OUR CLIMATE?

In the past few years stories about
“global warming”” have filled the

| pews. Scientists have warned that the
 world’s climate may grow warmer if

, the activities of our civilization con-

. tinue to spew carbon dioxide and cer-
: tain other gases into the atmosphere.
 The possible consequences might

| include the flooding of many coastal
cities, the disruption of current

b weather patterns, and the failure of

I many agricultural products and eco-

' logical species. But there is no firm

b evidence that global warming has yet
 begun. So the question is whether

E our nation and others should under-
take measures now to cut our produc-
- tion of carbon dioxide—just in case.
[t sounds prudent, but many of the
measures may affect you personally.

E The carbon dioxide that civilization

' has added to the atmosphere comes

: from the burning of fossil fuels—

- coal, oil, and gas. These fuels stoke

L our electrical power plants and power
- our automobiles. Will you one day

. have to choose between your car or
your climate?

Before humans came along,
Farth’s atmosphere already contained
© some carbon dioxide, and this carbon
. dioxide, along with water vapor and
a few other gases in the atmosphere,
has made our planet more comfort-
ably warm than it would be without

. them. But our civilization is adding

. roughly 22 billion tons of carbon
dioxide into the air every year, and
much of that carbon dioxide will stay
there for 50—200 years. As a result,
most scientists concur that the Earth
will grow warmer. However, they
don’t know for sure how high the
mercury will rise nor how fast it will
climb. The global temperature seems
to have risen between 0.3 and 0.6 C°

ARE MANUFACTURED
EMISSIONS OF CO, WARMING

over the last 100 years, but no one
can prove beyond doubt that carbon
dioxide was the cause.

The climate is such a complex
system that making firm predictions
requires very sophisticated computer
models. Nevertheless, it is rather easy
to understand the basic mechanism
by which carbon dioxide now warms
our planet. In this essay we try to un-
derstand by a simple model exactly
what factors and equations determine
the temperature of the Earth as we
know it. That will help us in turn to
understand how an increase in car-
bon dioxide is likely to affect this
temperature.

The Earth’s temperature is largely
determined by the radiation it re-
ceives from the sun. The sun, like all
warm bodies, such as smoldering logs
or glowing light bulbs, radiates heat
in the form of electromagnetic radia-
tion. For our purposes here, you
need to know only that electromag-
netic radiation is a form of wave mo-
tion and that the waves carry energy.
The intensity of radiation I emitted
by any body is very strongly depen-
dent on the temperature of that
body, according to a relation known

as the Stefan-Boltzmann law:

I = eoT?, 1)

where [ is the power (in watts) ra-
diated from a 1-m? area of any object
that is at a temperature 7 (K). Two
constants appear in this equation: o is
known as the Stefan—Boltzmann con-
stant (5.67 X 1078 W/m?-K*) and €
is the emissivity of the radiating body,
that is, its tendency to give off radia-
tion. For a perfect radiator, € = 1,
and for other bodies € < 1. Note the
strong dependence of the radiated
power on temperature: a body with
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twice the temperature will radiate 16
times more energy over the same
time interval.

Problem 1

Use the Stefan—Boltzmann law to estimate
the intensity of the solar radiation emitted
by the sun, assuming that it is a perfect
radiator and that its surface temperature
is 6000 K. Then find the solar intensity
at the Earth’s surface, remembering that
the solar energy will be spread over a
spherical surface whose radius is equal

to the mean distance from the sun to the
Earth (1.495 X 10% m). The sun’s
radius is about 6.96 X 108 m.

The rate of solar energy reaching the
Earth per unit area is known as the
solar constant S and its measured
value is approximately 1360 W/m?2
(Why do you think that the answer
you calculated was somewhat larger
than the measured value?) If that en-
ergy continually streamed into the
Earth, and the Earth radiated no en-
ergy back, our planet would continue
to get warmer and warmer. For the
Earth (or any object) to remain at an
equilibrium temperature, the rate of
energy absorbed by the Earth must be
exactly balanced by the rate of energy
radiated outward by the Earth. This
principle of energy balance deter-
mines the temperature of the Earth.
The solar constant tells us the
power of radiation falling on each
unit of area. To find the radiation in-
tercepted by the Farth we must multi-
ply the solar constant by the area of
the two-dimensional projection of
Earth’s surface. This projection is a
circle whose area equals mRZ. Not all
this solar power is absorbed by the
Earth: measurements indicate that
about 30% of the incident sunlight is
reflected back to space. This reflectiv-
ity is called the albedo « and it is ex-
pressed in terms of the fraction of
sunlight (0.3) that is reflected. A frac-
tion (1 — a) is absorbed by the Earth.

calculation we assume that the emis-
sivity of the Earth is 1. Equating the
incoming solar power to the power
radiated by the Earth, we get

7R (1 — a)S = 4wR%eTy (2)
or
(1 - a)S/40 = TL (3)
Solving for T, we get

T = [(1 — @)S/4a]V/4
= 955 K (— 18°C). (4)

This temperature is in fact just about
the temperature that satellites have
measured at the outer edge of the at-
mosphere. It sounds pretty chilly! But
remember that in this calculation we
have ignored the atmospheric gases
that surround the Earth. The actual
average global temperature at the sur-
face of the Earth is a much more
comfortable T, = 288 K (15°C), or
33 C° warmer. The Earth’s surface is
kept at this more habitable tempera-
ture by its blanket of atmospheric
gases and particles (Fig. 1).

Actually, there are only certain
gases within the atmosphere that help

FIGURE 1
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keep the surface warm. Those gases,
which we call “‘greenhouse gases,”
have two key properties: they largely
transmit radiation at very short wave-
lengths, such as the solar radiation,
and they strongly absorb radiation at
longer wavelengths, such as those
emitted by the Earth. (The radiation
emitted by the Earth—or by any
other body at about room
temperature—is called *‘thermal en-
ergy.”’) The curves in Fig. 2a show
how the intensity of radiation emitted
from a perfect radiator varies with
wavelength. The purple curve corre-
sponds to a body (like the sun) ata
temperature of 6000 K, and the red
curve represents a body at 255 K (like
the Earth). The curves in Figs. 2b and
2¢ show the wavelengths at which the
main greenhouse gases—-carbon
dioxide and water—absorb this radia-
tion. Although both these gases ab-
sorb radiation at several wavelengths
emitted by the Earth, only water
vapor appreciably absorbs some of
the radiation from the sun. Thus
most solar radiation passes straight
through to the Earth but a lot of the

Data taken by satellites to study Earth’s climate. The colors here
show how much long-wavelength radiation is trapped by clouds—an effect that
tends to warm the Earth. Note the high intensities over the Indian Ocean, where
there are deep cirrus clouds. Clouds also reflect radiation, tending to cool the
Earth. In the normal atmosphere the net effect of clouds is to cool the climate.

The power radiated by the Earth
is the intensity given by the Stefan—
Boltzmann law multiplied by the sur-
face area of the Earth, 47R3. For this
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L TFarth’s radiation gets trapped by the

t atmosphere.

] To get an intuitive idea of how

| these gases affect the temperature,

| imagine that Earth initially did not
 have this blanket of greenhouse gases
L g0 that its surface was at the tempera-
ture of 255 K we calculated earlier.

- Suppose some greenhouse gases are

~ now suddenly added to the Earth’s at-
:'\;" mosphere. At first Earth’s surface will
L continue to radiate the amount of
energy dictated by its temperature ac-
. cording to the Stefan—Boltzmann

L law: that intensity just balances the in-

i ward flux from the sun. But now the

- greenhouse gases will absorb some of
this energy. These gases will reradiate
. the energy, some of it back to Earth’s
- surface. The surface now will receive
more energy than it is giving off and
must warm. As it warms it will give off
more radiant energy. The surface will
continue to warm until it reaches the
temperature at which the energy
fluxes balance.

We can calculate the tempera-

ture at which the Earth will reach this
balance by constructing a simple
model. See Fig. 3. The model has two
layers: the atmosphere and Earth'’s
surface. We make the simplifying as-
sumption that the sun’s radiation $’
passes unattenuated through the
greenhouse gases to the surface, but
that Earth’s thermal radiation, de-
noted E, is completely trapped by
the greenhouse gases in the atmo-
sphere. These atmospheric gases ab-
sorb Earth’s radiation and they re-
radiate the energy uniformly in all
directions, as shown by the arrows la-
beled A. You can see from the dia-
gram that the net effect is that
Earth’s surface receives not only the
radiation from the sun but also the
power reradiated by the atmosphere.
In Fig. 3 the incoming solar radi-
ation is denoted by §’, and its value
is just the unreflected solar energy
(1 — a)S divided by 4. (The factor of
4 comes from the fact that the radia-
tion emitted by the Earth is propor-
tional to its total surface area while
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FIGURE 2 (@) Purple and red
curves show the intensity of radiation
emitted at each wavelength for perfect
radiators at 6000 K (purple curve) and
255 K (red curve). The purple curve
approximately represents the incom-
ing solar radiation, and the red curve
approximates the Earth’s outgoing ra-
diation. (b, ¢) Peaks in these curves
show the wavelengths at which mole-
cules of water and carbon dioxide in
the atmosphere strongly absorb radia-
tion. Note that these gases absorb
more of the Earth’s radiation than the
solar radiation. Adapted from J. P.
Pleixoto and H. O. Oort, Physics of
Climate, American Institute of Physics,
1992, Fig. 6.2.

the radiation that Earth receives is
proportional to its projected area: the
ratio of those two areas is 4.)

Energy conservation requires
that the energy flows in and out be
balanced at each of the two layers.

1 A=o Tyt

I Atmosphere

A=oTg

E=oT}

FIGURE 3 Simple model of Earth’s
radiation balance relates the incom-
ing radiation from the sun §' to the
radiation emitted by Earth’s surface E
and the radiation emitted by the at-
mosphere A. At the top of the atmo-
sphere the outgoing radiation A must
equal the incoming radiation $'. Simi-
larly, at the Earth’s surface E must
equal §' + A.

Earth's surface







