the U.S. that have been 
diagnosed with melanoma, and how many people 
died from melanoma in each year since 1973. 

The senator you are helping wants to educate 
her colleagues in Congress concerning the facts 
on melanoma skin cancer.  Your job is to figure 
out how to present the information in the form 
of a graph so that someone can tell at a glance 
if the number of melanoma cases and deaths is 
increasing or decreasing.  Prepare a sheet of graph 
paper with the appropriate scales and labels, so 
all the information is clear and easy to read.  

(Hint:  Scientists who study disease patterns 
commonly use two measures to detect 
whether a disease is increasing or 
decreasing: 

• incidence:  the number of cases diagnosed 
each year per 100,000 people.

• mortality:  the number of individuals who 
die of a given disease each year per 100,000 
people.)

After plotting the data, get together with the 
rest of the staff to study the evidence and discuss 
specific statements that the senator might make 
that would be supported by the evidence.   

(C) Color
Healthy moles have an even color.  Moles that 
are changing and becoming cancerous develop an 
uneven color with red, black or blue specks in the 
mole.

(D) Diameter
Have a physician examine any mole greater than 6 
millimeters (about the size of a pencil eraser) or one 
that is growing in size.

normal mole

abnormal mole

Just How Fast Is Melanoma 
Increasing?
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Melanoma Cases

united States, 1974-1998

All Races, Females and Males

Year        # of Cases     # of Deaths Population
1974 12,689 3,671 213,854,000
1976  15,028 4,044 218,035,000
1978 16,817 4,254 222,585,000
1980 20,210 4,355 226,546,000
1982 21,687 4,701 230,645,000
1984 22,561 4,883 234,868,000
1986 26,881 5,082 239,109,000
1988 26,390 5,284 243,462,000
1990 28,916 5,598 248,143,000
1992 31,587 5,647 253,620,000
1994 34,161 5,651  259,131,000
1996 38,121 6,029 264,061,000
1998 38,514 6,093 269,118,000

Questions to consider:
1)  Is the number of melanoma cases each year increasing or decreasing? 
2)  Is the number of deaths due to melanoma increasing or decreasing? 
3)  Are the number of cases and the number of deaths changing at the 

same pace? Is one changing faster than the other?
4)  What do these data tell you about melanoma trends in the u.S.?
5)  Based on these trends, about how many people do you predict will 

contract melanoma in 2005?  About how many people will die from it?
6)  What factors could cause the incidence of the disease to decrease?
7)  What factors could cause the incidence of the disease to increase?
8)  What percentage of people in the uS with melanoma died of it in the 

years 1975, 1980, 1985, 1990, and 1995?
9)  What does this tell you about how treatment and detection of 

melanoma have changed in the past 15 years?
10)  In planning the Senator’s presentation, what additional information 

would you want to provide about the probable causes of melanoma?
11)  What legislation do you think the Senator might want to support based 

on this information?
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The best way to avoid skin problems is to avoid the Sun 
when it is high in the sky.  Learn how the Sun moves 
across the sky in your area.  (Photo by John Pickle.)

People with black hair, brown skin, no 
freckles, and brown eyes — have lower chances 
of getting melanoma than those with lighter 
complexions, but anyone can develop melanoma.  
Darker pigmentation means that those people 
have more melanin than people with lighter 
pigmentation.  Melanin is the pigment that 
protects the skin by absorbing the harmful solar 
rays before they get to the DNA.  If you haven’t 
got much melanin you need to find another way 
to protect yourself from the harmful rays of the 
Sun.

It is a very good idea to use sunscreen or to 
wear protective clothing when you are in the Sun, 
especially between 10 a.m. and 3 p.m., which is 
when sunlight passes through a smaller thickness 
of the atmosphere, so less of the UV radiation is 
filtered out. 

What Are Your Chances of Getting Melanoma?
The work you have been doing — plotting, examining, and 

understanding disease patterns — is the science of epidemiology, from 
the word epidemic.  An epidemic is a large outbreak of a disease, as 
when nearly everyone in school gets the flu—that’s a flu epidemic.  An 
epidemiologist is a person who tries to understand the patterns of a 
disease in populations.   

Since medical researchers do not know enough about cancer it 
is impossible to tell who will and who will not develop melanoma.  
However, epidemiologists use statistical information to identify those 
factors that tend to increase the chances a particular individual will 
develop melanoma.  It makes good sense for you to understand the 
risk factors so you can take action to reduce that risk.

There are some risk factors you can do nothing about.  They are 
genetic traits, and the more of them you have the more you should 
be on your guard.  If you have a light complexion and thin skin, 
freckles, light hair color, blue or green eyes, and have moles, you are 
at an increased risk of getting melanoma.  People with red hair are 
especially susceptible. 

But the risk will be reduced if you eliminate or reduce the other 
risk factors that are under your control.  The main one is exposure to 
the Sun.   “Cover up or stay in the shade!” should be the rule for those 
with several of the high-risk characteristics.  Even for those with none 
of the high-risk characteristics, the danger is increased if they have 
had one or more severe sunburn events in the past, or if they were 
frequently overexposed to the Sun as a child.

How Can a Person Avoid Getting Skin Cancer?
Most likely you have noticed the Sun 

Protection Factor (SPF) on sunscreen bottles.  
This number tells you how much longer you can 
stay out in the Sun after applying the sunscreen 
without burning, than you would be able to stay 
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out with no protection.  For example, it is probably not a good idea for 
fair-skinned people to be in the Sun for more than 15 minutes without 
sunscreen.  A sunscreen with SPF 20 would allow fair-skinned people 
to sun safely for up to 5 hours.

In case you will be swimming or sweating, it is important to use a 
water-resistant sunscreen.  Also, it is good to use a “broad-spectrum” 
sunscreen.  This is the kind that screens out the most ultraviolet 
radiation.  Remember that the “tanning rays” are dangerous too.

In addition to avoiding the Sun, you should regularly check your 
skin for spots that look like small mole-like growths, which grow and 
becomes discolored and oddly shaped.  They may feel a little sore 
or they may not.   If you notice any one of these symptoms, you 
should have a doctor examine you.   Remember, in the early stages, 
skin cancers are often very easily removed; and catching it early can 
prevent it from spreading. 

Other Forms of Skin Cancer
Although melanoma is the deadliest form of skin cancer, there 

are other forms you should be aware of, which if detected and treated 
early have a cure rate of nearly 95%.  The two most common types of 
skin cancer are basal cell and squamous cell carcinomas.  Basal cell 
carcinomas usually appear as fleshy bumps or nodules generally on 
the head and neck, but can grow on any part of the body.  These slow 
growths rarely spread, but they can penetrate to the bone, causing 

Photos courtesy of the 
National Cancer Institute.

Wrinkled skin

Squamous Cell 
Carcinoma

Basal Cell Carcinoma

Melanoma

Photos courtesy 
Kaiser Hospital, 
San Francisco

damage.  Squamous cell carcinomas are typically red, 
scaly patches or nodules. These can grow into large 
masses and spread to other parts of the body.

There are other forms of skin damage caused by 
long-term exposure to UV radiation, with the primary 
being premature aging where the skin thickens and 
becomes leathery and wrinkled. This is a gradual process, 
but as with all skin problems resulting from UV exposure, 
it can be avoided by following the list of precautions 
mentioned earlier.
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Photo by John Pickle.

The purpose of this experiment is to 
determine how effective sunscreens and clothes 
are at filtering out ultraviolet energy.  To do this 
you will expose sunprint paper to sunlight.  The 
sunprint paper is sensitive to ultraviolet energy 
and changes color when exposed to sunlight.  

You can test a sample of sunscreen by 
smearing it onto a strip of clear acetate and 
then taping the acetate over the sunprint paper.  
Clothing can be tested by placing a piece of 
the cloth on the sunprint paper.  When the sun-
sensitive paper is exposed to sunlight for a few 
minutes, you’ll find out how well you are being 
protected from the Sun’s UV.

Perhaps you know someone who likes to 
lay for hours in the sunlight.  Many light-skinned 
people want to get a “tan” during the summer.  
But exposure to the ultraviolet energy from the 
Sun can cause burning of the skin and DNA damage 
associated with skin cancer, in addition to the 
increased production of melanin in the skin known 
as tanning.   

There are numerous products—creams, 
lotions, or gels—available which claim to offer 
protection from the Sun’s harmful ultraviolet 
radiation.  They usually list a Sun protection 
factor, or SPF.  How well do sunscreens really 
work?  Are the SPF ratings accurate?  Would a 
regular lotion that makes no SPF claim offer any 
protection?

Rather than using sunscreen, you may use 
clothing to protect yourself from the Sun.  People 
who tan may often be seen with tan lines that 
outline where clothing was worn while in the Sun, 
so clothing must stop UV.  But how much protection 
do they provide compared to sunscreens?

QuESTION 3.1  What would you say about the difference in 
incidence rate of melanoma among the people of Norway 
compared to Italy?

QuESTION 3.2  How do you think the incidence rate of melanoma 
might compare among Polynesians and Canadians?

QuESTION 3.3  Which group do you think would be more likely to 
have a higher incidence of melanoma, rural farm workers or 
urban office workers?  Why?

QuESTION 3.4  Would people in a high socioeconomic group be 
more or less likely to get melanoma than those in a lower 
socioeconomic one?  Why?

Based on what you know about personal characteristics 
and skin cancer risk, answer these questions:  

Investigation

Sunscreens and Clothing
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b. Tape the acetate to a table on three 
sides.

c. Squeeze a bead of sunscreen on an end of 
the strip.

d. Use a glass rod to smear the sunscreen down 
the strip, using a single, smooth motion.  
The sunscreen thickness should be the same 
as the thickness of the tape.

If you are working with cloth swatches cut 
the pieces so they all fit onto one sheet of sunprint 
paper.  If you are testing the effect of water on 
the clothing’s protection, place a piece of acetate 
between the wet cloth and the sunprint paper. 
Wet swatches will lie on the acetate while dry 
swatches must be taped to the acetate.

3. Place the acetate with the samples on 
the sunprint paper.  When the samples are ready, 
get a piece of sunprint paper.  Immediately put it 
into a folder, and work on it in subdued light, so 
it is not exposed to ultraviolet energy before the 
experiment is ready.  Tape the sunscreen samples 
or dry cloth swatches to the sunprint paper so they 
do not overlap.  Allow a part of the sunprint paper 
to be covered by clear acetate alone to act as a 
“control.”  If you have too many samples, get an 

additional sheet of sunprint paper and put it into 
the same folder, so all samples are exposed the 
same length of time.  Label the sunprint paper 
with the brand and SPF of each sunscreen sample 
or cloth type, color, and thickness.

4. Expose the sunprint paper.  Take the 
folder outdoors, open it, and place the sunprint 
paper in the Sun.  Expose it for 1-2 minutes if the 
sunlight is bright, and up to 5-6 minutes if the sky 
is a bit overcast.  Weight the folder around the 
edges with rocks if it is windy.

5. Develop the sunprint paper.  Back in the 
room, remove the acetate strips from the sunprint 
paper, and take the paper out of the folder.  (Be 
sure that it is labeled correctly before removing 
the samples.)  Rinse the exposed paper in a bowl 
of water for at least one minute to develop and 
fix the color change, then remove it and lay it on 
a table to dry.

Materials
• sunprint paper

• various sunscreens (different 
brands and SPFs)

• swatches of different cloth (jeans, 
cotton T-shirt, sweatshirts)

• acetate sheet for overhead 

projectors

• cellophane or plastic tape

• glass stirring rod

• manila folder

• water bowl

• paper towels

• markers

Strategies for Investigation
1. Plan your experiment.  Look at the collection of sunscreens 

and cloth swatches, and decide on four or five for your experiment.  
If you select sunscreens to test, design your experiment to test a 
single variable—such as SPF, or brand of sunscreen, or thickness of 
the sunscreen layer.  If you choose to test clothing, you may want 
to test the effect of color, thickness, fabric, weight, or wetness 
(some people use T-shirts while swimming). Write a hypothesis, 
stating how you think the variable you selected will affect UV 
energy from the Sun.  Decide which variables should be controlled 
(kept constant) in your experiment.

2. Prepare your samples.  Smear a layer of each kind of 
sunscreen onto a separate strip of acetate.  Here is a suggestion 
for smearing uniform layers of sunscreen:

a. Cut a strip of acetate, about 2 cm by 5 cm.
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Cataracts and Sunglasses
Cataracts, which result when the eye lens whitens 

and becomes opaque, cause nearly half of all new cases 
of blindness in the United States each year.  It appears 
cataracts are a result of a lifetime of cumulative Sun 
exposure, beginning in childhood. There is no particular 
age where exposure is particularly risky.  Doctors believe 
reducing exposure to sunlight and taking precautions to 
protect eyes could significantly reduce the risk of developing 
cataracts.  People who have a lifetime of exposure to the 
Sun are four times more likely to have cataracts than those 

who have had less exposure to 
the Sun are.  Just wearing UV-
blocking glasses on a regular 
basis appears to reduce the 
risk of developing one form of 
cataracts by about 40%. 

Results and Conclusions
1. Tape the dry sunprint paper to a larger sheet of paper, and describe the results. 

2. Was your hypothesis supported or contradicted by the results?  Try to give an 
explanation for why your hypothesis was supported or contradicted.

3. Can you advise people about Sun protection based on this experiment?  For example, 
if you tested different brands, can you advise people about what brand is best?  If you 
tested SPF, how would you advise someone about what SPF provides significant protection 
from the Sun?  If you tested the effect of different thicknesses of sunscreen, what advice 
would you give someone about how to put on sunscreen so it offers protection?  If you 
tested clothing, would you recommend a fair-skin person to use that clothing if outdoors 
all day?

4. What additional experiments do you think should be done to prepare a full report 
about the effectiveness of different types of Sun protection?

How the world would look 
with normal vision and 
with cataracts.  (Photos 
courtesy of the National Eye 
Institute.)
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Reducing Your Risk of Eye 
Damage by the Sun

1) Wear uV-blocking sunglasses (or eyeglasses) 
when you will be outdoors for more than 20 
minutes. 

2) Avoid peak Sun exposure times.  The worst 
time period is between 10 a.m. and 3 p.m., 
when the Sun is highest in the sky. 

3) Avoid glare.  The worst environments are 
high altitudes and areas affected by highly 
reflecting surfaces (snow, water, sand, and 
concrete). 

Sunglasses can prevent much of the damage caused by 
the Sun’s UV.  (Photo by John Pickle.)

Photo courtesy of 
the National Eye 
Institute.

When a healthy eye encounters bright 
light, the pupil contracts to cause less light to 
enter the eye.  The pupil, appearing as the black 
center in the colored part of the eye, is actually 
a hole in the iris, and it is the iris that causes the 
pupil to change size.  In dim light, the pupil gets 
bigger (dilates) to let more light into the eye.  
Wearing dark sunglasses decreases the amount of 
sunlight entering the eye, so the pupil responds 
by dilating.  If the sunglasses decrease the visible 
light but do not block UV, then significantly more 
UV enters the eye compared to when not wearing 
sunglasses.  Using a darkened room as a simulation 
of the amount of light entering your eyes while 
wearing sunglasses, find the minimum amount of 
UV that must be blocked by sunglasses to ensure 
that increased levels of UV are not entering your 
eyes.

Materials
Ruler with millimeter increments

Investigation

Strategies for Investigation
1.  Students work in pairs.  In a darkened room 

carefully hold the ruler close to your partner’s 
eye. Measure the diameter of the pupil.  Switch 
so each student may make a measurement.

2.  Repeat the procedure, but turn on bright lights 
to contract your pupils as much possible.  Do 
not make the lighting uncomfortable for the 
people. If the day is sunny and warm enough, 
you might want to do this outside.

3.  Calculate the area of the pupil in both pictures.  
Assume that the pupil is a perfect circle.

Sunglasses and UV Protection
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4.  Find the ratio of the area of the dilated pupils 
to that of the constricted pupils.  This is an 
estimate of the amount of UV that must be 
blocked by a pair of sunglasses.

Results and Conclusions
1. What is the minimum percentage of UV that 

must be blocked so your sunglasses are not 
enhancing the damaging effects of UV on your 
eyes?  As an example, if the area of the pupils 
were twice as large when dilated compared to 
contracted, the sunglasses would need to block 
50% of the UV in order to compensate for the 
enlarged pupils.  If the pupils grew three times 
in area when sunglasses were put on, then 67% 
of the UV would need to be blocked. 

2. What assumptions are you making in order to 
draw this conclusion?  Discuss the strengths and 
weaknesses of these assumptions.

3. How could you modify your experiment to 
eliminate these assumptions?  If you can carry 
out a new experiment, compare the results 
of the two.

4. Can you design an experiment that would 
relate the SPF of sunscreen to the UV-blocking 
ability of sunglasses?  This experiment could 
be used to test the rating of your sunglasses!  
Can this be done mathematically without the 
experiment?

5. Do you feel your sunglasses adequately protect 
you?  If you wear untinted eyeglasses, would 
you benefit from a lens coating that blocks 
UV?

6. If the amount of UV reaching the ground 
increased 4% due to thinning of the ozone layer, 
what is the minimum UV-blocking required 
to keep the harm to your eyes at the same 
level as before?  Remember unprotected eyes 
are being harmed at the current levels of UV 
radiation.

Before and After the Pupil is Dilated

Courtesy or the National Eye Institute

Undilated Pupil Dilated Pupil

Portion of retina that 
can be seen through 
undilated pupil.

Portion of retina that 
can be seen through 
dilated pupil.

Optic 
nerve

Pupil

Light beam
Optic 
nerve

Pupil

Light beam

RetinaRetina
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Factors Affecting uV at Ground Level

The solar radiation reaching the top of 
the Earth’s atmosphere has the approximate 
proportions of 8% UV, 39% visible, and 53% 
infrared radiation. The UV spectrum is 
often divided into 3 “colors” or bands of 
wavelengths: the longest are called UV-A 
(just beyond visible violet in the spectrum); 
the shortest is UV-C; and the medium 
wavelength is UV-B. Even before the ozone 
layer began to thin, almost all of the UV-A, 
roughly 2% of the UV-B, and none of the 
UV-C would reach the ground.  And though 
we tend to discuss the loss of ozone over the 
poles, ground-level UV is many times greater 
at the tropics compared to the poles due to 
the higher angle of the Sun in the sky during 
the hours surrounding noontime.  But in 
any geographic region, there are additional 
factors that can increase the amount of UV 
reaching the ground.

Are you safe from UV radiation on cloudy 
days?  As is the case with the majority of situations 
dealing with nature, the answer depends on 
several factors.  If there are scattered clouds 
in the sky, a portion of the UV will be reflected 
from the sides of the clouds.  If the clouds are 
not blocking the Sun directly, you may be getting 
an increased dose of UV radiation compared to 
a clear day.  

In general, thin clouds don’t block much UV 
radiation from reaching the ground, but they do 
block infrared radiation, which is the portion of 
the solar spectrum that causes the skin to feel 
warm during sunbathing.  Often, with these cooler 
temperatures, people tend to remain outdoors 
longer, often without adding sunscreen.  Severe 
sunburns can be the result.  When thick, dark 
gray clouds cover the sky, most of the incoming 
solar spectrum is reflected away from the ground, 
including up to 80% of the UV.  The overall effect 
of thick clouds on blocking UV radiation from 
the Earth’s surface is the second most important 
factor after stratospheric ozone.

Amount of UV spectrum entering the top of the atmosphere 
and reaching the ground.  (Courtesy of NASA.)

Clouds can both enhance or inhibit the amount of UV 
reaching the ground.  Know when to protect yourself. 
(Photo by John Pickle.)
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Water sports 
allow for 

increased UV 
exposure.  
(Photo by 

John Pickle.)

The amount of UV that does reach the ground 
can be reflected toward you, increasing your dosage 
of UV.  Fresh snow can reflect up to 85% of the UV, 
which, if combined with increasing UV exposure with 
altitude (20% increase in UV at 3 km compared to 
sea level), can contribute to severe sunburns while 
skiing.  Sand and light-colored concrete can reflect 
up to 20% of the UV reaching the ground, making sun 
bathing at the beach more dangerous.  Water reflects 
less than 10%, with a large amount of UV penetrating 
into the water, allowing you to get sunburned while 
in the water.  In fresh water, almost half of the UV 
penetrates to a depth of 30 cm, but in a swimming 
pool, where sediments and floating particles have 
been filtered from the water, over three quarters 
penetrates to 30 cm.

Highly reflective surfaces such as sand 
can enhance UV damage to the skin.  
(Photo by John Pickle.)

As you can see, there are many local factors 
that can increase or decrease the amount of UV 
you could receive throughout the day, and the 
UV index reported by national weather agencies 
cannot take into account this type of small-
scale variability.  You must be aware of your 
surroundings and take the proper precautions if 
you want to minimize the damage of UV to your 
health.

Can you get sunburned while driving in a car with the 
windows up?  This depends on the glass.  Untreated glass 
removes only 30% of UV-A but over 90% of the UV-B; however, 
UV-B is one thousand times more potent in causing sunburns 
than UV-A.  The estimated SPF of untreated glass is 10.  Treated 
glass can block most of the UV radiation, reaching SPF values 
of 120.

The Effect of Increased uV on Ocean Life
Ultraviolet energy penetrates into the upper 

layer of the ocean, where it affects tiny organisms 
known as plankton.  There are two kinds of 
plankton: tiny plants called phytoplankton, and 
tiny animals, called zooplankton.  UV damages 
both.  Plankton are at the base of the food chain 
for the entire marine ecosystem.  They are the 
food for krill, which are tiny shrimp-like animals.  
Some whales feed directly on krill, and they 
provide the diet for many kinds of fish.  These 
fish, in turn, are food for larger fish, sea mammals, 
and birds.  

A recent study reports that if the amount 
of ozone in the stratosphere over the mid-
latitudes were to diminish by 16%, the numbers 
of phytoplankton would decrease by about 
20%.   In addition to its devastating effect on 
plankton, increased ultraviolet energy can destroy 
the floating eggs and larvae of many marine 
organisms, sharply reducing the population of 
these species.  Thus, a further reduction of the 
Earth’s ozone shield would severely impact the 
entire marine food chain, reducing the amount 
of food we obtain from the sea, and imperiling 
endangered ocean species.



Ozone—Chapter 3: The Danger of Ultraviolet to Living Things 29

Coral reefs are home to thousands of different kinds of marine life.  
The tiny animals that create the coral are very sensitive to changes in their 
environment.  When those animals are under stress the coral turns white.  
Bleached coral is being found all over the world.  In some cases water at higher 
temperature is blamed.  In 1991 Pamela Hallock-Muller, a marine biologist from 
the University of South Florida, made the connection between ozone depletion 
and the bleaching.  Warm water normally sweeps across Florida’s reefs in late 
summer and bleaching occurs.  After a month or two cool water comes in and 
the corals return to their natural colors.   But starting in March, 1991, and 
extending through July—months before the water was at it warmest—Pamela 
Hallock-Muller found that the corals were turning white.  

Elephant seals in the Antarctica survive 
on fish that feed on the plankton.  (Photo 
courtesy of the National Science Foundation.)

The scientist suspected that the corals were 
reacting to an increase in ultraviolet radiation due 
to a reduction in the ozone overhead.  She was 
making a connection with the massive eruption 
of Mount Pinatubo in the Philippines the previous 
year.  “A big volcano like Mount Pinatubo puts lots 
of ash into the stratosphere,” she said.  “That 
causes more deterioration of the ozone and allows 
more ultraviolet radiation in.”   She found support 
for her idea in her records.  Major bleaching of 
the corals also occurred in 1983 and 1987, just 
after major volcanic eruptions.

Peter Glynn performed experiments with 
coral and ultraviolet radiation at the University 
of Miami.  Using large tanks, he exposed coral 
to higher than normal levels of ultraviolet light 
and showed that some of the coral was severely 
damaged.  The corals growing in similar tanks 
without the ultraviolet light were unharmed.  

The Effect of Increased uV on Coral Reefs

Photo of coral reef courtesy of the National Oceanic and 
Atmospheric Administration (NOAA).
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A healthy flower. (Photo by John Pickle.)

In the early days of mining, the danger of gaseous poisoning 
was ever-present.  The miners needed an early warning sign so 
they would have time to get out before they were overcome.  
Many of them carried canaries in small cages.  The birds were 
very sensitive to the poison gases.  Their collapse signaled that 
danger was present.  Pamela Hallock-Muller said, “People have 
compared coral to canaries in a mine, and they could very well 
be signaling changes in natural cycles.” 

QuESTION 3.5 Do you think this report of the bleaching of 
coral is sufficient evidence to declare that the reduction of 
ozone in the mid-latitudes is causing damage to coral reefs?  
How would you evaluate this information?  What additional 
experiments do you think might test the theory further? 

Investigation

The Effect of Increased UV on Plants
Photosynthesis is the process that plants 

use to produce food for themselves.  Studies 
in Sweden and in the United States have shown 
that ultraviolet energy destroys the chlorophyll 
molecules that plants need to capture light 
energy for photosynthesis.  That’s how UV 
damages photosynthesis.  Other studies suggest 
that UV energy reduces the insect resistance 
of many plants.  Some plants have evolved 
defenses against damage by ultraviolet energy.  
Some can produce large amounts of pigments 
that absorb the radiation; others block out 
sunlight with waxy leaves or fine, fuzzy hairs.  
There are plants that develop enzymes that 
undo the DNA damage.  However, these defenses 
are not present in all vegetation.  Many of the 
plants sensitive to ultraviolet energy are ones 
we depend on for food.

The purpose of this investigation is to 
compare the growth of plants under normal 
outdoor conditions, under a grow light, and 
under light with the same wattage, but 
increased ultraviolet energy.

Materials
4   potted plants of the same variety (pea, bean, 

clover, alfalfa, cucumber, or soy bean)

1   suntanning lamp or bulb  (which is not a 
“growlight”)

2   growlight lamps or bulbs of the same wattage 
as the suntanning lamp

1   suntanning lamp or bulb with wattage as low as 
possible, preferably 30% or less of the wattage 
of the growlight

     water

     graph paper and pencil
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Strategies for Investigation
1. Measure the area of a few sample leaves on each of the plants 

and calculate the average leaf area.  Also record the total 
number of leaves on each plant.  (Leaf area can be measured 
by putting a piece of graph paper under each leaf and tracing 
its outline.)

2. Place one plant in a spot where it can get direct sunlight and 
where it will be away from the lamps.  It will serve as the 
“control” plant.

3. Place the other three plants indoors, one illuminated solely by 
the growlight, the second solely by the tanning lamp of equal 
wattage as the growlight, and the third illuminated by the 
growlight and the low-wattage suntanning light.  The lamps 
for all three plants should be an equal distance above the soil 
in each pot.  Turn off the lamps each day at about sundown 
and then turn them on again the next morning.  (If this is not 
convenient put the control plant in the same light conditions 
as the experimental plants when their lamps are turned off.)

4.  Make a prediction.  Do you think the number and size of leaves 
will be affected by the kind of light?  If so, how?  If not, why 
not?

5. Leave the plants for several weeks, 
watering as needed.  Make sure each plant 
has equal watering.

6.  After several weeks, measure the average 
leaf area once again.

Discussion
Make a bar graph to show the effects 

of the different lighting conditions on 
the average leaf area for all four plants. 
What conclusions can you draw from your 
experiment?  What did you find out?  Discuss 
whether or not your experiment indicates that 
increased UV energy could affect agriculture.  
If you anticipate problems, how do you think 
their effects could be avoided?

Will our crops be affected as the amount of UV radiation 
changes?  (Photo by John Pickle.)
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Being Skeptical
Scientists are by nature skeptical.  They need to suspend 

judgement until they are firmly convinced by the evidence.  
They should take this approach because the scientific endeavor 
is a systematic search for ideas that describe the world as 
it actually is.  Scientific knowledge is built on a long series 
of discoveries and a chain of logic.  Should the results of an 
experiment prove to be mistaken or the chain of reasoning weak, 
other conclusions that depended on those results or reasoning 
will be equally faulty.

QuESTION 3.6 Consider the following statements by skeptical 
scientists, who have questioned the UV/melanoma 
connection.  

a. Hugh Ellsaesser of the Lawrence Livermore National 
Laboratory has pointed out that ultraviolet energy can 
vary by hundreds of percent from day to day because of 
clouds and other factors.  He says that an average increase 
of a few percent has little meaning.  

b. In the 1920’s it became fashionable to be suntanned.   
Doctors tend to associate melanoma with sunburns in 
teenage years but the disease is most often diagnosed 
in 40-year old people.   This leads many researchers on 
skin cancer to believe that it takes from 25 to 30 years 
for melanoma to develop.  If this is true, why was there 
no large increase in melanoma in the 1940’s among the 
Sun-worshipers of the 1920s?  

c.  Does preventing sunburn really reduce the risk of 
melanoma?  Do sunscreens live up to the claims of the 
manufacturers?  

 These questions could be answered by experiments.  But 
ethical and practical considerations rule out experimenting 
on humans.  In other experimental work mice and rats are 
often used as substitutes for humans, but, since they do 
not get melanoma, virtually no experiments have been 
done to substantiate the protective role of sunscreens 
against cancer.

d.  In the Investigation on page 25, the statistics for melanoma 
cases begin with 1974.  Since that time the number of older 
Americans has been increasing.  Could this be a factor in 
the increase in melanoma?  Explain.
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Emperor penguins living in Antarctica, which has a very harsh 
environment that is becoming even harsher due to pollution. (Photo by 
PH1 Thompson,  USN.  Courtesy of the National Science Foundation.)

Being Safe
Although enough scientific evidence may be 

lacking to satisfy you or other skeptical scientists, 
the correlation between exposure to sunlight and 
skin cancer should be taken as a warning.  It is 
prudent for people at risk to take precautions.  
It is easy to guard against excessive ultraviolet 
radiation.  Cover up, rather than expose sensitive 
skin to the direct rays of the Sun in the middle of 
the day.  The informed person is the person who 
can take the most appropriate action to keep 
healthy.

For new material relating to this chapter, please see the GSS website “Staying 
Up To Date” page:  
http://www.lhs.berkeley.edu/gss/uptodate/4oz
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/4oz
http://lhs.berkeley.edu/gss/uptodate/newarticle.html
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4. CFCs Are Invented
The previous chapter provided evidence of a link between 

thinning ozone, increased UV at the Earth’s surface, and the 
danger posed to humans and other living things.  In this chapter 
we explore another clue to the puzzle: the existence of a new 
kind of gas in the air produced by only one organism we know 
of—human beings.

A Remarkable Compound
The year is 1930.  A small group of executives gather in 

a laboratory in the E. I. du Pont de Nemours & Co. building in 
Wilmington, Delaware.  Du Pont is one of the largest chemical 
manufacturers in the world.  Thomas Midgley is demonstrating 
the properties of a new chemical compound he has discovered.  
At room temperature the new compound is a clear liquid.  He 
proudly holds up a beaker of the material and pours it into the 
reservoir of a small electric pump.  When he turns the pump on, 
the liquid is forced through a small nozzle into a long coil of glass 
tubing.  But it is not liquid that emerges from the nozzle.  It is 
an invisible gas that hisses into the glass tubing.  
The pressurized liquid turns to gas as it escapes 
into the space beyond the nozzle. 

As the executives watch, frost begins to form 
on the nozzle and on the glass tubing.  They touch 
the tubing.  Near the nozzle it is very cold.  As the 
molecules of liquid emerge from the nozzle they 
pick up heat from their surroundings and become 
energetic molecules of gas.

Next the executives examine the length of 
the tubing.  At a distance from the nozzle the 
tubing is cool but not as cold as it was near the 
nozzle.  They notice that further along the glass 
tubing droplets begin to form inside, until at the 
bottom of the coil the droplets run together and 
Midgley’s liquid compound drops out into another 
beaker.  The liquid in the beaker and the tubing 
where the condensation takes place is warm to 
the touch.

Midgley bends down and takes the filling 
beaker back to the electric pump and pours the 
liquid into the reservoir.  The cycle is repeated.  
There is an immediate stir of interest among those 
assembled in the laboratory.  The application 
is obvious.  Midgley’s liquid can be used for 
refrigeration.

In 1930, refrigeration was already a big 
industry.  Ice making plants were in virtually 
every city.  The large pieces of ice they produced 
were put on trucks and horse-drawn wagons and 
ice men would go from house to house selling 
pieces.  The men would use picks to shape smaller 
pieces of ice to cool wooden ice boxes in every 
household.   Air conditioners were unknown and 
some large theaters were cooled in summer by 
fans blowing air over large pans filled with pieces 
of ice.  Far from the city, icehouses stored pieces 
of ice sawed out of lake ice that formed during 
the winter.  Heavy layers of sawdust were used 
as insulation to keep the ice from melting well 
into the summer. 

The ice making companies used concentrated 
ammonia or sulfur dioxide as refrigerants in 
their equipment.  Both are toxic chemicals. 
Concentrated ammonia is flammable and sulfur 
dioxide is corrosive. They both required heavy 
pumps to move them through the refrigeration 
systems.  Home refrigerators were beginning to 
be sold, but they used similar equipment and the 
same dangerous chemicals.

Chapter 4
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Midgley had demonstrated the superior efficiency of his new 
compound, and only a small pump was necessary to force the cooling 
process.  But was the compound safe?  Would the new compound burn 
in the air?  Would it harm the eyes or lungs of the men who repaired 
refrigerators as the other refrigeration chemicals did?  Thomas Midgley 
lit a candle and placed it on the table top.  He leaned over a beaker 
full of his compound and took a long breath of the vapor that was 
evaporating from the surface.  He turned to the candle and slowly 
exhaled toward it.  The candle went out.  

Breathing in an unknown gas is something that chemists are 
trained never to do.  But Midgley had previously tested the vapors 
of the new compound on mice and birds and had observed that they 
experienced no adverse effects.  “Gentlemen,” he said proudly, 
“although my refrigerant liquid is made of the toxic elements chlorine 
and fluorine, the carbon atoms in the compound hold them together 
so tightly that those dangerous gases are tamed.  This compound is 
safe because nothing reacts with it.  It is unique.  It does not occur in 
nature.  It is completely man-made.  It is useful and it is not dangerous 
at all.”

The marketing people at du Pont were soon selling large quantities 
of Midgley’s refrigerant under the trademark name Freon.  The 
chemical name for the compound is CFC-12.  In 1931, 545 tons of the 
product were produced.  Despite the restrictions of a World War II 
economy, by 1945, 20,000 tons were being produced annually.

Thomas C. Midgley Jr.
Thomas C. Midgley Jr. was a passionate 

inventor with a goal of improving the world by 
advancing technology. Two of his inventions 
were of truly global significance: leaded gasoline 
and Freon, the first of the chlorofluorocarbons 
(compounds of chlorine, fluorine, and carbon).  
Both of these inventions revolutionized 
technology, global development and economies, 
initially helping to preserve the environment, 
yet eventually wreaking havoc on the global 
environment.

Midgley’s vision was to use technology to 
improve the quality of life. He imagined there 
would be pills that controlled people’s moods 
and how often they needed to rest, artificial 
hormones to stimulate growth and production of 
farm animals, and modes of telecommunication so 
efficient that people wouldn’t need to travel any 
longer.  Interestingly, many of his technological 
visions have been attained much quicker than he 
anticipated.

Gasoline, CFCs, and ozone.  They are interrelated.  
Photo by John Pickle.

Born in 1889, Midgley earned a Ph.D. 
in engineering at Cornell. In 1916 he joined 
a laboratory in Dayton, Ohio. While he was 
working on a method to improve aviation fuel’s 
performance during World War I, a piece of 
equipment exploded, embedding pieces of 
metal in Midgley’s right eye. Although the larger 
pieces were removed, almost 50 small metal 
specks remained to seriously impair his vision.  
Based on his knowledge of metals, Midgley tried 
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to burn safer fuels in engines. 

Unfortunately, Midgley contracted 
polio at the age of 51.  Ever the 
inventor, he created a system of 
leather harnesses, pulleys, and cables 
to allow him to get into and out of 
bed under his own control.  Accounts 
differ to the cause of his death, but he 
became entangled in the cables and 
died in 1944.

Due to the global economic 
impact of his two famous inventions, 
early writers praise every aspect of 
the man and his work.  Today, because 
of the environmental impact of these 
inventions, some recent accounts 
villainize his work.  What is fair? His 
inventions made engine fuels and 
refrigeration technology much safer at 
the time.  How would the world have 
developed without his contributions? 

Today’s car engines 
would not have 
evolved without 
Thomas Midgley’s 
inventions.  (Photo 
by John Pickle.)

What Is a CFC?
A CFC is a molecule that consists of atoms of chlorine 

(which has a periodic symbol of Cl), fluorine (F), and carbon 
(C).  It may also contain hydrogen (H) atoms. In order to save 
time and ease communications, an industry standard was 
created to name CFCs.  For most other molecules, people state 
the number of atoms in the molecule to create a molecular 
formula, such as H2O or CO2. CFCs are often described as CFC-
11 or CFC-114, not the normal style of a molecular formula.  
What does this mean? 

Codes for CFCs are in the form CFC-XYZ 
 where

X represents the number of carbon atoms in the molecule 
minus 1.  If X=0, that means there is 1 carbon atom in the 
compound, then X is omitted from the code.

Y is the number of hydrogen atoms plus 1.

Z is the number of fluorine atoms.

As an example, suppose the compound has 2 carbon 
atoms, no hydrogen atoms, and 3 fluorine atoms. 

X = 2 carbon atoms - 1 = 1

Y = 0 hydrogen atoms + 1 = 1

Z = 3 fluorine atoms = 3

mercury to save his eyesight. Although difficult 
to contain and quite toxic, mercury was known 
to amalgamate (form an integrated whole) 
readily with other metals. By bathing his 
wounded eye in purified mercury daily for two 
weeks, he thoroughly cleansed the eye of all 
the remaining metallic flecks and saved his 
eyesight.  

Midgley’s work on fuel arose from 
the need to have engines burn fuel 
more efficiently and safely. The types 
of fuel were changing, and the fuel at 
the time, kerosene, caused knocking, 
a metallic sound resulting from the 
unbalanced burning of the fuel in the 
engine’s cylinder.  Knocking could be so 
severe that the engine’s metal pieces would crack.  He spent six 
years searching for an additive that eliminated knocking.  He only 
spent three days discovering CFCs!.  In 1922, he discovered that 
tetraethyl lead was an efficient anti-knocking agent that didn’t hurt 
the metal of the engine.  Iodine also stopped knocking; however, 
it corroded the engine’s metal parts and is quite toxic to living 
organisms.  Midgley’s discovery allowed for more powerful engines 
to be built, changing the face of all modes of transportation at 
the time.  Lead was known to be harmful to humans, but it was 
used in the United States until 1990 when technology advanced 
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Therefore, the compound would be coded CFC-113.

If the XYZ number has only 2 digits, then we assume that the “X” 
value is zero, meaning the molecule has one carbon atom.

Example: What is the chemical makeup of CFC-11?

X = 0 = 1 carbon atom - 1

Y = 1 = 0 hydrogen atoms + 1

Z = 1 fluorine atom

You’re probably wondering, “Who made up this crazy scheme!?” 
Well, we won’t fix any blame here, but somebody else came up with 
the amazing “rule of 90”: If you add 90 to the CFC number, you don’t 
have to add or subtract from the number of hydrogen or carbon atoms, 
because the resulting 3-digit number represents exactly the number of 
carbon, hydrogen and fluorine atoms! For example, the 11 of CFC-11 
becomes 101, or 1 carbon, 0 hydrogen, and 1 fluorine atom.

QuESTION 4.1 Figure out the number of carbon, hydrogen, and 
fluorine atoms associated with each of the following CFC codes:

 CFC-12 CFC-13 CFC-114 CFC-115

And what about the “chloro” in the chlorofluorocarbons? How do 
you know how many chlorine (Cl) atoms are present? The number of 
chlorine atoms in a CFC molecule depends on the number of unfilled 
outer electron shells of the other atoms.  Without 
even knowing what electron shells are, you can 
use the following mathematical expression (or 
magic trick, depending on how you want to look 
at it), to calculate the number of Cl atoms when 
you know the number of C, H, and F atoms in the 
compound:  Cl = 2(C+1) - H - F  

Example: For CFC-11, 

Cl = 2(1C +1) - 0H - 1F 

 = 4 - 1 

 = 3 chlorine atoms.

Therefore, the chemical formula for CFC-11 is  
C1H0Cl3F1 = CCl3F

Example: What is the chemical composition of 
CFC-12?

Using the rule of 90, 12 becomes 102, so 
there are 1 carbon, 0 hydrogen, and 2 fluorine 
atoms.  Then, Cl = 2(1C +1) - 0 H - 2F = 2 Cl 
atoms.

Therefore, CFC-12 = C1H0Cl2F2 = CCl2F2

QuESTION 4.2: What are the chemical  
compositions of CFC-113, CFC-114, and 
CFC-115?

How Do You Make a CFC?
Although CFCs are quite safe for people to use, the 

components used to make CFCs are quite hazardous.  How 
did Midgley make the first CFC?  Why would someone put 
together several dangerous components and expect a safe 
product to result?  How would you find the mechanism to 
safely make the deadly materials change their bonding?  
And once you have completed the experiment, what do 
you do to find out if the final product is safe to breath, not 
explosive, corrosive, or toxic, and actually is beneficial 
for people to use?  Being an inventor requires patience, 
insight, and a spirit that does not give up after failure 
but rather learns from setbacks.  It also doesn’t hurt 
to have a bit of luck, a keen sense of observation, and 
unfailing curiosity. 

The early production of CFCs was quite dangerous.  
The basic process consists of taking a hydrocarbon 
compound (materials consisting of hydrogen and 
carbon atoms, such as gasoline, motor oil, diesel fuel, 
methane, propane, and butane) and replacing some 
or all of the hydrogen atoms with either chlorine or 
fluorine.  The chlorine and fluorine atoms came from 
gaseous compounds containing these atoms.  Many 
chlorine-containing gases are quite corrosive as well as 
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toxic.  Gaseous fluorine compounds are quite explosive, and many an 
inventor, scientist, engineer, and technician has lost body parts while 
experimenting with these gases.  Over time, the processes to create 
CFCs were refined and became safer.  

The revolutionary invention of TeflonTM occurred during 
experiments to make new forms of CFCs in the late 1930s.  As a 
precaution to prevent a particular gaseous fluorine compound from 
exploding, the pressurized cylinder was stored in dry ice.  When the 
researchers went to use the gas, nothing came out.  They discovered 
that the combustible gas chemically transformed to a solid inside 
the cylinder, creating the nonstick plastic we know today. We use it 
to coat nonstick cookware as well as industrial equipment requiring 
exceptional resistance to high temperatures, chemical reaction, 
corrosion, and stress-cracking.  

New uses for CFCs
Another large chemical manufacturer, the Dow Chemical 

Company, discovered another use for CFCs in the early 1940s.  When 
liquid CFC-12 was vaporized and blown into liquid plastic, closed-cell 
bubbles formed around the gas as the plastic solidified.  The plastic 
became rigid and lightweight and is a very good heat insulator.  
StyrofoamTM was born.  During the next five years the production of 
CFC-12 doubled.

New uses for these remarkable compounds that appeared to 
be completely safe developed quickly.  The basic formula could be 
slightly altered to produce different effects.  CFC-11 was devised and 
used as a foaming agent to produce soft foamed plastic products like 
furniture cushions, carpeting, and automobile 
seats.  Because CFCs were so stable, they could be 
packed with any product without fear of changing 
the product itself.  At room temperature, CFCs in 
sealed cans turn to gas and the pressure buildup 
forces the product out of the container.  The term 
“aerosol spray” became well known.  It refers to 
a flow of gas in which there are tiny droplets of 
fluid suspended.  Introduced in 1943, the use of 
CFC-pressured aerosol cans became commonplace 
all over the world.  

Around 1960, the production of CFCs began 
to rapidly increase.  By 1974, the dominant 
use of CFCs was as an aerosol propellant for 
products ranging from hair sprays to spray paint 
(which incidentally spawned new dimensions 
in graffiti technology and the graffiti removal 
industry).  By 1994, there were four primary 
uses of CFCs: propellants, refrigerants, cleaning 
agents, and foaming agents. Air conditioners were 
manufactured at a rapid rate.  Artificial cooling 
of places of business and entertainment became 
common and home cooling allowed comfortable 
living in areas of the country previously too hot 

Styrofoam lead to other foam products that have many 
common uses.  (Photo by John Pickle.)

for comfort.  It became possible to build high-rise 
office buildings and shopping malls where people 
could work and shop in the height of summer.  Air 
conditioners are now built into the majority of the 
automobiles sold in the United States.
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What Is Dry Cleaning?  
Oddly, dry cleaning involves washing clothes in a liquid.  

However, the liquid is not water.  Certain fabrics such as wool, 
silk, and rayon, may shrink, the dye may run, or be damaged in 
other ways if saturated with water and heated.  Evidence that 
the Romans in Pompei used a turpentine-like liquid as a cleaning 
agent indicates the dry cleaning profession dates back roughly 
two thousand years.  The dry cleaning process has changed 
significantly over time, with the greatest change occurring 
in the type of liquid used to clean the clothes.  Even today 
the industry is changing as it seeks cleaner, safer, healthier 
cleaning solvents that are still efficient and economical.  Dry 
cleaning is big business as it generates over $5 billion in sales 
each year in the United States alone.  With over 30,000 dry 
cleaning operations, a safer, cleaner technology would affect 
a significant portion of the environment.

Another use of CFCs 
that have become a 
staple for American 
lifestyles: the air 
conditioner.  (Photo by 
John Pickle.) CFCs became a safe, efficient 

refrigerant, changing the lifestyles 
of many people around the globe.  
(Picture by John Pickle.)

As electronic equipment got smaller and smaller it 
became increasingly important that all impurities within the 
components be removed.  CFC-113 was the perfect solvent 
to clean off the residue left after electronic components are 
soldered together.  Manufacturers of computer parts used 
thousands of tons of CFCs annually for this purpose.  CFC-
113 is also used to dry clean clothing.  By the beginning of 
1990 CFC production soared to more than 1 million tons a 
year. By 1991 refrigerants and blowing agents became the 
dominant uses of CFCs.

Clothes have gone through the dry cleaning 
process.  (Photo by John Pickle.)

Are CFCs Really Safe?
The fact that CFCs do not react chemically very 

easily means that they are stable, last a long time, and 
are very safe for many applications. They seem like the 
perfect man-made chemicals! It was not until recent 
years that a down side to CFCs was revealed. The down 
side has to do with how they interact with ozone.

For new material relating to this chapter, please see the GSS website “Staying Up To Date” page:  
http://www.lhs.berkeley.edu/gss/uptodate/4oz
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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5. A Mystery Solved

The Scientific Investigation
Jim Lovelock is an unusual person in today’s science community.  

He does not work at a university nor is he part of any business 
organization.  He works out of a small laboratory in his home in 
the quiet countryside of Wilshire, England, and he works alone.  
Independent scientists were common in the 1800s, but they are 
quite rare today.

During the late 1950s Dr. Lovelock designed a very sensitive 
instrument that made him famous.  The instrument is called an 
electron capture detector, a device that allows tiny amounts of 
different gases in the atmosphere to be detected.  The instrument 
is so sensitive it can detect the presence of a gas even when there 
are only a few molecules of it in a trillion molecules of air.  It can be 
used to detect traces of chemical pollution in solid substances, and 
discoveries made with the instrument showed that in every animal 
on Earth there are traces of man-made chemical pollutants.  The 
evidence provided by Lovelock’s invention enabled Rachel Carson 
to justify her concern about the dangers of DDT in her famous book 

Silent Spring in 1962.

In 1970 Lovelock turned his instrument to 
the study of chlorofluorocarbons.  To the surprise 
of everyone he detected significant amounts of 
CFCs in the air over western Ireland as the air 
came in from the west.  It was a surprise because 
most pollutants are broken down rapidly in the 
troposphere or are removed by rain, but here 
were molecules that had traveled across the 
Atlantic Ocean.  Lovelock decided that CFCs would 
be perfect for tracing the flow of air masses in 
the atmosphere.  Since only the industrialized 
countries released CFCs, his instrument could be 
used to identify the origin of a particular air mass.  
During 1971 and 1972 he took his instrument on 
board a research vessel traveling between Britain 
and Antarctica.  He found that the concentration 
of CFC-11 and CFC-12 ranged from a few to 230 
parts per trillion.  That’s roughly the same as if a 
drop of liquid CFC were diluted in the volume of 
a large swimming pool.

Lovelock’s Electron 
Capture Detector in 
Gas Chromatography
Chromatography is the separation of 

a mixture of compounds into individual 
components for identification.  Gas 
chromatography is one technique used 
to identify compounds that are vaporized 
and passed through tiny tubes, called 
capillaries, filled with different materials 
that impede the movement of individual 
gases, allowing separation of the gases.  
The compounds must be stable when heated 
to form a vapor; otherwise new materials 
would be identified.  Lovelock’s instrument 
made detection of the vapors created in gas 
chromatography more accurate.

Chapter 5
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Lovelock, Gaia and Mars
 When NASA was designing its unmanned Viking mission that 

would go to Mars to search for life, it called upon Lovelock to 
help design its instruments.  Lovelock turned out to be a severe 
critic of the program.  He complained that the proposed series 
of Martian experiments were based on a false assumption.  He 
said scientists were preparing to look for evidence of life on Mars 
in the same way that they would examine the soil on Earth for 
evidence of life.  The Martian explorer was to scoop up samples 
of the soil and analyze it in an automatic laboratory.  Lovelock 
asked, “How can we be sure that the Martian way of life, if 
any, will reveal itself to tests based on Earth’s life style?”  He 
predicted that the instruments of the Martian explorer would 
not find any sign of life.  It didn’t. But we still do not know if 
Martian life would reveal itself with other detection techniques, 
as Lovelock implies.

In his book, Gaia: A New Look at Life on Earth, Lovelock 
explains that his NASA experience got him thinking about a 
more difficult question, “What is life, and how should it be 
recognized?”  He expected to discover in the scientific literature 
some definition of life so that he could design a life-detection 
experiment.  He was disappointed.  He was surprised how little 
was written about the nature of life itself.  Thinking about life 
on Mars gave Lovelock a fresh view of how one might look for life 
on Earth.  That view resulted in an interesting and controversial 
hypothesis.  

To Lovelock it seemed that all living systems on Earth 
were part of one gigantic system which itself was alive.  This 
system he called Gaia, after the Greek 
goddess of life.  The Gaia hypothesis 
states that conditions for life on Earth 
are maintained by the living systems 
themselves.  These living systems 
operate automatically and unconsciously 
by way of active feedback processes.

Whether or not the Gaia hypothesis 
is correct is being argued by scientists 
around the world.  Whatever the fate of 
the idea, it has already proved valuable 
because it has helped to emphasize the 
interdependence of all of Earth’s living 
systems.

Dr. James Lovelock with a statue of Gaia.  (Photo reproduced 
with permission; © Bruno Comby - http://www.ecolo.org.)

http://www.ecolo.org
http://www.ecolo.org
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Sherwood Rowland and Mario Molina in their 
laboratory at the University of California Irvine during 
the 1970s.  (Photo provided by Dr. Sherwood Rowland.)

Lovelock wrote up the results of his investigation and in 1973 it 
was published in the British scientific journal Nature.  In the paper he 
made a statement that he would later find to be completely wrong, 
saying, “the presence of these compounds constitutes no conceivable 
hazard.”  They seemed unchanging and unchangeable and therefore no 
danger to anyone.

Sherwood Rowland and Mario Molina
The leading producer of CFCs in the world is the Du Pont Company.  

In 1971 a meeting between Jim Lovelock and Ray McCarthy, the chemist 
who ran Du Pont’s CFC laboratory, resulted in one of two chance 
conversations that changed the whole course of atmospheric research.  
Based upon his studies, Lovelock had estimated the tonnage of CFCs 
that were floating in the air around the world.  He asked McCarthy how 
many tons of CFCs he would estimate had evaporated since CFCs had 
been manufactured.  To both men’s surprise the figures were just about 
the same.  The implication was that nothing had happened to the CFCs 
in the air.  Very little, if any, had been destroyed.  

A few months later Sherwood Rowland, a chemist specializing in 
radioactivity at the University of California at Irvine, was strolling among 
the scientists during a coffee break at a scientific meeting.  He chanced 
to hear the story of the meeting between Lovelock and McCarthy.  It 
stuck in his memory because it was his belief, based on his knowledge 
of the action of sunlight, that the CFCs should be broken up in the 
atmosphere.  

The next character in our story is young Mario 
Molina who had just completed his Ph.D. studies in 
laser chemistry at the University of California at 
Berkeley.  He wanted to continue research work 
under Sherwood Rowland and so he went to Irvine 
to speak with him.  During their discussion Molina 
found out that Rowland felt that he had exhausted 
himself in the study of radioactive chemicals and 
was planning to take some time off to consider 
what he might study next.  Disappointed, Molina 
asked Rowland if there were any interesting 
problems that he might investigate.  Rowland 
remembered the conversation he had overheard 
about the persistence of CFCs in the atmosphere 
and suggested that Molina might try to find out 
what was happening to the CFCs.  Rowland said 
he thought ultraviolet energy from the Sun would 
break the CFCs apart, and was therefore surprised 
that the amount of CFCs seemed to remain 
constant.  Mario Molina was intrigued with the 
problem and set to work.

At that time a significant source of CFCs 
being released into the air occurred when 
something went wrong with a refrigerator or air 
conditioner.  The first thing a repairman would 
do was to open a valve to allow the liquid CFCs 
inside to evaporate into the air so the pressure 
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inside the system would be reduced.  Another source of CFCs was 
spray cans.  Most of them were powered by inserting CFCs with the 
product to be sprayed.  When the product was exhausted the gas 
escaped as the user pressed the button on the can.  The can was 
then discarded and when it broke or was crushed the remaining 
CFCs were released into the air.

Molina found, at least in the lower atmosphere, that nothing 
happened to the molecules of CFCs.  They would continue to 
move about quite randomly, undergoing occasional collisions with 
other molecules, until they became distributed throughout the 
troposphere.  This explained why the amount of CFCs released and 
the amount found in the atmosphere was about the same.  However, 
the CFC molecules did not remain in the lower atmosphere forever.   
Because of their long lifetimes the CFC molecules could eventually 
be transported up into the stratosphere. 

By careful experimentation Molina showed that Sherwood 
Rowland’s hypothesis was correct.  In the stratosphere, before the 
highly energetic ultraviolet energy from the Sun could be absorbed 
by ozone, it was breaking up molecules of CFCs.  Rowland and 
Molina examined the chemistry involved.  The net result of the 
breakup of CFCs was the release of chlorine atoms.  They found 
the chlorine atoms were very effective in breaking up molecules 
of ozone.  All the elements of a global problem were there.  
CFCs could get into the stratosphere where there was plenty of 
ultraviolet radiation and where the Earth’s protective ozone shield 
resided.  Could the CFCs seriously 
affect the ozone layer?  

Preliminary calculations by 
Rowland and Molina showed that 
the amount of CFCs that could 
have reached the stratosphere was 
exceedingly small and the amount 
of ozone that it could destroy 
was so slight as to be negligible.  
They had answered their original 
question.  “What happens to the 
CFCs in the atmosphere?”  The 
answer was, “Most of the time—
nothing.  But those CFC molecules 
that got into the stratosphere were 
broken up by the Sun’s ultraviolet 
radiation and chlorine atoms were 
released.”  They found that those 
chlorine atoms would break up 
ozone and, as so often happens in 
science, answers provoked further 
questions. They continued their 
investigation.

Where Did the Pieces Go?
“What happened to the broken-up ozone?  Where did the 

chlorine go?”  Molina and Rowland knew how important ozone was 
in protecting life on the Earth’s surface and their concern about any 
loss of ozone prompted them to continue their work.

Based on their investigations Rowland and Molina proposed the 
following scenario for the upper atmosphere chemistry of ozone and 
CFCs:  (In this example CFC-12 (CCl2F2) is used.)

CCl2F2 + hnUV ⇒ Cl + CClF2

In plain English, this chemical equation says CFC-12 plus 
ultraviolet energy produces a free chlorine atom (Cl) and a chlorine 
compound (CClF2).  Now a molecule of ozone comes along.

Cl + O3 ⇒ ClO + O2

The free chlorine atom breaks up the molecule of ozone by 
combining with it to form chlorine monoxide and oxygen, and one 
molecule of ozone is destroyed. 

ClO + O ⇒ Cl + O2

Chlorine monoxide can combine with single atoms of oxygen, 
which are generated by the action of UV energy on dioxygen and 



44 Global Systems Science Ozone—Chapter 5: A Mystery Solved

ozone molecules, to produce a free atom of chlorine and 
a molecule of oxygen. This process is diagrammed on this 
page.  Study the reactions until you can extend the diagram.  
Then read on!

QuESTION 5.1. What happens next?  Using the diagram on 
this page, place the top edge of a sheet of paper on the 
dashed line and continue the diagram showing how a 
single chlorine atom can destroy more and more ozone 
molecules.  How many times can the reaction be drawn 
before the process stops?

When the chlorine release step was worked out, 
Rowland and Molina realized that ozone in the stratosphere 
was in trouble.  Their first estimate of negligible loss of 
ozone was incorrect.  As the reactions continued, the 
chlorine atoms emerged unaffected and ready to destroy 
other ozone molecules.  They could do this time after time.  
Molina and Rowland calculated that a single chlorine atom 
released from a CFC molecule could go on to destroy as 
many as 100,000 ozone molecules before the atom was 
transported out of the stratosphere.  The ozone layer was 
under attack.

Key
Oxygen  (O)

Carbon   (C)

Fluorine  (F)

Chlorine  (Cl)
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Source http://www.epa.gov/ozone/ods.html

Table 4.1 Ozone Depletion Potentials

Chemical Lifetime Ozone
Name & in the Depletion
Formula Atmosphere Potential  
 [years] (ODP) 

CFC-11 45 1.0    
CCl3F

CFC-12 100 1.0   
CCl2F2

CFC-13 640 1.0   
CClF3

CFC-113 85 0.8   
C2F3Cl3

CFC-114 300 1.0   
C2F4Cl2

CFC-115 1700 0.6  
 C2F5Cl

Not All CFCs Are Created Equal

Review the ozone/oxygen “dance” on page 17. The natural system 
kept the ozone level fairly constant by a negative feedback process.   
The addition of CFCs to the system has increased the number of 
dancers.  In this dance, chlorine is the new partner that keeps cutting 
in, breaking up ozone trios and releasing oxygen molecules.  Just a 
few CFC molecules can provide the chlorine atoms that can destroy 
hundreds of thousands of ozone molecules.

In chemistry when something acts to speed up a chemical reaction 
without itself being changed in the process it is called a catalyst.  In 
this case the chlorine atom is the catalyst of ozone destruction. 

Not all CFCs have the same number 
of chlorine atoms, so if the CFC releases 
all of its chlorine into the stratosphere, 
there will be different amounts of chlorine 
released.  The strength of chemical 
bonds also differs with each species of 
CFC, so the amount of chlorine each can 
release varies.  One way to quantify the 
amount of ozone each CFC species can 
destroy in the stratosphere is to relate 
it to that of an equivalent mass of CFC-
11.  If one kilogram of the CFC species 
destroys the same amount of ozone as 
one kilogram CFC-11, then the Ozone 
Depletion Potential (ODP) is 1.  If it can 
destroy twice as many ozone molecules as 
an equal mass of CFC-11, then the ODP = 
2.  If it can destroy half as many ozone 
molecules, then the ODP = 0.5. 

Examples of ozone depletion potential 
for several chemical species of CFCs are 
in Table 4.1.  Lifetime represents length 
of time it takes for 63% of the original 
amount of the chemical to be removed 
from the atmosphere.  Therefore, if the 
species has a 45-year lifetime, on average, 
37% of the original amount of the chemical 
is remaining in the atmosphere after 45 
years.  To compare, the lifetime of ozone 
in the upper troposphere is roughly several 
weeks, whereas, near ground level ozone’s 
lifetime is on the order of minutes. 

Adding the Effect of CFCs on Ozone Molecules 

Source http://www.epa.gov/ozone/ods.html 
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There are chemicals other than CFCs 
that can destroy stratospheric ozone.  These 
chemicals are called Ozone Depleting 
Substances (ODSs) and include bromine 
compounds, such as halons (used in fire 
extinguishers), methyl bromide (used as 
a fumigant for global distribution of farm 
produce), and carbon tetrachloride (wide 
number of uses, but after the mid-1960s, 
used primarily as an insecticide).  Bromine 
compounds have particularly high ODPs since 
bromine is about 50 times more efficient 
at destroying ozone than chlorine released 
from CFCs. The effects of these chemicals 
were identified after the discovery of the 
link between CFCs and stratospheric ozone, 
but they are also important to control for the 
protection of the stratospheric ozone.

Examples of ozone depletion potential 
for several chemical species of non-CFCs are 
in Table 4.2.  Notice that the several species, 
in particular bromine-containing materials, 
have a remarkably high ODP. 

Source http://www.epa.gov/ozone/ods.html

Table 4.2 Ozone depletion potentials 
for several types of Ozone Depleting 

Substances. 

Chemical Lifetime Ozone

Name & in the Depletion

Formula Atmosphere Potential

 [years] (ODP)  
 

Halon 1211 11 3.0
CF2ClBr

Halon 1301 65 10.0
 CF3Br

Halon 2402 - 6.0 
C2F4Br2

Carbon  35 1.1
Tetrachloride
  CCl4

Methyl  4.8 0.1
Chloroform
  C2H3Cl3

Methyl  0.7 0.6
Bromide
  CH3Br

Additional Ozone Destroying Substances 
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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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The Spray-can war—The Public Won, Didn’t It?
After Rowland and Molina published their theory of ozone 

destruction, they presented it at the 1974 meeting of the American 
Chemical Society.   Their presentation received coverage in newspapers 
and information about their ideas spread rapidly.  Chemical 
manufacturers and users of CFCs were quick to respond.  They pointed 
out that there was no evidence of chlorine in the upper atmosphere 
and that, although no adverse consequences of CFC use were known, 
more research would be a good idea.  Nineteen companies formed the 
Chemical Manufacturers Association’s Fluorocarbon Program Panel.  To 
their credit this group helped finance scientific research into the fate 
of CFCs in the atmosphere, including partial funding for the Antarctic 
and Arctic expeditions which were to follow in 1986 and 1987.

Despite Rowland and Molina’s disturbing warning in 1975, the 
global production of CFCs throughout the early 1980s continued at 
almost the same level, and new uses were being found.  Scientists 
were more cautious than the manufacturers, and their concern about 
the growing use of CFCs as propellants in spray cans led many of 
them to call for a ban on such use.  Basically, they were worried that 
increased ultraviolet light reaching the surface of the Earth would 
lead to increased risk of skin cancer, some forms of which are quite 
deadly.

But American consumers began to boycott spray-can products 
using CFCs—air sprays, paints, deodorants, insect killing chemicals, 
whip cream—there were hundreds of products packaged in cans with 

the little button on top. Sales of CFC-containing 
aerosol containers began to fall off.

In 1975 several scientists testified before 
Congressional committees that damage to the 
ozone layer seemed probable.  Their testimony 
produced several bills to ban the use of CFCs 
in aerosol containers, but they were defeated.  
The scientific evidence was not strong enough.  
The theory that CFCs would release chlorine, 
which would then affect the ozone layer, was not 
supported by hard evidence. Committees were 
established to evaluate the role of CFCs in ozone 
destruction.

In September 1976 a report from the National 
Academy of Sciences called for prompt action 
to be taken by the United States.  The report 
predicted that even if CFC emissions were held 
to 1973 levels it would still lead to a 6% to 7.5% 
reduction in the amount of stratospheric ozone.  
This in turn would mean a 12% to 15% increase 
in the amount of dangerous ultraviolet radiation 
reaching the Earth, increasing the danger of skin 
cancer, cataracts, and other problems.  

In March 1977, Oregon banned aerosol cans 
containing CFCs.  New York followed by requiring 
warning labels to be put on aerosol cans that had 
CFCs, declaring the product to be a hazard to ozone.  
In May, 1977, the Environmental Protection Agency 
(EPA) established regulations that, in effect, banned 
the use of CFCs in aerosol cans.  The regulations took 
effect in March 1978.  Only four years had passed since 
Rowland and Molina first gave their warning.  

Today all aerosol spray cans made in the U.S. use 
propellants that are harmless to the ozone layer.  Since 
the United States was responsible for almost half of 
the total global use of CFCs these actions produced a 
worldwide decline in CFCs for a few years.  But new 
products using CFCs made their appearance during the 
1980s: cleaning electronic circuit boards by dipping 
them into liquid CFCs; most every new car had air 
conditioning units. Demand for CFCs continued to rise 
even though the use of CFCs as propellants declined.
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Making an ozone measurement at the South Pole using 
a Dobson spectrophotometer.  (Photo by Lt. Mark 
Boland, NOAA Corps. Courtesy of the NOAA Photo 
Library.)

6. The Loss of ’84 and the 
Surprise of ’85

Joe Farman shook his head.  “Oh, no!  
Again—the same problem.”  He had checked and 
rechecked the instrument, a spectrophotometer, 
which can accurately and precisely measure the 
intensity of a particular wavelength or color of 
light.  Last year, back in England, the instrument 
had been completely rebuilt.  It was now October, 
1983, and he was standing at the shores of Halley 
Bay, Antarctica, practically at the “bottom” of the 
world, with the temperature somewhere at -20°C, 
and the instrument still gave him impossibly 
low readings.  Joe was a member of the British 
Antarctic Survey team.  Since 1957 they had come 
to this place to study the Antarctic.  Beginning 
in 1982, it was Joe’s job to make a record of 
the amount of ozone gas in the atmosphere high 
overhead.  The ozone concentrations that Joe was 
measuring were in the stratosphere 23 km above 
him.  They are difficult measurements to make 
and the equipment he was working with was not 
the newest.   

Although the equipment was consistent 
in showing him low readings, he was not very 
confident that it was working correctly because 
no other atmospheric scientists were reporting 
the same low readings he was getting.  After all, 
he reasoned, if the new sophisticated equipment 
on the American satellite which was making the 
same measurements of ozone concentrations 
from above did not get the results he was 
getting from the surface, how could he expect 
his measurements to be correct?  He pulled off 
his mitten and quickly wrote the reading of his 
equipment down anyway.  Later he would average 
the readings for the month and put them into the 
record book of the survey.

Chapter 6
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QuESTION 6.1. What would you have done?  If you were a 
professional scientist would you go ahead and announce to 
the world that something was going wrong with the Earth’s 
ozone layer?  What if there were something wrong with 
your instrument or with your procedure?  What if you were 
making some systematic error in your calculations?  Was 
there something else that you had overlooked that was 
giving you incorrect results? 

Reading the reports of completed scientific investigations 
sounds like everything is straightforward and precise.  However, 
such readings are about the successful investigations with all 
the mistakes and frustrations eliminated.  In reality, scientific 
investigation is like searching in the dark for a light switch in an 
unfamiliar room.  There are many stumbles and wrong turnings.

By 1984 Joe Farman had a brand new set of instruments 
for measuring the ozone concentration over the Antarctic.  The 
readings were in the same low range as they were the year before.  
The research team were convinced that something dramatic 
was happening to the ozone layer even though the Americans 
who reported satellite measurements had not reported anything 
unusual.  The results of Farman and his colleagues showed that 
in spring in the Antarctic, which extends from September 21 to 
December 21 (the Northern Hemisphere’s fall season), the amount 
of ozone overhead decreased.  They checked their records and 
discovered that there was 
a decrease every spring for 
the past 20 years but that in 
recent years more and more 
of the ozone was missing.  
They published their results 
by the middle of 1985.  The 
implications of their data was 
dramatic.  Over the continent 
of Antarctica the thinning of the 
ozone layer was letting greater 
amounts of energetic ultraviolet 
energy pass through.
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An “Almost Missed” Clue

Making an ozone measurement at the South Pole using a Dobson 
spectrophotometer.  (Photo by Lt. Mark Boland, NOAA Corps. 
Courtesy of the NOAA Photo Library.)

low readings for ozone concentration 
that Joe Farman had found.  The 
low readings had not been detected 
because they were outside the limits 
of what was expected. 

QuESTION 6.2. What lesson do you 
think the NASA scientists might 
have learned from this?  What 
advice would you give them? 

Nimbus-7 was the NASA satellite 
mentioned above.  It circled high 
above the Earth from 1978 through 
1993.  The name of the scientific 
instrument it carried on board was 
TOMS, which stands for Total Ozone 
Mapping Spectrometer.  TOMS works 
by analyzing light scattered by the 
atmosphere or reflected from the 
Earth’s surface and measuring the 
intensity at various wavelengths.  In 
other words, the instrument measures 
the spectrum of the light reflected 
back to space from Earth.  That’s why 
it’s called a “spectrometer”.  

Imagine you are a NASA atmospheric scientist.  It is May 
1985.  You open this week’s issue of Nature, one of the world’s 
leading scientific journals.  In a paper written by the British 
Antarctic Survey team, which has been measuring ozone 
concentrations in the atmosphere over the Halley Bay base 
station in Antarctica, you discover the unexpected graph on 
the previous page.  

The British report puzzled NASA scientists.  How could the 
observations be true?  The United States instruments circling the 
Earth aboard satellites didn’t tell the same story.  The people at 
NASA looked more carefully into their own stored information.  
As soon as they carefully examined the operation of their own 
procedures they were able to resolve the difference in the 
reports of the two teams.

The sophisticated sensing equipment on board the satellite 
could collect so much data that it threatened to overwhelm the 
researchers and their computers.  To keep the data processing 
ahead of the accumulation of data, it was necessary to set limits 
on which data were to be analyzed.  So, they instructed the 
analyzing computer to ignore readings that were outside the 
expected range.  Probing into the full record of observations 
by the satellite equipment, the NASA scientists found the same 
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The theory behind the instrument is based 
on the following idea: if, in a darkened room, you 
shine a spotlight on the far wall the light spot 
will be reflected back to you.  You can analyze 
this reflected light with a spectrometer.  If the 
wall were a perfect mirror and the atmosphere 
did not affect the light you were analyzing, you 
would find that the reflected spot has the same 
spectrum as the spotlight.

Now, if a layer of smoke is introduced in the 
space between the wall and your spectrometer the 
reflected light coming to your spectrometer will 
be different.  A portion of the light is absorbed as 
it approaches the wall, and an additional amount 
of light will be absorbed as the light is reflected 
by the wall and travels back through the smoke to 
the observer.  The amount of absorption depends 
on the density of the smoke layer.  Thus, by comparing the 
intensity of the specific wavelengths from the light source and 
the light coming back from the wall, the density of the smoke 
layer can be determined.

In a similar way, TOMS is able to measure the density of 
the ozone layer.  As the Sun’s energy passes through the Earth’s 
atmosphere some of its ultraviolet energy is absorbed by ozone 
present in the atmosphere. The rest will reach the surface 

Smoke blocks a portion of the flashlight from hitting the 
wall.  It will also block a portion of the light reflected 
from the wall from reaching the person holding the 
flashlight.  (Photo by John Pickle.)

An illustration of the orientation of a 
satellite sensor that uses backscattered UV 
radiation from the Sun.  (Graphic courtesy 
of NASA.)

and a portion will be reflected back.  The energy 
reaching TOMS on board Nimbus-7 is compared to 
the intensity of these same frequencies coming 
directly from the Sun.  The total amount of 
ozone is measured by comparing the two sets 
of intensities. If, as occurs over the Antarctic in 
spring, there is less ozone in the atmosphere, 

more ultraviolet energy will reach the surface, 
and consequently more will be reflected back 
up to the satellite.   Similarly, an increase in the 
density of ozone in the atmosphere results in less 
UV being detected by the satellite sensor.  
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(Adapted from Monitoring Ozone from Your Classroom, 
National Air and Space Museum, Washington, D.C., 1990.)

The data on this page were taken by the Total Ozone 
Mapping Spectrometer (TOMS) on the Nimbus-7 satellite.  
The ozone concentration values refer to a column of the 
atmosphere above a particular region of Antarctica.  The actual 
TOMS data, consisting of measurements for each day of the 
year, were averaged to obtain the more manageable number 
of three readings per month.

Graph the TOMS data.  

Dobson Units (DU) are used to describe ozone 
concentrations.  They were named after the scientist, G. 
M. B. Dobson, who invented one of the first instruments for 
measuring the concentration of ozone. 

Graph Interpretation
1. For which month was the ozone concentration value 

highest?

2. For which month was the ozone concentration lowest?

3. Remember that the seasons in the Southern Hemisphere are 
opposite those in the Northern Hemisphere.   During which 
Antarctic seasons were ozone values highest and lowest?

Investigation

 Ozone Monitoring

4. Do ozone levels seem 
related to the time of 
year?  How?

5. How could you verify 
if there is a seasonal 
variation of ozone 
levels over Antarctica?

6. What could be a possible 
cause of the ozone 
fluctuations throughout 
the year?

7. Are the measurements 
o f  t h e  N i m b u s - 7 
satellite consistent 
with what you would 
expect from the graph 
on page 49?

 Day      Month        Ozone (Du)                
    7 MAR 229

    8  212

   9  201

 10 APR 208

 11  227

 12  221

 13 MAY 220

 14  222

 15  223

 16 JUN 219

 17  226

 18  225

 19 JUL 228

 20  225

 21  211

 Day      Month        Ozone (Du)                
 22 AUG 210

 23  206

 24  208

 25 SEP 185

 26  162

 27  138

 28 OCT 118

 29  124

 30  130

 31 NOV 143

 32  155

 33  176

 34 DEC 219

 35  247

 36  241
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What is a Dobson unit?
Between 1920 and 1960 G.M.B. Dobson pioneered research on 

atmospheric ozone.  In 1924 he invented the instrument that was, 
until the mid-1970s, the primary way in which scientists measured 
the concentration of ozone in the atmosphere.  

Dobson’s equipment didn’t directly measure the number of 
ozone molecules, rather it measured the amount of UV radiation 
absorbed by this thin layer of gas.  By comparing the measured 
intensity of a frequency in the UV spectrum that was strongly 
absorbed by ozone to the intensity of a frequency not strongly 
absorbed by ozone or affected by other atmospheric components, 
measurements of the total ozone overhead were obtained.  He was 
faced with the problem of how to quantify the amount of ozone 
overhead.  Trying to compare the number of ozone molecules to 
the number of molecules of air didn’t work because the ratio of 
the numbers changed as the height changed as did the number 
of molecules per unit volume of air. Remember the ozone layer 
is approximately 12 km thick and the density of the atmospheric 
gases changes significantly over this distance. He decided to 
develop a new unit. 

He calculated that if all the ozone in a typical column of air 
over the United States stretching from the Earth’s surface to space 

Illustration courtesy of NASA.

• Bring all ozone above a certain location down to the 
ground, at 0°C. and 1 atmosphere pressure.

• The thickness of this layer is about 3 mm (≈0.1 
in), the thickness of two stacked pennies. This 
corresponds to 300 Dobson Units, approximately 
the global average.

• 100 Dobson Units is 1 mm thick (approximately the 
thickness of ozone in the Antarctic ozone.

The Dobson unit is a convenient unit of mea-
sure for total column ozone.

Dobson units

were at 0°C and compressed to 1 atmosphere of 
pressure (which is surface pressure), it would be 
about 3 mm thick.  He thought it would be a good 
idea to have units that were in the hundreds so he 
defined the 3 mm thick layer as 300 units.  Later 
they were named Dobson units.  In other words, 
a layer of ozone 0.01 mm thick, condensed under 
a pressure of one atmosphere and cooled to a 
temperature of 0°C, is equivalent to one Dobson 
unit of ozone.

For new material relating to this chapter, please see the 
GSS website “Staying Up To Date” page:  
http://www.lhs.berkeley.edu/gss/uptodate/4oz  
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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http://lhs.berkeley.edu/gss/uptodate/newarticle.html
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7. Expedition to Antarctica 

The National Ozone Expedition (NOZE) 1986
When Susan Solomon stood on the frozen 

wastes of Antarctica in the Spring of 1986 and 
watched her associates release a research 
balloon, she felt the heavy responsibility of 
being the leader of what was really a wilderness 
expedition.  The group faced very difficult 
conditions all during their two-month stay.  There 
were just a few hours of sunlight each day.  Fierce 
winds and daytime temperatures of -45°C made 
launching the balloons a difficult and dangerous 
task.  These grueling conditions made caring for 
the equipment and making accurate scientific 
measurements more difficult.

Under her direction, a team of twenty 
investigators was trying to find information 
that would help scientists decide among three 
different explanations for the lack of ozone over 
the South Pole in the Antarctic Spring that British 
scientists had discovered the year before. 

Dr. Susan Solomon in Antarctica in 1986.  (Photo 
courtesy of Dr. Solomon.)

Soon after the ozone depletion over Antarctica 
was discovered, people familiar with the problem had 
developed three quite different explanations for it.

The Sunspot Hypothesis.  
The ozone depletion is related to chemical changes 

in the upper atmosphere that resulted from an increase 
in sunspot activity noted in 1979.  According to this 
hypothesis the increased solar activity would produce 
more oxides of nitrogen in the atmosphere.  These 
molecules can react with and destroy ozone molecules.  
Normally oxides of nitrogen are more plentiful in 
the lower atmosphere where they are produced by 
automobile and industrial exhausts.  In the troposphere, 
when combined with hydrocarbons, the nitrogen 
oxides can produce ozone during warm afternoons; 
however, within the stratosphere which has different 
temperatures, pressures, and chemical components, 
the gases would destroy ozone.  If the sunspot idea 
were true there should be a large supply of oxides of 
nitrogen in the upper part of the stratosphere and the 
ozone loss would be greatest within this region.

The Air Circulation Hypothesis.  
The ozone depletion is a result 

of upper air circulation that occurs 
above the South Pole in late winter and 
early spring.  This circulation isolates 
stratospheric air from the rest of the 
global circulation and there is an uplift 
of air from the troposphere to the 
stratosphere.  This uplifted air would 
be ozone poor but rich in methane and 
nitrous oxide.  If the dynamic hypothesis 
were correct, above average readings 
of methane and nitrous oxide would be 
found in the upper stratosphere where 
the ozone was depleted.

Trying to Explain the “Hole”

Chapter 7
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The Chlorine Hypothesis.  

The ozone depletion is produced by chlorine released from the 
chemical chlorofluorocarbons in the manner described by Rowland and 
Molina.  If the chlorine hypothesis were true, atoms of chlorine (Cl) 
and chlorine compounds like chlorine monoxide (ClO), chlorine nitrate 
(ClNO3), and hydrogen chloride (HCl) should be found in the region of 
ozone depletion.

Dr. Solomon’s team did not have access to the airplanes that were 
used in later expeditions.  This first expedition used ground-based 
spectrometers and measuring instruments carried aloft by balloons.  
By examining the spectrum of the light entering the spectrometers the 
identity of the molecules in the air above can be determined.   The 
team arranged their instruments so that they could use both the small 
amount of sunlight available and the incoming moonlight to investigate 
the air above them.

About Susan Solomon 
In 1977 Susan Solomon was a graduate student in chemistry at the 

University of California at Berkeley.  During that summer, and several 
summers to follow, she worked at the National Center for Atmospheric 
Research (NCAR) in Boulder, Colorado.  She said she wanted to work 
with “chemistry on a planet, not just chemistry in a test tube.”  At 
NCAR she learned about the chemistry of the Earth’s atmosphere.  

Dr. Susan Solomon in her office at NOAA.  (Photo courtesy of 
Dr. Solomon.)

After she got her doctorate she 
took a job at the National Oceanic and 
Atmosphere Administration Laboratory 
(NOAA) which was just a few minutes 
from the NCAR laboratory in Boulder.  
She combined the expertise available 
at both laboratories into her own 
research work on the dynamics of 
stratosphere circulation.  

The mystery of why the maximum 
depletion of stratospheric ozone should 
occur just as the spring Sun begins to 
rise over the Antarctic horizon was in 
her view, “one of the most challenging 
things that we’ve ever come across in 
atmospheric chemistry.”  Her group 
was determined to find out which of 
the theories was correct.
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The Spectroscopic Record
 The National Ozone Expedition (NOZE) scientific team assembled their 

results.  They did not find a large supply of oxides of nitrogen in the upper 
part of the stratosphere and the ozone loss was not greater there than at 
the bottom.  The evidence did not support the sunspot hypothesis of ozone 
depletion.

A NOAA researcher measuring chlorine-containing gases during 
NOZE in 1986. (Photo courtesy of NOAA.)

 The size of the area of ozone depletion 
over the South Pole was determined in part by 
the flights of 1987 that were described at the 
beginning of this book.  The shocking revelation 
was that the area of the so-called “ozone hole” 
was larger than the area of the United States, 
which is 9.36 million square kilometers.  Although 
journalists and even science writers refer to this 
region as the “ozone hole,” it is not actually a 
hole.  Rather it is a region of the atmosphere in 
which the total column concentration of ozone is 
unusually low.  The fact that this region remains in 
one place for several months, specifically over the 
Antarctic, lends itself to the shorthand description 
of a “hole” in the atmosphere.

Susan Solomon’s expedition the previous 
year had disproved the idea that the upper air 
circulation above the South Pole in spring was 
the cause of the ozone loss.  Nevertheless the 
winds that circled the pole (called the South 
Polar Vortex) held the depleted air in one place 
for a period of time, and the extremely cold 
temperatures of the polar vortex allowed certain 
chemical reactions to take place.  It was logical 
to predict that when the vortex circulation eased 
and the temperatures increased, as it did every 
summer, destruction of ozone would stop and the 
ozone-depleted air would disperse around the 
globe causing a reduction in ozone levels in other 
parts of the world.  Later measurements would 
prove this prediction to be correct.

 They examined their records 
for the amounts of methane and nitrous 
oxides in the ozone depleted air.  For 
the air circulation hypothesis to be 
true, the air would have to be enriched 
with methane and nitrous oxide gases.  
This was not so.  The air circulation 
hypothesis had to be discarded too.

 What the spectrometers revealed 
was that in the region of ozone loss there 
were chemical compounds of chlorine, 
and the concentration of chlorine 
monoxide (ClO) was more than ten times 
higher than that found at the same 
altitudes outside the ozone loss area.  
The chemical hypothesis of ozone loss 
was confirmed.  But questions remained.  
How large was the area of the atmosphere affected?  Was the 
depletion of the ozone confined to the South Polar stratosphere?  
Why was it occurring in the Southern Hemisphere’s spring and not 
at other times of the year, or elsewhere on the planet?  

Why Over the South Pole? 
Why in Spring?
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The question still remained, why was 
more ozone being destroyed in the spring 
than during other seasons of the year?   
The answer came from observations made 
during the 1987 flights and some chemical 
detective work.  The chlorine, which is 
released when UV energy breaks CFCs 
apart, reacts with ozone to form chlorine 
monoxide (ClO).  But other gases in the 
atmosphere react with chlorine monoxide 
to form stable molecules of chlorine.  For 
example, methane (CH4) combines with 
chlorine to form hydrochloric acid (HCl).  
While hydrochloric acid can be toxic to 
living things, it holds the chlorine atom in 
place and prevents it from attacking more 
ozone.  In the polar stratosphere there 
was sufficient methane to do the job.  
The loss of ozone should be minimal. 

The size of the ozone hole has grown since the early 1980s.  
(Data courtesy of NASA.)

But the loss was not minimal.  It was evident that the ozone 
was under severe attack and chlorine was the suspected chemical.  
Was something going on in the upper atmosphere above the 
Antarctic that was releasing the chlorine from the hydrochloric 
acid?  Susan Solomon and her co-workers had a suggestion.  During 
the 1986 expedition they observed the occasional presence of 
thin polar stratospheric clouds.  Perhaps some chemical reaction 
that freed the chlorine was taking place in the clouds, which are 
composed of ice crystals.  The ice particles might supply a surface 
on which chemical reactions could take place.

At first this hypothesis was disregarded since 
stratospheric clouds were thought to be rare.  The 
amount of water vapor in the stratosphere is a 
thousand times less than it is in the troposphere 
where most clouds form.  But researchers 
Owen Toon of NASA, Richard Turco of UCLA, 
and colleagues from the Max Planck Institute in 
Germany, proposed a modification of the cloud 
hypothesis.  

They reasoned that the thin stratospheric 
clouds might not be water ice.  Atoms of 
nitrogen might be floating around in the dark 
Antarctic sky.  They combine with water and 
oxygen in a frozen form of nitric acid (HNO3), 
and a compound called nitric acid trihydrate 
(HNO3-3[H2O]).  This molecule freezes at a higher 
temperature than pure water and could easily 
form in the polar stratosphere.  The clouds formed 
from frozen nitric acid trihydrate particles are 
barely visible from the ground because there are 
fewer molecules per volume than water clouds.  
Researchers at the NASA Ames Research Center 

confirmed that clouds of nitric acid trihydrate 
did form in the atmosphere over the South Pole 
in winter.  They used aircraft equipped with laser 
radar (lidar) to find such clouds.  They found them 
to be several kilometers thick and often extended 
over thousands of kilometers.  

Polar stratographic cloud seen over Norway.  
(Photo courtesy of NASA.)
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The rest of the story comes from the 
laboratory of Mario Molina, the man who worked 
with Sherwood Roland on the original investigation 
of CFCs and ozone.  Molina and fellow scientists 
Ming-Taun Leu and Margaret Tolbert showed that 
hydrochloric acid and chlorine nitrate — the 
two molecules that hold chlorine away from the 
ozone — could react on the icy surfaces of nitric 
acid trihydrate.  The result of the reaction is the 
liberation of the chlorine molecules, Cl2.  Without 
that surface to react on, the chlorine releasing 
process would be so slow as to be negligible.  It 
is the clouds of nitric acid trihydrate that speed 
up the reaction.

As the Sun begins to come over the horizon 
in September, bringing the Antarctic spring, things 
begin to happen quickly.  The ultraviolet energy 
from the rising Sun melts the ice crystals and splits 
the chlorine molecules into individual atoms (Cl2 
-> 2Cl) to attack the ozone.  As Mario Molina found 
ten years before, the chlorine monoxide (ClO) 
that forms after the ozone is destroyed can react 
with itself and free the chlorine atoms to attack 
more ozone molecules.  In October, as the sunlight 
grows in strength in the Southern Hemisphere, 
the reactions feed on themselves and ozone is 
destroyed in huge quantities.  Each chlorine atom 
can destroy hundreds of thousands of ozone molecules until it is 
taken up in chemical reactions that produce either HCl or ClNO3.  
As the polar summer approaches and the atmosphere warms, the 
clouds become fewer and the polar wind vortex, which breaks 
up in mid-spring, no longer holds the ozone-depleted air over 
the pole.  As the ozone-depleted air moves out and spreads 
over the Southern Hemisphere, the ozone hole disappears, but 
the result is an average ozone loss across the entire Southern 
Hemisphere of the Earth. 

Ozone Loss Over the Arctic
Although not as pronounced as at the South 

Pole, chlorine and bromine from Ozone Depleting 
Substances are destroying ozone in the north as 
well as the south.  Observations during the late 
1980s and early 1990s indicated that the ozone 
loss over the Antarctic is greater than over the 
Arctic.  This is because the winter stratospheric 
temperatures are colder over the Antarctic and 
more of the nitric acid trihydrate clouds form 

over the South Pole.  Additionally, the northern 
winter vortex air circulation is not as strong or 
as stable as the southern one, and it breaks up 
long before spring arrives.  Large regions of the 
Arctic stratosphere show about a 6% loss.  For 
comparison, the southern ozone hole averages a 
50% or greater ozone loss during the spring. 
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Yearly change in average ozone values at each of the 
poles during the spring time, the period with the greatest 
destruction of ozone. (Graph courtesy of NASA. )

Illustration courtesy of NASA.

Not all ozone destruction takes place at 
the poles.  Sulfuric acid particles can also free 
up chlorine atoms that reduce the number of 
ozone molecules.  Volcanic eruptions can throw 
large quantities of sulfuric acid particles into 
the stratosphere.   The variation of ozone in the 
upper atmosphere due to volcanoes is a natural 
phenomenon and ozone lost from that source is 
soon restored.  But the ozone loss each winter 
over the poles is likely to increase as the stocks 
of CFCs already in the environment evaporate and 
make their way up into the stratosphere. 

A loss of total column ozone in the range of 
1% to 3% in the northern mid-latitudes (between 
Seattle and New Orleans) was reported between 
1976 and 1986.  Scientists used NASA’s ER2 
airplane to make measurements all the way from 
Virginia to California in February 1989.  The results 
showed that conditions were severe enough to 
have caused a 2% drop in ozone relative to that 
during the preceding October.  More recent NASA 
data revealed a 4% to 5% decrease in the total 
column ozone over the U.S. between 1988 to 
1990.  During the winter months, 
the rate of ozone loss went so 
high that, if it remained at that 
value, the amount of ozone 
would be reduced by 8% in a 
decade.  NASA said this ozone 
loss was not confined to the cold 
winter months, but extended 
into April and May as well.  It 
also extended further south than 
originally thought, reaching the 
southernmost part of the United 
States.

Ozone Loss Over the united States

For new material relating to this chapter, please see the 
GSS website “Staying Up To Date” page:  
http://www.lhs.berkeley.edu/gss/uptodate/4oz   
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/4oz
http://lhs.berkeley.edu/gss/uptodate/newarticle.html
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Long term data from Arosa, Switzerland, indicates 
that the consistent loss of ozone began in the 1970s.  
(Graph courtesy of NASA.)

8. Measuring Ozone

A c c u r a t e  m e a s u r e m e n t s  o f 
stratospheric ozone identified the ozone 
problem in the mid-1980s. Accurate 
measurements are still needed to learn 
more about the complicated atmospheric 
chemistry involved and to monitor how 
the ozone layer responds as CFCs are 
phased out.  The longest continuous 
record of ozone measurements extends 
almost 80 years.  But despite this long 
data record, certain questions about the 
behavior of tropospheric and stratospheric 
ozone could not be answered from this 
one type of measurement. Because 
stratospheric ozone is so far above the 
Earth’s surface, advances in transportation 
and communication technology were 
needed to take the instruments to where 
the ozone was located. 

Measuring the amount of UV radiation reaching the ground in 
the Antarctic.  (Photo by Ann Parks Hawthorne, courtesy of the 
National Science Foundation.)

Ground Stations
Since 1881, when Hartley and Cornu discovered 

the unexpected loss of UV section in the solar 
spectrum and related this to a possible ozone-rich 
layer somewhere in the atmosphere, scientists 
realized that by measuring the UV radiation, they 
could learn about ozone. However, it wasn’t until 
the invention of Dobson’s spectrophotometer in 
1924 that repeatable, accurate, and precise UV 
measurements were possible. Measuring intensities 
of several wavelengths of UV from both direct and 
reflected sunlight, these spectrophotometers 
could provide both total column ozone amounts 
and vertical distributions of ozone concentration, 
which showed that the altitude of the maximum 
concentration of ozone was much lower than 
thought. 

The station using a Dobson spectrophotometer 
in Arosa, Switzerland, has been collecting 
data since the mid-1920s, which is the longest 
continuous record of ozone measurements. 
Although new, more sophisticated techniques 
to measure ozone have been invented, these 
consistent, long-term (and safe) measurements 
from the same location are very valuable. Because 

Chapter 8



Ozone—Chapter 8: Measuring Ozone  61

of their established data records, Dobson 
spectrophotometer measurements are often 
used to calibrate data obtained by other 
methods, including satellites. Unfortunately, 
since the technique depends on natural light 
sources coming through the atmosphere, 
the measurements are strongly affected by 
aerosols (tiny, naturally occurring atmospheric 
particles, such as salt particles and dust) and 
pollutants in the atmosphere.

A second ground instrument was 
developed to measure chemical constituents 
in the atmosphere: the Light Detection and 
Ranging (LIDAR) instrument. Lidar is similar to 
radar (Radio Detection And Ranging) and can 
be thought of as a laser radar. Although radar 
was invented 1924, it wasn’t until after World 
War II when technology developed that made 
lidars possible. A lidar instrument projects 

LIDAR measurement taking place in Antarctica. (Photo by Lt. 
Mark Boland, NOAA Corps, courtesy of NOAA Photo Library.)

two laser beams into the atmosphere—one with a wavelength of light 
that is absorbed by ozone and one that is not absorbed by ozone. 
The instrument measures the light that is reflected back towards the 
instrument.  By comparing the two beams the instrument measures 
the concentration of ozone. 

Lidars are able to measure continuously, compared to the 
Dobson spectrophotometer, which needs a source of natural light. 
The disadvantage of lidars is that they are very expensive and require 
significant expertise to maintain and operate.  Current research is 
focused on creating automated, low power lidars that will be placed 
in remote locations around the globe.

Airborne Measurements
Airborne vehicles, such as balloons, airplanes, 

and rockets provide the opportunity to carry 
instruments directly to the area of interest in order 
to make measurements. These measurements 
are the most accurate possible, since they can 
involve direct samples of ozone. However, there 
are limitations—the measurements are made only 
over localized regions and cannot provide a global 
picture of ozone distribution.  There is also a high 
cost of human involvement.

Balloons 
Balloons have been used for a long time to 

carry instruments or people into the sky. The first 
human flight took place in a hot air balloon in Paris 
in 1783. The radiosonde, a helium-filled balloon 
carrying weather instruments that transmit 
information to ground observers by radio, was 
first tested in the early 1930s, and the first U.S. 
radiosonde network was established in 1937. 
By 1960, ozone-measuring equipment could be 
packaged with the standard radiosonde equipment 
to create the ozonesonde. These instruments can 
measure ozone concentration up to altitudes as 
high as 40 km before the balloon bursts. 

Many lightweight devices have been invented 
to measure ozone from balloons. Most common 
are several varieties of devices that measure 
the electrical current produced during chemical 
reactions between atmospheric ozone and 
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This 29-million-cubic-foot balloon being 
launched by the National Scientific Balloon 
Facility near McMurdo Station takes a 
4,000-pound research payload to 38 km 
altitude, where it will circumnavigates 
Antarctica; staying aloft 8 to 10 days.  
(Photo courtesy of the National Science 
Foundation.)

The term sounding comes from the 
maritime practice of calculating the depth of 
water with a weighted line, called a sounding 
line. The term is used today to describe many 
kinds of remote measurements that have a 
vertical component to the measurement, 
such as the vertical temperature profile (also 
called a temperature sounding).  A sonde is an 
instrument that measures a sounding in the 
atmosphere or in the oceans.

potassium iodide that is carried aloft.  
Another type of ozonesonde carries a 
laser aloft and measures the absorption 
of laser light projected from the balloon 
and reflected back to the sensor from a 
mirror hanging beneath it. 

Ozonesondes provide detailed 
information on the vertical distribution of 
ozone throughout much of the stratosphere.  
However, since balloons are unpowered, 
the location of measurements cannot 
be controlled. Also, there are problems 
with the quality and comparability of 
the ozonesonde data resulting from the 
variety of sensors being used around the 
globe and the diverse calibration and 
operating procedures each country has 
adopted for the ozonesondes under their 
responsibility. 

Launching an ozonesonde in Antarctica. (Photo by Lt. Mark Boland, 
NOAA Corps, courtesy of NOAA Photo Library.)
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Aircraft
Airplanes are used to make detailed 

measurements of ozone levels and related 
chemicals in the troposphere and lower 
stratosphere. Airplanes can carry a 
large number of instruments capable of 
measuring ozone, chemicals related to the 
production and destruction of ozone, and 
atmospheric conditions that affect ozone. 
Large airplanes, like NASA’s DC-8, can carry 
many people to perform sophisticated 
experiments. 

Not all aircraft can carry large 
numbers of instruments or people, but 
some can be quite important based on 
their flight capabilities, such as being able 
to reach very high altitudes.  In the case 
of the ER-2, where space is very limited, 
automated and miniaturized sensors are 
used while taking advantage of primary 
benefit of using aircraft: the ability to 
control where they fly.  This allows specific 
altitudes and locations of the atmosphere 
to be studied.  All of these benefits come 
at a cost—research with aircraft is quite 
expensive, and, long term, continuous 
collection of data is not possible. Aircraft 
are most useful for studying the detailed 
chemical reactions over a relatively brief 
period of time. 

Technology is being advanced to 
create Unmanned Aerial Vehicles that 
can carry instruments weighing hundreds 
of pounds to altitudes exceeding 27 km 
for several days at a time. These aircraft 
will be quite valuable for future data 
collection because pilot/crew safety is 
not an issue, the aircraft and instruments 
are recoverable, and the flight path and 
altitude controllable.

NASA scientists planning where to install a lidar 
instrument on board a DC-8.  Notice how much 
room is available for people and experiments.  
(Photo by Cary Sneider.)

One instrument in place on the DC-8.  The hose delivers 
air from outside to the instrument for measurements.  
(Photo by Cary Sneider.)

Use the bicycle in the photo to gauge the 
size of the DC-8.  (Photo by Cary Sneider.)
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The Theseus, an Unmanned Aerial Vehicle, can fly instruments 
to high altitudes for several days at a time.  (Photo courtesy of 
the NASA Dryden Flight Research Center.)

A team of scientists loading 
automated instruments into one of 
the pods of the ER-2.  (Photo by Cary 
Sneider.)

A person is in the cockpit of the ER-2.  This aircraft 
files at very high altitudes, but it can only take one 
person along—the pilot.  (Photo by Cary Sneider.)

Rockets
By the early 1960s sounding rockets were used to measure 

profiles of ozone levels from the ground to an altitude of 75 km. 
Many countries have their own rocket programs, some starting 
in the 1960s. A wide variety of rockets have been developed 
to carry instruments of various weights to specific altitudes. 
Rockets can be flown in most weather conditions, and costs 
can be lowered if surplus rocket engines are available from the 
military. Rockets do not fly on a daily or weekly basis because it 
often takes a minimum of six months to build the instruments 
and rockets. Teams of researchers and technical support staff 
are needed to develop the sensors and rocket, launch and 
record the data, and recover the rocket and sensor. While 
rockets can go very high in the atmosphere, they can collect 
data over a small area for a very limited period of time.

Rocketsonde launch from NASA’s 
Sounding Rocket Program at Wallops 

Flight Facility.  
 (Photo courtesy of NASA.)
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Satellites
Ever since the Soviet Union launched the Sputnik 

satellite in 1957, scientists realized that vast regions of 
Earth’s atmosphere and surface could be measured by 
instruments in orbit.  NASA’s first Earth observing satellite, 
TIROS-1 (Television Infrared Observation Satellite), was 
launched on April 1, 1960. The purpose of TIROS-1 was to 
improve weather forecasting with pictures from space.  Two 
onboard television sensors stored images onto magnetic tape 
for later broadcast to receivers on the ground.  Although 
TIROS-1 lasted only 78 days, it proved to be a huge success 
in providing valuable information about the Earth and its 
atmosphere, regardless of the weather conditions on the 
ground.

By late 1978, satellites were measuring ozone 
concentrations over the entire globe. The first satellite that 
carried ozone sensors was NIMBUS-7.  It carried three ozone 
sensors: LIMS, SBUV and TOMS. 

TIROS being built to orbit the Earth while 
sending back television pictures of clouds.  
(Photo courtesy of NASA.)

Planet Earth from TIROS 1: First TV Image 
(Photo courtesy of TIROS Program, NASA)

LIMS was designed to measure ozone concentration at 
different altitudes by measuring the intensity of infrared 
(IR) radiation emitted by the ozone as observed edgewise 
at the atmosphere, looking sideways toward the Earth.  This 
technique is called limb scanning.  LIMS also measured water 
vapor, NO2, HNO3, and temperature. 
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The SBUV and TOMS instruments 
measured ozone concentrations using 
the same principle described in Chapter 
5: compare the spectrum of the incoming 
solar radiation to the spectrum of the 
radiation reflected and scattered (referred to 
as backscatter) from the atmosphere and the Earth’s 
surface.  TOMS mapped global total ozone daily by scanning 
the sensor back and forth beneath the satellite’s orbital track. 
The accuracy of TOMS total column ozone measurements is 
estimated to be ± 5%. 

It was the TOMS data that NASA reanalyzed to confirm the 
local ozone depletion observed by the British and Japanese 
ground stations during the mid 1980s. The data also showed the 
size of the region experiencing ozone depletion. NIMBUS-7 lasted 
longer than any other Earth observing satellite, providing 
data until mid-1993.  TOMS has provided 
almost continuous, global coverage of 
total column ozone measurements since 
1978 until today by being flown on later 
satellite platforms.

The path through the atmosphere 
increases when the satellite sensor looks 
at the Earth’s horizon compared to 
look straight down at the Earth.  Does 
this affect what the satellite sensor will 
“see”?  This adds to the complexity of 
analyzing this type of satellite data, and 
some situations may arise in which the 
data are misinterpreted.

Space Shuttle
Similar to aircraft, NASA’s space shuttle 

can carry a large number of instruments to 
high altitudes along with people to operate 
the equipment. Since 1989, the Shuttle has 
periodically conducted ozone experiments using 
a backscatter-measuring instrument. Because of 
the unique abilities of the shuttle, the instrument 
is carefully calibrated before launch, during flight, 
and after landing, as well as controlling where 
measurements are made. These controls allow 
ozone data to be correlated between the TOMS 
and other satellite ozone measurements. These 
frequent flights are used to ensure the accuracy 
of ozone measurements from satellites. 
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Investigation

Ozone Measuring
There are many ways to measure ozone in the atmosphere, 

and each technique has its strengths and its limitations. Discuss 
the various techniques you have read about in this chapter.  
Make a concept map showing differences in how the instruments 
measure ozone, taking into account such things as vantage 
point, use of optical or chemical sensing, types of sensors (UV, 
chemical reaction, etc.), how long it can measure the data (e. 
g. seconds versus days), extent of coverage; reliability, cost, 
efficiency, complexity of the equipment, and number of people 
needed to complete the observation mission. You may opt to use 
some of the quality web sites listed in the appendix of this book 
dedicated to the technology of these research efforts. 

Onboard photo of space shuttle Atlantis 
cargo bay payload. This shuttle mission's 
purpose was to further the experimentation 
and exploration of Earth's atmospheric 
conditions, including ozone characteristics.  
(Photo courtesy of NASA's Marshall Space 
Flight Center.)
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What does resolution mean?  Resolution is 
the scale of the detail that can be observed by the 
sensor.  Have you noticed that the world seems 
different when looking out of a tall building or 
looking down from an airplane compared to when 
you are kneeling on the ground?  

You cannot see features that have a size 
smaller than the resolution of the sensor, or in the 
case above, your eyes.  As much as we would like 
to be a super hero, our eyes do not have infinite 
resolution—there is a limit to the size of things 
we can see.  For example, if your eyes have a 
resolution of 0.001 cm for an object 2 meters 
away, then you will not be able to see details of 
an object that have diameters less than 0.001 
cm.  A pixel represents the average of all the 
information that is smaller its size.

Examine the details in the adjacent picture 
of a flower, which is made up with 262,144 
“blocks” or pixels.

If you could see the same flower picture from 
the same distance as before but with one-forth 
the number of pixels (16,384), the picture would 
look like the following image:

Can you see the same level of detail in both 
pictures?  How would this picture look if you 
could see even fewer pixels?  The two pictures on 
the following page are of the same flower, each 
made with fewer  but larger pixels.  The upper 
left picture is made of up 1,024 pixels, and the 
lower picture has only 64 pixels.  Can you even 
tell you are looking at the same image let alone 
the inside parts of a flower?

Resolution of Satellite Data
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Center of a daylily with 1,024 pixels.

Pictures created by John Pickle.

Same picture as above but using only 64 pixels.  You are 
not zooming into the picture of the daylily, rather you are 
seeing it with your vision being controlled by larger pixels.

Each of the pixels that makes up a satellite 
image has the same color across the entire area.  
You could think of a pixel as a tile or dot of a solid 
color.  The larger the pixel, the less detail within 
the image that you can see since the details get 
averaged into the color of the larger tile.  Also, 
larger pixels are more noticeable than smaller 
pixels.  Look at a computer monitor or television 
screen with a magnifying glass.  Can you see the 
pixels of color?  From a distance, the pictures on 
a computer or television appear smooth, but up 
close, you can see the pixels.

The example on these two pages dealt with 
horizontal resolution—pixel size in the east/
west and north/south directions.  However, 
ozone concentration changes with altitude as 
well as horizontally.  How well does a satellite 
sensor “see” these details? When discussing 
vertical resolution, think of layers, such as that 
of a birthday cake.  This birthday cake is very 
special—each layer is a different flavor from all 
the others, but the baker will only make the cake 
a certain height so it can fit into the oven.  The 
thicker the layers, the fewer the flavors making 
up the cake.  Similarly, if the satellite sensor has 
a coarse vertical resolution (it can see only a few 
layers), the fewer details, or “flavors”, of ozone 
that can be observed.

Investigation

PixelView
On the GSS CD-ROM find PixelView in the 

Interpreting Digital Images software suite, 
Activity 2: Pictures and Color. Open any jpeg 
format image (e.g. from the Worldwide Web or 
a digital camera) and see what happens when 
you reduce the resolution.

For new material relating to this chapter, please see the GSS website “Staying Up To Date” page:  
http://www.lhs.berkeley.edu/gss/uptodate/4oz  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/4oz
http://lhs.berkeley.edu/gss/uptodate/newarticle.html
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9. Global Efforts to Recover Ozone

Global Agreements
Industrial states and countries took action quickly to curb 

chlorofluorocarbon (CFC) use starting in 1977. The first global 
meeting was held in 1985 at the Vienna Convention. Although no 
formal global actions were agreed upon, the international community 
supported immediate scientific investigations.  

Two years later (1987), 27 nations signed the Montreal Protocol, 
which required the participating countries to cut CFC production in 
half by 1999. Continued research indicated that these reductions 
would not allow the stratospheric ozone layer to recover based on 
the actions taken and that new materials could be developed that 
were safe (or at least less damaging) for the stratospheric ozone.  
Over 80 nations met in London in 1990 and agreed to the complete 
elimination of ozone-depleting substance (ODS) production by the 
year 2000.  But new research showed that even these dramatic 
precautions were not enough to reverse the loss of ozone within 
the stratosphere. 

The political and scientific communities 
met again in 1992, armed with the most recent 
research. The international community signed 
the Copenhagen Amendment 1992, agreeing to a 
complete phase-out of CFCs by 1996 and a reduction 
or phase-out of HCFCs (hydrochlorofluorocarbons, 
a less destructive replacement chemical) by the 
year 2030. 

As new research on the destruction of ozone 
and the development of suitable replacements for 
ODSs became available, the conditions of the 1987 
Montreal Protocol were modified toward more 
stringent restrictions of the production and use 
ODSs.  The table on the next page illustrates the 
global efforts to limit the use and production of 
ODSs during the past two decades.

Response of  
Stratospheric Ozone

Have all these global agreements and 
actions made a difference?  Most definitely, yes, 
because without these drastic modifications of the 
Montreal Protocol, emissions of ODSs would still 
be at levels where the rate of ozone loss would 
still be accelerating. 

CFC/ODS consumption and emissions have 
decreased drastically since the late 1980s.  Rates 
of emissions of the two most common CFCs (CFC-
11 and CFC-12) have decreased between 50-67%.  
But many of ODSs have very long chemical 
lifetimes and are still in operational use today.  
So despite a dramatic drop in rates of emission, 
total concentrations of ODS decreased only about 
3% between 1994 and 1999.  Chlorine levels in the 
stratosphere could return to their pre-1980 levels 
of 2 ppb chlorine by 2050.  

Chapter 9
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Agreement Year  Year  Planned Actions 
 Held Enacted

Vienna Convention 1985 1985 Discuss global issues and support continued research.

Montreal Protocol 1987 1987 Cut production of five species of CFCs in half by 1999 

   (based on the amount of production in 1986). 

London Amendment 1990 1992 Complete elimination of CFC consumption*

   by 2000. List of ozone depleting substances increased 

   to include chemicals other than CFCs. 

Copenhagen  1992 1994 Complete elimination of CFC consumption* by 1996 and 

   of Amendment halon consumption by 1994.

   Expanded list of ODSs. 

   Complete elimination of HCFCs by 2030.

 

Vienna Amendment 1995 1997 Consideration of developing countries 

   included—their phase out of CFCs to 

   be complete by 2040.

 

Montreal Amendment 1997 1999 Elimination of ozone depleting substances (ODS)

   containing bromide, which are more efficient

   at destroying ozone than CFCs, consumption by 2005.

   

Beijing Amendment 1999 2001 Include revised schedule of 

   phase out of ODS consumption based on use from 

   1995 to 1997. Developing countries to be given aid to 

   meet phase out of CFC production by 2010. 

   HCFC production to be phased out by 2020 and by 

   developing countries by 2040.

* Consumption equals the production plus imports minus exports of material
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Right: Trends of observed ozone loss between the poles and 
the expected recovery up to 2050.  This forecast assumes that 
we have not created new chemicals that will unexpectedly 
destroy ozone.  (Graph courtesy of NASA.)

Global production of CFC-12 over time. 
 (Graph courtesy of NASA.)

Global production of CFC-11 over time. 
 (Graph courtesy of NASA.)

How is the stratospheric ozone responding 
to the decreasing amounts of ODSs?  The long 
chemical lifetimes of ODSs and the randomness 
of their releases make predictions for recovery 
of the stratospheric ozone difficult.  During 
the spring of 2000 in Antarctica, the size of 
the ozone “hole” at the Antarctic was roughly 
three times the area of the United States, 
the largest size ever observed since satellite 
measurements began in the 1970s.

A factor that had not been considered 
until recently is possible global climate change 
resulting from the increasing amounts of man-
made pollution in our atmosphere.  Over the 
past several decades, the average stratospheric 
temperature has decreased between 3°C to 
6°C. Scientists are searching for the reasons 
why the stratosphere is cooling while the 
troposphere is warming. 

Global warming may be offsetting 
the effects of phasing out ozone-depleting 
chemicals, since as the stratosphere cools, 
the chemical reactions that destroy ozone 
are favored. A key challenge in atmospheric 
chemistry is control of variables being studied.  
In a laboratory many of the variables can be 
controlled, and boundaries can be created. But 
in atmospheric chemistry there is no control 
of the natural processes and there are no 
boundaries to limit variables or the number of 
chemical components in the system.  One has 
to eventually understand all of the chemical 
processes.  
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TOMS measurements during 2000 showed the largest 
ozone hole to date — three times larger than the size of 
the United States. (Graph courtesy of NASA.) 

Innovations
There is so much more to do. Cutting the use 

and production of ODSs is only one aspect of helping 
recover the stratospheric ozone levels.  Despite the ban 
in production of CFCs, there are tremendous amounts 
of the gases still in use and still stockpiled for use in 
developing countries.  Can these gases be recovered, 
destroyed, or modified before they are released into the 
troposphere for their long journey to the stratosphere?  
Is there a way to remove the chlorine component of 
many of the ODSs from the stratosphere that is already 
there?  Remember, one chlorine atom can result in 
the destruction of hundreds of thousands of ozone 
molecules.

Recovering Existing CFCs
A large quantity of CFCs are still in use today, 

and recovering these before they are released into the 
atmosphere is critical for replenishing the stratospheric 
ozone layer.  One area of focus is recovering the CFCs 
from construction insulation.  Rather than putting 
old insulation into landfills or burning the materials, 
techniques are being developed to recover the CFCs 
rather then release the gases into the atmosphere. 

Problem of ODS Stockpiles 
There remain huge quantities of CFCs already 

produced.  What will happen to these?  Under the 
1992 Copenhagen Amendment the stockpiles of 
CFCs could still be used. Manufacturers have been 
accused of stockpiling vast quantities of CFCs prior 
to the stoppage date of production.  The American 
automobile industry is believed to have up to 100 
million pounds stockpiled.  What can be done so 
these materials do not end up being used and 
ultimately harming the ozone layer?  There are 
two options: either convert them to safe, useful 
alternatives that do not harm the stratospheric 
ozone layer or destroy the CFCs before they are 
used.

Converting CFCs to Safe 
Substitutes
Considerable work has been done to find 

cost-effective techniques to convert the stockpiles 
of CFCs to ozone-friendly “drop-in” replacement 
materials.  Any replacement material must be 
able to do the original task, such as cooling your 
family’s refrigerator, as efficiently and as safely 
as when using the CFC.  Since the new “drop-in” 
material will be swapped for the CFC, people 
are spared the cost of buying new machinery 
to change over to the newer, safer technology.  
One of the keys to having global cooperation to 
eliminate ODSs is that the cost of the solutions 
cannot bankrupt the economies of participating 
countries. 

In addition to seeking environmentally safe 
“drop in” replacements, existing machinery 
can be modified to use the safe substitutes for 
CFCs.  This saves the cost of mass producing new 
technology and the waste of the unusable older 
machinery.
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The first replacements for CFCs were hydrochlorofluorocarbons 
(HCFCs) which don’t destroy as many ozone molecules in the 
stratosphere as CFCs do.  Although safer, the use of HCFCs is 
scheduled to be phased out by 2030. The latest work is focused 
on hydrofluorocarbons (HFCs) as a replacement for CFCs since 
there are no chlorine atoms in the molecule.  Once suitable 
replacements are identified and if they have similar chemical 
behavior to CFCs, scientists could then develop a technique to 
convert the existing CFCs to the replacement.  This is similar to 
how CFCs were developed in the first place: hydrocarbons were 
used and chlorine or fluorine was substituted into the positions 
of the hydrogen atoms. DuPont has already patented a process 
to convert CFC-113a to HCFC-123 by substituting hydrogen for a 
chlorine atom.  

Destroy CFC Stockpiles with Rhubarb!

Drs. Robert Crabtree and Juan Burdenius with 
their invention that uses a material from rhubarb 

to safely destroy CFCs.  (Photo courtesy of 
Environmental Health Perspectives.)

If the existing CFC stockpiles cannot be converted to an 
environmentally safe replacement, then the CFCs could be 
destroyed before they are used.  In 1996, Yale Professor Robert 
Crabtree and graduate student Juan Burdeniuc produced a 
substance derived from rhubarb, called sodium oxalate, that can 
be used to harmlessly destroy the stockpiles of CFCs.  The process 
turns CFCs into four safe materials: sodium chloride (table salt), 

sodium fluoride (used in toothpaste), carbon, and 
carbon dioxide.  Since CFCs are generally inert 
to most chemical processes, this is an important 
discovery.  The CFCs are broken down as the gas 
is passed through a layer of sodium oxalate at a 
temperature of 290°C.  Past techniques to break 
down CFCs used extremely high temperatures or 
highly reactive chemicals, or corrosive, acidic 
gases were produced in the chemical reactions.  
This new technique uses a relatively inexpensive, 
safe chemical that is easily available and no toxic 
materials are produced. Interestingly, continued 
research is being conducted on using sodium 
oxalate at lower temperatures as a mechanism 
to convert CFCs to valuable fluorocompounds, 
including beneficial drugs and non-stick surface 
coatings.
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Blimps at the Poles
CFCs are long-lived, as are most ODSs, so what can we do 

about CFCs already in the stratosphere?  Is there a way to remove 
them before they break down and start destroying ozone?  One of 
the reasons that CFCs have become a problem in the stratosphere 
is that they do not interact much with most other chemicals in 
the atmosphere. This gives them time to make the slow journey 
from the troposphere to the stratosphere where they break down 
and release chlorine.  

It’s really the chlorine atoms that are doing the damage, 
each a catalyst to destroy hundreds of thousands ozone molecules.  
UCLA plasma physicist Dr. Alfred Wong has put an innovative idea 
forth: removing the chlorine atoms by charging them negatively 
with electrons and gathering them with a positively charged 
collector. Dr. Wong proposes flying a fleet of high altitude, remote-
controlled, solar-powered blimps over the South Pole, where the 
primary destruction of ozone by chlorine occurs. Each of the twenty 
blimps, that cost $20 million a piece, would give off electricity to 
charge the Cl atoms, and then, with a drape of long wires that are 
positively charged, collect two to three tons of chlorine ions before 
returning to the ground station to replace the wires.  Each year, he 
estimates that 10 to 30% of the total chlorine in the stratosphere 
could be removed with the blimps.

Dr. Wong’s idea has met both criticism and support as he works 
to test the science and develop the technology while seeking the 
funding for this project.

Outlook
The loss of ozone in the stratosphere 

resulted from technological solution to a toxic 
problem back in the late 1920s. This loss of 
ozone has increased the amounts of UV radiation 
reaching the Earth’s surface, creating health 
problems for humans, animals, and plants.  Since 
the materials that destroy stratospheric ozone 
have long lifetimes, this problem will be with us 
throughout the 21st century.

The good news is that the countries of the 
world recognize the importance and urgency of 
the loss of stratospheric ozone, have reacted quite 
quickly in the past, and hopefully will continue 
this in the future.  We have a global monitoring 
network in place to check ozone levels.  This has 
led to more drastic controls of ODS production 
and use, and may lead to additional amendments 
to the Montreal Protocol. However, the total 
ODS emissions continues to grow as industrial 
production expands and population size increases. 
Although banned from production, the long-lived 
nature of CFCs stockpiled in huge quantities and 
still in use today will drastically impair the recovery 

Dr. Alfred Wong has proposed an 
innovative way to remove chlorine 
from the stratosphere. (Photo 
courtesy of Dr. Wong.)

of stratospheric ozone over the next century.  In 
order to restore balance in stratospheric ozone, 
new developments in technology are needed to 
recover ODS emissions and destroy or modify the 
existing ODS stockpiles.

Ironically, advances in science and technology 
created the loss of stratospheric ozone, but also 
led to discovery of the problem.  Now we must 
combine science, technology, economics, and 
politics to find solutions.

For new material relating to this chapter, please see the 
GSS website “Staying Up To Date” page:  
http://www.lhs.berkeley.edu/gss/uptodate/4oz  
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/4oz
http://lhs.berkeley.edu/gss/uptodate/newarticle.html
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Liquids that quickly evaporate into the 
air at room temperatures and pressures are 
called volatile.  One sign a material is volatile 
is whether you can smell its distinct aroma 
while standing several feet away from it.  
This works if the material has a scent.  Plain 
water is volatile, but it doesn’t have an odor, 
so you can’t detect it evaporating into the 
air.  Some materials are made to be volatile, 
such as perfume and cologne.  You can smell 
their fragrance, often from across the room, 
because the liquids evaporate easily from the 
skin.  Is gasoline volatile?  Have you smelled 
its fumes while pumping gas into a car?  
Gasoline is quite volatile, which is the reason 
many gas stations were required to add 
vacuum systems to their pumps—to catch the 
evaporating fumes before they can escape 
into the open air and help create ozone.  

10. The Other Face of Ozone

Ground Level Ozone
 Although most of the Earth’s ozone is found in the 

stratosphere, pollution created by human activity has brought 
increasing ozone concentrations much closer to home in the air 
we breathe. Breathing ozone can irritate and inflame the nose, 
throat, and lungs, and affect the body’s ability to fight infection.  
Ozone hurts healthy people, but is particularly dangerous to 
people with respiratory problems such as asthma, emphysema, 
and bronchitis. 

Ozone is not a direct pollutant coming from exhaust pipes 
or smokestacks. Instead it forms by chemical reactions of other 
pollutants that produce smog. Originally smog was defined as 
a natural fog (water) contaminated by industrial pollutants: a 
mixture of smoke and fog. Today, people use the term smog to mean 
air pollution in general, with or without the natural fog but usually 
including a visible haze. Two broad categories of smog are 

a. smogs of nitrogen oxides and hydrocarbons emitted mainly 
by automobile engines and, 

b.  the sulfur-laden, sometimes deadly, smogs 
produced by the large-scale combustion of 
fuel oil and coal. 

Both types contain carbon monoxide, carbon 
dioxide, and a variety of tiny particles, called 
particulates.

Smog often appears as a brownish-yellow to a 
grayish white haze, with the color depending on the 
type and concentration of particles and gases.  It is 
found mainly in large cities but rural areas such as 
those in Wisconsin and Michigan are detecting smog 
that contains ozone levels exceeding the national 
health standards.

Even though ozone is broken down by UV light in 
sunlight, ground level ozone is created by the action 
of sunlight on nitrogen oxides (NOx, which represent 
NO and NO2) and unburned hydrocarbons (known as  
volatile organic compounds—RO) in a process such 
as the following: 

NO2 + UV light ⇒ NO + O

NO + RO2 ⇒ RO + NO2 

O + O2 ⇒ O3

where RO and RO2 are oxidized hydrocarbons.

Chapter 10



Ozone—Chapter 10: The Other Face of Ozone  77

The ozone-producing reaction rate depends 
on both temperature and the intensity of sunlight. 
Warm temperatures and intense sunlight favor the 
production of ozone in the troposphere, so urban 
areas on hot summer afternoons without cloud 
cover most often have unhealthy ozone levels. 

Although the concentration of ozone in smog 
is too weak to smell, experiments have shown that 
ozone in a concentration of 15 parts to a million 
parts of air (ppm) affects plant growth. This level 
of ozone is often found in the smog of our cities. 
Research is being done to identify the extent to 
which this level is a hazard to human health and 
our environment. Ground-level ozone also is a 
greenhouse gas, just like carbon dioxide, water 
vapor, and methane. That is, it absorbs  infrared 
radiation from the Earth’s surface, keeping the 
atmosphere warmer than it would be without 
these gases. 

It is ironic that ozone is detrimental to life 
at close range, yet beneficial to life when it is far 
above us in the stratosphere.

Sources of Smog
Automobile emissions are the primary source 

of the chemicals that react in sunlight to produce 
smog. In urban areas, at least half of volatile 
organic pollutants are emitted as exhaust from 
cars, buses, trucks, construction vehicles and 
boats. But engine exhaust is not the only source 
of volatile organic compounds. Other sources 
include: 

• gasoline, oil storage and transfer (evaporation 
of the liquids into the air); 

• paint solvents, degreasing agents, cleaning 
fluids, and ink solvents; 

• incomplete burning of coal or wood; and 

• plants (such as pine trees and mowed 
lawns). 

Sources of nitrogen oxides based on the total 1998 
emissions in the United States. (Data courtesy of the 
EPA.)

Sources of particulates less than 2.5 microns in diameter  
based on the total 1998 emissions in the United States. 
(Data courtesy of the EPA.)
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Smog over the Los Angeles basin in 1980.  (Photo 
courtesy of the G. Donald Bain, The Geo-Images Project, 
University of California, Berkeley.)

Hazy Boston skyline during a heat wave in 2001.  
Normally tall buildings are quite visible from this 
location.  (Photo by John Pickle.)

Remember that smog is not just volatile organic compounds 
but also nitrogen oxides, sulfur oxides, and tiny particles 
(particulates). Sources of nitrogen oxides are 

• high-temperature combustion in automobile engines; 

• combustion of oil, gas, and coal in industry; 

• natural sources: bacterial processes in the soil, forest fires, 
volcanoes, and lightning.  

Particulates are the tiny solid and liquid particles small 
enough to remain suspended in the air. They are generated as 

• wind-blown dust from natural and human-modified areas; 

• ash from forest fires; and 

• emissions from vehicles and industry. 

Particulates may form in the air through chemical reactions 
involving nitrogen oxides or sulfur oxides.  Across Canada, 
non-industrial fuel combustion, such as smoke from wood 
stoves, contributes over 75% of the total particulates. In urban 
environments, emissions from diesel engines, trucks, buses, and 
large ships, are the primary sources of particulates.

  Many of the components of smog can be produced by 
natural processes, but not in the amounts needed to create 
smog.  Excessive pollution by humans has created the ongoing 
smog problems.

Smog and Weather
Local weather conditions can drastically 

affect smog conditions. Warm, sunny days 
generate smog, but rain can remove smog 
components. Strong winds can disperse smog but 
smog may still form downwind.  A temperature 
inversion, where warm air rests above the cooler, 

denser air near the Earth’s surface, creates a cap 
that limits vertical motion of the air as it heats 
during the day, thereby decreasing the dilution 
of the pollutants to higher altitudes.  Often cities 
in valleys have the greatest problems with smog 
because the surrounding mountains reduce the 
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winds and temperature inversions can easily develop.  Examine 
the topography of Los Angeles and Denver.  Do the surrounding 
mountains and predominant direction of wind help trap 
pollutants over these cities?

Ozone as a Purifier
Ozone is used in industry to purify liquids and sewage.  

Household machines that emit ozone into the air are used to 
kill mold, mildew, and bacteria, and eliminate odors.  Ozone is 
highly reactive with many types of materials, generally oxidizing 
the compounds it comes in contact with. Some chemical 
reactions involving ozone create molecules of OH, which is also 
a strong oxidizing chemical.  

Because of ozone’s ability to oxidize many chemicals, 
prolonged exposure to ozone is quite hazardous to living beings, 
even at very low concentrations.  The federal government and 
health agencies strongly recommend that people not use ozone-
emitting air purifiers in homes and offices. 

So is ozone near ground level purifying our air?  Yes it is, 
but just a bit too much tropospheric ozone does much more 
harm to our health than good.

Oxidation involves a chemical 
reaction in which a compound 
combines with oxygen as 
it loses electrons to the 
oxygen bonds.  Examples of 
oxidation include the rusting 
of iron that produces an iron 
oxide, and the combustion of 
fuel that transforms carbon 
compounds to products that 
include carbon monoxide and 
carbon dioxide.

Clean Air Acts
Air-polluting technology makes our lives 

more efficient and comfortable, but as pollution 
has been “dumped” into the air, it degrades the 
air quality  and directly affects our health.  Often 
the public only responds to catastrophic problems 
rather than identify problems before they reached 
critical levels.  

Efforts to control pollution started in the 
cities, the areas most at risk, as early as 1881. Both 
Chicago and Cincinnati attempted to minimize the 
smoke and soot pollution from home furnaces 
and train locomotives. National attention was 
focused on air pollution after several deadly smog 
events in Los Angeles and Donora, Pennsylvania 
in the late 1940s. Oregon became the first state 

to pass air pollution laws in 1952. By 1955 the 
U.S. Congress passed the first legislation on air 
pollution issues.  In 1963 that Congress enacted the 
Clean Air Act, in effect today, having been revised 
in 1970 and 1990.  To enforce the Clean Air Act, 
the U.S. Environmental Protection Agency (EPA) 
established standards and programs to protect 
public health, the environment, and the quality of 
life from the detrimental effects of air pollution. 
The responsibility for regulating sources of pollution 
was divided: state and local governments regulated 
pollution from power plants, factories, and other 
“stationary sources,” while the EPA regulated the 
“mobile sources” of pollution that include cars, 
trucks, buses, and aircraft.
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Illustration courtesy 
of the Environmental 

Protection Agency.

Measuring Ground-Level Ozone
The 1990 Clean Air Act Amendments required increased 

monitoring of ozone, hydrocarbons and nitrous oxides in areas with 
persistently high ozone levels, mostly large metropolitan areas. 
The air monitoring sites are called Photochemical Assessment 
Monitoring Stations (PAMS) which collect hourly measurements 
of nitrogen oxides, ozone, meteorological data, and 56 different 
volatile organic compounds, 24 hours a day during the summer 
months of June through August. 

Monitoring Stations are set up in four different locations 
relative to the major sources of pollution. Sites located upwind 
of the pollution sources provide information on the “background” 
air quality to make sure additional pollution is taken into account 
and not attributed to the known sources. Sites immediately 
downwind of the area of primary pollution measure the amount 
and type of chemicals being emitted into the air. The third 
type of site is located in the area of expected maximum ozone 
concentration, which is 16 km to 48 km downwind from the fringe 
of the urban area.  A fourth type of site is located far downwind 
of the metropolitan area, to identify ozone movement into other 
areas.  These data are helping the EPA and other atmospheric 
and environmental scientists to better understand the processes 
of ozone pollution, to devise effective remedies, and to measure 
the environmental response to clean up efforts.
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Are We Making a Difference?
Has there been recent catastrophic loss of 

life due to air pollution? No, mostly any increase 
in death rate due to effects of pollution is a very 
gradual thing. 

Is the air safer now than when government 
efforts were started to clean up the air?  Yes and 
no. The EPA’s vehicle emission control program 
was designed to reduce nitrogen oxide and 
hydrocarbon emissions, two critical elements 
of smog. Cars produced in 2000 emit 70% less 
nitrogen oxides and 80% to 90% less hydrocarbons 
compared to the cars of the 1960s.  However, the 
number of cars on the road has doubled and the 
number of miles being driven by each car per 
year is increasing.  Population growth has been 
focused in urban and suburban areas, concentrating the 
pollution from cars. Increasing number and duration of 
traffic jams also focus the pollution into smaller areas. 
Pollution control also costs money to maintain.  Many 
people owning cars simply do not maintain them. Today 
a relatively small number of “super-dirty” cars produce 
a major portion of ozone-forming hydrocarbons. 

The increasing number of cars and miles each car drives 
creates greater chances of traffic congestion, which 
increases air pollution.  (Photo by John Pickle.)

Operating PAMS Sites as of 1998
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  The problems of air pollution have not gone away, but 
imagine if our car emissions had not decreased from those of 1960 
while the number of cars and miles traveled per car doubled!  Our 
problems would be considerably worse.  In 1983, the concentration 
of ground-level ozone in the New England region exceeded the 
health standards on 90 days of the year.  By 1999, ozone levels 
exceeded these standards 35 days of the year.  Is this improvement 
enough for the health of our environment and ourselves? 

Examine the three graphs of chemical emissions in the United 
States from 1940 until 1998 that follow, and decide for yourself.  
These data are annual emissions of pollutants by the United 
States, a developed industrial country.  Consider the trends of 
emissions from developing countries as they develop their industrial 
capabilities over time. Projections into the future must account 
for economic growth, expanding industrial production, increasing 
population, and expanding consumption.  

What Else Can Be Done?
As you can see progress has been made, but more can be 

done to prevent pollution as well as recover our air quality to 
healthy levels, especially when you factor in future industrial, 
economic, and population growth.  Governments, societies, and 
individuals must work together to make a difference.  Laws aren’t 
enforced unless supported by society and individuals.  What can 
be done?  First, know your technology. One 
way to fight pollution is to know how different 
types of Promising Innovations technology work 
and what amounts and types of pollution are 
associated with each.  An example is to compare 
the emissions from engines used in car and power 
garden tools.

Four-stroke engines, like those used in cars, 
use separate cycles of the cylinder to add fuel to 
the cylinder and to exhaust the combusted fuel 
vapors from the cylinder, which minimizes the 
amount of fuel that remains uncombusted.  Even 

with this efficient technology, 
these engines are responsible 
for a significant proportion of 
the total emission of ozone-
generating components due to 
the sheer number of automobiles 
and the number of miles driven.  
Two-stroke engines, used in 
lawn mowers, leaf blowers, 
mini bikes, outboard motors, 
jet skis, and small backup 
electrical generators, input 
fuel and remove combusted 
fuel vapors from the cylinder 
at the same time.  Because of 
this simple technology, these 
engines release up to 25% of 
their uncombusted fuel in their 
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Data courtesy of EPA.

exhaust, creating significant 
smog -p roduc ing ,  hea l th -
impairing emissions of volatile 
organic compounds. In addition, 
moving parts of the two-stroke 
engine are lubricated by mixing 
the engine oil with the gasoline. 
This oil is more difficult to burn 
completely than the gasoline, 
and the exhaust produces up to 10 
times the amount of particulate 
matter than four-stroke engines. 
Why are these engines still 
used, given these pollution 
problems?  Two-stroke engines 
are very simple in design, easy to 
maintain, low cost, lightweight, 
and actually the most powerful 
engine for its size.  Therefore, 
two-stroke engines are quite 
popular, resulting in widespread 
use of the engines. 

Control the Timing of Emissions
 In addition to cleaning up 

technology, additional measures 
can be taken that involve the 
timing of emissions while waiting 
for cleaner technologies to be 
developed.  In a sense, spread out 
the pollution over time so that the 
concentrations cannot reach critical 
limits to be harmful.  Remember 
that temperature and the amount 
of sunshine are important factors 
in generating ozone and smog, so 
if certain emissions can be delayed 
until cooler, cloudier conditions 
are expected, air quality would 
benefit. The city of Windsor, 
Ontario, Canada, and community 
action groups created a list of 
ways to spread out pollution to 
minimize their smog problem, 
which can be quite severe.  Part of 
the problem is out of their control: 
50% of the pollutants that make 
Windsor’s smog come from sources 
of pollution in the United States.  
But the 50% they can control can 
limit the formation of smog.
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On days that smog might form, consider the following 
actions to minimize the severity of smog and/or prevent the 
formation of smog.

1. Suspend road paving that can release hydrocarbons into the 
air.

2. Suspend lawn and maintenance activities requiring gasoline-
powered, two-stroke cycle equipment since these engines 
are quite polluting. (A lawn mower contributes 11.5 times 
more smog-related pollutants than does a car; a leaf blower 
pollutes 35 times more.) 

3. Suspend the use of oil-based paints, solvents, cleaners, and 
other products that release volatile organic compounds 
(VOCs). 

4. Suspend spraying pesticide/herbicide that contain VOCs. 

5. Suspend non-essential gasoline re-fueling and delay essential 
re-fueling until evening hours when temperatures are cooler 
and sunlight is past. (Spilling one cup of gasoline puts as much 
pollution in the air as driving a 1993 car 160 miles.)

6. Consider road closures to discourage use of automobiles and 
encourage other forms of transportation. 

Promising Innovations
The EPA is focusing on controlling hydrocarbon 

and nitrogen oxide emissions as the best strategy 
for reducing ozone levels in most urban areas. 
Despite continued improvements of car emission 
control systems, volatile organic compound 
emissions from gasoline-powered vehicles will 
likely increase after 2005 as the number of 
vehicles and miles traveled continue to increase. 
To protect our air quality, we must significantly 
reduce the use of cars or begin using alternative 
fuels that produce cleaner emissions than 
gasoline.  It wouldn’t hurt if we did both.

The table on this page describes only the 
ozone reactivity of alternative fuels. Other 
important factors are 

•  safety—how likely the fuel could ignite during 
storage, refueling, or a crash?

•  is the unburned fuel hazardous to human 
health?

•  what happens during a spill: will the fuel 
evaporate, mix with water, float on water?  

•  how easily can the fuel be used? Some require 
little modification to be used by existing 
engine technology, whereas others require 
completely new engines to be designed and 
mass produced.  

•  maintenance costs—the fewer the emissions, 
especially carbon compounds, the longer 
the engine will remain cleaner, keeping 
maintenance costs lower.  

•  volume of fuel that must be stored to allow the 
car to travel an adequate distance between 
refuelings—the “energy density” of the fuel.  

•  is the fuel a renewable resource, or is its 
supply limited based on natural deposits of the 
material, as is the case with gasoline.  
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Fuel Origin Ozone-Producing Reactivity 
  Compared to Gasoline 

Alcohol  Methanol made from natural  Generally 30%-50% less
 gas, coal, or biomass

Electricity Ethanol made from grains or sugar Generally 30%-50% less. 
 Generated from water, nuclear,  No ozone-producing emissions 
 and coal-burning power stations   by electric cars; however, 
 as well as solar and wind stations electrical power plants 
  may contribute
  ozone components  
Natural Gas:  Vast natural gas deposits in  80%-90% less
liquid or United States, Canada, and Russia 
compressed

Propane or  Byproduct of petroleum refining  Up to 20%-30% less 
Liquid Petroleum  and production of natural gas
Gas 
Hydrogen Generated through chemical  Only water emitted 
 reactions involving natural gas, 
 water, or methanol 

Biodiesel Made from oils and fats of plants Similar to diesel (less than  
  gasoline) but without the
  particulate emissions

Reformulated  Gasoline created through new  12%-38% less
Gasoline:  refinery procedures that make 
second phase the fuel burn cleaner. 

Refueling during evening 
and nighttime hours in 

the summer can decrease 
the amount of gas that 

evaporates because of the 
cooler temperatures.  Photo 

by John Pickle.

Some of these alternative 
fuels are currently in use, or 
have been used in a minor 
capacity for quite a long time.  
Others involve cutting-edge 
technology.  Regardless of their 
current stage of development, 
alternative fuels will have an 
important role in decreasing 
the amount of pollutants we 
emit into the air.

For new material relating to this chapter, please see the GSS website “Staying Up To 
Date” page: http://www.lhs.berkeley.edu/gss/uptodate/4oz 
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/4oz
http://lhs.berkeley.edu/gss/uptodate/newarticle.html
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11. Hazards of Ozone 
in the Troposphere

There is another health problem resulting from changing 
levels of ozone in the atmosphere, but this involves increasing 
concentrations of ozone near the ground.  Due to its highly reactive 
nature, breathing ozone is quite harmful.  It affects your health 
and the environment.

Effects of Tropospheric Ozone on Health

Have you played a game outdoors during a long summer 
afternoon and end up coughing after a long run?  This may be your 
body reacting to high ozone levels. 

As industry became concentrated in cities, 
city dwellers experienced several catastrophic 
smog events that brought attention to the deadly 
nature of ozone.  Although ozone is made up of 
only oxygen atoms, it doesn’t behave like the 
dioxygen molecules we need to breathe in order to 
survive.  Ozone molecules combine more readily 
with other chemicals, most often oxidizing the 
chemicals they come in contact with, including 
molecules in the cell walls of the lungs, nose, 
and throat.  As we breathe ozone, the mucous 
membranes of the nose and throat and the cells 
of the lungs become irritated, inflamed, and lose 
their ability to fight infection and remove fine 
particulate matter.  Ozone hurts healthy people, 
but it particularly aggravates existing respiratory 
problems such as asthma, emphysema, and 
chronic bronchitis.

There are many variables to consider with 
air pollution, which makes identifying cause and 
effect more difficult.  Some people, children in 
particular, are more susceptible to developing 
respiratory problems while breathing ozone 
pollution.  The concentration of ozone, the 
amount of time, and how often you breathe 
ozone-polluted air are important factors that can 
create health problems. At higher concentrations, 
ozone can create permanent biochemical changes 
in the lungs, not just irritation and inflammation. 
Even at lower concentrations, the lungs may not 
recover completely from short-term damage if 
they are exposed to another episode of breathing 
polluted air.  The longer you are exposed to ozone 
pollution, the more irritated the lungs become, 
and it takes longer to recover.  Current research is 
being done to see if repeated short-term damage 
episodes leads to long-term problems for people 
living in areas with frequently elevated ozone 
concentrations.

Chapter 11
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Investigation

 Measuring Lung Capacity

Materials 
1 gallon clear or translucent, plastic milk jug (or 

3 liter soda bottle)

cap to plastic jug or bottle

1 plastic or rubber hose (0.5-1 meter long and 
0.635 cm in diameter)

1 large dishpan, large bucket, or stoppable sink

1 straw per person

measuring cup or graduated cylinder

waterproof marker

water at room temperature

paper 

pencil or pen

Preparation
Complete these steps so materials are ready 

to take home.

Create a chart for collecting data.  Each person 
will repeat the lung capacity measurement 
three times in order to gather a representative 
measurement of their lung capacity. On paper, 
make a table with an adequate number of 
columns and rows to record each family 
member’s name, the three measurements, 
and the average of the three.  You may also 
want to record additional information such 
as age, gender, body weight, height, sports 

played, if he or she smokes, or someone in 
their immediate family smokes.

Create a scale for the plastic container. Fill 
the measuring cup or graduated cylinder with 
200 ml of water at room temperature and 
carefully pour into the upright plastic jug/
bottle.  Mark the level of the water with the 
waterproof marker.  Continue filling jug with 
200-ml increments and mark and label water 
levels.  Interpolate and mark the halfway point 
between successive markings to identify 100-
ml increments.

Example of the calibrated jug.

After reading the set up and 
procedures below, decide which of the 
lung capacity measurements you would 
like to make at home with each of the 
members in your immediate family.  Then 
design your techniques to make these 
measurements.  You may also want to 
design experiments to see how exercise 
changes your breathing habits.  Note 
of Caution: People with known asthma 
should not measure their vital capacity, 
and may not wish to participate in 
measuring tidal volume and expiratory 
reserve.

This activity was fashioned after that described at 
http://www.caosclub.org/freelessons/hbody3.html

How can a gas at such low concentrations create 
problems for living things?  Try an experiment that will 
allow you to measure how many molecules you inhale 
with each breath.  The volume of air you breathe is called 
your lung capacity, but you don’t always inhale and exhale 
the same way.  There are three common measurements 
of lung capacity. Vital capacity measures the amount 
of air exhaled after taking a deep breath. The amount 
of air exhaled during normal breathing (regular amount 
of breathing while at rest) is called tidal volume. The 
amount of air left in the lungs while exhaling during normal 
breathing is called the expiratory reserve.  

http://www.caosclub.org/freelessons/hbody3.html 
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Set up for Measurements
•  Completely fill the plastic container with water so the water 

bulges above the lip of the container

•  Cap the container (some water may spill out, but try not to let 
any air bubbles into the container).

•  Fill the large dishpan or sink with 10 cm to 15 cm of water.

•  Invert container while holding the cap so the cap is pointing 
down.

•  Place the capped end into the water and remove the cap.  Check 
for excessive air bubbles inside the plastic container.  You can 
rest the opening of the jug on the bottom of the dishpan for 
now, but don’t let the container fall over and air enter it.

•  Place a student’s straw in one end of the rubber hose.

•  When you are ready to make measurements, lift the opening of 
the jug off the floor of the dishpan and place about 10 cm of 
the strawless end of the rubber hose into the water and through 
the opening of the jug (see the figure below).  Someone will 
need to hold the jug so it does not pinch the hose against the 
floor of the dishpan.  The person holding the straw end will 
either need to keep the end of the hose with the straw above 
the top of the jug or pinch the hose shut until ready to begin 
blowing into the straw.

Now you are ready to make measurements.

Measurement Strategies 
Regardless of which of the three measurements 

you are making, hold your nose closed and exhale 
normally into the straw end of the hose.  You should 
not hear any air leaking from the rubber hose-straw 
connection.

Record the level of water remaining in the jug.  
Since the jug was filled from the bottom up, you are 
measuring the volume of air exhaled into the jug.  This 
represents one measurement of your lung capacity.

Refill the bottle for the next measurement.

Share the data of your family with the class.

Questions to Consider
Can you find patterns that influence people’s lung 

capacity?  Does participation in aerobic sports increase 
one’s lung capacity? Does smoking affect lung capacity, 
even high school students?  Does one’s height or body 
shape influence lung capacity? Does one’s age or gender 
influence lung capacity?

Calculate the number of molecules you breathe 
in with each breath.  This assumes that the amount 
inhaled is equal to the amount exhaled.  Also assume 
body temperature (37ºC) and sea-level pressure (1 
atmosphere) conditions. Hint: one liter of air at these 
conditions contains 2.37x1022 molecules. 

Example of how the equipment should look while 
measuring a person’s lung capacity.
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Next, calculate the number of ozone molecules 
you breathe depending on the air quality at the 
time.  These numbers are important because 90% of 
the ozone breathed into the lungs is never exhaled 
since the molecules react quickly with the sensitive 
tissue of the lungs, nose, and throat.

1. If the air contained 1 ppb (parts per billion) of 
ozone, how many ozone molecules would you 
breathe with each breath?

2. What if it contained 10 ppb, which is regarded as 
the natural level of “clean air” prior to the age 
of industrial pollution?

3. What if it contained 20 ppb, which is regarded as 
the current level of “clean air”?

4. How many ozone molecules are inhaled when the 
air has an ozone concentration of 0.12 ppm (120 
ppb), the average one-hour concentration defined 
by the EPA as unsafe for breathing?

Based on your observations and 
calculations, discuss why children are so 
susceptible to health problems related to 
breathing ozone pollution.  Consider the 
timing of smog events, when and where 
children play and their level of activity and 
body size/volume compared to adults.

Extra Considerations
What is your rate of breathing?  You 

may want to create an experiment to 
calculate how fast you breathe at rest 
and during and after exercising.  Does 
exercising affect how deeply you inhale/
exhale? Design an experiment to measure 
the changes in breathing patterns created 
by different exercises and by the amount 
of exercises.  

Ozone Levels in Your Area

AQI Ozone  Color Health 

Code Conc. [ppb] Code Issue
0-50 0-64 Green No Concerns 

51-100 65-84 Yellow Acceptable for all  
   but most sensitive 
101-150 85-104 Orange Unhealthy for   
   Sensitive Group 
151-200 105-124 Red Unhealthy 

201-300 125 (8-hr) Purple Very Unhealthy

 to 404 (1-hr)

301-500 > 404 (1-hr) Maroon Hazardous

 

Since elevated ozone 
levels create a serious health 
problem in many parts of 
the country, the EPA and 
state and local air agencies 
have created several ways 
to inform the public of 
local ozone levels and their 
potential health effects.  Two 
of the most common ways 
are the Air Quality Index 
(AQI) and maps of expected 
daily ozone concentrations.

As a result of the Clean 

pollutant concentrations over an 8-hour period 
(unless the 1-hour amount is over a certain limit), 
and converts these to a separate AQI for each 
of the five pollutants.  The reported AQI issued 
for the day is the highest of the AQI values for 
the individual pollutants. The AQI ranges from 
0 to 500 with 500 being the greatest expected 
health problems.  Only the AQI based on ozone 
concentrations is shown in the chart above.

Air Act, the EPA developed the AQI, to convey the 
levels of five common air pollutants (ground-level 
ozone, particulate matter, carbon monoxide, 
sulfur dioxide, and nitrogen dioxide) and their 
effects on health at those levels. There are 
more than one thousand monitoring sites located 
across the United States collecting hourly air 
quality measurements. Using this information, 
past observed trends, and computer models that 
forecast the weather, the EPA predicts the average 
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In addition to reporting AQI for a city or region, maps of AQI 
values or ozone concentrations converted to the AQI categories 
or colors are produced daily by the EPA.  These maps show the 
timing and location of pollution build up throughout the day. The 
maps are available on local television or newspapers and from 
EPA’s web site 

http://www.epa.gov/airnow

Avoiding Exposure to Ozone

Running outdoors during poor air quality defeats the health 
benefits of jogging.  (Photo by John Pickle.)

In general, air found indoors has the same 
pollution constituents found outdoors.  However, 
if the pollutant is emitted or formed only 
outdoors, such as ozone, the concentration found 
indoors is often lower  due to the slow mixing with 
indoor air.  Therefore, when ozone concentrations 
approach unhealthy levels in the afternoon, one 
recommendation is to remain indoors.  If you 
must go outdoors, limit your physical exertion to 
decrease the amount of ozone you breath, since 
more physical activity means more frequent deep 
breaths, allowing more ozone to enter your lungs 
to react with sensitive cells.  Physical activity is 
any activity that raises your pulse rate, such as 
yard work, construction, long walks, running, 
bicycling, and roller blading.  Special care should 
be taken for young children, since their body size, 
breathing habits, and level of activity make them 
more sensitive to ozone pollution.

Ozone and Plants
Scientists have been studying how ozone 

affects plants since the 1970s when it was found 
that ground-level ozone caused significant damage 
to plants.   Currently, ozone causes more damage 
to plants than all other air pollutants combined.  
The cost of lost agricultural production in the 
United States from ozone pollution is $3 billion.  
Combine this with an estimated cost of $7 billion 
in added health care, and ozone pollution is quite 
expensive to our society. 

Ozone enters plant leaves through the tiny 
openings called stomata.  Once inside the leaf, 
just as with our lungs, ozone begins to do its 
damage by oxidizing chemicals within the cells of 
the leaf.  Ozone attacks the stomata, changing the 
ability of the plant to breathe, which decreases 
the rate of photosynthesis of the leaf.  Portions of 
the leaf are destroyed, causing spotting, stippling, 

flecking, bronzing, and reddening.  Ultimately, the 
rate of plant growth, flowering, and crop yields 
are significantly reduced and the plants are more 
susceptible to pathogens and pests.  

Unfortunately, primary plant growth occurs 
during the time of year when ground-level ozone 
production reaches its seasonal peak during the 
hot, warm late-spring to early fall season.  Two 
intensively farmed areas are particularly hard 
hit due to high ozone concentrations: southern 
California and the southeastern United States.  

Unlike people, crops cannot be brought 
indoors when high ozone levels are forecast. 
Certain crops are quite sensitive to ozone damage 
(soybeans, clover, onions, spinach, muskmelon 
and alfalfa), and others more resistant. Research 
is underway to produce plants that can resist 
damage during high ozone-level events. 

http://www.epa.gov/airnow 
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  Gas Lifetime [years] GWP 
  Carbon Dioxide 100 but variable 1 

  Methane 12.2 24 

  N2O 120 360 

  Ozone Minutes to Weeks  Unknown

 in Troposphere  

  CFC-11 45 4,600 

  CFC-12 100 10,600 

  HFC-23 243 14,800 

  HCF-125 32.6 3,800 

  HFC-134a 13.6 1,600 

  HFC-152a 1.5 190 

QuESTION 11.1. If you were in control of 
money for research but had to choose 
to do either research in development 
of plants resistant to ozone damage 
or development of fuels and power 
sources that are ozone free or 
extremely low in pollution emission, 
which type of research would you 
choose to fund?  Why? 

Ozone and Climate
We have seen how ozone in the stratosphere protects us from 

harmful UV light by absorbing it and preventing it from reaching the 
ground. We have seen how CFCs in the stratosphere destroy the ozone 
that shields us from harmful UV radiation. We have seen how ozone is 
also a dangerous pollutant at ground level in the troposphere. 

Now, just to make matters even more complicated, ozone and 
CFCs also behave as greenhouse gases. Gases that are categorized as 
greenhouse gases tend to absorb infrared radiation emitted from the 
Earth’s surface, with the net effect of making the Earth retain heat. 
This could raise the temperature of Earth—a phenomenon called global 
warming. Although not as great a contributor to greenhouse effect 
as carbon dioxide and water vapor, the effects of ozone and CFCs on 
changing the global heat balance may be significant.  

Global Warming Potential

Plants cannot escape the effects of air pollution.  Photo by John Pickle.

Global Warming Potential 
(GWP) is the index that rates 
the ability of a molecule of gas 
to change the balance between 
incoming solar radiation and 
outgoing infrared radiation as 
compared to that of a molecule of 
carbon dioxide. 

The amount a greenhouse gas 
actually contributes to changing 
the heat balance of the Earth’s 
troposphere depends not only on 
its GWP, but also the amount of 
gas emitted into the atmosphere 
and the chemical lifetime of the 
gas in the atmosphere.  Despite 
the relatively low concentration of 



92 Global Systems Science Ozone—Chapter 11: Hazards of Ozone in the Troposphere

Elevated concentrations of ozone in the 
troposphere began with the Industrial Revolution 
in the 1800s, where economies flourished through 
large-scale, mechanized production of goods.  
The increasing ground-level ozone has created 
numerous health problems, destroyed crops, 
and increased the Earth’s greenhouse gas levels.  
This highly reactive chemical forms in two ways, 
but both coming from chemicals that react with 
sunlight. Far above the Earth’s surface in the 

CFCs in the atmosphere, the long lifetime of CFCs and large GWP 
make their contribution to global climate much larger.  

Interestingly, although ozone has been identified as a 
greenhouse gas, it was not considered by the 1997 Kyoto Protocol 
because it is not directly emitted by human pollution.  The 
chemistry of the highly reactive ozone gas is extremely complex, 
creating much uncertainty on efforts to measure and model its 
effects.  Ozone has a very short lifetime in the lower atmosphere, 
minutes to hours.  It reaches maximum concentrations at the 
time of day when warming is near a peak.  This helps keep more 
of the infrared energy in the lower atmosphere when the Earth’s 
surface is warmest, producing even warmer temperatures. The 
effect of ozone on changing global warming is estimated to be 
one quarter to one third of that contributed by carbon dioxide 
since 1870; but since the chemistry is very complex and dynamic, 
research continues to accurately identify ozone’s contribution to 
the greenhouse effect and global warming.

Ozone’s effect on the greenhouse effect is quite complex.  
As stratospheric ozone is lost, the stratosphere cools, which 
causes a decrease in the amount of infrared radiation reaching 
the troposphere and the Earth’s surface.  This decreased amount 
of infrared radiation reaching the Earth’s surface offsets as much 
as 30% of the change in greenhouse effect caused by increasing 
amounts of greenhouse gases in the troposphere.  This complexity 
illustrates why scientists try not to make absolute declarations 
when dealing with the large, complicated systems in nature, 
even if global decisions must be made immediately.  Rarely can 
all variables and components be considered, especially in early 
studies of a particular natural phenomenon. 

Summary of Ozone in the Troposphere
stratosphere, dioxygen produces ozone, creating 
a layer that protects us from the Sun’s deadly 
UV radiation.  It also creates a stable cap to 
our troposphere, which affects our weather and 
climate.  The second way that ozone is formed 
is near ground-level by UV light in chemical 
reactions with nitrous oxides and volatile organic 
compounds to produce ozone, the pollutant.  This 
complex reaction has hindered our learning of the 
complete effects of ozone in the troposphere.
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Questions About Technology

Chemical                        Location
  Ground 

 Level Troposphere Stratosphere
    

Dioxygen

    

CFCs    

NOx    

Ozone    

Nitrogen    

SO2    

CO2    

Think of your world, and ask if technology is 
always needed. Which technology is appropriate 
for which need?  During the early days of space 
missions, a writing tool was needed that could 
write in weightless conditions. The American 
space program spent over a million dollars to 
invent a pen to meet that need.  The Russian space 
program used existing technology to overcome the 
problem: a pencil.  

QuESTION 11.2. Do we need every new aspect 
of technological development? Create a list 
of technology that is essential to your life.  
Create a second list of technology you feel is 
not needed.  With each topic, state why it is 
or is not essential to you.  Are there any topics 
that belong on both lists?

QuESTION 11.3. Does technology create the 
need for additional technology?  For example, 
old computers often cannot use the newest 
software, so purchasing new computers 
becomes essential if you need to communicate 
with the growing computerized population. 
Think of the many areas technology has changed 
our lives, from medicine, transportation, 
entertainment and leisure, and consumerism.  

Create a list of technology aspects of your life, 
and for each topic, discuss whether you feel 
the technology was invented to fit a need or 
if the technology invented the need.

QuESTION 11.4. Can steps be added during the 
advancement of technology that will prevent 
some of the environmental problems?  An 
example would be that for every new chemical 
that is created commercially, a safe, non-
polluting method must be created to dispose of 
the material prior to production and use of the 
chemical.  Could computers have been designed 
for recycling of parts and or components?  
Create a list of ideas you could use to make 
technology safer for the environment.  For 
each idea, discuss whether the added cost 
outweighs the cost to society during eventual 
clean up of polluted environments?

QuESTION 11.5. We have seen chemicals as “good 
guys” and “bad guys” in different places. 
Make a chart like the one below and fill in the 
boxes with G = Good Guy and B = Bad Guy as 
appropriate.   

For new material relating to this chapter, please see the 
GSS website “Staying Up To Date” page:  
http://www.lhs.berkeley.edu/gss/uptodate/4oz   
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/4oz
http://lhs.berkeley.edu/gss/uptodate/newarticle.html
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Websites
A rich list of websites is at:

http://lhs.berkeley.edu/gss/uptodate/4oz-links.html

That web page lists other web pages in the 
following categories:

CFCs

Substitutes for CFCs

ODS

uses of CFCs

Chemistry of Ozone

Environmental and Health Effects of 
Ozone

Environmental and Health Effects of uV

Evolution of the Atmosphere

Layers of the Atmosphere

Monitoring Stratospheric Ozone—
General

Monitoring Stratospheric Ozone—
Aircraft

Monitoring Stratospheric Ozone—Gas 
Chromatography

Monitoring Stratospheric Ozone—Dobson 
Spectrophotometer

Monitoring Stratospheric Ozone—Lidar

Monitoring Stratospheric Ozone—
Ozonesonde

Monitoring Stratospheric Ozone—
Rocketsonde

Monitoring Stratospheric Ozone—
Satellites

Monitoring Stratospheric Ozone—Space 
Shuttle

Monitoring Stratospheric Ozone—uV

Monitoring Tropospheric Ozone

Recovery of Stratospheric Ozone

Innovations

Stratospheric Ozone

Trends

Thomas Midgley

Treaties: Global and u.S. 

Tropospheric Ozone 

uV (ultraviolet Radiation)

http://lhs.berkeley.edu/gss/uptodate/4oz-links.html
http://lhs.berkeley.edu/gss/uptodate/4oz-links#cfcs.html
http://lhs.berkeley.edu/gss/uptodate/4oz-links#subs.html
http://lhs.berkeley.edu/gss/uptodate/4oz-links#ods.html
http://lhs.berkeley.edu/gss/uptodate/4oz-links#uses.html
http://lhs.berkeley.edu/gss/uptodate/4oz-links#chem.html
http://lhs.berkeley.edu/gss/uptodate/4oz-links#envioz.html
http://lhs.berkeley.edu/gss/uptodate/4oz-links#envioz.html
http://lhs.berkeley.edu/gss/uptodate/4oz-links#enviuv.html
http://lhs.berkeley.edu/gss/uptodate/4oz-links#evol.html
http://lhs.berkeley.edu/gss/uptodate/4oz-links#laye.html
http://lhs.berkeley.edu/gss/uptodate/4oz-links#monigen.html
http://lhs.berkeley.edu/gss/uptodate/4oz-links#monigen.html
http://lhs.berkeley.edu/gss/uptodate/4oz-links#moniair.html
http://lhs.berkeley.edu/gss/uptodate/4oz-links#moniair.html
http://lhs.berkeley.edu/gss/uptodate/4oz-links#monigas.html
http://lhs.berkeley.edu/gss/uptodate/4oz-links#monigas.html
http://lhs.berkeley.edu/gss/uptodate/4oz-links#monidob.html
http://lhs.berkeley.edu/gss/uptodate/4oz-links#monidob.html
http://lhs.berkeley.edu/gss/uptodate/4oz-links#lidar.html
http://lhs.berkeley.edu/gss/uptodate/4oz-links#ozo.html
http://lhs.berkeley.edu/gss/uptodate/4oz-links#ozo.html
http://lhs.berkeley.edu/gss/uptodate/4oz-links#moniroc.html
http://lhs.berkeley.edu/gss/uptodate/4oz-links#moniroc.html
http://lhs.berkeley.edu/gss/uptodate/4oz-links#monisat.html
http://lhs.berkeley.edu/gss/uptodate/4oz-links#monisat.html
http://lhs.berkeley.edu/gss/uptodate/4oz-links#spa.html
http://lhs.berkeley.edu/gss/uptodate/4oz-links#spa.html
http://lhs.berkeley.edu/gss/uptodate/4oz-links#moniuv.html
http://lhs.berkeley.edu/gss/uptodate/4oz-links#monitro.html
http://lhs.berkeley.edu/gss/uptodate/4oz-links#reco.html
http://lhs.berkeley.edu/gss/uptodate/4oz-links#inno.html
http://lhs.berkeley.edu/gss/uptodate/4oz-links#stra.html
http://lhs.berkeley.edu/gss/uptodate/4oz-links#tren.html
http://lhs.berkeley.edu/gss/uptodate/4oz-links#thom.html
http://lhs.berkeley.edu/gss/uptodate/4oz-links#trea.html
http://lhs.berkeley.edu/gss/uptodate/4oz-links#trop.html
http://lhs.berkeley.edu/gss/uptodate/4oz-links#uv.html


96 Global Systems Science Ozone

Acknowledgments 
Staff of the Global Systems Science Project
 
 Director:  Alan Gould
 Former  Cary Sneider
 Directors: Katharine Barrett
 Coordinator: Richard Golden
 Authors:  Katharine Barrett Richard Golden        Florence Gaylin Alan Gould
  John Erickson Eloise Farmer Karen Hoffman John Pickle 
                              Ted Robertson Brian Rogan Lynn Rosentrater Zach Smith
  John Michael Seltzer Joe Snider  Cary Sneider   Sylvia Velasquez
 Teacher  Candice Christenson
 Specialists: Christopher  Harper
 Editors: Kay Fairwell Carl Babcock
 Librarian: Marian Drabkin
  Program   Harriette Searle Miho Rahm
 Assistants: Precious Perry Jennifer Yim  Andrys Basten
  Peggy Storrs Hemma Mistry
 Design: Jim Hurd Design
 Illustrations: Audre Newman Cary Sneider Alan Gould
  Neeraja Venkateswaran

Advisors

Hans Anderson, President, National Science 
Teachers Association, Washington, D.C.

Roger Bybee, Executive Director, Center for Science, 
Mathematics, and Engineering Education, 
National Research Council, Washington, D.C.

Victor J. Mayer, Earth Systems Education Program, 
The Ohio State University, Columbus, Ohio.

Senta Raizen, Director, National Center for Improving 
Science, Education, Washington, D.C.

Arthur Rosenfeld, Director, Center for Building 
Science, Lawrence Berkeley National Laboratory, 
Berkeley, California.

F. James Rutherford, Director, Project 2061, American 
Association for the Advancement of Science, 
Washington, D.C.

Steven Schneider, Professor, Department of Biological 
Sciences and Institute for International Studies, 
Stanford University, Stanford, California

Herbert Thier, Director of the Science Education for 
Public Understanding of Science (SEPUP) Project, 
Lawrence Hall of Science, University of California, 
Berkeley, California.

Reviewers of this Volume 
 (Ozone)

Malcolm Ko, Atmospheric and Environmental 
Research, Inc., Lexington, Massachusetts.

Hillary Snell, Atmospheric and Environmental 
Research, Inc., Lexington, Massachusetts.

Courtney Scott, Atmospheric and Environmental 
Research, Inc., Lexington, Massachusetts.



Global Systems Science Ozone 97

Thanks!                
 Development of the Global Systems Science course would not have been possible 
without the creative input of the more than 150 teachers, listed below, who 
suggested improvements in the printed materials, and developed new laboratory 
activities.  We are indebted to them and to their students, who helped to test the 
course materials.
Tracey Ackerman 

Mother of Mercy H.S. 
Cincinnati, Ohio

Terry Anderson 
NRHEG High School 
New Richland, Minn.

Martha Andreski 
North Springs H.S. 
Atlanta, Georgia

Jay Atkins 
Director of Education 
Winston-Salem, North 
Carolina

Valerie Ayala 
Valley High School 
Sacramento, California

Janet Baker 
Tucson High Magnet 
Tucson, Arizona

Linda Baker 
Davis High School 
Davis, California

Bob Banõs 
Lowell High School 
San Francisco, California

Gary Barrigar 
Elizabethton H.S. 
Elizabethton, Tennessee

James Beaber  
Fort Lupton H.S. 
Fort Lupton, Colorado

Richard Beadle 
Spokane School Dist. 
Spokane, Washington

Arnold Beckerman 
Jamaica High School 
Jamaica, New York 

Larry Beeson  
North High School 
Sioux, Iowa

Doug Bell 
Centennial H.S. 
Gresham, Oregon.

Deborah Bennett 
Hamilton County H.S. 
Jasper, Florida

Joan Bennett 
Baton Rouge Magnet H.S. 
Baton Rouge, Louisana

Dianne Bernaciak 
Hudson High School 
Hudson, Ohio

Charles Berry 
Eastwood H.S. 
El Paso, Texas

Daphne Blyden 
Boschulte J.H.S. 
St. Thomas, U.S. Virgin 
Islands

Burt Blumkin 
New Rochelle H.S. 
New Rochelle, New York

Susan Boone 
Elk Grove H.S. 
Elk Grove, California

Daniel Borick 
Norcum High School 
Portsmouth, Virginia

Evelyn Bradshaw 
Cleveland Hts. H.S. 
Cleveland Hts., Ohio

Gayle Brickert-Albrecht  
Tucson Magnet H.S. 
Tucson, Arizona

Patricia Brown 
Brownell-Talbot H.S. 
Omaha, Nebraska

Sarah E. R. Brown 
Phelps Career H.S. 
Washington, D.C.

Lori Bryner-Goldstein  
Northglenn H.S. 
Northglenn, Colorado

Gro Buer 
BEST Alternative H.S.  
Kirkland, Washington

Keith Camburn 
West Mecklenburg H.S.  
Charlotte, North Carolina

Joycelin Cayetano 
Polytechnic H.S. 
Sun Valley, California

Alan Chan 
Glencoe High School 
Hillsboro, Oregon.

Jayson Chang 
Concord High School 
Concord, California

John G. Clarke 
Tewksbury H.S. 
Tewksbury, Massachusetts

Dora J. Coleman 
Provine H.S. 
Jackson, Mississippi

Gerard Collins 
Wakefield H.S. 
Arlington, Virginia

Paul Conway 
Glendale Jr/Sr H.S.  
Flinton, Pennsylvania

Gary Courts 
Miamisburg H.S. 
Miamisburg, Ohio

Deborah Crough 
Saddleback H.S. 
Santa Ana, California

Linda Culp 
Thorndale H.S. 
Thorndale, Texas

Bonita Deiter 
Jefferson W. H.S. 
Meriden, Kansas

Don Deresz 
Ctr. Environmental Ed. 
Miami, Florida

Christine Donovan 
Sunnyside H.S. 
Tucson, Arizona

Jimmy Early 
Van Horn Eng./Tech 
Independence, Missouri

Tom Estill 
Lyme School 
Lyme, New Hampshire

Christine Falta 
Englewood H.S. 
Englewood, Colorado

Eloise Farmer 
Torrington High 
Torrington, Conneticut

William Feddeler 
Macomb MSTC 
Warren, Michigan

Aaron Feik 
Northshore Schools 
Bothell, Washington

Neil Fetter 
Drew College Prep 
San Francisco. California

Kathleen Field 
Haverhill H.S. 
Haverhill, Massachusetts

Sharon Fisher 
North High School 
Des Moines, Iowa

H.L. Flisser 
Scarsdale M.S 
Scarsdale, New York

Adele Gomez 
St. John’s School 
San Juan, Puerto Rico

Kathleen Green 
Hillsboro High School 
Beloit, Wisconsin

Susan R. Green 
Miami Beach Sr H.S. 
Miami Beach, Florida

Joni Grisham 
Pittsburg High School 
Pittsburg, California

William Hanneken 
Turpin High School 
Cincinnati, Ohio

Manisha Hariani 
Roanoke Valley School 
Roanoke, Virginia

Thomas Havel 
Stadium High School 
Tacoma, Washington

Elizabeth Hedgepeth  
Mt. Ararat School 
Topsham, Maine

Sharon Heineman 
Sabinal High School 
Sabinal, Texas

Charlsa Henderson 
Wellington High 
Wellington, Florida

Dean Heyenga 
Oceanside High 
Leucadia, California

Lynn Higgins 
Proviso Twnship H.S. 
Maywood, Illinois

Linda Hill 
Bothel High School 
Bothell, Washington

Steve Hilton 
L.H. Watkins H.S. 
St. Louis, Missouri

Phyllis Hoar 
G H Braddock Sr. H.S. 
Miami, Florida

Glenda Holmes 
Wilson Senior H.S. 
Washington, D.C.

Jennifer Huntsperger 
Gadsden H.S. 
Anthony, New Mexico

Chad Husting 
Bishop Fenwick H.S. 
Middletown, Ohio

Matt Huston 
Flint Hill School 
Oakton, Virginia

Craig Huff 
University High  
Irvine, California

James Ingram 
San Andreas H.S. 
Holister, California

Teresa Jimarez 
Coronado H.S.  
El Paso, Texas

Elizabeth Jones 
Springbrook H.S. 
Silver Springs, Maryland

Connie Jones 
Enka High School  
Enka, North Carolina

Dean Karagianes 
Mira Loma H.S. 
Sacramento, California

Carl Katsu 
Fairfields Area School 
District 
Fairfield, Pennsylvania

Arnold Kaufman 
Jefferson High School 
Brooklyn, New York

LaToy Kennedy 
GAMSEC-MC A&T State 
Greendboro, North Carolina



98 Global Systems Science Ozone

Hellon Key 
Oakland Technical High 
Oakland, California

Rick Kincaid 
Glenelg High School 
Glenelg, Maryland

Wesley Knapp 
Scotia-Glenville Schools 
Scotia, New York

Marjory Knights 
MacArthur Sr. N. H.S. 
Hialeah, Florida

Frank Kowalczyk 
State College High 
State College, Pennsylvania

Al Krulock 
Mission High School 
Mission, Texas

Joseph Krupens 
Bell J. High School 
San Diego, California

R. James Kurtz 
Univ. Detroit Jesuit H.S. 
Detroit, Michigan

Victoria Lamkey 
Wichita N. High School 
Wichita, Kansas

Peter Leddy 
Norton High School 
Norton, Massachusetts

Steve Lege 
Davis Senior H.S.  
Davis, California

Angela Lewis 
Stoneman High School 
Parkland, Florida

Jim Lockard 
Shawnee Mission E. H.S. 
Prarie Village, Kansas

Janice Lord-Walker 
Skyline High School 
Oakland, California

Kerry Lohr 
Highline High School 
Seattle, Washington

James Lucey 
Wilton High School 
Wilton, Conneticut

Melissa Marchino 
Heritage High School 
Littleton, Colorado

Michael Martin 
Iowa City Schools 
Iowa City, Iowa

Carl Max 
Los Alamos H.S. 
Los Alamos, New Mexico

Megan McCarthy 
Kingston Junior High 
Kingston, Washington

Elizabeth McCullough 
Thomas Johnson H.S. 
Frederocl, Maryland

Jake McDermott 
Brattleboro Union H.S. 
Brattleboro, Vermont

Robin McGlohn 
Burton Academy 
San Francisco, California

Nancy McIntyre 
Chaminade College Prep  
West Hills, California

Donna Millett 
Attleboro High School 
Attleboro, Massachusetts

Hector Montano 
Canutillo High School 
Canutillo, Texas

Catalina Moreno 
Boston Public Schools 
Boston, Massachusetts

Donna Morey 
Fair High School 
Little Rock, Arkansas

Isabella Morrison 
Shorewood H.S. 
Seattle, Washington

Sandra Morrow 
Hot Springs H.S. 
Truth or Consquences, New 
Mexico

Cindy Y. H. Moss 
Cicero-N. Syracuse H.S.  
Cicero, New York

Irene Munoz 
North CarolinaaliforniaR 
Boulder, Colorado

Stephen Nakano 
Waipahu High School  
Waipahu, Hawaii

Patricia Owens 
Homewood H.S.  
Birmingham, Alabama

Shelly Pelham 
Garrison Forest School  
Owings Mills, Maryland

Glenda Pepin 
Dorsey H.S. 
Los Angeles, California

Kenneth Pitman 
Heritage High School  
Littleton, Colorado

David Podd 
Rio Tierra J.H.S. 
Sacramento, California

Gilbert Richardson 
Shabazz High School  
Madison, Wisconsin

Amy Ryken 
Berkeley High School  
Berkeley, California

Faimon Roberts 
LSU Lab School 
Baton Rouge, Louisiana

Robena Robinett 
North Caroline H.S.  
Ridgely, Maryland 

Brian Rogan 
Dublin School 
Dublin, New Hampshire

Lina Russ 
Alice Deal H.S. 
Washington, D.C.

Thomas Russell 
San Pedro High School  
San Pedro, California

Fernando Salvador 
City as School H.S.  
New York, New York

Sallie Sanders 
North Atlanta H.S. 
Atlanta, Georgia

Erin Servillo-Gross  
AIM Center 
Trenton, New Jersey

Alan Sills 
West Essex Reg. H.S.  
North Caldwell, New Jersey

L. Trevor Smith 
Troy High School 
Troy, Michigan

Doug Squire 
Union H.S. 
Union, Oregon

Joseph Stanislaus 
Samoa High School 
Pago Pago, American Samoa

John Stegmaier 
Gunnison High School  
Gunnison, Colorado

Thelma Stepan 
Holy Cross H.S. 
Waterbury, Conneticut

Michelle Stern 
Terra Linda H.S. 
San Rafael, California

Elizabeth Stewart 
Westside High School  
Memphis, Tennessee

Ellen Strother-Pitts  
Western Sr. H.S.  
Baltimore, Maryland

Richard Sturgeon  
Glastonbury High  
Glastonbury, Conneticut

Cindy Suchanek  
Mira Loma H.S.  
Sacramento, California

Christopher Sullivan  
E. Longmeadow H.S.  
E. Longmeadow, Massachu-
setts

Irene Swanson  
Northridge High  
Northridge, California

Teresa Thompson  
Grapevine H.S.  
Grapevine, Texas

Jane Ann Toth  
East High School  
Kansas City, Missouri

Louis Tremblay 
Avon High School 
Avon, Conneticut

Jon Valasek 
School for Math/Sci. 
Columbus, Mississippi

Larry Walker 
Academy of Sci/Tech 
Conroe, Texas

Charles Walsh 
Vianney High School  
St. Louis, Missouri

Margery Weitkamp 
Chaminade College Prep. 
West Hills, California

Tom Wellington 
Wilton High School 
Wilton, Conneticut

Tom Wellnitz 
Shore Country School 
Beverly, Massachusetts

Fred Wetzel 
Science Hill H.S.  
Johnson City, Tennessee

Jane Whitaker 
Lenoir City H.S. 
Lenoir, Tennessee

Rich White 
Cholla High School 
Tucson, Arizona

Patrick Wildermuth  
Lowell High School  
San Francisco, California

Belinda Wight 
John T. Hoggard H.S.  
Wilmington, North Carolina

Peter Wilding 
San Rafael H.S.  
San Rafael, California

Bill Williams  
Williamsburg Scools  
Williamsburg, Virginia

Rocky Wolf  
Sonora High School  
Sonora, California

Agnes Wu  
Greyhills High School  
Tuba City, Arizona

Ron Yob  
Native American Learning 
Center  
Grand Rapids, Michigan

Jonathan Yoder  
North Salem High School  
Salem, Oregon.

Paul Zastrow  
Hood River Valley High  
Hood River, Oregon.

Anne Zellinger  
Kahuku High School  
Kahuku, Hawaii

Glenn Zwanzig  
DuPont Manual H.S.  
Louisville, Kentucky



Global Systems Science Ozone 99



114 Global Systems Science Energy Use

h
tt

p
:/

/l
aw

re
n

ce
h

al
lo

fs
ci

en
ce

.o
rg

/g
ss

G
lo

b
al

 S
ys

te
m

s 
Sc

ie
n

ce


	1. Strange Happenings
	2. Ozone in Nature
	3. The Danger of UV to Living Things
	4. CFCs Are Invented
	5. A Mystery Solved
	6. The Loss of ’84 and the Surprise of ’85
	7. Expedition to Antarctica 
	8. Measuring Ozone
	9. Global Efforts to Recover Ozone
	10. The Other Face of Ozone
	11. Hazards of Ozone in the Troposphere
	Bibliography
	Acknowledgments	
	BackCover.pdf
	1. How People Use Energy
	2. Energy Basics
	3. Fossil Fuels
	4. Field Trip to a Power Plant
	5. America Plugged In
	6. Energy in Society
	7. Energy for Lighting
	8. Energy for Heating and Cooling
	9. Energy for Transportation
	10. Our Energy Future
	Bibliography
	Acknowledgments	




