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NATURAL PROCESSES AND HUMAN WELL-BEING

The energy thar drives the hydrologic cycle is energy
tfrom the sun—indeed, this functon is the iargest single
user of the solar energy reactung Earth’s surface. The
reason so much energy is required is that it takes a great
deal of energy to evaporate water — 2250 joules per gram
arthe bouing point of 100° C and 2440 joules per gram at
Earth’s average surface temperarure of 15° C. (This is
the highest heat of vaporization of any known substance. )

[t takes fifty umes as much energy to evaporate a gram of

water as it does to lift 1t 1o an altitude of 5 kilometers. The
energy used to evaporate the water is stored as latent heat
of vaporization (see Box 2-1), which is released to the
environment as heat whenever and wherever the water
vapor condenses into liquid. Thus, energy delivered by
the sun at one point on Earth's surface may be released
high in the atmosphere over a point 1000 kilometers
away. This mechanism of redistnbuting energy by the
ransport and condensation of water vapor is a major
determinant of Earth’s ¢limate.

As rioted above. the energy the sun supplies at the ume
0t evaporation reappears as heat at the time of condensa-
uon. Sinularly, the smaller amount of solar energy thar
does the work of lifting the water vapor against the force
ot gravity appears as frictional heat when falling dropiets
of condensed vapor collide with molecules of air and
when rushing mountain sreams rub against their rocky
beds. That ali the energy the sun supplies to terrestrial
processes comes back again 1n one form or another 1s not
cowncidence or quirk, but an illustration of the first law of
thermodynamics—the taw of conservation of energy.
Further excursions mnto the machinerv of the phvsical
world—and of human technology —will require some
lamibianty with this law and with its companion, the
second law of thermodvnamics, so an introduction 1o
both 15 provided in Box 2-3.

ATMOSPHERE AND CLIMATE

The blanket of gases that makes up Earth’s atmosphere
has many funcuons. Of the four elements required in
greatest quanuty by living organisms [carbon (C), ox-
vgen (O), hydrogen (H), nurogen (N)] the atmosphere
provides the main reservorr of one (N), the most access-
ibie reservour of two others (C. O ). and an essential link 10

the contanuous recycling of the fourth (H, in the form of
H,O). The atmosphere is substantial enough to protect
the organisms on Earth’s surface from a variery of
harmtu] particies and radiatiens that reach the planet
from the sun and from space, but it is transparent enough
to permut an adequate amount of life-giving sunlight to
penetrate to that surface. Acting as a thermal insulator,
the atmosphere keeps Earth’s surface much warmer, on
the average, than it would be if there were no armo-
sphere. And the surnngs of the atmosphere, ansport-
ing energy and moisture from one place to another. are a
major part of the patterns of climate so unportant to the
character and distribution of life.

For simplicity, we begin our invesugation of the
atrmosphere by ignoring its internal vertical and horizon-
tal mouons and considering its properties as a static body

of gas.

Air

The term at'r refers 1o the parucular mixmure of gaseous
compounds making up the atmosphere. The average
composition of this mixrure, not inciuding water, is
shown n Table 2-11. An imporiant property of gases is
that a given number of molecuies at a given temperature
and pressure will occupy almost exactly the same vol-
ume, regardiess of the mass or size of the molecules. This
property has led to the use of the somewhat confusing
terms percent bv volume or fraction bv volume 1o describe
the relatve abundance of the various consuruents of
gaseous muxtures. That is, if three-quarters of the
molecules in a container of fixed volume are gas 4 and
one-quarter are gas . one can think of gas A as
“occupymg” three-fourths of the volume and gas B as
“occupying” one-tourth, (What 1s happening in realiry,
of course. 15 that both gases, mixed together. occupy the
whole volume, with gas - accounting for three-fourths
of the pressure in the volume and gas B accounung for
one-tourth of the pressure.) We will use the term
molecular fraction (number of molecules of a constituent
divided by the total number of molecules in the muxTUre),
because it 15 unambiguous and works for solids and
biquids as wetl as gases. The reader should stmply be
aware that thus term 35 interchangeable with the term

N



TABLE 2-11

Average Composition of Clean Dry Air

Molecular Malecular Mass fraction

Constieusn; Swmbol wetght fracton of arr of arr
Nirogen N, 28 0.7809 0.755
Oxygen 0, 32 0.2095 0.232
Argon Ar 40 0.0093 0.013
Carben Dioxide CO, + 320 ppm 486 ppm
Neon Ne 20 18 ppm 12 ppm
Helium He 4 5.2 ppm 0.7 ppm
Methane CH, 16 2.9 ppm 1.6 ppm
Krvpron Kr 84 1.1 ppm 3.2 ppm
Nirous Oxide N,O H 0.5 ppm 0.8 ppm
Hvdrogen H, 2 0.5 ppm 0.03 ppm
Qzone Q, 48 3.01 ppm 0.02 ppm

Source: Garrels, Mackenzie, and Hunt, Chemical oveles.

BOX 2.3 Availabiliry, Entropy, and the Laws of Thermodynamics

Many processes in nature and in technology
involve the transformation of energy from one
torm into others. For example, light from the sun
15 wansformed, upen striking a meadow, into
thermal energy in the warmed soil, rocks, and
plants; into tatent heat of vaporization as water
evaporates from the soil and through the surface
of the plants; and into chemical energy captured
1n the plants by photosynthesis. Some of the
thermal energy, in turn, is transformed Into
infrared electromagnetic radiation heading
skvward. The imposing science of thermody-
namics is just the set of principles governing the
bookkeeping by which one keeps track of energy
as 1t moves through such transformations. A
grasp of these principles of bookkeeping is es-
senuai 1o an understanding of many problems in
environmental sciences and energy technology.

The essence of the accounting 1s embodied in
two concepts known as the first and second Jaws
of thermodynamics. No exception to either one
has ever been observed. The first law. also known
as the law of conservauon ot €nergy, savs that
energy can neither be created nor destroved. If
energy n one form or one piace disappears, the
same arnount must show up in another form or
another place. In other words, although trans-
formatons can alter the distmbution of amounts
of energy among its different forms, the rotal
amount of energy, when ail forms are taken into
account, remains the same. The term energy
consumption, thetetore, is a misnomer: energy is
used, but it is not reallv consumed. One can
speak of fuel consumpuon, because tuel. as such.

does get used up. But when we burn gasoline, the
amounts of energy that appear as mechanical
energy, thermal energy, electromagnetic radia-
uon, and other forms are exactly equal ail
together to the amount of chemical potential
energy that disappears. The accounts must
alwavs balance; apparent exceptions have in-
variably turned out to stem from measurement
errors or tfrom overtooking categories. The im-
mediate retevance of the first law for human
affairs 1s often stated succinctly as, “You can’t
get something for nothing.”

Yet. if energy is stored work, it might seem
that the first iaw is also saying, “You can't lose!”
(by saying that the total amount of stored work in
all forms never changes). If the amount of stored
work never diminishes, how can we become
worse off? One obvious answer is that we can
become worse off if energy flows to places where
we can no longer get at it—for example, infrared
radiation escaping from Earth into space. Then
the stored work is no longer accessible to us,
although ir still exists. A far more fundamental
point, however. is that different kinds of stored
work are not equallv convertible into useful,
appited work. We can therefore become worse off
if energy 1s transtormed from a more convertible
form to a less convertible one, even though no
energy 1s destroved and even if the energy has
not moved to an inaccessible place. The degree
of convernbility of energy—stored work —into
applied work 15 often called availability.

Energy in forms having high availabilitv (that
1s, in which a relanvely large fraction of the

(Continued)
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80X 2-3 (Conninued }

stored work can be converted into appiied work)
s often czlied high-grade energy. Correspond-
ingly, energy of which only a smali fraction can
be converted to applied work is calied low-grade
energy, and energy that moves from the former
category to the lamer is said to have been
degraded. Electricity and the chemical energy
stored in gasoline are examples of high-grade
energy; the infrared radiation from a light bulb
and the thermal energy in an automobile exhaust
are corresponding examples of lower-grade en-
ergy. The quantitauve measure of the availabil-
ity of thermal energy is temperarure. More
specifically, the larger the temperature difference
berween a substance and its environment, the
more convertible into applied work is the ther-
mal energy the substance contains; in other
words, the greater the temperature difference.
the greater the availability. A small pan of water
boding at 100° C in surroundings that are at
20° C represents considerabie available energy
because of the temperanuire difference; the water
in a swimming pool at the same 20° C tempera-
ture as the surroundings contains far more total
thermal energy than the water in the pan, burt the
avaiability of the thermal energy in the swim-
ming pool is zero, because there is no tempera-
ture difference between it and its surroundings.

With this background, one can state succinctly
the subtle and overwhelmingly important mes-
sage of the second law of thermodvnamics: all
physical processes, natural and technological, pro-
ceed in such a wav that the availability of the
energy tnvolved decreases. (ldealized processes
can be constructed theorerically in which the
avatlability of the energy involved stays constant,
rather than decreasing, but in all real processes
there is some decrease. The second law savs that
an increase is not possible, even in an ideal
process.) As with the first law, apparent viola-
aons of the second law often stem from leaving
something out of the accounung. In many pro-
cesses, for example, the availabilitv of energy in
some part of the affected svstem increases. but
the decrease of availability elsewhere 1n the
system 1s always large enough 10 result in a net
decrease 1n availability of energy overall. What is
consumed when we use energy, then, is not
energy itself bur its availability for doing useful
work,

The statement of the second law given above is
decepuvely simple: whole books have been writ-

ten about equivalent formulations of the law and
about 1ts implications. Among the most impor-
tant of these formulations and implications are
the following:

1. In any mansformanon of energy, some of
the energy is degraded.

2. No process is possible whose sole resuit is
the conversion of a given quantity of heat
(thermal energy) into an equal amount of
useful work.

3. No process is possible whose sole result is
the flow of heat from a colder bedy to a
hotter one.

4. The availability of a given quanuty of
energy can only be used once; that is, the
property of convertibiliry into useful work
cannot be “recycled.”

5. In spontanevus processes, CORCEntrations
(of anything) tend to disperse, structure
tends to disappear, order becomes disorder.

That Statements | through 4 are equivalent to or
follow from our original formulation is readily
vertfied. To see that statement 5 is related to the
other statements, however, requires establishing
a formal connection between order and avail-
abitity of energy. This connection has been
established i1n thermodynamuics through the con-
cept of entropy, a well defined measure of
disorder that can be shown 10 be a measure of
unavailability of energy, as well. A statement of
the second law that contains or is equivalent to
all the others 1s: all phvsical processes proceed tn
such a way that the emtropy of the umiverse
tncreases. {INot only can’t we win — we can’t break
even, and we can’t get out of the game!)
Consider some evervday exampies of vanous
aspects of the second law. If a partitioned
container is filled with hot water on one side and
cold water on the other and 1s left to tself, the hot
water cools and the cold water warms—heat
flows trom hotter 1o colder. Note that the oppo-
site process (the hot water getang hotter and the
cold getung colder} does not violate the first law,
conservauon of energy. Thar it does not occur
illustrates the second law. Indeed, many pro-
cesses can be imagined that satisfy the first law
but violate the second and therefore are not
expected 10 occur. As another example, consider
adding a drop of dye to a glass of water. Intuition
and the second law dictate that the dye will
spread. eventually coloring all the water—con-
centrauons disperse, order (the dye/no dye ar-
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BOX 2-3 { Continued)
rangement} disappears. The opposite process,
the spontaneous concentration of dispersed dve,
1s consistent with conservation of energy but not
with the second law.

A more complicated situation is thar of the
refrigerator, a device that certainly causes heat to
flow from cold objects (the contents of the
refrigcra[or-say, beer — which are made colder)
1o a hot one (the room, which the refrigeraror
makes warnter). But this heat flow is not the sole
result of the operation of the refrigerator: energy
must be supplied to the refrigerauon cycie from
an external source, and this energy is converted
to heat and discharged to the room, along with
the heat removed from the interior of the refrig-
erator. Overall, availability of energy has de-
creased, and entropy has increased.

One illuswration of the power of the laws of
thermodynamics is that in many siuatons they
can be used 10 predict the maximum efficiency
that could be achieved by a perfect machine,
without specifving anv details of the machine!
{Efficiency mav be defined. in this struation. as
the rauo of useful work to rotal energy tow.}
Thus, one can specify, for example, what mrrn:-
mum amount of energy Is necessary o separate
salt from seawater. to separate metals from their
ores, and 10 separate pollutants from auto ex-
haust without knowing anv details abour future
inventions that might be devised for these pur-
poses. Simularly, if one 1s told the temperature of
2 source of thermal energy —sav. the hor rock
deep in Earth’s crust—one can calculate rather
easily the maximum efficiency with which this
thermal energy can be converted to applied
work. regardless of the cieverness of future
inventors. In other words, there are some Jixed
ltmus to technological innovanon, placed there by
Jundamental laws of nawure. (The questuon of
how tar from the maximum attamable efficien-
ctes industrial socteties operate today is taken up
in Chapter 8.)

More generally, the laws of thermodvnamacs
explain why we need a continual input of energy
10 mamtain ourselves. why we must eat much
more than a pound of food in order ro gain a

pound of weight, and why the total energy flow
through plants will always be much greater than
that through plant-caters, which in turn will
always be much greater than that through flesh-
eaters. They also make it clear that a/{ the energy
used on the face of the Earth, whether of solar or
nuclear ongin, will ulumately be degraded to
heat. Here the laws catch us both coming and
going, for they pur limits on the efficiency with
which we can manipulate this heat. Hence, they
pose the danger (discussed further in Chapter 11)
that human sociery may make this planet un-
comntortably warm with degraded energy long
before 1t runs out of high-grade energy w0
consume.

Occasionally iz s suggested erroneously that
the process of biological evolurion represents a
violauon of the second law of thermodynamics.
After all, the development of complicated living
organusms from primordial chemical precursors,
and the growing structure and complexity of the
biosphere over the cons, do appear to be the sort
of spontaneous tncreases in order excluded by
the second law. The catch is that Earth js not an
1solated svstern; the process of evolution has been
powered by the sun, and the decrease in entropy
on Earth represented by the growing structure of
the biosphere is more than counterbalanced by
the increase in the entropy of the sun. (The
process of evolution is discussed in more detail in
Chapter 4.)

It 1s often asked whether a2 revolutionary
development in physics, such as Einstein's the-
ory of relauvity, might not open the way to
circumvention of the laws of thermodynamics.
Perhaps it would be Imprudent to declare that in
no distant corner of the universe or hitherro-
unexpiored compartment of subaromic matter
will any exception ever turn up, even though our
intrepid astrophysicists and particle physicists
have not vet found a single one. But to wairt for
the laws of thermodvnamics to be overturned as
descriptions of evervday experiences on this
planet 15, literally, 10 wait for the dav when beer
refrigerates itself in hot weather and squashed
cats on the treeway sponianecusly reassernble
themselves and trot away.

B el L T TR T N ——
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NATURAL PROCESSES AND HUMAN WELL-BEING

fraction bv volume, often used elsewhere for gases. In
many apphicauons 1t is also useful 1o work with the mass
Jraction (grams of constituent, gram of muxrure}. Thisisa
more precise statement of what is meant by the common
term fraction bv wetght or percent by werght.?!

A mole of any substance 15 6.02 x 102* molecuies. and
the mass ot a moie 15 equal 10 the moiecular weight of the
substance in grams. For example, the mass of a mole of
utrogen gas (N,) is 28 grams. [t is often convenient to
speak of air as if 1t were a single substance: the term a
mole of arr means 6.02 x 10} moiecules, of whuch 78.09
percent are nitrogen molecules, 20.95 percent are oxygen
molecules, and so on. Such a collection of molecules hasa
mass of about 29 grams, which is called the molecular
werght of air. (These definitions will be of importance
later 1n interpreting what 1s meant by pollution standards
expressed in different ways.)

Although nirogen and oxvgen comprise 99 percent of
drv atr, the trace constituents carbon dioxide (CO.) and
ozone (L)) play exceedingly important roles because o!
the special properues of these moiecules, as described
below. Methane, nitrous oxade. and hvdrogen also have
roles in atmospheric chermistry and phvsics. alben
smaller ones. Argon, heilum, krypton, and neon, by
contrast, are chemically inert. monatemuc gases. whose
presence in the atmosphere 15 of interest only as resources
for certain applicauons in technology.<*

Water Vapor

The water content of the ammosphere varies greatly
trom place ro place and ame to time. Three commoniy
used measures of water content are absolule Aurmdity,
specthic humdity, and relarive Aurmdiry. Absoiute humd-
1ty 15 the mass of water vapor per umit voiume ol air, and

SWaght means the force exerted upon a mass by graviry. Waght and
mass are more of less interchangeable (using the relation, weight equals
mass multiphied by accelerauon ot gravity) oniy o one stavs on karth's
surlace, where gravity 15 nearlv constant. An astronavt has the same mass
on the suriace of the moon as on Earth, but a verv diferent weight.
becavse the accelearauoen of gravity on the moon 1 much less than on
Larth.

“'For discussions of how the aumosphere came to have the COMPOSILON
it does, the reader should consult Preston Cloud and Anaron Libor, The
oxvgen oycle; and Preston Cloud. ed.. Advenrures in earth hastor

it varies from almost zero over the driest deserts
around 23 grams per cubic meter over jungies and
tropical seas. Specific humidity is the mass of water vapor
per unit mass of air. (A closely related term, the mixing
ratio, is the mass of water vapor mixed with each unit
mass of drv air.) Relative humidity, usually expressed asa
percentage, is the ratio of the actual molecular fracuon of
water vapor in air to the molecular fraction correspond-
ing to saturation at the prevailing temperarure. {Satura-
non refers to the condition thar ensues if air 1s left for a
long tme 1n a sealed container partly filled with pure
water; the number of molecules of water vapor per unit
volume of air under these circumstances depends only on
the temperarure.)?? Relative humidity usually is between
0 and 100 percent, but under special circumstances
(supersaturation) it can significantly exceed 100 percent.

Under ordinary circumstances. water vapor in the
armosphere begins to condense into droplets of liquid,
forming clouds. as soon as the relanve hummditv exceeds
100 percent bv even a small amount. The process of
condensation s greatly facilitated by the virtuallv uni-
versal presence in the atmosphere of small particles that
provide surtaces where the condensation can commence.
Called condensarion nucler when they perform this func-
non, these particles include sait crystals formed by the
evaporaucn of sea spray, dust raised by the wind, ash
from voicanoes and forest fires, decomposed organic
maner, and, of course, particles produced bv various
technological acuviues. Even in “‘unpolluted” air, parti-
cles that might serve as condensauon nuclel are seem-
ingly abundant in absoiute terms {more than 100 parti-
cles per cubic centimeter), but the extent of condensation
and precipitation apparently are related to specific phys-
ical characteristics of the condensatuon nucler as well as
to their number.

The molecular {racuon of water vapor corresponding
10 saturation IMCreases as [emperafure INCreases — Warm
air can “held” more warter vapor than cool air. Accord-
wngly, there are two ways in which relative hurmidity can
be raised from less than 100 percent to more, iniuatng

I'The otten encountered defimnon of saturation as “the maximum
amount of water vapor air ¢an hoid at a given tamperature” 15 not quute
correct. A good discussion of this and the foilowing powmts 15 piven by
Morris Naiburger, James . Edinger, Willuam D. Boaner. Understanding
our ammaspheric environment, Chapter 8.




condensauon and perhaps precipitation: (1) more water
vapor can be added to the air by evaporaton from an
exposed water surface; (2) the air can be cooled so that the
vapor content corresponding o saturation falls. At a
given vapor content (a fixed specific humidiry), the
temperarure at which the relative humidity reaches 100
percent s called the dew potni. Addition of water vapor to
the air by evaporation is a siow process, but cooling of the
air can be very rapid. Rapid cooling 1o below the dew
point is the mechanism immediately responsible for most
condensauon phenomena —the appearance of dew and
fog at night as air is cooled by radiation of heat to the
rught sky; formation of clouds and rain in updrafts as the
air is cooled by expansion; and formation of beads of
water on the cutside of a pitcher of ice water on a hot day,
as air adjacent to the pitcher is cooled by contact with the
cold surface.

Pressure, Temperamre. and Vertical Structure

The pressure exerted by the atmosphere on objects at
Earth’s surface is essenualiv equal 1o the weight of the
overlying air, which at sea level amounts on the average
1o 10.3 merric tons per square meter (14.7 Ib/1n?). This
amount of pressure, defined as | atmosphere, is the same
as would be exerred at sea level by a column of water
about 10 meters high {33 ft) or a column of mercury 760
millimeters (mm) high (29.92 in). This means thar the
mass of the atmesphere 15 only equivalent to that of a
10-meter layer of water covering Earth (you can check
thus 1n Table 2-2) and thar pressure under water increases
by the equivaient of | atmosphere for everv 10 meters of
depth. The usual metric unit for the measurement of
atmespheric pressure is the millibar; 1 millibar is 100
newtons {N) per square meter {see Box 2-1 for the
definiion of the newton), and 1 atmosphere 1s 1013.25
mullibars.

Atmosphernic pressure is not ordinarily percetved as a
force because 1t acts equally in all directions (up, down,
sideways); organisms are not crushed by it because the
gases and liquids in ussue are aiso at atmospheric
pressure, so the inward and outward forces balance.
Pressure becomes perceptible as a (painful) pressure
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difference if the pressure outside an organism changes
more rapidly than the interior pressure can accommodate
(an example would be the pain in one’s ears associated
with a rapid change in alumde).

Unlike water, whose density at the bortom of the
deepest ocean trenches ar pressures of hundreds of
aunospheres 1s only a few percentage points higher than
its density at the surface, the air in the atmosphere is
highly compressible — that is, density increases markedly
as pressure increases. [ndeed, air behaves very much like
a “perfect gas,” for which pressure (p), density (p}, and
temperature ( I7) are related by.the equation

p = pRT

For this equation to be valid, the temperature 7 must be
measured with respect to absolute zero, the temperarure at
which there 1s no molecuiar motion. Temperature mea-
sured from this zero point, which 1s the same for all
substances, 1s called absolute temperarure, and the corre-
sponding unit of measurement in the metric sysiem is the
degree kelvin.2* The R in the equation is the gas constant,
which for dry air equals 287 joules per kilogram per
degree kelvin. According 1o the perfect gas equation. the
density of dry air varies in direct proportion to pressure,
if temperature 15 held constant.

Because the atmosphere is compressible, its mass is
concentrated in the lower layers. Forty percent of the air
in the atmosphere lies below the altimude of the summit of
Mount Whitney in California’s Sierra Nevada range (4.4
km) and two-thirds lies below the alurtude of the summit
of Mount Everest (8.9 km). The density of air at an
alitude of 12 kilometers, where most subsonic jet
atrliners fly, 1s about one-fifth the density at sea level.
The average variation of pressure and temperature with
alutude above sea level ts shown in Figure 2-10.

The atmosphere is subdivided into horizontat layers
according to the pattern of temperature variation. The
lowest layer, called the troposphere, 1s characterized by a
rather uniform average rate of remperature decline with
aititude of 6.4° C per kilometer. Almost all the atmo-

‘*Absolute zero, or 0 degrees kelvin {K) equals -273.15° C. An
anempt was made recently o standardize the unit of absolute emperarure
as simply the kelvin, rather than the degree ketvin, but the change has not
been generallv adopted.
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spheric phenomena that govern climate take place in the
troposphere. The top of the troposphere ts called the
ropopause, where the temperature decline stops and a
layer of uniform temperature at about - 33° C com-
mences. The tropopause is rypicallv found ar an altitude
of from 10 to 12 kilometers, but it ranges from a low of 5
or 6 kilometers at the poles to around 18 kilometers at the
equator.

The stratosphere extends from the tropopause up to the
stratopause (about 50 km) and is characterized over much

220 240 260 280 300

TEMPERATURE (K}

of this interval bv remperarures increasing with alurude
(reaching almost 0° C at the stratopause). The gaseous
composition of the stratosphere is essentially the same as
that at sea level, with two significant exceprions. First,
there is verv little water vapor in the stratosphere; the
MiXing ratio is typically two or three parts per miikion
{ppm), or 1000 to 10,000 rimes less than is common near
sez level. Second, there is a great deal more ozone in the
stratosphere than in the troposphere; the maximum
molecular fraction of ozone is 10 ppm near 25 km




alutude, or 1000 times more than the average for the
whole atmosphere.?® The air pressure and density at the
top of the stratopause are on the order of a thousandrth of
the values at sea level.

Above the smratosphere lies the mesosphere (10 abour 90
km), wherein the temperature again decreases with
altitude. The compesition of the mesosphere remains
much like that of the lower layers, except for certain trace
consnruents such as water vapor and ozone. The tropo-
sphere, stratosphere, and mesosphere together are called
the homosphere, referring 1o their relativelv uniform
composition. Above the mesosphere is the thermosphere
(temperature again rising with alutude), which contains
the heterosphere (so named because the molecular con-
sutuents are there separated inro distinct tavers of
differing composition) and the ronosphere (referring to
the presence of free electrons and the positively charged
ions from which the electrons have been stripped). The
thermosphere has no well defined upper limtt; its densiry
at 100 kilometers 1s around one-muillienth of atmospheric
density at sea level, and by 10,000 kilometers it has faded
oft to the density prevailing in interplanetary space.

Radiant Energy Flow in the Atmosphere

What accounts for the complicated way in which
temperature changes with alttude in the atmosphere?
The answer involves the way in which different atmo-
spheric constituents interact with radiant energy arniving
from the sun and with radiant energy trving to escape
Earth into space. The same processes, of course. deter-
rune how much and what kinds of energy reach Earth's
surtace, so they are crucial in determuning the conditions
that govern life. To understand these processes requires
at least a modest acquaintance with the character of
radiant energy (or electromagnetic radiation), and this is
supplied in Box 2-4.

The energy in the eiectromagnetic mdiation reaching
the top of Earth’s atnosphere trom the sun 1s distributed
over a range of wavelengths, as shown in Figure 2-11.
One can determine from such a graph that abour §

"*Seudy of Crincal Environmental Problems (SCEP), Man s tmpact on
the global entnronment, p. 41,
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FIGURE 2-11

Solar irradiance spectrum and 6000°K, blackbody radiation
reduced 1o mean solar distance. (From Neiburger, Edinger,
and Bonner, 1973.)

percent of the total incoming energy is in the ultravioler
part of the electromagnetic spectrum, 41 percent is in the
visible part of the spectrum, and 50 percent is in the
infrared part. A significant part of this energy is pre-
vented from reaching Earth’s surface by gaseous constit-
uents of the atmosphere that are opague 1o certain
wavelengths. This opacity is due not to reflection bur o
absorpuon (the energy in the radiauon is absorbed by the
gas molecules, warming the atmospheric layers where
these processes take place).

‘The depletion of incoming radiation by absorption 1n
atmospheric gases is summarized in Table 2-12. The
main results are that ultraviolet solar radiation with
wavelengths less than 0.3 microns (1) is almost com-
pletely absorbed high in the atmosphere, and infrared
solar radiation is substantially depleted through absorp-




BOoX 2-4 Electromagnetic Radiation

Light, X-rays, radio waves, infrared radiation,
and radar waves are all variations of the same
thing—phenomena with the interchangeable
names electromagnetic radianion, electromagnetic
waves, and radiant energy.

Energy in this form travels at the speed of fight
{c, or 299,792 km/sec in vacuum), and —as the
words 1n vacuum imply —requires no material
medium 1o support the energy flow. This prop-
erty contrasts with the other, much slower forms
of energy transport (conduction and convecnon)
which do require a medium. Convection in-
volves the bulk moton of matter; conduction
involves molecutar motion. What moves in the
case of electromagnetic radiation is a combina-
ton of electric and magnetic fields of force.

For many purposes, it is usefut ro visualize
this partern as a traveling wave, as shown in the
chagram here. There the curve denotes the spatial
pattern of the strength ot the electric or magnetic
field, and the pattern is moving to the right with
speed ¢ (Acruaily, there should be separate
curves for the elecric and magnetic fields, but
this detail need not trouble us here.) The wave-
length (A) is the distance berween successive
crests or troughs.* At any fixed point along the
path of the wave, the field is seen to osciliate with
frequency (v) related 1o wavelength and the speed
of hight by the reiation v = ¢/A.

*Untortunarely, there are more concepts 1n saence than there
are Greek letters. Thus. for exampie, lambda (A) represents
wiavetength 1n phvsics and hnite rate of increase in population
biology (Chapter 4).
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The different forms of electromagnernic energy
are disunguwshed by their different wavelengihs
(or, equivalently, their frequencies, since one can
be computed from the other using the relation Av
= ¢). Visible eleciromagnetic radiation has
waveiengths between 0.40 microns (violet light)
and .71 rucrons {(red light). A micron (u) is
one-millionth of a meter. The entire range of
wavelengths that have been observed, from tiny
fractions of a micron 1o tens of kilometers, is
called the electremagnetic specorum. Some types
of electromagnetic radiation occupying different
parts of the spectrum are indicated in the table
below.

Type of radiatben Waveiength range

radio 1-10m
radar (mictowaves) 1-30 cm
infrared 0.71-100
visibie 0.40-0.71 u
ultraviolet 0.10-0.40 »
X-rays 10-%—10-2 n

The way electromagnetic radiation interacts
with marter depends in a complicated manner on

10



the wavelength of the radiation, on its intensiry
{energy flow per unit of area, measured —sav —in
Wwatts per square meter), and on the properues of
the matter. Radiant energy that encounters mat-
ter may be transmimted, reflected. or absorbed.
To the extent that radiation of a given wave-
length is transmutied, the material is said to be
transparent to that wavelength; to the extent that
the radiauon is refiected or absorbed, the mate-
rial 15 said to be opaque to that wavelength. Most
malerials are transparent to some wavelengths
and opaque to others. Many gases, for example.
are rather opaque to most ultravioler wave-
lengths but wransparent to radio waves, visibie
hight, and X-rays. Human tlesh 15 opaque 1o
visible light but transparent to X-rays.

Often. ransmission, reflection. and absorption
all take place at once. Consider a giass window in
the mormng sunlight: the glint off the window
mdicates thar retlection is taking place: the room
betund the window 15 Uluminared and warmed.
so there 1s certainly wansmission: and the
window 1itself gets warm, so absorpton 1s
happening. too.

Both transmission and reflection can be direct
or drffuse. Direct means that a beam of elec-
romagnetic radiation arriving from a single
specific direcdon is sent on or sent back in a
single specific direcnon. Diffuse means that the
ncoming beam 1s split up and sent on or sent
back 1n manv different directions. The phenom-
enon thart produces diffuse transmission and
reflection 15 called scatzerng. All light reaching
the ground on a completely overcast dav :s

diffuse light thar has been scartered by the water
droplets in the cloud laver.

All matter that is warmer than absolute zero
can emut radiation. (The “machinery” by which
ermussion occurs has to do with the behavior of
the electrons in matter. We will not dwell on this
machinery here, summarizing instead only the
main results of its operation.) Some substances
emit only radiation of cermain wavelengths, and
all substances can absorb only the wavelengths
they can emit. A body that absorbs ail the
radiation that hits it in all wavelengths is called a
blackbody, a useful idealization that is ap-
proached in the real world bur never quite
reached. A blackbedy is not only a perfect
absorber, bur aiso a pertect emitter; the amount
of electromagnetic energy emitted at any given
wavelength by a blackbody of a specified tem-
perature s the theoretical maximum that any real
body of that temperature can emut at thar wave-
length. The total amount of radiation emirred by
a blackbody 1s proportional to the fourth power
of the bodv’s absolute temperature. The wave-
lengrh at which a blackbody emits most intensely
decreases in inverse proportion o the absolute
emperature —that is, the higher the remperature,
the shorter the wavelength.

The characteristics of the sun as a source
of electromagnetic radiation are very closely
approximated by those of a blackbody with
a temperature of 5800° K. The wavelength
at which its erussion is most intense is 0.5
microns, corresponding to blue-green light (see
Figure 2-11).

-
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TABLE 2-12

Absorption of Solar Radiation by Atmospheric Gases

Wavelength range

() Fate of vadwarion
UNTRAVIOLET
Less than 0.12 All absarbed by O, and N, above 100 km

0.12-0.18 All absorbed by O, above 50 km

0.18-0.30 All absorbed by O, berween 25 and 50 km

0.30-0.34 Part absorbed by O,

0.34-0.40 Transmunted to Earth almost undiminished
VISIBLE

0.40-0.71 Transmirtted to Earth almost undiminished
INFRARED

0.71-3 Absorbed by CO, and H,0, mostly below 10 km

Source: Neiburger, Edinger, and Bonner, Understanding our amospherc environment.

oon by carben dioxide and {especially) by water vapor at
lower alutudes. The atmosphere’s gases are aimost
completely transparent to the visible wavelengths, where
the intensity of solar radiation reaches its peak {Figure
2-11), and 1o the “near-ulrravioler” radiauon., with
wavelengths just shorter than the visible. (This near-
uleravioler radration 1s an important conmbutor to sun-
burn.) Significantly, the only atmospheric gas that is
opague to uitraviolet radiation between 0.18 and .30
fmucrons 1n waveiength 1s ozone. Without the wace of
vzone that exists in the stratosphere, this radiation wouid
reach Earth’s surface — where it could be extremely
disrupuve to the Life forms that evolved in the absence of
these wavelengths (Chapter 11). The absorption of
ultravioler radiation by ozone 1n the stratosphere has a
second 1mportant effect — it produces the stratospheric
heating that causes temperarure 10 increase with alutude
in this layer of the armosphere, with consequences
discussed 1n the next section,

Some of the incomung radiauon that is not absorbed bv
aunospheric gases 1s scattered by them (Box 2-1), Some
ot the scattered radiation rerurns to space {diffuse
retiection), and some reaches the ground as diffuse solar
radiation. The physics of scartening by the molecules in
air 15 such that blue light 15 scattered much more than 15
red light. The sky appears biue because what reaches the
eve Is mostly scamered light and hence —owing to the
preferential scatienng of biue waveiengths bv air mole-
cules —mostiv biue. That the sun appears red at sunset is

precisely the same phenomenon at work; then one is
locking at direct-beam radiation —the unscantered part —
from which the blue has been removed (by scattering)
and in which mainiy the red remains. .

Absorpuen and scattering of solar radiation are done
by aerosols as well as by gases. An aerosol is a suspension
of solid or liquid particles in a gas. Fog, clouds, smoke,
dust, volcanic ash, and suspended sea saits are all
aerosois. Whether a given aerosol acts mainlv as an
absorber or mainly as a scatterer depends on the size and
composition of the particles, on their aititude, and on the
relative humidity of the air they are in. Certainly, the
aerosols that interact most srongly with selar radiation
are clouds, which at any given time cover about half
Earth’s surface with a highly reflective layer.

The reflectivity of a surface or a substance is called its
albedo (formaliy, albedo equals reflected energy divided
oy incormung energy). This property depends not onlv on
the characteristics of the surface, bur aiso on the angle at
which the incoming radiation strikes the surface (the
angle of incidence). The aibedo is much higher at
shaliow angles of incidence than at steep (nearly perpen-
dicuiar) angles. The albedo of clouds ranges trom 0.25
(thin clouds, perpendicular incidence) to more than 0.90.

Averaged around the vear and around the globe, the
amount of energy thar penetrates to Earth's surface is
about half of what strikes the top of the atmosphere. Of
that which penetrates, somewhat more than half is
diffuse and somewhat less than half is direct. Upon
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TABLE 2-13

Albedo of

Various Surfaces
Surface Albedo
Snow 0.50-0.90
Warter 0.03-0.80
Sand 0.20-0.30
Grass 0.20-0.25
Soil 0.15-0.25
Forest 0.05-0.25

Sources: SMIC, fnadvertens
climate modificaron;
Netburger, Edinger, and
Bonner, Understanding our
aimospheric environment.

reaching the surface, this energy meets several fates.
Some is reflected, with the albedo varving from iand to
water and from one type of vegetation to another —and,
of course, depending on the angle of incidence (Table
2-13). Some 15 absorbed by the meiting or sublimartion of
Ice or snow, or the vaporization of water. Some is
absorbed to warm the surface and objects on or under ir.
And a uny fracton is caprured and transformed inro

l
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chemical energy by the process of photosynthesis in
plants.

The fate of solar energy striking the top of Earth’s
atmosphere is summarized in Figure 2-12. Note that the
average albedo of the Earth-atmosphere system is about
0.28, of which rwo-thirds is accounted for by clouds.

Now from the first iaw of thermodynamics (Box 2-3),
which says energy can neither be created nor destroyed,
and from elementary considerations of stocks and flows
(Box 2-2), one can draw some important conclusions
about energy flow in the Earth-atmosphere system. First,
the rate at which Earth’s atmosphere and surface are
absorbing solar energy must be matched by the rate at
which the system loses energy, or else the amounrt of
energy stored on the surface and in the amosphere would
be steadily changing. In other words, if the system 1s to
be in equilibrium, outflow must equal inflow. Lack of
equilibnium, if it occurred, would mean a changing stock
of energy in the Earth-atmosphere system. This could
manifest itself as an upward or downward trend in mean
temperarure (a changing stock of thermat energy), or in
mean absolute hunudity or mean votume of ice and snow

SOLAR
SCATTER ENERGY SCATTER
TG SPACE o TO SPACE
6% 192,
MOLECULES CLOUDS
AND DUST ABSORB
ABSORB S0
20%
SCATTER DIRECT BEAM SCATTER
TO SURFACE TO SURFACE TO SURFACE
REFLECTED

FAOM SURFACE

3T

FIGURE 2-12

£ARTH'S SURFACE

ABSORBED AT SURFACE 177

The fate ot incomung solar radiation.
Figures represent global annual averages.
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(2 changing stock of latent energy of vaporizarion and
tusion), or in mean quantity of organic matter (a chang-
ing stock of chemical energy). Of course, different parts
of Earth’s surface and atmosphere at different times of
vear agre out of equilibrium—temperature. humidiry,
snow cover, and quantity of vegetanion generailv change
dramancally with seasons. Infiow and cutfiow of energy
ara given time and place in generat do not balance. Bu:
thev must balance on a vear-round average for the whole
globe or else there will be year-to-year changes in the
mean vaiues of these indices of stored energy. Such
changes have occurred in the past as cocling periods
leading into ice ages and warmning periods leading our of
them. These changes and the potential for further ones,
with or without human tnfluence, are discussed below.
As a first approximation, however, it is reasonable to
assume that inflows and outfiows of energy are in balance
on the global, annuai average.

The second conclusion 1s that the same considerations
of inflow, outtlow, and equilibnum that appiv to the
Earth-atmosphere svstem as a whole must apply sepa-
ratetv to s components. !f the atmosphere s to be in
equilibnium 1n a global, ume-averaged sense, it must be
losing energy at the same rate it 15 receiving it. The same
must hold for Earth’s surface.

Clearly, then, the energy flow shown in Figure 2-12 is
not the complete picture. The figure shows a net accu-
mulanon of energy in the atmosphere {gas molecules,
clouds, dust) equal 1o 22 percent of the solar energy that
strikes the top of the aumosphere and a net accumutlation
ol energy at the surface equal to 47 percent of rotal
incoming solar energy.

What s the tate of this absorbed energy, amounung in
ail to 69 percent of the solar input? The answer 1s this;
atter runming the machinerv of winds, waves. ocean
currents, the hvdrelogic cvcie. and photosvnthesis, the
energy 1s sent back to space as terrestrial radiarnion.

Terrestrial radiation refers to the electromagnetic
radiation emirted by Earth's surtace and atmosphere in
accordance with the principles summarized in Box 2-4:
the amount of energy radiated per unit of area is
proportional to the fourth power of the absolute temper-
ature of the radiaung substance. and the wavelength of
most inlense radiauon 1s inverselv proportionat to the
absolute temperature. If the Earth-atmosphere system

were a biackbody at temperature, 7T, the exact relation for
the rate of erussion of radiation, S, would be:

S =0T

If 5 is measured in watts per square meter and T is
measured in degrees kelvin, then the proportionality
constant o {the Stefan-Boltzmann constant) has the
numerical value 5.67 x 10-8. On the assumption that the
energy returned to space as terrestrial radiation should
exactly balance the 69 percent of incoming solar energy
that 1s absorbed, one can compute the effective blackbody
temperature of the Earth-atmosphere system to be about
255° K (— 18° C or about 0° F). This is the temperature
a perfect radiator would have to have in order to radiate
away into space the same amount of energy per unit of
area as the Earth-atmosphere system actually does radiate
away, on the average.

Actually, the Earth-atmosphere svstem closely resem-
bles a blackbody radiator, so the above temperarture is not
unrealistic. Why, then, is that temperature so much lower
than the observed mean surface temperarure of 288° K
(15° C, or 59° F) The reason is that most of the
terrestriai radiation actvally escaping from the Earth-
atmosphere system is emitted by the aunosphere, not the
surface. (Y ou can see from Figure 2-10 that the temper-
ature 2533° K corresponds to an alutude of about 3
kilometers, or halfway between sea level and the tropo-
pause.) Most of the rerrestrial radiation emurtted by the
warmer surface does not escape directly to space because
the aimosphere is largely opaque to radiation of these
wavelengths. The wavelength of radiated energy, vou
should recall. increases as the temperature of the radiator
decreases: Earth, being much cooler than the sun. emits
its radiation at longer wavelengths. The peak tntensity of
terrestrial radiation occurs at a wavelengtn of around 10
microns. which is in the infrared part of the spectrum, in
contrast to solar radiation’s peak intensinv ar a wave-
length of about 0.3 mucrons in the visible part of the
spectrum.?®

“*There 15 almost no overlap in the wavelength ranges ot solar and
[erTestrial radiatyon; a1 3 microns, the intensiky of solar radizrion has fallen
to 3 percent of its vatue at the 0.5-miTon peak. whle thar of terrestrial
radiztion has oniv artained about 10 percent of 115 value at the jU-micron
peak. Meteorologists often reter to solar radiation 3s shortwave radiation
and terrestai radiation as long-wave raduation.
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The opaqueness of the atmosphere to outgotng infra-
red radiauon from the surface is dye mainly to three
atmospheric constnents: carbon dioxide, water vapor,
and clouds. (A more modest contribution is made by
ozone.) Carbon dipxide absorbs infrared radiation in a
narrow band of wavelengths around 3 microns, in
another narrow band pear 4 mucrons, and in the wave-
lengths berween 12 and 18 microns. Water vapor absorbs
intrared radiation in narrow bands around 1. 1,3, and 2
frucrons. and in broader ones from 2.5 1o 3.5 microns,
from 3 10 8 microns. and from 15 mucrons through the
remainder of the infrared. Clouds are very much like
blackbodies in the entire Infrared part of the electromag-
fetc spectrum —they absord most of the infrared radia-
uon that reaches them. The nfrared radiation absorbed
by carbon dioxide. water vapor, and clouds is subse-
quenuy reradiated bv these substances —much of it being
sent back in the direction of Earth’s surface and some
¢s@ping into space. The atmosphere. theretore, through
the properties of clouds. water vapor, and carbon digx-
tde. acts as a thermal blanker that keeps Earth’s surface
abeut 33° C warmer than it wouid he without these
consutuents.

Because of this effecr of clouds, all else being equal,
clear mghts are colder than cloudy mights: in the absence
of clouds, more intrared radiation leaving the surface
escapes durectly o space without being intercepted, The
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additional thermal-blanket effect of water vapor and
carbon dioxide is sometimes called the greenhouse effect.
This is because glass, like carbon dioxide and water
vapor, is reiativelv transparent to visibie radiation but
more opaque to infrared radiation, Light enters a green-
house more readilv than heat can escape, a situation
resembling that in the atmosphere. The main reason a
greenhouse is warmer inside than outside, however, is
that the glass prevents convection from carrying away
sensibie heat and latent heat of vaporization.?” Thus, the
1erm greenhouse effect is not entirely appropriate for the
role of carbon dioxide and water vapor in the
atmosphere.

The flows of terrestrial radiation are summarized in
Figure 2-13, expressed as a percentage of solar energy
striking the top of the atmosphere and computed as a
global annual average. Note that the rate at which
infrared radiation 1s emitted from Earth’s surface acru-
ally exceeds the rate of solar Input at the twp of the
mosphere and is far larger than the rate at which solar
energy 1s directlv received at the surface. This large
radiation ourput and the high temperature responsibie

*"This tact has been dernonstrated by building a greenhouse of rack sait
twhich iy as Tansparent to intrared radiation as to visible radianion) nex:
10 3 greenhouse of glass. The rock-salt greenhouse. sumply by preveniing
Lnvection. staved almost as warm wnside. (See. tor example, Neiburger, ct
al, Undersianding.)
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Chapter 11).

Two important energy flows other thap radiation are
represented in Figure 2-13 by broken lines. The larger of
these fiows is the transfer of energy from the surface to
the atmosphere as latent hear of vaporization. That s,
energy that has been used 1o evaporate water at the
surface moves inro the atmosphere in the form of the
latent heat of vaporization that is associated with the
water vapor {see Box 2-1). This €nergy is evenruaily
surrendered to the atmosphere as sensible hear when the
Wwater vapor condenses. The magnitude of this surface-
l0-aumosphere energy flow is equai to almost a quarter of
the solar energy flow reaching the top of the atmosphere.
The second major nonradiative How {perhaps a fifth as
large as that of larenr heat) is the transter of sensible hear
trom the surtace 1o the atmosphere by conduction — thar
is. the warming of the ar by contact with the surface.
Sensible heat transported across the interface of surface
and air in this way then Mmoves upward in the atmosphere
bv convecuon. (Of course, 1 some places and at some
umes the atmosphere 15 warmer than the surface, with the
result that sensible heat flows f rom the atmosphere 10 the
surface rather than the reverse. Remember, we have been
discussing the global, annual-average situation here.)

Atmospheric Energy Balance
and Vertical Motions

With the informarnion jn the preceding section, one can
CONSTrUCt average energy balances for Earth's surface, for
the atmosphere. and for the Earth-atmospheru system as
@ whole. Such a set of balances 1s given in Tabe 2-14,
both in terms of the percentage of solar energy fiow at the

square meter [1.95 cajories (cal)/cm? /minute {min), or
1.95 langleys/min, in unirs often used by mereoroio-
BIsts].?® As a sphere {to a very good approximation),
Earth’s total surface area is ¢ times the area of the cross
section it presents to the sun’s ravs. Hence. the average
amount of solar energy reaching the top of the anmno-
Sphere per square meter of Earth’s surface 15 just
one-fourth of the solar constant, or 340 warts per square
meter, as indicated in Table 2-14. The average solar flux
reaching Earth’s surface is 173 Watts per square meter of
horizontal surface. Solar fux measured thus way at the
surface is often termed insolation.

The difference between the amount of energy incident
on Earth’s surface as radiation (solar and terrestrial) and
the amount leaving as radiation is called by meteorolo-
@ists the ner radiation balance, or sometimes Just net
radiation. This amount of energy flow, which as shown in
Table 2-14 averages 105 wants per square meter flowing
into the surface for the whole globe, 15 of special
meteorological significance because it js the amount of
energy available for the climancally erycial processes of
evaporauon of water and surface-ro-air transter of sensi-
bie heat. Many discussions of human impact on climate
us¢ the net radiation balance, rather than rhe incident
solar energy, as the yardstick against which civilization's
disturbances are measured {Chaprer 11).

The pattern of Earth-atmosphere energy flows that has
been described here provides the explanation for the
observed temperarure dismbution in the lower atmo-
sphere. Basically, the atmosphere is heated from the
bottom —by direct contact with warm land or water
surfaces, by the release of latent hear of vaporization
when water vapor condenses (virtually enurely in the
troposphere and mostly in its lowest third), and by the
absorption of terrestrial mfrared radiation in water
¥apor, clouds, and carbon dioxide. Water vapor and
<louds are most abundant 1n the lower troposphere, so
that 15 where a large part of the absorpuon rakes place.
These effects, differenually heating the armosphere near
the bottom, produce the general wend of decreasing
termnperature with altitude in the troposphere. Only above
—_—

Has actually ot known exactly how constant the solar constant really
18 (see. tor example, 5. Schneider and C. Mass, Volcanic dyst, sunspots,
and temperature trends).
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TABLE 2-14
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Energy Balances for Earth's Surface, Atmosphere, and Surface-Armosphere System
(plobal annual averages, accurate to perhaps = 10%)

Percentage of solar energy

Average energy flow

flow at top of atmosphere {w/mi)
SURFACE-ATMOSPHERE SYSTEM
Solar radiadon reaching top of aunosphere 100 340
Total inflow 100 340
Solzr radiaton scantered from atmosphere 25 85
Solar radiacion scattered from surface 3 10
Terrestrial direct radiaton, surface to space 5 17
Terrestrial radianon, ammosphere 1o space 67 228
Total outflow 100 340
SURFACE
Solar direct radianon 24 82
Solar diffuse radiation, via clouds 15 51
Solar diffuse radianon, via air, dust 11 37
Terrestnal reradianon from clouds, vapor, CO, 96 326
Total snflow 146* 496
Reflected solar radiation 3 10
Qutgoing terrestnial radiaton 114 387
Latent heat to arnospherc 24 82
Sensible heat to atmosphere 5 17
Total ousrflow i46%* 496
ATMOSPHERE
Solar radiation interacting with clouds, atr, dust 76 258
Terrestral rachaton from surface, absorbed 109 371
Latent heat from surface 24 82
Sensible heat from surface 5 ¥
Total inflow 214+ 728
Solar radiavon scattered to space 25 85
Solar radiation scattered to surface 26 88
Absorbed radiation reradiated to space 67 228
Absorbed radianon reradiated to surface 96 327
Total outflow 214* 728

* These Hlows exceed 100 percent of incoming solar radiation because. 1n addition to the soiar throughput, an internal stock
ot energy is bewnp shifted back and forth berween surtace and atmosphere.

Source: Afier Schneider and Dennett. Climauc barriers.

the tropopause does atmospheric heating by absorption
of ultraviolet sotar radiauon (parucularly by ozone)
reverse the trend and produce temperatures that increase
with aldtude (refer to Figure 2-10). Qzone also absorbs
ourgoing terrestriai infrared radiatton in a narrow wave-
iength band at 9.6 microns, to which other atmospheric
gases are largely ransparent.

The structure of the troposphere, with the warmest air
on the bottom, promotes vertical instability (hot air rises,
and cold air sinks). Sensible heat and latent heat of
vaponzanon are thus transported upward by convection,
and the troposphere tends to be vertically well mixed.
The mixing ume in the lower half of the troposphere —
that is, the ume 1t takes for a2 molecule at 5 kilometers
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't can be hours.) The sratosphere, by contrast, iy
verucally stratified; like the ocean, its warmesg laver is on
top, with PTOgTessively coider lavers below, which tends
L0 suppress vertical mouen, The verricaj MIXiNg time 1n
the stratosphere s on the order of a year or two.

Under some tcumstances, the usual lemperature

the alurude range where the femperature |5 increasing.
{Vertcaj muxing is also suppressed in circumstances
where temperarure decreases wirh altitude but oy rap-
dly enough 1o Overcome the strautving etfecr of the
density varation.) Sorne of the mam possibilines are
indicated 1n Figure 2.14. Inversions are of special
mportance in environmental science because thev in-
hibit the diiunion of poliutants, as ig discussed furzher i
Chapter 10

Variation of Incoming Solar Flux
with Place and Season

If the vertica| energy flows discussed in the preceding
Secuions were al there were 1o chimate, it would nog be so

difficulr 1o analyze. So far, however, we have onlv been
working with energy lows averaged over the whole globe
and the whole vear; the real complexity lies in the tangled
paTterns of energy How thar anse from differences
between dav and night, summer and winter, land surfaces
and water surfaces, and so on.

Let us first consider the geometrical factors that
produce variatons from Scason to season and from
lautude to latitude 1 the amount ot solar radiation that
strikes the top of the atmosphere. They are:

L. Earth is essentially spherical.

2. Earth mavels around the sun in an orbir that ts5 not
quire circular,

3. Earth spins on an axts that is tilted 23.5- trom
perpendicular 1o the plane of its orbir.

Because Earth is a sphere. the maximum solar Hux at
any moment 1s received at the subsolar point (that 15, the
point that ts directly “under” the sun, or equivalently. the
powrt ar which the sup appears to be drrect]y overhead)
and declining values of Hux are received a5 one moves
dway trom this point on the surface of the sphere. This 15
S0 because a flar surface of given area tterceprs a
maximum of the solar beam when the surface is perpen-
dicular 1o the beam, and progressively less ar angles away
tfrom the perpendicular. This siruauon is iliustrated in
Frgure 2-15

————
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FIGURE 2-15

Insolation at the 1op of the ammosphere.

Earth’s ellipucal orbit around the sun deviates from a
circle just enough to make the distance between Earth
and sun varv by = 1.7 percent from the mean vaiue of
149.6 million kilometers. This vanation in distance
produces a difference of +3.4 percent n solar flux (that
is, the solar energy flow incident on a surface perpendic-
ular to the sun’s rays above the atmosphere varies from a
maximum of (406 w/m? to a minimum of 1314 w/m?,
the average of 1360 w/m:? being the “solar constant”
given earlier). The minimum distance oceurs in the first
tew davs of January, when the Northern Hemusphere 15
having its winter and the Southern Hemisphere its
summer, and the maximum occurs m the first few davs of
July.

Clearly, the seasons are not produced by the slight
ellipucity in Earth's orbit, but rather bv the tilt of Earth's
awss of rotauon. The onientation of this tilr remains fixed
as Earth curcles the sun. as shown schematically in Figure
2-16. This means that the Northern Hemisphere is ulted
directly toward the sun at the June 21 soisuce, corre-
sponding to the first dayv of summer in the Northern
Hemusphere and the first day of winter in the Southern

SQuare
meter

1000 +—

500 -

30 el
SUN'S ANGLE FROM VERTICAL ()

Hemusphere, and the Southern Hemisphere 1s tilted
directly toward the sun at the December 21 soistice. On
June 21 the subsolar point is on the Tropic of Cancer
(23.5° north laurude)*® and the entire area north of the
Arctic Circle {(66.5° north latitude) is illuminated by the
sun duning all twenty-four hours of the day. On Decem-
ber 21 the subsolar point is on the Tropic of Capricorn
(23.5° south latitude), and the entire area within the
Antarctic Circle is illuminated for all twenty-four hours
of the day. At the equinoxes (March 21 and September
23} the subsolar pomnt is on the equaror, and dav and
night are each twelve hours long everywhere on Earth
(except 1n the vicinity of the poles, which experience
contnuous twilight).

The net effect of these geomerrical aspects of the
Earth-sun relationship is to produce strong north-south
differences, or gradients, in the incoming solar flux
perpendicular to Earth’s surface at the top of the
atmosphere. The size and shape of the gradients vary

*The subsolar pont becomes a subsolar line as Earth pertorms it
twenty-tour hour rotation,
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FIGURE 2-16

Earth’s orbit around the syp.

with the seasons. Figure 2-17 shows the solar flux at the
10p of the atmosphere, in calories Per square centimeter
per day, as 1t vanies throughout the vear at three different
lautudes in the Northern Hemisphere. Note the strong
equator-to-pole contrast in the winter, which 1s reduced
4 suminer approaches and actuallv reverses in midsum-
mer. ('T'he summer pole receives more energy per unit of
surface area in mudsummer than does the eguator,
because the sun is shiming twentv-four hours a day at the
summer pole.)

The amount of solar radiation reflected back into space
also vanes with lanmude (more 1s retlected at the extreme
northeriv and southerly lantudes. where the radiation
stnikes the surface at angles far from perpendicutar) and
with season {ice and snow refiect more than do vegetation
and water), Finally, the amount of terrestrial radiation
leaving the top of the aonosphere varies with latutude and
season, because the emission of such radiation depends
on temperature and other characteristics of the ammo-
sphere and the surface below. An accounung of the
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FIGURE 2-17

Seasonal variation of sofar flux on a horizontal surtace outside
the atmosphere. (From Gates, 1971.)
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radiatton flows across an imaginary surtace at the top of
the armosphere, then, must include mcoming sunlight,
outgoing reflected sunlight, and outgoing terrestrial
radiation. Where the inflow exceeds the outflows across
such a surface, it is said that the underlving column of
ammosphere has a heating excess. Where the outflows
exceed the inflow, there is said to be a heating deficit.

The Machinery of Horizontal Energy Flows

If there were no mechanisms 1 transfer energy
horizontally over Earth’s surface from regions of hearing
excess (o regions of heating deficit, the resuit would be
much greater extremes in conditiens than acruallv exist.
Energy would accumulate in the areas of heating excess
until the addinonal outgoing infrared radiation produced
by higher temperatures restored a balance; simularly,
energy would be lost to space from areas of heating
deficit untl the drop in outgoing rachation associated
with lower temperatures restored the INCOmMINg-0UIgoing
balance in those areas. To say that the extremes of
temperature on Earth's surface would be greater under
these circumstances is an understatement. It is plain from

TABLE 2-15
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Figure 2-17, for example, that the region north of 80°
north lautude receives no incoming radiation art ail from
mid-October to late February (although, of course, the
emission of outgoing terrestrial radiation continues). [n
the absence of energy inflows from warmer latitudes,
then, the radiative energy loss in winter at the latitudes
having darkness twenty-four hours a day would cool the
surface rapidly and continuously toward absolute zero.

But there are horizontal energy flows —principaliy, the
transport of sensible heat and latent heat of vaporization
by the motions of the atmosphere and the transport of
sensible heat by ocean currents. (These convectize energy
transfers are much bigger and faster than conducrion. See
Box 2-3, to review the difference.) These flows are driven
largely by the north-south temperature differences aris-
ing from the radiaton imbalances just described. and
they are largely responsible for the general fearures of
global climate. The overall pattern of the north-south
energy flows on an annual average basis is indicated in
Table 2-15.

The atmospheric motions that carry energy toward the
poles as sensible heat and latent heat must, of course, be
balanced by return flows of air toward the equator.
Otherwise, air would be piling up at the poles! Two kinds

Average Annual North-South Energy Flows fw/m?)

Net radiaron
at top of amaosphere

Net latent heat
{incoming minus (precipitanion

Net senstble Net sensibie
heat transport heat transport

Latitude zone outgomg) minus evaporation} by ammosphere bv ocean
60-70°N - 65 11 43 11
30-60°N —40 20 3 15
10-50°N - 16 12 -5 9
30—40°N 5 —17 0 12
20-30°N 19 —41 21 l
10-20°N 31 —15 -3 — i3
0-10°N 39 H =51 -32
=10°8 41 19 -32 - 28
10-20°8 37 =21 -12 -4
20-30°5 7 —43 11 5
30-40°8 12 =25 5 8
+0-50°8 —11 11 -8 ]
30-60°8 -39 36 —-12 15

Note: Sum of entries in any given zone 1s zero. denoung balance of intiows and outtlows averaged for year. (Positive
numbers represent net inflow; negatve aumbers represent net ourtlow )
Source: Modihied from Budvko, in SMIC, Inadverrent climare madificarion, p. 91
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of circulation that move heat poleward but keep the air
distributed are particulariy important. The first of these
s the thermal circulation iilustrated in Figure 2-18A: the
poleward flow is high in the troposphere: the equator-
ward flow, near the surface. The second is the cvclonic
circulation shown in Figure 2-18B. which can be thought
of as taking place in a horizonral plare. Acruallv, Earth’s
maror atmospheric circulations are generallv combina-
tions of vertical and horizontal components. The term
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FIGURE 2-18

North-south air flows with poleward transport of heat.

A. Thermal circulation, Cross-secuon loakung west, parallel
to Earth's surface in the Northern Hemisphere. B, Cvclome
circulanon, jooking down on Earth’s surface 1n the Northern
Hermisphere.

unnd is usually reserved for the horizontal motion, and
the terms updraft and downdraft describe the vertical,
The horizontal motion is almost always much faster than
the vertical: typical wind speeds range from 1 to 20
meters per second; typical verucal speeds in large-scale
atmospheric circulations are 100 times less. although lo-
cal updrafts associated with clouds and mountain ranges
may be 10 meters per second or more. Typically, then,
2 "parcel” of air (an arbitrarily defined collection of mole-
cules whose behavior one chooses to trace} might move
100 kilomerters horizontally while nsing 1 kilometer.

Like solids, gases such as air move in response to the
forces exerted upon them in ways described by Newton’s
laws of motion. One important kind of force in the
aumosphere is associated with pressure gradients. The
pressure-gradient force is a push from regions of high
pressure, associated with high remperarure and/or den-
sity, toward regions of low pressure. Another important
torce in the atmosphere is gravitv, which exerts a
downward pull on every molecule of air, (Vertcal
motions in the atmosphere generally are slow because the
verucal pressure-gradient force usually balances the
force of gravity almost exactly.) The distribution of
remons of high pressure and low pressure in the atmo-
sphere is complex, owing not only to the variations in
insolation, reflecuon, and absorption with latitude and
aittude, but also to local differences associated with
topography and the distribution of vegetauon, land, and
water. But the armospheric circulation parterns are not
what would be expected from consideration only of the
pressure gradients associated with these {eatures, to-
gether with the force of gravity, because rwo other
iImporant factors come into play. These are the Corolis
deflection (usuaily inappropriately called the Coriolis
force) and fricrion.

The Coriolts deflection 15 a compiication that arises
from the rotation of the planer. Specificallv, Earth tends
ta rotate out from under obiects that are in motion over
its surface (for example, fired artillery shells and moving
parcels of atmosphere). That is, such objects do not go
quite where they seem to be heading, because the place
they were heading is rotanung at a different velocity than
the point of origin (rotational speed 1s highest ar the
equaror. where 2 point must move some 40,000 km/day,
and lowest near the poles). Thus, in the Northern
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Hermusphere a parcel of air moving north will appear to a
tetrestrial observer to be deflected 1o the right (east}, the
direction of the Earth’s rotation, because it will carry the
higher velocity of s place of ortgin. The Coriolis
“force™ 1s the apparen: extra force (besides pressure
gradients, gravity, and any other "real” forces that mav
be acung) needed to expiain 10 an observer on Earth’s
roaung surface the observed paths of moving obijects.
We say “apparent” because no work is done to produce
the deflection—it is a function of the position of the
observer. A person 1n space observing the trajectory of an
artillery shell relanve to the solar system (assume, for
example, that the shell were visible but the rest of Earth
were invisible) would not see any Coriolis deflection.
The magnitude of the Coriolis defiection is greatest at the
poies and zero on the equator; the magnirude also varies
in direct proportion 10 the speed of an object —a station-
ary object i1s not subject to Coriolis deflection.’® The
direction of the Corolis deflection is alwavs perpendic-
uiar to the direcuon ot an object’s mouan. It changes the
direction of mouon but not the speed. Motions in the
Northern Hemisphere are defiected to the right; motions
in the Southern Hemisphere. to the left.

Consider the effect of the Corioiis deflection in the
Northern Hemisphere on the flow of air into a region of
low atmospheric pressure from surrounding regions of
higher pressure, The pressure-gradient force rries to
drve the flow straight in, bur the Corioiis defiection
bends 1t to the right (Figure 2-19). The resulung spiral
patterns are actually visible in most satellite photographs
of Earth, because the winds carry clouds along with them
(Figure 2-20). The spirals associated with low-pressure
centers (clockwise in the Southern Hemusphere, coun-
terciockwise 1n the northern) are called cvelones, and the
ourward spurals associated with high-pressure centers
iclockwise 1 the Northern Hemisphere. counterclock-
wise 1n the southern) are called anticvelones.

The force of fricuon adds two features to the wind
parterns described thus tar. It slows down the wind near
Earth’s surtace — most dramauically in the tirst few tens of

**The magnitude of the Conobis deflection associated with horizontal
meuon ar velocity v m,sec at lanrude o 15 2y sino kg mass. where
=729 ¢ |0 radians/ sec 15 the anguiar velocity of Earth's rotanion.
(There are 2~ radwns. or 360 deerees. 1n one revolunon. See, tor
<xample. Neaburger, et al. L nderstanding, Pp. 99~ 104
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Coriclis defiection of the wind. Light arrows denote the
tirection ot pressure-gradient torce, which would also be
wind direcuon on a nonrotanng Earth. Heavy arrows show
the Coriolis deflecuon of the wind directly to the nght
(Northern Hemisphere).
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FIGURE 2-20)

Aunospheric circuiatuon patterns
as revealed bv cloud distributions.
{NASA)

NATURAL PROCESSES AND HUMAN WELL-BEING

meters, but still significandy at altirudes up to a few
hundred meters. And, because of the way the friction
force interacts with the pressure-gradient torce and the
Corohs deflecuon, it causes the direcrion of the wind to
change with altutude tor the Airst several hundred merers.
The horizontal pressure gradients themselves may be
quite difterent ar one altitude than ar another. which also
gives nse to significant changes in the wind patterns as
une moves awav trom Earth's surface.?!

"*More detailed explanations of the operanon ot the trction torce and
the variauion ot pressure grachenrs with altirude ars gaven 1 Neburger et
4. Understanding, pp. 109114

The General Circulation

The overall pattern of atmospheric motions resulting
trom the phenomena just described is called the general
circularion, 1ts main features are illustrated in Figure
2-21. The assoctated variation of average sea level
pressure is indicated in Figure 2-22.

The surface circulation in the wopical regions north
and south of the equator is dominated by the trade winds,
biowing, respectively, from the northeast and the south-
east. These very steady winds are associated with the
pressure drop between the subtropical highs and the
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FIGURE 2-21

Maun features of the general global circulauon.

' A POLAR STH—subtropical highs
Flows near the surface and cross-sections of the HADLEY L—tow
mawn cur¢ulatons in the upper roposphere. CELLS H—nigh

ot Polar nigh low-pressure doldrums on the equator. The trade winds

sornf— £ Aleunan ang are deflected from the direction of the pressure drop by
celanaic lows the Conolis force—to the right in the Northern Hemi-
sphere, to the left in the southern—as explained above.
PN f— Subtropical . .
nig-pressure The rcglor? where I,he Frade winds meet to form a belt 91
pett easterly winds encirching the globe near the equator is
\tertropical catied the :ﬁwﬂropmal canwrgguce zaﬁe. '
convergence The vertical part of the crculation in the tropics
Eaqt— zane (doldrums) E . . .
consists of thermal circulatons of the form shown in
Figure 2-18A, one tmmediately north of the equater and
Suttromeal one tmmediatety south. These are called Hadley cells,
s — ! i . . .
FIGURE 2-22 ;:;I:'I pressure at;er the British meteorologist who first postulated their
i existence. In the Hadley cells, the air rising over the
Variaton of average sea-level or i . 1 Asitn the ai |
pressure with lagmude. (From  60° = equator is moist as well as warm. As it mises, the air cools,
Neiburger, Edinger. and - Polar_figh whereupon some of the contained moisture condenses
Bonner. 1973}, PRESSURE — into droplets and falls as rain. The latent heat of
e—
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vaporizauon reeased in this process helps dnive the air
farther upward, producing more condensation, more
release of latent heat. and more rain, Thus, the air rising
near the equator in the Hadiey cells is largely “wrung
out,” producing in the process the very ramny climates for
which the tropics are known. Having lost its moisture
and some of its sensible heat in ascending, the arr flowing
poleward in the upper part of the Hadley cells continues
to lose hear by radiating energy o space more rapidly
than 1t absorbs radiant energy from the warmer atmo-
spheric layers and the surface below. At around 30°
north and south latitude, the relatuvely cold, dry air
commences 10 siik. In sinking into higher pressure it is
warmed by compression. This descending flow of warm,
dry air in the 30° latitude belts s a major reason these
belts are charactertzed by deserts all around the world,
(The Sahara of northern Africa, the Kalahari of southern
Africa, the Atacama of Chile, and the Sonoran desert of
Mexico and the United States are exampies.) Finally, as
the drv air moves equatorward on the surface to complete
1S Circwit. it packs up both heat and mosture from the
increasingly warm surfaces of the land and water of the
ropIcs.

Thermal circulation pamterns similar 1o the Hadlev
cells of the tropics are also found in the vicinity of the
poles. bur they are smailer and weaker than those on
ewther side of the equaror. The temperanire and pressure
differences driving the polar flow are less than those
nearer the equaror, and the transfers of moisture and
latent heat are also much srailer.

Although it was postulated at ene time that there must
be ar indirect celt linking the equatonal and poiar cells in
<ach hemisphere — thar 15, 4 celt in which air sinks on the
side toward the equator. Hows poleward on the surface,
and rises on the polar side ~ measurements indicate that
Lus pattern 1s either exremelv weak or enureiv missing.
Rather than being borne by such circulations, the
poleward energy How in the nuddle latitudes 15 ac-
complished instead by the great, swirling, horizontal
Hows associated with the subtropical highs (see Figure
2-18B. as well as Figure 2-21) and with the wavy
boundary between those highs and the subpolar lows.
Along that boundary in both hemuspheres, the winds are
predominandy westerly (that is, flowing from west 1o
east) both at the surface and high in the troposphere.

Embedded in the westerlies at the upper edge of the
troposphere and on the boundary between the subpolar
lows and the subtropical highs are the circumpolar fer
streams. encircling the globe in 2 meandering path
covering lautudes from 40° to 60°. The core of a jet
stream is typically 100 kilometers wide and 1 kilometer
deep, and is characterized by wind speeds of 50 to 80
meters per second [110 to 180 miles per hour (mph)).
These high speeds are the result of a jarge pressure
change over a relatively short horizontal distance on the
boundary berween low-pressure and high-pressure cir-
culanon svstems. In addition to the circumpolar jet
streams. there are westerly subtropicai jet streams at
about 30° north and socuth latitudes, associated with the
poleward edges of the Hadley cells, and some seasonal jet
streams of lesser importance.??

On the boundary between the subpolar iows and the
polar highs, there are weak easteriv winds at the surface,
giving way ro westeriies at higher altitudes, The hugh-
alutude flow, then, is entirely westerly. The part of this
flow lying poleward of the subtropical highs is cold
alr—essentially a great west-to-east spinning cap of it,
draped over each pole—and is called the circumpolar
tortex. The circumpolar vortex in the winter hermisphere
1s larger and wavier at the edge than the one in the
summer hemusphere. because the equator-1o-poie tem-
perature difference that is the basic driving force behind
these tearures is much greater in winter. The waviness at
the edge of the circumpolar vortex is caused bv cold,
low-pressure circutation systems being pushed equator-
ward into the temperate zones, producing the cold fronts
and accompanying storms common in winter.

In the summer hemisphere, the characterisucs of the
general circulation associated with the equator-to-pole
temperature difference are much less strongly developed.
The tntertropical convergence crosses the equator into
the summer hermusphere, the summer-hemisphere Had-
lev cell weakens and nearly vanishes, and the circum-
poiar vortex subsides. This weakening and relative
disorgaruzation of the general circulation in the summer
hermusphere permits the pattern to be dominated by
asymmetries connected with the distribution of land and
bodies of water. Among the most important of these are

"*Strahler and Strahler. Envtronmental peoscrence. pp. 96-98
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the summer monsoons of Asia and sub-Saharan Africa, in
which moust, cool air sweeps inland over warm land.-
masses, rises, and drops the moisture as rain. This
climauc fearure is essenual 10 the food supply of a
substantial parr of the worid’s population.

Weather, Climate, and Climate Change

Weather and climate are not the same thing, and the
difference berween the two terms involves the time span
i which one is interested. Wearker refers to the condi-
nons of temperature, cloudiness, windiness, humidity,
and precipitation that prevait at a given moment. or the
average of such conditions over ume pertods ranging
trom hours to a few davs. The weather can change from
hour to hour, from dav 10 day, and from week to week.

Climate, on the other hand, means the average pattern
in which weather varies in tme, and the average 1s
determuned over jonger periods (from a month 1o de-
cades). Thus. one nughi speak ot the climate of a given
region as being characterized by hot, dry sumimers and
severe winters. Within this region, one would stiil expect
some periods (davs or weeks) of cool weather in summer
and mild weather :n winter. If the weather for an entire
summer were cooler than usual. one would sill speak of
an exceptional summer’s weather or a short-term climatic
tluctuatien but not o1 climate change. But if the weather
averaged Over (en or Iwenty consecutive summers were
significantly cooler than the average for the previous
thirty, then one could begin w0 cail the phenomenon a
change in ciimate.

Local weather and climate 2re determined bv the
complicated imteracuon of regional and giobal circula-
tron patterns with local topography, vegetanon, configu-
ration of fakes. rivers. and bavs. and so on. 3 Successtul
weather predicuon requires combining knowledge of

these general patterns and known local fearures with the
—_—

"In this chapter we have emphasized the large-scale processes that
ROvern the patierns ot weather and climate over large regions. continents.
and hemispheres. Invesngaung in detall the microclmares that ntivence
numately the human and biclogical communties 1n specitic smali
rezions would take us deeper 1nto the demanding and technical subject ot
meteorelogy than space and the narure of this book permit. The witerested
reader should consult Naburger ot af, Understandine our atmospheric
enuiranment, or another basic metcorology text 161 an wnroduction to the
TULTOMCLeorology mussing here
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most detailed available information about the weather
conditions of the moment and the past few days —not just
at the location whose weather is being predicted, bur ar
other locations, as well. That s, to predict tomorrow's
weather, one must know as much as possible about
today’s. What happens in Los Angeles on Saturday mav
be largelv foreseeable from what was happening in San
Francisco on Friday, which couid have been a storm that
was in Portland on Wednesday, which originated as a
disturbance in the Gulf of Alaska on Monday.

As everyone knows, forecasung the weather even one
day ahead is not an exact science. This inexactitude is not
because there are undiscovered physical processes at
work; all the basic physical laws involved are actually
known. The imperfections in prediction have two ori-
gins: first, the actual system involved —atmosphere,
ocean, other water bodies. land —is far roo complicated
for the known physical laws to be applied exactly, even
with the largest computers; second, the inirial condi-
tions—the state of the svstem at the time the analysis
begans—can be specified only approximately, owing ro
tundamental monitoring limuations. The farther in
advance one wishes to make a local weather forecast, the
more difficubt the task becomes, because the larger is the
area of the giobe whose present conditions can influence
subsequent conditions at the place one is interested in.
Also, temperature and pressure anomalies small enough
10 slip through the giobal nerwork of weather stations
today may have grown large enough in 2 week’s time to
determine the weather over large regions. Weather
satellites have made the meteorologist’s task somewhat
easier, especially because they provide information about
meteorological conditions over the oceans, where surface
mONLonng stauons are relatively scarce; bur reliable
weather torecasung a week in advance is still not a reality.
Because the metecrological svstem 1s 50 complex, reliable
torecasung two weeks ahead may never be attainable.

Understanding and predicting the changes in climate
that have occurred and will continue 1o occur over time
spans ot decades, centuries, and millennia is in some
respects even more difficult than forecasting the weather
from day to day. The weather forecaster has the disad-
vantage of having to deal with tremendous detail in terms
of variauions over short nimes and short distances, but the
advantage of access to a tremendous body of observa-
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The Earth's climate—the past million vears. (After Bolin, 1974.)

tional data—the weather happens cvery day, and many
skilled observers with good instruments are watching
and recording. The climatologist has reasonably good,
direct, observational dama only for the past few decades,
spotty records for the past century or so, and only
indirect evidence before that (scanered historical writ-
ings dating back several centuries, some archeclogical
evidence going back a few thousand years, and only the
fossil record and geological evidence before that). The
plight of the climatologist is something lLike trying to
learn ail about weather on the basis of good data for the
past two days, spotty data for the past two weeks, and
only some fuzzy ciues as to what might have happened
before then.

On the basis of the limited evidence available to them,
climatologists have done a remarkable job of recon-
structing in a plausible way Earth’s climatic history for
about the past million years and, more roughly, for the
past 60 million years.’* Some of the main features of the
more recent history are illustrated in Figure 2-23. It
shows a series of fluctuations in average midlatirude air
temperature, with different amplitudes associated with
different time scales. (The ampiitude of a fluctuation is
the difference between the maximum and minimum
values associated with it.) The amplitude of the indicated
variation in the past hundred years is about 0.5° C
(roughly, 1° F); the amplitude of the fluctuztions with a
time scale of a few hundred ro a thousand or so years is
from abour 1.5° to 2.5° C; and the amplitude of the
flucruations with a time scale of tens of thousands of
Years is in the range of berween 5° and 10° C.

Several points with respect to this climatic history
deserve emphasis:

1. Variability has been the hallmark of climate over
the millennia. The one statement about future clirnate
that can be made with complete assurance is that it will
be variable —a conclusion not without sipnificance for
food production (see Chapter 7).

2. Rather small changes in average midlanrude tem-
peratures are likely to be associated with larger changes
1 the seasonal extremes of temperature at those latitudes,

“Study of Man’s Impact on Climate (SMIC), Inadvertent chimate
modificanon, pp. 28-45; Bert Bolin, Modeliing the chmate and s
variztions.
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and with even larger changes in the extremes nearer the
poles. These extremes in temperarture are likely to have 2
more crucial influence on flora and fauna than are the
averages.

3. Modest changes in average temperature and the
accompanying larger changes in temperature exrremes
are often associated with significant changes in the
circulation patterns, humdities, amounts of rainfall, and
other features that make up regionai ciimates. These
changes, 100, can drastically influence the character of the
plant and animal communides that exist in different
regions.

4. The drop in average midlatitude temperature asso-
ciated with major ice ages is as lirtle as 4° or 5° C. It is
possibie that an even smaller drop could trigger such an
ice age.*’

5. The onset of significant climatic change in the past
has sometimes been quite rapid. There 15 evidence to
suggest. for example, that the advance of the continental
e sheets in a cooling period that commenced about
10,800 years ago destroved living forests wholesale
within the space of a single century or iess.’

t. The world finds itself in the last part of the
twentieth century A.IJ. in one of the warmest periods in
recent climatic history. What peopie alive today assume
15 normal — namely, the climate of the past thirty to SIXTY
vears—is in reality near one of the exuemes of the
persistent historical fluctuations, Even withour the pos-
sipility of inadvertent human influence on ciimate, it
could not be predicted on the basis of present knowledge
how much longer this present extreme climate might iast.
PPast evidence suggests, however, that when it ends, it
will end (barring human mtervention) with a cooling
trend.

Several questions present themselves. What has caused
the climatic fluctuations of the past? If climate change 1sa
historical fact of life, is there any reason to worry about
furure changes? Is civilizanon capable of snadvertently
inftuencing climate — for example, by acceleraung nawu-
rai change or initiaung a different wend? s there any
prospect of deliberate intervenuon to stop a threatening
trend in climate? We consider the first two questions in

TSMIC
“H H. Lamb, The chaneng cirmate. p. 236
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the next few paragraphs; the last two will be touched on
only briefly here and then taken up in detail in
Chaprer 11.

The causes of past changes in climate are not well
understood. One possibility is variation in the rate at
which the sun emitied energy, bur there is no convincing
evidence to show thart this has occurred, and no convine-
ing theory that predicts it has been proposed.?” A second
set of possibilites involves changes in atmospheric
composition, influencing the wansmission of incoming
solar radiation and/or outgoing terrestrial radiation. For
example, pentods of intense volcanic activity might have
added enough ash to the atmosphere to affect climate
significantly, or biological and geophysical processes
might have caused the atmospheric stock of carbon
dioxide to dewviate appreciably from its present value.
Evidence 1o connect these possibilities with the actuat
onset of ice ages is lacking, however. Sdli another
possibility is variations in Earth’s orbit, which would
have affected the amount and uming of incident solar
energy. Such vanations are known to have occurred and
1o be occurring, but they appear to have been too small by
themselves to have produced the onset or retreat of
Ice ages.

A likelv contriburing factor is that the circulation
patterns and other phenomena that produce the gross
features of climate are not very stable. If they were stable,
the svstems governing climate would tend to return after
any disturbance 1o the conditions that prevailed before
the disturbance. Many exampies are known in physical
science of systems that are stable if the disturbances
imposed on them are not too large, but unstable —that is,
they fall into altogether different patterns of behavior
than the inital ones—if a disturbance exceeds some
threshold. The idea ot stability and the related concept of

feedback mechamisms are explored by means of some

simpie examples in Box 2-5,

The number of feedback mechanisms influencing the
stability of the globali chimate, both positivelv and
negatively, is verv large.** Some of the more important
ones are indicated in Figure 2-24. It is not unlikely,
under these arcumstances, that the ocean-atmosphere

""For ntmigwing speculations. see Schneider and Mass. Volcanic dust.
"W, W. Kellogg and 5. H. Schneider, Climare stabilization: for berrer
or for worser
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BOX 2-5 Stability and Feedback

In general, a system is said to be stabie if it tends
1o return ro its nitial state after any perturbation,
and wnstable if a perrurbation would cause the
svstem 10 depart permanently from its initial
state. Often the character of the perturbation
determines whether a system is swble or
unstable.

As a simple example, consider a system con-
sisting of a marble in a round bowl. as shown in
cross-section in the diagram here. The “state” of
this system is the position of the marble, and in
the initial state the marble is at rest at the bottomn
of the bowl (A). The svstem is stable against
small sidewavs displacements of the marble—
that is, if one pushes it to the side, the marbie will
roll back toward the center and eventually come
to rest again in the tmtial state. The svstern s nor
stable agamnst displacements so large that the
marble is pushed out of the bowl (or against
entirely different kinds of perturbations, such as
turning the bowl over!). A stmilar svstemn (B), in
which the bowl ts inverted and the marble rests
on top. is unstable even agamnst small perturba-
uons. Any displacement causes the marble 10 rol]
away.

tr seems likelv that the stability properties of
Earth’s meteorological svstem are analogous to
those of the third arrangement (C). In this case,
there are several states of equilibrium — that ;s
states 1n which the system can remain unchanged
for an extended period. Each equilibrium state is
stable against smatl perrurbatiens, bur a large
perturbauen can cause the system 1o shift to a
different equilibrium, which in twen 15 stabie
unul a large enough perturbation happens along
10 cause another shift. Such svstems are often
called metastabie,

When the forces or flows that affect the system
are in balance, at least temnporarily. then the
system will be in equilibrium. A perturbarion
generally alters the forces or Hows. and the way it
alters them deterrmines whether the svstem 15
stable or unstable. In a stable svstem. a pertur-
baton sets 1n motion changes in forces or Hows
that tend 1o restore the initial state. Processes that
work thus wav are called negarrve Jeedback (a
change in the state of a system induces an effect
that reduces the change). Postrive feedback ocours
when a change tnduces an etfect that enlarges the
change.

\.//‘\N\m

A STABLE B8 UNSTABLE C METASTABLE

Consider the marble inside the bowl again. A
displacement leads to a force thar pulls the
marble back toward its initial position, reducing
the displacement; this is negative feedback. I the
muarble 15 on top of an invertsd bowl, the force
that results from any displacement acts to in-
Crease the displacement; this is positive feedback.
Cause and effect relations of this kind —cause
producing effect that reacts back on cause —are
sometmes cailed feedback mechanisms or feed-
back loops, terms that originared in the narrower
context of control systermns for machinery. air-
craft, and so on.

We have already considered some simple
feedback mechanisms in this chapter without
calling them that. An important one for clirmate
15 the negative feedback mechanism connecung
surface remperarure and outgoing terrestrial ra-
diation. If a perturbation should increase the
surface temperature, this would cause the rate of
energy outfiow in terrestrial radiation o in-
crease; all eise being equal, this would cause the
surface temperature 1o fal, reducing the iniual
perturbation. If a perturbation should reduce the
surface temperature, the rate of energy loss via
terrestrial radiation would fall, which would
tend 1o raise the temperature again.

Often, one must trace feedback mechanisms
through two or more physical processes. Con-
sider, for example, another mechanism invol ving
Earth’s surface temperarure: an increase in sur.
face temperarure causes an increase in evapora-
tuon rate, causing increased concentration of
water vapor in the atmosphere, causing an en-
hanced greenhouse effect. causing a further in-
crease 1n surface remperature. In complicated
systems such as those influencing chimate, many
different feedback mechanisms —some positive.
S0me neganive —are operaung at the same tme,
and predicting the net effect of a given perturba-
tion can therefore be very difficulr.
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Some feedback loops governing giobal climate. (Afrer Kellogg and Schneider,

svstem governing climate belongs to the class of physical
systerns that are stable against small disturbances but
change quite drastically and semipermanentiy if a larger
disturbance happens along. Inthe case of Earth’s climate,
a disturbance (such as a change in solar ourput or in the
amount of solar energy reaching Earth) need not
an energy How iarger than the flows in the main climatic
processes 1n order to start an wnstability. It would be
enough thar the energy associated with the disturbance
be sufficient to tip the balance between two compelng
feedbacks, each of which might inveive a much larger
energy tlow than that of the disturbance. Such phenom-
tDa—someumes called rrgger effects — are encountered
trequently in environmental sciences.

There is increasing evidence suggesung that certain
large variations in regional weather patterns are caused
bv a teedback effect :n which anomalies in ocean surface

mvoive

1974.)

temperatures piay a major role.’® The heat capacity of the
oOceans (that is, the amount of energy stored for each
degree the temperature rises) is far greater than those of
the atmosphere or the tand. As a result, small changes in
the temperarure of large masses of ocean water absorb or
release enormous quantities of heat, and this permits the
Oceans 1o serve as thermal buffers, moderating what
would otherwise be more extreme changes in seasonal
lemperatures in the overlving atmosphere and on the
adjacent landmasses. That weather and climare are
largety the result of the behavior of the ocean-atmosphere
system, and net the behavior of the atmosphere alone, has
been known for a long ume. More specificaily, however,

**ferome Narmias. Experiments in objectveiv predicung some atmo-
spheric and oceanic variables for the winter of 197] -72.5 A Earmer, A

note on the long-term effects on the aunosphere ot sez surtace temperature
anamalies 1 the north Pacitic Ocean.
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recent studies indicate thar weather cycles of hot and cold
or wet and dry, which are observed on a ume scaie of ten
10 fifteen vears in many regions, are connected with
changes in ocean surface temperatures that persist over
large areas for similar periods. Apparently, such changes
can produce a lonpmudinai {east-west) shift in the wavy
partern of aiternaung high- and low-pressure zones at
the edge of the circumpolar vortex. What causes the
changes in ocean temperatures themselves is not com-
pletely understood.

A hypothesis believed by many climatologists to
explain longer-term climatic change is that the historical
changes in Earth's orbit have been large enough to
trigger a positive feedback invelving the albedo in poiar
regions: reduced solar input leads to more areas being
covered with ice and snow, leading to increased albedo
(more reflecnviry}, leading to less soiar energy absorbed
at the surface, leading to further expansion of the ice and
snow.*” Eventually, other {neganive) feedbacks would
come :nto play ro limit the expansion of the 1ce and snow
cover. but the new distribuuon of surface cover and
associated circulation parterns —an ice age —might per-
sist tor thousands of years.

Although the causes of ice ages (also called glactations)
are not weli understood, there 1s good evidence concern-
ing the actual conditions that prevailed in. the Wisconsin
glaciation. which was the mast recent of several Pleisto-
cene glaciauions and ended only about 10.000 vears ago.
Compared to today’s values, mean global temperatures
were lowered 5° or 6° C (9° o 11° F), and mean tem-
peratures were lowered by 12°C or more in the
vicinity of the ice sheets themselves.*’ Sea ievel dropped
at s lowest to 125 meters below todav’s level, the water
being ved up in the continental ice sheets that covered
what 15 now Canada, the north central United States.
Scandinavia, and much of northern Europe (see Figure
2-25).*7 The drop in sea level exposed much of what is
now conunental shelf. which became a richiv vegerated
landscape. The snow line in most moumtain areas
dropped 1000 to 1400 meters. and 700 to 900 meters in

“USMIC, pp. 125-130: Kellogg and Schaeider, Climate stabihization. I
1166,

USMIC, pp. 33-34

**Strahier and Strahier, Environmentai geosctence, p. 454
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FIGURE 2-25

Maxumum extent of Pleistocene glaciation in the
Northern Hemisphere. A. North America. B. Europe,




the tropics, compressing the life zones that exist berween
the snow line and sea level (see Chapter 4).

It is worth mentioning again thar the changes produc-
ing these conditions generally may have been—and in
some regions certzinly were —quite rapid. Although one
tends to think of glaciation as a slow process involving
the plastic flow of glacial ice (as described earlier), there
is a much faster mechanism available for the advance of
glaciers during the onset of ice ages: snow falls over a
large region, fails to melt, and is compressed under the
weight of new snow the following winter. Thus, the area
under a semipermanent cover of ice and snow can
increase enormously in a single season. This process of
rapid glaciation has aptly been termed the smow blizz. ¢

The evidence suggests that the departure of the
Wisconsin glaciers was even more sudden than the onser.
At the peak of the warming period that followed this
most recent retreat of the ice sheets, average giobal
temperatures rose to 2° or 3° C warmer than today's, sea
level rose to today’s level but apparently not above 1. and
the prevailing circulation patterns produced consider-
ably more rainfall in the Sahara and the eastern Medi-
ierranean lands than occurs today.** These conditions,
called the postglacial optimum by climarologists, oc-
curred berween 5000 and 6000 years ago.

The fact that Earth has a long history of climate
change offers small consolation, unfortunately, to today’s

*!Nigel Calder, In the grip of a new e age?
“SMIC, p. 37
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human population, faced as it is with the prospect of
turther change in the future. Significant climate change
in any direction —hotter, colder, drier, wetter—in the
world'’s major food-producing regions would be likely to
disrupt food production for years, and even decades,
because the animals and crops now relied upon are
relatively well adapted to existing climate conditions.
The recent historical record and the nearness of present
conditions To a temperature maximum, moreover, sug-
gest that the most ftkely major trend 10 occur next is
cooling. This almest certainly would disrupt foed pro-
duction for as long as the lowered temperatures persisted,
by reducing the area and growing season available for
some of the most important food crops. The dependence
of agriculture on climate is explored further in Chapter 7
and Chapter 11. Other ecological effects of climate
change could also have serious human consequences,

" which are treated in Chapter 11.

How and when human activities could themselves
cause, accelerate, or prevent climate change is a compli-
cated and imperfectly understood subject, which is also
postponed until Chapter 11. What is most relevant to that
discussion from the foregoing treaument of the machin-
ery of climate and natural climate change are the
complexity and probable instability of the parterns of
energy flow in the ocean-atmosphere system, and the
speed with which changes, once iggered, may spread
and intensify.
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