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THE SUN-EARTH SYSTEM

III
The Earth’s Atmosphere

Composition and Distribution
of the Atmosphere

The composition of the atmosphere and the
way its gases interact with electromagnetic
radiation determine the atmosphere’s effect on
energy from the Sun—and vice versa. Table 2
lists the major components of our atmosphere
and their relative concentrations.

The atmosphere may conveniently, if rather
arbitrarily, be broken into four layers, depend-
ing on whether the temperature is falling or
rising with increasing height above the Earth’s
surface (Figure 7). The lowest layer, the tropo-
sphere, extends up to about 11 km. It contains
about 75% of the mass of the atmosphere and is
the region in which weather takes place. The

troposphere is heated by energy from the Earth,
so its temperature decreases with altitude: from
about 288 K at sea level to 216 K at its upper
boundary.

Above the troposphere, from about 11 to 50
km altitude, is the stratosphere. This level con-
tains the ozone layer. Ozone, O3, is composed of
three oxygen atoms. This molecule strongly
absorbs certain ultraviolet wavelengths, and the
absorption of this radiation from the Sun heats
the air. So temperature increases with height in
the stratosphere, to about 271 K at its top.

Moving upward, we come to a region in
which the temperature again falls with altitude,
because it has hardly any ozone to absorb radia-
tion. This region, the mesosphere, extends to 90
km or so, where the temperature has fallen to
about 183 K.

The top layer is the thermosphere, where
oxygen molecules, O2, absorb solar radiation at
wavelengths below about 200 nm. The absorp-
tion of this energy increases the energy of the
atoms, raising their temperature, which climbs
rapidly with increasing altitude.

The Atmosphere’s Interaction with
Solar Radiation

The Earth’s atmosphere is like an obstacle
course for incoming solar radiation. About 30%
of it is reflected away by the atmosphere,
clouds, and surface. (The percentage of solar
radiation a planet reflects back into space, and
that therefore does not contribute to the planet’s
warming, is called its albedo. So the albedo
of the Earth is about 30%.) Another 25% is

Table 2
Major Components of the Earth’s Atmosphere

Gas Concentration

Nitrogen, N2 78.1% by volume
Oxygen, O2 20.9% by volume
Argon, A 0.9% by volume
Carbon dioxide, CO2 350 ppm
Water vapor, H2O 0–4%, variable
Ozone, O3 4–65 ppb
Methane, CH4 1,750 ppb
Carbon monoxide, CO 150 ppb
Nitrous oxide, N2O 280 ppb

Note: ppm means parts per million; ppb means
parts per billion
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Figure 7. Atmospheric layers are determined by the way the temperature
changes with increasing height. From J. R. Eagleman, Meteorology: The
Atmosphere in Action. Wadsworth. Reprinted by permission.

THE EARTH’S ATMOSPHERE



14

THE SUN-EARTH SYSTEM

absorbed by the atmosphere and clouds, leav-
ing only 45% to be absorbed by the Earth’s
surface.

Absorption of Solar Radiation
by the Atmosphere

Different gases in the atmosphere absorb
radiation at different wavelengths. Figure 8
is a schematic representation of how much of
each segment of the electromagnetic spectrum
reaches the Earth’s surface. Only the visible
radiation and parts of the infrared and radio
regions penetrate the atmosphere completely.
None of the very short wavelength, high-energy
gamma rays and x-rays make it through. Atmo-
spheric nitrogen and oxygen remove them and
short-wavelength (up to about 210 nm) ultra-
violet radiation as well. Stratospheric ozone
eliminates another section of the ultraviolet
band, between about 210 and 310 nm.

Most of the radiation between 310 nm and
the visible makes it to ground level. It is this
radiation that produces suntans (and sunburns,
skin cancer, and eye damage, if we are not care-
ful) and that is blocked by effective suntan lo-
tions and sunglasses. A slight increase in the
amount of short-wavelength UV radiation that
reaches the Earth could have devastating ef-
fects, and it is the ozone layer that controls how
much of this radiation reaches us.

As we move from the visible toward longer
wavelengths, we see, from Figure 8, that only a
portion of the infrared radiation gets through
the atmosphere. The main constituents respon-
sible for absorbing it are water vapor (H2O) and
carbon dioxide (CO2). Remember that electrons
in atoms have certain energy levels they may
occupy. This is true, too, of molecules such as
H2O and CO2. Molecules are able to vibrate or
rotate, and different vibrational and rotational
modes are associated with different amounts of
energy. Figure 9 is a schematic representation of
these motions. These modes, like the energy
levels of electrons, represent only certain dis-
crete amounts of energy. The difference in the

vibrational and rotational energy levels (E) of
molecules, however, is less than that of elec-
trons in atoms. We know, from Section II, that
electrons can be bumped up to higher levels
when they absorb radiation of the proper wave-
length. We also know that wavelength is in-
versely proportional to the amount of energy
the wave has. Short-wavelength radiation has
more energy than long-wavelength radiation.
So, if E is less for molecules than for atoms, the
wavelengths emitted or absorbed by molecules
are longer—mainly in the infrared part of the
spectrum. These molecules absorb the Sun’s
radiation almost completely over most of the
infrared spectrum, but there are certain wave-
lengths, called “windows,” in which much of
the radiation does reach the Earth. These

Figure 8. Solar radiation reaching the Earth’s surface. At
the top of the atmosphere most of the solar radiation is still
present. By the time the radiation reaches the Earth’s
surface, radiation in most spectral regions has been
removed by the Earth’s atmosphere.
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windows lie in the part of the infrared region
closest to the visible, called the “near” infrared.

Between the near infrared and the radio re-
gion, no radiation reaches the Earth. The radio
region has a wide transparent window from
slightly less than 2 cm to about 30 m. Another
part of the atmosphere, the ionosphere, blocks
out wavelengths longer than 30 m. The iono-
sphere, lying between about 90 and 300 km
above the Earth, contains fairly large concentra-
tions of ions and free electrons. (An ion is an
atom or molecule with either an excess or defi-
ciency of electrons.) Free electrons (electrons
that are unattached to atoms) are primarily
responsible for reflecting the long radio waves.
This has the highly useful side-effect of allow-
ing long-range radio communication by reflect-
ing low-frequency radio waves transmitted
from the ground back toward the Earth.

We see, then, that radiation in most of the
spectral regions does not reach the Earth. How-
ever, the majority of radiation from the Sun lies
in spectral regions for which the Earth’s atmo-
sphere is transparent or partially transparent:
the visible, near ultraviolet, and near infrared.
This is the radiation that is critical to the energy
balance of the Earth and its atmosphere.

Absorption of Earth’s Radiation by the
Atmosphere: The Greenhouse Effect

The presence of gases in the atmosphere that
absorb and reradiate infrared radiation, com-
bined with the fact that the Sun and Earth emit
radiation in different wavelength regions, is the
principal cause of the phenomenon called the
greenhouse effect.

When the Earth, or any body, absorbs radia-
tion, its temperature rises. We know this if we
have ever tried walking barefoot on black pave-
ment on a hot, sunny day. We also know that,
under the same sunlight, some things will get
hotter than others. The sand on the beach will

THE EARTH’S ATMOSPHERE

Figure 9. A two-atom molecule may vibrate and rotate.

Practically none of the Sun’s visible radia-
tion is absorbed by the atmosphere, but
some of it is scattered. The molecules and
tiny dust particles in the atmosphere scat-
ter the shorter-wavelength blue light more
effectively than the longer-wavelength red
light, a phenomenon known as Rayleigh
scattering. What we see when we look at
the sky is light from the Sun that has been
scattered in our direction. Since blue is
scattered most, the sky appears blue.

This same process gives us our red Sun
at sunset and sunrise. When we look di-
rectly at the Sun, we see only the light
from it that has not been scattered out of
the beam. At sunset or sunrise (which are
the only times we may safely look directly
at the Sun), the Sun’s radiation must go
through the maximum thickness of atmo-
sphere. The greater the thickness, the
more the scattering. Since the shorter
wavelengths (violet and blue) are scat-
tered most, what is left when the light
reaches our eyes is light of longer wave-
lengths (red and orange). Even at noon, if
we could look at the Sun we would see it
as slightly more yellow than it actually is.

WHY THE SKY IS BLUE
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be warmer than the water; a dark shirt gets
hotter than a white one. But if we were to mea-
sure the temperature of everything all over the
Earth, we would find a relatively constant long-
time average temperature: 288 K. Solid objects
at any temperature emit radiation at all wave-
lengths, and Wien’s law tells us where, for a
given temperature, the maximum amount of
radiation is emitted. For an object whose tem-
perature is 288 K, this peak is at about 10 mi-
crometers. (A micrometer is a millionth of a
meter.) A more involved calculation would
show that about 60% of the radiation from an
object at 288 K lies between 6 and 17 microme-
ters, the infrared region of the spectrum. So the
majority of the radiation being emitted by the
Earth lies in the near and intermediate infrared,
the very region where, as Figure 10 shows, wa-
ter vapor, carbon dioxide, and ozone are
strongly absorbing. Nitrogen and oxygen,
which comprise over 99% of the atmosphere

by volume, do not absorb energy in the near
infrared, so relatively minor atmospheric con-
stituents turn out to have an importance far
greater than their numbers would indicate.

Figure 11 shows a summary of the radiation
from the Sun arriving at the top of the atmo-
sphere and the radiation leaving the surface of
the Earth. Notice the very different wavelength
regions of the two, a major factor in the green-
house effect. The figure also shows, roughly,
the spectral regions absorbed and transmitted
by the Earth’s atmosphere, listing some of the
gases responsible for the absorption.

Now let us assume that the Earth is in equi-
librium, so that the amount of energy coming in
equals the amount leaving. One thing to keep in
mind is that the Earth may lose energy only in
the upward (or outward) direction, while the
atmosphere and clouds lose part of their energy
in an upward direction and part downward.
The Earth’s surface loses energy not only by

Figure 10. Radiated Earth energy showing atmospheric regions. Note that the
visible region is off the figure to the left.
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radiating it away but also by conduction, con-
vection, and evaporation. The atmosphere,
including clouds, loses energy by radiation
alone.

Figure 12 shows that 70% of the incoming
solar radiation is absorbed by, and heats, the
Earth’s atmosphere and clouds (25%), and sur-
face (45%). The atmosphere also absorbs about
96% (100/104) of the energy that the Earth radi-
ates. (The rest is lost to space.) The gases in the
atmosphere responsible for this absorption—
such as water vapor, carbon dioxide, methane,
and ozone—are the so-called greenhouse gases.
The greenhouse gases reradiate the long-wave-
length radiation back to the Earth’s surface and
to space. They absorb radiation from the Sun
and Earth and emit radiation to the Earth and
space.

From Figure 12, and defining the amount of
energy from the Sun striking the top of the at-
mosphere as 100 units, we can get the following
energy balances:

Atmosphere and Clouds
Energy Gained = 100 + 29 + 25 = 154 units
Energy Lost = 66 + 88 = 154 units
Net Energy = 0

Surface (Land and Oceans)
Energy Gained = 45 + 88 = 133 units
Energy Lost = 104 + 29 = 133 units
Net Energy = 0

Space
Energy Lost = 25+5+66+4 = 100 units
Energy Gained = 100 units
Net Energy = 0

Figure 11. Comparison of solar and Earth radiation. The solar curve is scaled to
equal the Earth’s curve at the peak.

THE EARTH’S ATMOSPHERE
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The net energy is zero at each level—the top
of the atmosphere, inside the atmosphere, and
at the Earth’s surface. We can see immediately
that the Earth is warmer due to the greenhouse
gases in its atmosphere than it would be with-
out them. It gains 133 units with the atmo-
sphere present, only 90 units without it
(assuming that if there were no atmosphere the
Earth’s surface would reflect 10% of the inci-
dent energy). The process is referred to as the
greenhouse effect.

One way of looking at the greenhouse effect
is to think of the carbon dioxide or other green-
house gases as a one-way filter; their increase in
the atmosphere only negligibly affects the
amount of radiation reaching the Earth, but it
significantly affects the amount leaving it.

Now assume that all of the other components

of the atmosphere remain at a fixed concentra-
tion, but that the amount of CO2 increases due
to, for example, continued burning of fossil
fuels. This means that more of the Earth’s radia-
tion will be absorbed and reemitted back to-
ward the surface, increasing the net amount of
energy striking the Earth. This net increase in
energy absorbed by the Earth will result in a
temperature increase.

Some greenhouse gases are much more effec-
tive in trapping the Earth’s radiative energy
than others. Figure 13 shows the way different
atmospheric gases absorb radiation at different
wavelengths. These atmospheric gases account
for the overall absorption of radiation by the
atmosphere. Although these gases (except for
water vapor) are present in the atmosphere in
only trace amounts (parts per billion to parts

Figure 12. An illustration of how the atmosphere and clouds act to trap energy
from the Earth’s surface and reradiate most of it back to the Earth. This raises
the surface temperature by about 33 K above what it would be without the
atmosphere. From S.H. Schneider, “The Changing Climate,” Scientific
American 261 (3), p. 72. Reprinted by permission.
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The term greenhouse effect, strictly speak-
ing, is a misnomer. It developed from the
assumption that the glass panes on a
greenhouse serve the same purpose as the
carbon dioxide and water vapor in the
atmosphere: they let visible solar radiation
in but trap much of the long-wavelength,
infrared radiation. (In the case of the
greenhouse, infrared radiation is emitted
by the soil, plants, etc., inside.) Studies
have shown, however, that the glass panes
of a greenhouse contribute to its heating
more by keeping the air inside from mix-
ing with the outside air than by absorbing
the outgoing radiation. Still, the term con-
tinues to be used in describing the warm-
ing effect of certain gases in the
atmosphere.

Figure 13. Absorption of different wavelengths by trace
gases and H2O in the atmosphere. The scale at left shows
the percent of absorption; along the bottom is the
wavelength. For example, carbon dioxide absorbs almost
all the incoming radiation at 2.6 and 4.3 micrometers.

per million), they are producing essentially all
of the absorption of radiation, so a slight change
in their concentrations will produce a large
change in the amount of radiation absorbed.
Also notice that water vapor (H2O) and carbon
dioxide (CO2) are absorbing essentially 100% of
the radiation in their absorption regions,
whereas methane (CH4) and nitrous oxide
(N2O) are not. It is not as easy for carbon diox-
ide and water vapor to absorb additional radia-
tive energy as it is for methane and nitrous
oxide. Also, methane and nitrous oxide have
absorption regions closer to the peak of the
Earth’s radiation spectrum. The combination of
these two facts means that, for example, an
increase in methane is 25 times as effective at
absorbing radiation from the Earth as is the
same relative increase in carbon dioxide, even
though methane’s concentration is only about
half of 1% that of carbon dioxide. Chlorofluoro-
carbons are also trace gases that are very profi-
cient at absorbing terrestrial radiation.

WHY DO WE CALL IT THE GREENHOUSE EFFECT?

While it is true that the Earth is warmer due
to its atmosphere than it would be otherwise, as
of this writing there is no definitive answer to
the question of how rapidly and severely an
increase in atmospheric concentrations of CO2
and other greenhouse gases will increase the
Earth’s surface temperature. This is because
other effects occur when the Earth’s surface
begins to warm. There might, for instance, be
an increase in cloud cover, which would reduce
the rate at which the temperature increases.

The question of what effect changes in atmo-
spheric composition will actually and ulti-
mately have is enormously complex because
the Earth’s climate system is complex and we
have yet to understand, or even define, all of
its components.

What is clear is that gases capable of
warming the Earth are building up in the atmo-
sphere. See Figures 14 and 15 as examples of the
measured increase in concentration of CO2 and
CH4 in our atmosphere.

By now you should have an understanding

THE EARTH’S ATMOSPHERE
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of how and where the Earth’s external energy is
produced, the nature of this electromagnetic
energy, and how it interacts with the Earth and

its atmosphere to produce an environment that
is, so far, relatively comfortable to the Earth’s
inhabitants.

Figure 14. The concentration of carbon dioxide in the air as measured at the
Mauna Loa Observatory from 1958 to 1986. Units of concentration are parts
per million by volume. From John Firor, The Changing Atmosphere: A
Global Challenge. Yale University Press, 1990. Reprinted by permission.
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Problems

1. Quantitatively, the wavelength dependence
of Rayleigh scattering is 1/λ4. How much
more strongly is blue light (say, 400 nm)
scattered by the atmosphere than red light
(use 700 nm)?

2. What color would the sky be if the atmo-
spheric scattering were the same average
strength as at present, but not dependent
on wavelength?

3. The energy level separation that produces
the hydrogen red line at 656.3 nm is 3.03 x
10–19 joules. What is the difference in energies
of the two levels of CO2 that produces its
absorption at 4,300 nm?

4. In what part of the spectrum does the CO2

absorption in the above problem occur?

5. If the atmosphere did not absorb in the infra-
red, would the Earth’s surface be warmer or
cooler?

Figure 15. The concentration of methane in the
atmosphere at various times in the past as deduced from
measurements of air trapped in ice cores (1480–1950) and
from direct measurements of air samples (after 1950). The
concentration is plotted in parts per billion by volume.
From John Firor, The Changing Atmosphere: A Global
Challenge. Yale University Press, 1990. Reprinted by
permission.
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