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QUESTION 1 Several areas of cloud development and potential
storms are shown on this IR image. One is a well-developed tropi-
cal storm named Hurricane Bill. Can you locate this storm?

QUESTION 2 Whatis an advantage of IR images over visible
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images?

This infrared (IR) image produced by the GOES-14
satellite displays cold objects as bright white and
hot objects as black. The hottest (blackest) features

shown are land surfaces, and the coldest (whitest)
features are the tops of towering storm clouds. Recall that
we cannot see infrared (thermal) radiation, but we have developed
instruments that are capable of extending our vision into the long-
wavelength portion of the electromagnetic spectrum.
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1 6-5 ENERGY, HEAT, AND TEMPERATURE Distinguish between heat and

temperature. List and describe the three mechanisms of heat transfer.

The universe is made up of a combination of matter and
energy. The concept of matter is easy to grasp because it is
the “stuff” we can see, smell, and touch. Energy, on the other
hand, is abstract and therefore more difficult to describe. For
our purposes, we define energy simply as the capacity to do
work. We can think of work as being accomplished when-
ever matter is moved. You are likely familiar with some of the
common forms of energy, such as thermal, chemical, nuclear,

" radiant (light), and gravitational energy. One type of energy is

described as kinetic energy, which is energy of motion. Recall
that matter is composed of atoms or molecules that are con-
stantly in motion and therefore possesses kinetic energy.

Heat is a term that is commonly used synonymously
with thermal energy. In this usage, heat is energy possessed
by a material arising from the internal motions of its atoms
or molecules. Whenever a substance is heated, its atoms
move faster and faster, which leads to an increase in its heat
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content. Temperature, on the other hand, is related to the
average kinetic energy of a material’s atoms or molecules.
Stated another way, the term heat generally refers to the
quantity of energy present, whereas the word temperature
refers to the intensity—that is, the degree of “hotness.”

Heat and temperature are closely related concepts. Heat is
the energy that flows because of temperature differences. In all
situations, heat is transferred from warmer to cooler objects.
Thus, if two objects of different temperature are in contact, the
warmer object will become cooler and the cooler object will
become warmer until they both reach the same temperature.

Three mechanisms of heat transfer are recognized: con-
duction, convection, and radiation. Although we present
them separately, all three processes go on simultaneously
in the atmosphere. In addition, these mechanisms operate to
transfer heat between Earth’s surface (both land and water)
and the atmosphere.

Mechanism of Heat Transfer:
Conduction

Conduction is familiar to all of us. Anyone who has touched
a metal spoon that was left in a hot pan has discovered that
heat was conducted through the spoon. Conduction is the
transfer of heat through matter by molecular activity. The
energy of molecules is transferred through collisions from
one molecule to another, with the heat flowing from the
higher temperature to the lower temperature.

The ability of substances to conduct heat varies consid-
erably. Metals are good conductors, as those of us who have
touched hot metal have quickly learned (FIGURE 16.19). Air,
conversely, is a very poor conductor of heat, Consequently,
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conduction is important only
between Earth’s surface and
the air directly in contact with
the surface. As a means of heat
transfer for the atmosphere as a
whole, conduction is the least
significant.
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Much of the heat transport that

occurs in the atmosphere occurs via convection. Convec-
tion is the transfer of heat by mass movement or circu-
lation within a substance. It takes place in fluids (e.g.,
liquids like the ocean and gases like air) where the atoms
and molecules are free to move about.

The pan of water in Figure 16.19 illustrates the nature of
simple convective circulation. Radiation from the fire warms
the bottom of the pan, which conducts heat to the water
near the bottom of the container. As the water is heated,
it expands and becomes less dense than the water above.
Because of this new buoyancy, the warmer water rises. At
the same time, cooler, denser water near the top of the pan
sinks to the bottom, where it becomes heated. As long as the
water is heated unequally—that is, from the bottom up—the
water will continue to “turn over,” producing a convective
circulation. In a similar manner, most of the heat acquired
in the lowest portion of the atmosphere by way of radiation
and conduction is transferred by convective flow.

On a global scale, convection in the atmosphere cre-
ates a huge, worldwide air circulation. This is responsi-
ble for the redistribution of heat between hot equatorial
regions and the frigid poles. This important process is dis-
cussed in detail in Chapter 18.

Mechanism of Heat Transfer:
Radiation

The third mechanism of heat transfer is radiation. As shown
in Figure 16.19, radiation travels out in all directions from
its source. Unlike conduction and convection, which need
a medium to travel through, radiant energy readily travels
through the vacuum of space. Thus, radiation is the heat-
transfer mechanism by which solar energy reaches our planet.

Solar Radiation From our everyday experience, we know
that the Sun emits light and heat as well as the ultraviolet rays
that cause suntan, Although these forms of energy comprise a
major portion of the total energy that radiates from the Sun, they
are only part of a large array of energy called radiation, or elec-
tromagnetic radiation. This array or spectrum of electromag-
netic energy is shown in FIGURE 16.20. All radiation, whether
x-rays, radio waves, or heat waves, travels through the vacuum
of space at 300,000 kilometers (186,000 miles) per second and
only slightly slower through our atmosphere.

N
Long-wave radiation
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Nineteenth-century physicists were so puzzled by the
seemingly impossible phenomenon of energy traveling through
the vacuum of space without a medium to transmit it that they
assumed that a material, which they named ether, existed
between the Sun and Earth. This medium was thought to trans-
mit radiant energy in much the same way that air transmits
sound waves. Of course, this was incorrect. We now know that,
like gravity, radiation requires no material for transmission.

Tn some respects, the transmission of radiant energy par-
allels the motion of the gentle swells in the open ocean. Like
ocean swells, electromagnetic waves come in various sizes.
For our purpose, the most important characteristic is their
wavelength, or the distance from one crest to the next. Radio
waves have the longest wavelengths, ranging to tens of kil-
ometers, whereas gamma waves are the shortest, being less
than one-billionth of a centimeter long.

Visible light, as the name implies, is the only portion
of the spectrum we can see. We often refer to visible light as
“white” light because it appears “white” in color. However, it
is easy to show that white light is really a mixture of colors,
each corresponding to a specific wavelength. Using a prism,
white light can be divided into the colors of the rainbow.
Figure 16.20 shows that violet has the shortest wavelength—

FIGURE 16.20 The
Electromagnetic
Spectrum This diagram
illustrates the wavelengths
and names of various type
of radiation. Visible light
consists of an array of colo
we commonly call the “colo
of the rainbow.”
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0.4 micrometer (1 micrometer is 0.0001 centimeter)—and
red has the longest wavelength—0.7 micrometer.

Located adjacent to red, and having a longer wavelength,
is infrared radiation, which we cannot see but which we can
detect as heat. The closest invisible waves to violet are called
ultraviolet (UV) rays. They are responsible for the sunburn
that can occur after intense exposure to the Sun. Although
we divide radiant energy into groups based on our ability to
perceive the different types, all forms of radiation are basi-
cally the same. When any form of radiant energy is absorbed
by an object, the result is an increase in molecular motion,
which causes a corresponding increase in temperature.

Laws of Radiation To obtain a better understanding of
how the Sun’s radiant energy interacts with Earth’s atmos-
phere and land-sea surface, it is helpful to have a general
understanding of the basic laws governing radiation:

= All objects, at whatever temperature, emit radiant energy.
Thus, not only hot objects like the Sun but also Earth,
including its polar ice caps, continually emit energy.

®  Hotter objects radiate more total energy per unit area
than do colder objects. The Sun, which has a surface
temperature of nearly 6000°C (10,000°F), emits about
160,000 times more energy per unit area than does
Earth, which has an average surface temperature of
about 15°C (59°F).

® Hotter objects radiate more energy in the form of
short-wavelength radiation than do cooler objects.
We can visualize this law by imagining a piece of
metal that, when heated sufficiently (as occurs in
a blacksmith shop), produces a white glow. As the
metal cools, it emits more of its energy in longer
wavelengths and glows a reddish color. Eventually, no

light is given off, but if you place your hand near the
metal, you will detect the still-longer infrared radia-
tion as heat. The Sun radiates maximum energy at 0.5
micrometer, which is in the visible range. The maxi-
mum radiation for Earth occurs at a wavelength of 10
micrometers, well within the infrared (heat) range.
Because the maximum Earth radiation is roughly 20
times longer than the maximum solar radiation, Earth
radiation is often called long-wave radiation, and
solar radiation is called short-wave radiation.

B Objects that are good absorbers of radiation are good
emitters as well. Earth’s surface and the Sun are nearly
perfect radiators because they absorb and radiate with
nearly 100 percent efficiency for their respective tem-
peratures. On the other hand, gases are selective absorb-
ers and radiators. Thus, the atmosphere, which is nearly
transparent to (does not absorb) certain wavelengths of
radiation, is nearly opaque (a good absorber) to others.
Our experience tells us that the atmosphere is transparent
to visible light; hence, it readily reaches Earth’s surface.
This is not the case for the longer-wavelength radiation
emitted by Earth.

16.5 CONCEPT CHECKS

1 Distinguish between heat and temperature.

2 Describe the three basic mechanisms of heat transfer.
Which mechanism is least important as a means of heat
transfer in the atmosphera?

3 In what part of the electromagnetic spectrum does the Sun
radiate maximum energy? How does this compare to Earth?

4 Describe the relationship between the temperature of a
radiating body and the wavelengths it emits.

1 6-6 HEATING THE ATM“SPHEHE Sketch and label a diagram that shows the paths

taken by incoming solar radiation. Summarize the greenhouse effect.

The goal of this section is to describe how energy from the Sun
heats Earth’s surface and atmosphere. It is important to know
the paths taken by incoming solar radiation and the factors that
cause the amount of solar radiation taking each path to vary.

What Happens to Incoming Solar
Radiation?

When radiation strikes an object, three different results
usually occur. First, some of the energy is absorbed by the
object. Recall that when radiant energy is absorbed, it is
converted to heat, which causes an increase in temperature.
Second, substances such as water and air are transparent
to certain wavelengths of radiation. Such materials simply
fransmif this energy. Radiation that is transmitted does not
contribute energy to the object. Third, some radiation may
“bounce off” the object without being absorbed or transmit-
ted. Reflection and scattering are responsible for redirecting

incoming solar radiation. In summary, radiation may be
absorbed, transmitted, or redirected (reflected or scattered ).

FIGURE 16.21 shows the fate of incoming solar radia-
tion averaged for the entire globe. Notice that the atmosphere
Is quite transparent to incoming solar radiation. On average,
about 50 percent of the solar energy that reaches the top of the
atmosphere is absorbed at Earth’s surface. Another 30 percent
is reflected back to space by the atmosphere, clouds, and reflec-
tive surfaces. The remaining 20 percent is absorbed by clouds
and the atmosphere’s gases. What determines whether solar
radiation will be transmitted to the surface, scattered, reflected
outward, or absorbed by the atmosphere? As you will see, it
depends greatly on the wavelength of the energy being transmit-
ted, as well as on the nature of the intervening material.

Reflection and Scattering

Reflection is the process whereby light bounces back from
an object at the same angle at which it encounters a surface
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&8 SmartFigure 16.21 Paths Taken
by Solar Radiation This diagram shows
the average distribution of incoming solar
radiation, by percentage. More solar radiation
is absorbed by Earth's surface than by the
atmosphere.

and with the same intensity (FIGURE 16.22A). By contrast,
scattering produces a larger number of weaker rays that
travel in different directions. Although scattering disperses
light both forward and backward (backscattering), more
energy is dispersed in the forward direction (FIGURE 16.228).

Reflection and Earth’s Albedo Energy is returned to
space from Earth in two ways: reflection and emission of radi-
ant energy. The portion of solar energy that is reflected back to
space leaves in the same short wavelengths in which it came
to Earth. About 30 percent of the solar energy that reaches the
outer atmosphere is reflected back to space. Included in this fig-
ure is the amount sent skyward by backscattering. This energy is
lost to Earth and does not play a role in heating the atmosphere.
The fraction of the total radiation that is reflected by a sur-
face is called its albedo. Thus, the albedo for Earth as a whole
(the planetary albedo) is 30 percent. However, the albedo from
place to place as well as from time to time in the same locale
varies considerably, depending on the amount of cloud cover
and particulate matter in the air, as well as on the angle of the
Sun’s rays and the nature of the surface. A lower Sun angle
means that more atmosphere must be penetrated, thus mak-
ing the “obstacle course” longer and the loss of solar radiation
greater (see Figure 16.14). FIGURE 16.23 shows the albedos
for various surfaces. Note that the angle at which the Sun’s rays
strike a water surface greatly affects the albedo of that surface.

Scattering Although incoming solar radiation travels in
a straight line, small dust particles and gas molecules in the
atmosphere scatter some of this energy in all directions. The
result, called diffused light, explains how light reaches into the
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A. Reflected light bounces
hack from a surface at the
same angle at which it strikes
that surface and with the same
intensity.

B. When a beam of light is
scattered, it results in a larger
number of weaker rays,
traveling in all directions.
Usually more energy is
scattered in the forward
direction than is hackscat-
tered.

area beneath a shade tree and how a room is lit in the absence of
direct sunlight. Further, scattering accounts for the brightness
and even the blue color of the daytime sky. In contrast, bod-
ies such as the Moon and Mercury, which are without atmos-
pheres, have dark skies and “pitch-black” shadows, even during
daylight hours. Overall, about half of the solar radiation that is
absorbed at Earth’s surface arrives as diffused (scattered) light.

Absorption

As stated earlier, gases are selective absorbers, meaning that
they absorb strongly in some wavelengths, moderately in others,
and only slightly in still others. When a gas molecule absorbs
radiation, the energy is transformed into internal molecular
motion, which is detectable as a rise in temperature.

Nitrogen, the most abundant constituent in the atmos-
phere, is a poor absorber of all types of incoming solar
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FIGURE 16.23 Albedo
(Reflectivity) of Variou
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thus have higher albedos,
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radiation. Oxygen and ozone are efficient absorbers of
ultraviolet radiation. Oxygen removes most of the shorter
ultraviolet radiation high in the atmosphere, and ozone
absorbs most of the remaining UV rays in the strato-
sphere. The absorption of UV radiation in the stratosphere
accounts for the high temperatures experienced there. The
only other significant absorber of incoming solar radia-
tion is water vapor, which, along with oxygen and ozone,
accounts for most of the solar radiation absorbed directly
by the atmosphere.

For the atmosphere as a whole, none of the gases are
effective absorbers of visible radiation. This explains why
most visible radiation reaches Earth’s surface and why we
say that the atmosphere is transparent to incoming solar
radiation. Thus, the atmosphere does not acquire the bulk of
its energy directly from the Sun. Rather, it is heated chiefly
by energy that is first absorbed by Earth’s surface and then
reradiated to the sky.

Heating the Atmosphere:
The Greenhouse Effect

Approximately 50 percent of the solar energy that strikes
the top of the atmosphere reaches Earth’s surface and is
absorbed. Most of this energy is then reradiated skyward.
Because Earth has a much lower surface temperature than
the Sun, the radiation that it emits has longer wavelengths
than solar radiation.

warmer than it would otherwise be.

. Some outgoing
longwave
radiation

absorbed by
greenhouse gases
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Bodies with modest amounts of greenhouse gases
like Earth The atmosphere ahsorbs some of the
longwave radiation emitted by the surface. A portion
of this energy is radiated back to the surface and is
responsible for keeping Earth's surface 33°C (59°F)

The atmosphere as a whole is an efficient absorber of the
longer wavelengths emitted by Earth (terrestrial radiation).
Water vapor and carbon dioxide are the principal absorb-
ing gases. Water vapor absorbs roughly five times more ter-
restrial radiation than do all the other gases combined and
accounts for the warm temperatures found in the lower
troposphere, where it is most highly concentrated. Because
the atmosphere is quite transparent to shorter-wavelength
solar radiation and more readily absorbs longer-wavelength
radiation emitted by Earth, the atmosphere is heated from the
ground up rather than vice versa. This explains the general
drop in temperature with increasing altitude experienced in
the troposphere. The farther from the “radiator,” the colder
it becomes.

When the gases in the atmosphere absorb terrestrial
radiation, they warm; but they eventually radiate this energy
away. Some energy travels skyward, where it may be reab-
sorbed by other gas molecules, a possibility that is less likely
with increasing height because the concentration of water
vapor decreases with altitude. The remainder travels Earth-
ward and is again absorbed by Earth. For this reason, Earth’s
surface is continually being supplied with heat from the
atmosphere as well as from the Sun. Without these absorp-
tive gases in our atmosphere, Earth would not be a suitable
habitat for humans and numerous other life-forms. This very
important phenomenon has been termed the greenhouse
effect because it was once thought that greenhouses were
heated in a similar manner (FIGURE 16.24),

Bodies with abundant greenhouse gases like Venus
Venus experiences extraordinary greenhouse
warming, which is estimated to raise its surface
temperature by 523°C (941°F).

Greenhouse
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