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Chapter 2

The Planet Earth
What is the earth but a lump of clay surrounded by water?
— Bhartrihari
t is a commonplace nowadays to speak of “the planet earth”, but for most of
history the earth has not been thought of as a planet. The term “planet” comes from
a Greek root meaning “wanderer”; planets were bodies which moved (“wandered”)
among the stars on the sky, something which the earth plainly does not do. The ancient
planets were seven in number: the five bright planets Mercury, Venus, Mars, Jupiter and
Saturn plus the sun and moon*. The moon is now understood to be a natural satellite of
the earth and it is realized that the sun is a star. What, then, is a planet?

I

A planet is an astronomical body comparable to the earth in diameter and mass
which revolves about a star like the self-luminous and much more massive sun. Some
planets — like Jupiter and Saturn — are larger and more massive than the earth; some
— like Venus and Mercury — are smaller and less massive. They all shine by reflecting
the light of the star around which they revolve. They are hundreds or thousands of times
more massive than possible satellites which revolve about them or the minor planets
which revolve around the sun. They contrast dramatically in mass, chemical
composition, physical constitution and dynamical behavior with those other bodies in
the planetary system, the comets.
Though the eight major planets — the five bright planets of the ancients, the earth,
and the two planets Uranus and Neptune — have in common those features by which
they qualify as planets, they differ greatly among themselves. It is not possible,
therefore, to designate any one of them as “typical”. It is clear, however, that in most
respects the earth is much the best known and may be taken to be a standard both of
comparison and of contrast.
1. The Size and Shape of the Earth
he earth is a near-sphere some 7900 miles in diameter. Since this is nearly
7 million times the height of a six-foot man, it is not surprising that humankind
long held the extremely myopic view that the earth is flat because the narrowly
limited portion of it visible to a man looks flat. However, the Alexandrian geographer
Eratosthenes (276-194 B. C.) observed that the different lengths of shadows cast on the
same day by posts in different latitudes of Egypt implied that the vertical direction was
a different spatial direction in each latitude. This could only mean that the surface of the
earth is curved. Since the sixth century B. C., the geometer-philosopher Pythagoras and
his followers had maintained that the earth is a sphere. Therefore Eratosthenes reasoned
that verticals which diverged by 1/50th of
must span 1/50th of the circumference
of the earth. By this argument, he concluded that the earth’s circumference must be
about 24,662 miles. This implies a diameter of
or 7850 miles, only 50 miles
less than the best value determined in modern times!

T

*The names of the seven ancient planets are borne by the seven days of the week: the sun’s day, the
moon’s day, Tiwes’ (Mercury’s) day, Woden’s (Mars’) day, Thor’s (Jupiter’s) day, Freya’s (Venus’)
day and Saturn’s day.
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Observers A, B, and C can note the direction of S of any given star in
relation to their respective zeniths The relation of the directions of S and Z
will vary on the surface of a curved earth, would be invariable on a flat earth.
Twentieth century surveying methods have been able to improve considerably on
Eratosthenes’ results but employ essentially the same method. However, the increased
accuracy establishes that the earth’s equatorial diameter is almost 27 miles greater than
the earth’s polar diameter. This result was closely anticipated in 1687 by Isaac Newton,
who calculated that the daily axial rotation of the earth should cause the earth to bulge
at the equator by one part in 230; this is a good first approximation to the most
accurately measured modern value of 1 part in 298.

By taking a meridional section through a spheroidal earth, we see that a sphere of smaller radius
could be fitted to it at the equator while only one of larger radius fits at the pole. On the spheres
of unequal size, as on the actual earth, equal numbers of degrees of latitude would intercept
unequal arcs at equator and pole.

Surveying methods themselves have been superseded in recent years by methods
which use space satellites. Simultaneous observations from widely separated points over
the earth’s surface are used to establish straight-line distances between points thousands
of miles apart. By 1966, the circumference of the earth had been measured to within 40
or 50 feet.
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More recently, radio telescopes on different continents have been used to observe
pin-point celestial radio sources. These observations have been recorded on magnetic
tape, and atomic clocks have timed the signals to within a millionth of a second. In time,
by combining such observations, it will be possible to establish the size and shape of the
earth to within a few inches.
In the meantime, many of the finer details concerning the earth’s size and
shape have been discovered by studying the strength of the earth’s gravitational
attraction at various points. It is interesting that Isaac Newton was moved to make his
calculation of the earth’s equatorial bulge because not long before, in 1672, a French
expedition of exploration to Guiana had found to their surprise and dismay that the fine
clocks that they had brought with them from Paris had lost nearly 2.5 minutes a day near
the equator. This was due to the fact that at Cayenne, French Guiana, they were near the
height of the equatorial bulge and therefore about 10 miles farther from the center of the
earth. Therefore the force of gravity is slightly less in French Guiana than at Paris and
the pendulum of the clock therefore swung a bit more slowly there.
The equatorial bulge is a fairly sizable scallop on an otherwise spherical earth. Seen
in cross section, it has two lobes, symmetric about the equator; these are known as
second order harmonics. The pear shape of the earth is due to a much smaller threelobed third order harmonic, asymmetric about the equator. It is something of a curiosity
that Christopher Columbus offered his opinion that the earth is slightly pear-shaped.
This could hardly have been more than a prescient guess, however, for in his day it
would have been utterly impossible to detect the earth’s third harmonic. Still smaller
higher order harmonics have been brought to light by the careful analysis of the motions
of satellites.
The strength of the force of gravity can be inferred with high precision by
observations of the perturbations induced in the motions of space probes and earth
satellites as they pass over humps and depressions in the earth’s surface. In this way, it
is now known that the earth is not merely spheroidal — bulged about the equator — but,
more exactly, slightly pear-shaped. It projects above a spheroidal surface about 35 feet
at the north pole and is depressed about 100 feet at the south pole.*
2. The Rotation of the Earth
aving determined the size and shape of the earth, one might be moved to
ask: Why is the earth nearly spherical and why is it not exactly so? If gravitation
were the only force acting to shape the earth, it would mold the earth to an
exactly spherical shape. This is a result of the fact that a spherical distribution of matter
is that distribution in which the average distance is least between the separate particles
which make up the earth; in other words, in a spherical distribution, the particles of
matter yield to the maximum possible extent to their own mutual gravitational
attractions.

H

Why, then, is there an equatorial bulge? The bulge is a direct consequence of the
earth's axial rotation. The earth turns once each day about an axis through the center of
the earth and the north and south geographic poles. The earth itself, therefore, does not
constitute an inertial system. As a result, it seems to someone at rest at the earth’s
*By a similar reasoning, Mt. Everest is not the highest mountain peak (farthest from the center of the earth).
That distinction is held by Mt. Huarascan in the South American Andes, nearer the equator than Mt.
Everest. Also higher than Mt. Everest are Mt. Chimborazo and Mt. Colopaxi.
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surface that in addition to gravity there are two pseudo-forces: Coriolis force and
centrifugal force, forces sensed and experienced only by objects in frames of reference
attached to the rotating earth.
The Coriolis “force” causes the spiralling of winds about centers of high and low
atmospheric pressure. The centrifugal “force” is directed outward from the earth’s axis
of rotation and is proportional to the distance from that axis. Centrifugal force is
therefore greatest at the equator because the equator is farthest from that axis. In effect,
it offsets very slightly the inward pull of gravity. Each particle of matter therefore
weighs a little less at the equator than it would at the pole. Consequently, a longer
column of matter is needed at the equator to balance the weight of a similar column
taken along the earth’s axis. The extra matter constitutes the equatorial bulge.
It is evident that the earth’s equatorial bulge exists because of the earth’s rotation.
If the earth’s rotation were halted, the earth would slowly adjust its shape until it became
spherical. Except in the unlikely event that the present is such a period of adjustment,
the earth’s equatorial bulge is proof of the earth’s rotation.
The earth’s daily rotation also explains the daily rising and setting of the sun, moon,
planets and stars. It was in order to account for this apparent motion that the Greek
philosopher Herakleides of Pontus first proposed the rotation of the earth in the fourth
century B. C. Again, because this motion seemed at odds with familiar experience, the
idea of a rotating earth gained no favor and lay fallow until indisputable proofs of the
earth’s rotation became available in modern times.
3. The Revolution of the Earth
aily rotation of the earth upon its axis is one of the earth’s two principal
motions; the other is its annual revolution about the sun. Revolution of the earth
seemed to most ancients an even more preposterous suggestion than its rotation,
for the earth was so ponderously great and so obviously immobile that it seemed more
suited to be the hub of the universe. Nevertheless, the Greek astronomer Aristarchus of
Samos in the third century B. C. ventured to propose that the earth revolved about the
sun. He is said to have been prompted to this point of view by consideration of the great
changes in brightness which periodically take place in Mars and Venus and to have
concluded, correctly, that the brightnesses change as they do because the planets’
distances from the revolvimg earth change greatly. It is interesting that Copernicus
followed the same line of reasoning some seventeen centuries later. Unfortunately,
between the times of Aristarchus and Copernicus, the idea that the earth revolves about
the sun was almost universally rejected as outrageous nonsense.

D

It should be understood, however, that the rejection of the ideas that the earth rotates
daily and revolves annually was not to be credited entirely to parochialism and
dogmatism. To be sure, some of the arguments offered against any motion of the earth
now seem to us to be both quaint and absurd. On the other hand, some of the effects of
the earth’s rotation and revolution were sought and not found. These failures, now
understood to be due to the inadequacy of the existing instruments and observational
techniques, understandably but unjustly mitigated against the acceptance of the ideas of
the earth’s rotation and revolution.
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Consider, for example, what the earth’s revolution implies. If the earth goes about
the sun once a year, in six months’ time it will occupy a position diametrically opposite
the first. A star seen from these two widely separated locations should appear to have
slightly different directions. Such an apparent angular displacement is called parallax.
Revolution of the earth evidently implies stellar parallax. Attempts to detect stellar
parallax failed until as late as 1838 simply because the parallax angles of all stars are so
small (a fraction of a second of arc*) as to have been undetectable and immeasurable
prior to the invention of the telescope.
It is something of a historical irony that proof of the earth’s revolution preceded the
measurement of the first stellar parallax. The earth’s orbital motion was first established
in 1728, by James Bradley of England, with the discovery of the aberration of
starlight.
The aberration of starlight is most easily understood by considering a simple
analogy. Imagine that raindrops are falling vertically. A person standing still in the rain
will be completely sheltered by his umbrella. If he runs, however, it will seem to him
that the raindrops fall toward him as well as downward. His forward velocity becomes
their rearward velocity, no matter what direction he goes. The angle at which the
raindrops appear to deviate from the vertical is the angle of aberration, determined by
the ratio of his horizontal speed to the vertical speed at which the raindrops fall.

The parallactic ellipse of any star is simply the projection of the earth’s orbital ellipse through
the star’s position S. Points such as A and B, for example, project into points such as a and b on
the celestial sphere. Except at the pole of the ecliptic, every parallactic ellipse will suffer
foreshortening. Its size will be in inverse proportion to the star’s distance from the earth.

If for raindrops we substitute light beams, the light falling “down” upon the earth
as the earth goes around the sun will fall at an angle which is determined by the ratio
of the earth’s orbital velocity to the speed of light. Since the speed of light is about
10,000 times the earth’s orbital velocity, the angle of aberration is only
seconds
of arc. Again, an angle this small was impossible to measure before the invention of
the telescope so that the aberration of starlight, like the parallax of stars, was beyond
the powers of the ancient astronomers to observe.
*There are
in a full circle. Each degree contains 60 minutes of arc (
) and each minute of arc
contains 60 seconds of arc (
). A second of arc is therefore 1/3600th of
.
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4. The Seasons
he earth’s rotation and revolution in combination are responsible for a very
important phenomenon, the succession of the seasons. If the earth rotated upon
its axis but did not revolve about the sun, the climate at any point on earth
would be determined by its latitude and would be always the same. If the earth
revolved about the sun but did not rotate upon an axis, a “day” would be a year and the
“seasons” would be day and night.

T

The earth’s orbital motion projected through the sun traces out the ecliptic on the celestial
sphere.

Fortunately, neither of these circumstances is the case. The earth’s axis inclines
from the perpendicular to the earth’s orbital plane. This means that the plane of the
earth’s equator maintains an angle of
with the earth’s orbital plane. Projected
upon the infinitely distant celestial sphere, the earth’s orbital plane is a great circle*
called the ecliptic. Since the sun is always in the earth’s orbital plane, the sun will
always appear to be on the ecliptic. Since the plane of the earth’s equator is inclined
to the earth’s orbital plane, its projection (the celestial equator) onto the
celestial
sphere will be at an angle of
to the ecliptic. As the earth
revolves around the sun, the sun will appear to go around the ecliptic. Because of the
obliquity of the ecliptic to the celestial equator, the sun appears to travel from
north of the celestial equator on June 21 (the summer solstice) to
south of the celestial equator (winter solstice) on December 22 and back each
year. It crosses the celestial equator on March 21 (the vernal equinox) and again on
September 23 (the autumnal equinox).
*A great circle is formed by the intersection of a sphere and a plane through the center of the sphere.
Any intersecting plane not through the center of the sphere forms a small circle having a diameter less
than the diameter of the sphere.
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The sun’s going south in the winter and coming north in the summer has two
effects which together produce the changes of the seasons. At any moment, the sun
is seen to be overhead at some particular place on the earth and no other.

The ecliptic and the celestial equator are mutually inclined by
intersection are the vernal and autumnal equinoxes.

. Their points of

Wherever this is, the sun’s warming rays beat down vertically. Not only do they
then pass through a minimum length of atmosphere and suffer minimum loss by
absorption and scattering, but they are also most concentrated upon the surface which
they strike broadside rather than at a glancing angle. Solar heating is therefore most
intense in whatever latitude the sun attains the zenith (the point directly above the
observer). As the sun migrates north and south through the year, this latitude varies
from
N to
S; this region of the earth is the tropic zone.
A second factor is the changing duration of the hours of sunlight. This effect is
most dramatic and most obvious at the earth’s poles. The north pole is tilted
directly away from the sun in midwinter and so is in total darkness. The same pole is
tilted
directly toward the sun in midsummer and therefore is in sunlight
continuously. At the opposite pole, the situation is complementary; the south pole has
continuous sunlight when the north pole is in winter night, and vice versa. At latitudes
between the two poles, an intermediate state of affairs prevails. At the equator, exactly
midway between the two poles, all days and nights are precisely 12 hours long.

Only at the times of the equinoxes is the earth’s axis perpendicular to the line from sun to earth.
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The altitude of the midday sun and the length of the visible arc of its diurnal circle vary with the
season.

Since the longest days are coupled with the most intense sunlight and the shortest
days with the least intense sunlight, these two factors reinforce each other to bring
about the seasons. The other planets will also have seasons, seasons whose lengths
will be determined by the planets’ periods of revolution about the sun and whose
character will depend upon the orientation of their axes of rotation and the period of
rotation.
5. The Mass of the Earth
s previously seen, the mass of the moon can be found by Kepler’s
generalized Harmonic Law to be 1/81.3th part of the mass of the earth. But
what is this in conventional units such as tons? To determine this and the
masses of all other astronomical bodies, one must first determine the mass of the earth
in conventional units such as tons. The procedure is often referred to, symbolically but
not literally, as “weighing the earth”.

A

At bottom, the earth’s mass is determined by using the law of gravitation. The law
of gravitation would tell us, for example, what mutually attractive force would be
exerted by a one-ton ball upon a test object such as another ball placed a few feet
away. The equation
which expresses the law of gravitation then allows
us to say what the force between the two balls would be at any other separation.
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In principle, it is possible to determine the earth’s mass
by comparing its attraction
upon
a test body
with the attraction
of a unit mass
at the same distance
from . Then
. In practice, the attraction
of
on
is measured when
is at unit distance
from . Then since
, the earth’s mass is
.

Suppose the test masses were separated from the one-ton ball by 3950 miles, a
distance equal to the radius of the earth. The attraction between them, so small that it
is difficult to measure even when the balls are only a few feet apart, would now be
infinitesimally small – many orders of magnitude too small to determine
experimentally. However, the law of gravitation permits one to calculate what cannot
be measured.
This calculated value is now compared with the earth’s actual attraction upon the
test ball. The earth’s attraction is the weight of the ball and is some
times the
calculated attraction of the one-ton ball at 3950 miles. Since the earth’s attraction is
the same as if the entire mass of the earth were concentrated at its center some 3950
miles away, there must be
tons in the earth, since that is how many times
greater the earth’s attraction is than that of one ton at the same distance.
What this and any other pair of bodies have in common is the fact that their
attractive force F, separation d, and masses M and m are always such that
, a fixed number, the constant of gravitation. The experimental procedure
consists, therefore, not in any direct determination of the mass of the earth, but in
measuring with the utmost precision the force of attraction F between two masses M
and m separated by a distance d. This is very difficult to do for manageable masses M
and m separated even by a small distance d because F is very small and must be
discriminated from the forces of attraction of the earth and the surroundings, including
the experimenter and his equipment.
The mass of the earth is an incomprehensibly large number of tons. The result of
“weighing” the earth can be brought into better perspective, however, by using it to
calculate the earth’s mass density. If we divide the earth’s mass by its volume, we find
that the resultant mean density is 5.52 times that of water. In other words, the earth
has 5.52 times the mass of an equal volume of water. This mean density is higher than
that of any other planet.
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6. The Age of the Earth
y ordinary standards, the earth is very massive. By ordinary standards, it
is also “ageless”, for the psalmist speaks of the “everlasting hills”. In truth,
neither the hills nor the entire earth are infinitely old. We therefore ask: What
is the age of the earth?

B

Just as nature has provided indices to estimate the ages of people — the height and
weight of young people, for example, and the gray hair and wrinkles of old people —
there are indices which allow one to estimate the age of the earth. The most precise
are the various long-lived radioactive isotopes.
To understand how radioactive isotopes can be used to gauge the age of the earth,
first recall that gross matter is made of molecules. In principle, a piece of rock, for
example, could be subdivided into smaller portions which would exhibit the same
physical and chemical properties as the original rock. At some point, however, a
further subdivision would create an abrupt change of chemical and physical properties
such as density, color, chemical affinities, etc. At such a stage, one has reached the
dividing point between molecules and constituent atoms. The number of kinds of
molecules is virtually unlimited. All molecules, however, are found to be constituted
of a very limited number of kinds of atoms. There are only 92 kinds of naturally
occurring atoms, and most molecules are made of only a small number of kinds of
atoms. Needless to say, atoms are very small. Some 240 million hydrogen atoms side
by side would span only an inch and
of them would weigh but an ounce.
Atoms have their own internal structure, which is much more difficult to disrupt
than that of molecules. For the present purpose, it suffices to understand that an atom
may be thought of as a nucleus surrounded by electrons. The electrons are all alike
and bear a single negative electric charge. The nuclei have a positive electrical charge
of the same amount as that of the electrons which surround it. The chemical identity
of any atom is fixed by the amount of positive charge on the nucleus or, what amounts
to the same thing, the number of negative electrons about the nucleus. The electrons
adhere to the nucleus because positive and negative electrical charges mutually attract.

The three simplest atoms are those of hydrogen, helium and lithium. The greater complexity
of the remaining elements consists in the possession of more protons and neutrons in the nucleus
and correspondingly more electrons revolving about it.

The nucleus of an atom not only establishes the atom’s chemical identity but
contains the overwhelming portion of its mass. The simplest nucleus is that of the
lightest element, hydrogen (H). The nucleus of hydrogen is a second kind of
fundamental particle, the proton. A proton has as much positive electric charge as the
electron has negative charge. However, it has 1840 times as much mass.
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The next simplest atom after hydrogen is helium, which has two electrons
revolving around its nucleus. The nucleus must therefore have two positive charges
provided by two protons. In addition, there are in the nucleus two electrically neutral
particles called neutrons. The mass of a neutron is almost the same as the mass of a
proton. Therefore the mass of a helium has about 7360 times the mass of an electron.
The number of protons in an atomic nucleus is called the atomic number of that
nucleus. Since the atomic number of hydrogen in 1, of helium 2, of lithium 3, ..., of
uranium 92, it is clear that the atomic number and the chemical identity are the same
thing. The combined number of protons and neutrons is for most purposes an integer
called the atomic weight. Evidently the atomic weight of hydrogen is 1, of helium 4,
etc. For the light elements, the atomic weight is often twice the atomic number: carbon
(atomic number 6) has atomic weight 12; oxygen (atomic number 8) has atomic
weight 16; neon (atomic number 10) has atomic weight 20, etc. For the heavier
elements, however, atomic weights are more than twice the atomic number: lead
(atomic number 82) has atomic weight 207; uranium (atomic number 92) has atomic
weight 238, etc.
Some atoms of the same atomic number have different atomic weights; these are
called isotopes. The 92 kinds of atoms are represented by some 1200 or more
isotopes. One of the most significant aspects of the existence of all these isotopes is
that only about 300 of the 1200 species are stable and will last indefinitely. The rest
are unstable or radioactive. This means they will become some other isotope without
the agency of any external influence. Such a process is called radioactive decay.
When a nucleus decays, it emits either a fundamental particle such as an electron,
proton or neutron, or energy in the form of high-frequency radiation such as an X-ray
or even a more energetic - ray (gamma ray). When the emitted particle is an electron
or proton, the nucleus thereby changes its chemical identity because the net charge on
the nucleus is altered. Most unstable nuclei are produced artificially in “atom
smashers” or in atomic piles such as are produced in nuclear energy plants. Some,
however, occur naturally.
The rate at which radioactive nuclei decay is a characteristic of each kind of
isotope. It is usually expressed in terms of the half life of the isotope. A half life is
the time in which half of the nuclei in a pure sample will decay. The half life of the
uranium isotope of atomic weight 235 (written
for short) is 710 million years.
Therefore a sample of pure
will contain only half as much
after 710
million years; the rest becomes lead. After another 710 million years, half of
that half will remain while the other half becomes lead, and so on. Clearly, as long as
an accurately measurable fraction of
remains, one can tell how many half lives
old the sample is. This is the basis for the method of radioactive dating.
Fortunately, the half lives of the various unstable isotopes range from
microseconds (millionths of a second) to billions of years. As noted,
has a half
life of 710 million years; the half life of
is 4.51 billion years. The carbon isotope
has a half life of 5600 years; it is therefore useful for dating archeological artifacts
and prehistoric ruins. Clearly, to be useful for determining the age of any object, an
isotope must have a half life comparable to the age of the object itself.
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To determine the age of the earth, therefore, geophysicists seek out samples of
rock or ore which contain radioactive elements such as
. The radioactive element
(uranium) and its end product (lead), together with any intermediate isotopes,
represent the amount of the original sample. The proportion of the sample which is
still uranium tells how long the sample has been undisturbed.
Since the earth is now so old that very little of its surface (only a few per cent) has
been left undisturbed by geologic processes, it is a matter of some difficulty to find
primeval samples of a uranium-bearing rock. The oldest thus far known have an age
of 3.7 billion years. Since some of these were originally sedimentary, it is evident that
the crust of the earth is even older. Moon rocks as old as 4.6 billion years suggest that
figure as the probable age of the earth. Other less direct isotopic analyses of various
elements on the earth reinforce this determination of the earth’s age.
7. The Interior of the Earth
t is interesting that Isaac Newton’s calculation of the size of the earth’s
equatorial bulge (1 part in 230) was greater than the measured value (1 part in
298) partly because he assumed the earth’s interior to be homogeneous. As we
have seen, the mean density of the earth is 5.5 times the density of water. The mean
density of the rocks of the earth’s crust, however, is only 3.3. If the earth’s exterior is
thus of lower than average density, this deficiency must be compensated by some
region in the interior where the density is higher than average. This is to be expected,
since the outer parts weigh upon the inner parts and will compress them to the extent
that molecular and atomic forces will allow. Can this reasonable conjecture be
confirmed by observation?

I

Obviously, one does not “observe” the earth’s deep interior in a literal sense. It is
done by studying seismic waves which propagate through the body of the earth when
earthquakes generate tremors in the earth’s crust. Much smaller scale waves are set
off by underground nuclear explosions, but the waves are similar in kind.
Seismic waves are of two kinds. One kind is a longitudinal wave (P-wave or
pressure wave) and the other kind is a transverse wave (S-wave or shear wave).
Longitudinal waves are back-and-forth pulses of compression and rarefaction along
the direction of propagation; sound waves are an example of longitudinal waves.
Transverse waves are oscillations of the medium perpendicular to the direction of
propagation; ripples on a pond are transverse waves.
Both kinds of waves travel faster in a denser medium than in a less dense one.
However, the longitudinal waves always travel faster than the transverse waves in the
same medium. Longitudinal waves may travel as fast as 5 miles per second whereas
transverse waves in the same medium would travel about 3 miles per second.
Therefore longitudinal wave pulses will arrive at a distant seismometer ahead of
transverse waves from the same quake. The interval between them depends upon the
velocity difference and can be used to determine the distance of the quake from the
recording station.
If the interior of the earth is not of uniform density, allowance must be made in
such calculations for the variations in speed suffered by the propagating pulse. In
order to reconcile the observations of one and the same quake as received at various
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recording stations reached along various paths through the earth, the density at
different depths is adjusted appropriately. In this way, the physical constitution of the
earth’s interior can be probed.
Another distinction between longitudinal and transverse waves is that the latter
will not travel through liquids. This means that if there are any portions of the earth’s
interior which are liquid, they will “cast shadows” in the transverse waves. By
interpreting the results from transverse waves it is concluded that the interior of the
earth becomes liquid (molten) at a depth of about 1800 miles. The outer 1800 miles
is solid mantle; the portion inside the mantle is the core. The seismological analysis
of the earth’s interior indicates that the outermost layer, the crust, is a skin which is
as shallow as 3 or 4 miles in some places under the oceans and as deep as 20 to 40
miles under the continents. Then comes the mantle, made of rock 3.4 to 5.5 times the
density of water and comprising about 83 per cent of the volume of the earth. The
core inside the mantle is probably of iron with an admixture of nickel, having a
density which increases toward the center from 9.4 to an uncertain value within the
limits 12 to 18 times the density of water. A velocity-density discontinuity exists at
a depth of 3100 or 3200 miles. Some geophysicists interpret it as the boundary of a
solid inner core; others believe it to be the point at which the molten iron-nickel
changes from one liquid phase to another (high pressure) phase. The core contains
only 10 per cent of the earth’s volume, but because of its higher density has 31 per
cent of the earth’s mass.
It is not only on the strength of tradition that the earth’s nether regions are
considered hot. From deep mines and exploratory borings it is established that the
temperature of the interior increases inward. In the crust, the temperature rises at the
rate of about
per mile. If it continued at this rate, it would amount to more than
F at the center of the earth. Such a high value is not credible, for it is
inconsistent with the seismological evidence. Instead, it is believed that the
temperature inside the earth is about
F to
F at a depth of 1800 miles (the
base of the mantle) and about
F to
F at the earth’s center. Small
wonder that the core is molten!
The comparatively rapid increase of temperature in the earth’s crust is presumed
to be due to a relatively high concentration of the naturally radioactive elements in this
layer. As the radioactive elements decay, they release gamma rays, electrons and
helium nuclei (alpha particles) whose energies are absorbed by the surroundings
which are thereby heated up. The radioactive U (uranium) and Th (thorium) atoms are
larger than other atoms because they have high atomic numbers. They were therefore
“wrung out” like water from a cloth at the high pressure deep inside the earth.
Consequently, they have been cast in with the lighter minerals which “floated” to the
top and now form the earth’s crust.
8. The Earth’s Crust
he concentration of the heavy radioactive elements in the earth’s crust is
only one of several differentiations of chemical composition that have taken
place in the earth. Once one has some notion of the density and temperature at
various depths in the earth, the pressure can be calculated. Then the laws of physical
chemistry can be applied to indicate how the elements will combine, which will
crystallize, what separations will occur, etc. By combining such bits of information
with comparative studies on meteorites and stars, some fairly specific proportions of
the elements can be derived as the probable composition of the earth’s interior.
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On such grounds, it is thought that 39 per cent of the earth’s mass is iron (Fe),
mainly settled down into the core; with it is about 2.7 per cent of the earth’s mass as
nickel (Ni). The mantle contains 27 per cent of the earth’s mass as oxygen (O), 14 per
cent silicon (Si), 11 per cent magnesium (Mg), 2.7 per cent sulfur (S), and 1 per cent
aluminum (Al) and calcium (Ca). All other elements constitute less than 2 per cent of
the earth’s mass.
In the crust, there is a differentiation between lower density lighter colored granitic
rock (called sial because of its high content of silicon and aluminum) and higher
density darker colored basaltic rock (called sima because of its high content of silicon
and magnesium). Sial undergirds the projecting land masses while sima underlies the
ocean depths. Though the crust and mantle of the earth are in the solid state, they are
at the same time plastic enough to bend and flow when subjected to large forces for
long periods of time. For example, the region of Scandinavia is rising at the
geologically rapid rate of about a yard per century. It does so because it is now
relieved of the tremendous weight of the ice sheet of the last glacial period. In a word,
it is “rebounding”.
The occurrence of gradual flow in the earth’s crust and mantle has produced
drastic modifications of the face of the earth during the last several hundred million
years. A billion years ago, there was only a single land mass which has since split into
the various continents. This theory of continental drift is supported by several lines
of evidence. One is the complementary shapes of some of the continental outlines; the
east coast of South America fits very well into the west coast of Africa, for example.
Even more convincing is the fact that the South American and African geological
strata match even as to the details of the distinctive kinds of fossils they bear.
Perhaps the most telling evidence for continental drift, however, is that the fossil
magnetization of rocks correlates precisely in now widely separated continents.
Crystals or small particles of iron-bearing rock laid down by sedimentation or melted
by metamorphism or volcanism align themselves with the earth’s magnetic forces like
so many small compass needles. As such, they constitute a record of the direction of
the earth’s magnetic poles at the time of their formation. This direction changes
continuously through a progression of successively older geological strata and thus
implies either that the magnetic poles have migrated or that the continents have
drifted. The actual data from
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different continents would require the magnetic poles to have migrated in different
directions at the same time. Since this is self-contradictory, it must be the continents
which have drifted. Such drift explains why glaciated strata are sometimes found near
the equator and why tropical coal deposits are presently found within the arctic circle,
at Spitsbergen, for example.
What causes the drift of entire continents? It is evidently the result of an upflow
of matter along the oceanic ridges, one of which lies along the length of the Atlantic
Ocean between the Americas and Europe and Africa. Here a slow upwelling of sima
forces the eastern and western hemispheres apart at the rate of an inch or so per year.
At the perimeter of a continent, the denser sima submerges beneath the less dense sial
and may in the process produce a buckling in the form of linear mountain ranges such
as the Cordilleran or Appalachian chains.
Why does such a flow occur? It is doubtless due to a circulation generated by the
unstable temperature distribution in the earth’s crust. The concentration of radioactive
elements in the earth’s crust serves to raise the temperature of the crust more rapidly
with depth than would be the case if the earth were allowed to cool undisturbed.
Suppose that a blob of rock expands to such an extent that its density becomes less
than that of its immediate surroundings. It will then rise for the same reason that
bubbles rise in a soft drink. As it rises, it will expand because it has to support less
compression from above. Because it expands, it will cool, like the spray from an
aerosol can. If the temperature drop suffered by the blob of rock is less than the
temperature drop of the surroundings it rises through, it will continue to be less dense
than the surroundings and will therefore continue to rise. This gravitational heat
engine drives the convective circulation of mantle material both up and down and
does the work needed to propel the continents slowly across the earth’s surface.
9. The Earth’s Magnetic Field
f there is a slow plastic flow of the material of the earth’s rocky mantle, may
there not be an even more ready circulation within the earth’s liquid core? Not
only is this a reasonable extrapolation, but one supported by indirect evidence.
That evidence is the existence of the earth’s magnetic field.

I

The earth exerts a magnetic force upon such things as magnetic compass needles
and upon wires carrying moving electric charges (electric currents). Collectively, these
magnetic forces at every point of space constitutes the earth’s magnetic field. It is very
similar in nature to the magnetic field of a bar magnet or magnetic dipole. Why does
the earth have such a magnetic field?
It cannot be because there is a solid bar magnet in the earth’s interior. In the first
place, the core of the earth is largely if not wholly molten. In the second place, from
the depth of 12 miles downward the temperature is above
F; at this critical
temperature, iron no longer can possess permanent magnetization.
We therefore fall back on the fundamental fact that all magnetic forces are
ultimately due to the motion of electric charges — that is, to electric currents. Within
a rotating fluid body such as the earth’s core, one would expect a circulation of fluid.
The pattern of circulation should consist of loops in the plane of each meridian
together with differential rotation parallel to the plane of the equator. Do such currents
within the earth transport more of one kind of charge than the other and thereby create
a current which induces a magnetic field? The presumption is that they must, though
the means by which a separation of charges takes place is extremely obscure.
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Even with such an incomplete understanding of the origin of the earth’s magnetic
field, the dynamo theory, as it is known, provides a valuable insight into the earth’s
magnetic field. The existence of such a field requires both a liquid core and a
reasonably rapid rotation. The moon has neither. Mars very probably lacks a molten
iron core, and Venus has a very slow rotation. None of these other bodies has a
magnetic field of the order of magnitude of the earth’s.
10. The Atmosphere of the Earth
urrounding the earth’s crust (or lithosphere) are the oceans (the hydrosphere) and the atmosphere. The oceans cover 71 per cent of the earth’s surface
and have an average depth of 2.4 miles. In places, the oceans are deeper than Mt.
Everest is high. Even so, they represent a very thin surface layer. Their total mass is
about 1/10,000th the mass of the entire earth. Certainly no other planet in the solar
system with a visible surface has large bodies of water.
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The existence of the earth’s atmosphere is a necessary but not sufficient condition
for the existence of the oceans; without the atmosphere, the oceans would evaporate.
This is but one instance of the interaction of the atmosphere and the hydrosphere.
Another, for example, is the fact that atmospheric gases such as oxygen and carbon
dioxide are dissolved in the oceans, and water vapor represents a small but important
constituent of the atmosphere.
Exclusive of a the small but varying percentage of water vapor, droplets or
crystals, the overall composition by weight of the earth’s atmosphere is 78.08 per cent
nitrogen
, 20.95 per cent oxygen ( ), 0.93 per cent argon (Ar), with small
amounts of carbon dioxide (
), neon (Ne), xenon (Xe), helium (He) and hydrogen
( ). Compared to other planets which have atmospheres of known composition, the
earth’s atmosphere is remarkable for the large proportion of free oxygen and the small
proportion of carbon dioxide.
The gases of the atmosphere like the waters of the ocean and the rocks of the crust,
are held to the earth by the force of gravity. At each level of the atmosphere, the
portion above presses down upon what is below and the portion beneath supports the
weight of what is above it. Compared to water or rock, however, the atmospheric
gases are highly compressible. Therefore the density of the atmosphere is greatest at
sea level and decreases rapidly with height. At an altitude of 9 miles, the density is
only one tenth that at sea level. It diminishes at about the same rate outward
indefinitely to a near vacuum. Because the density falls off as it does, half the mass
of the atmosphere resides in the lowest 3.5 miles. Its total mass is one millionth that
of the earth.*
Such an overall description of the atmosphere is grossly inadequate, however, for
the atmosphere is distinctly stratified. The bottom layer extends to 59,000 feet at the
equator but only 23,000 feet at the poles. It is called the troposphere. The troposphere
is characterized by rising and falling convective currents, unlike the other layers of the
atmosphere.
*Even so, the amount is impressive. It has been calculated that the amount of xenon alone, though
present only as a trace element in the atmosphere, would fill enough 10-ton railway tank cars to make a
train that would extend around the earth’s equator 80 times. If such a train traveled at 20 miles per hour,
it would require 12 years to pass any given point.
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The cause of the vertical circulation in the troposphere is not hard to find. Sunlight
warms the earth’s surface and evaporates water from lakes and oceans. The warmed
air and water vapor expand, become less dense, and rise like any bubble. As the moist
air rises into layers of lower pressure, it expands and therefore cools, causing some of
the moisture to condense. Condensation releases the same amount of heat as was
required to evaporate the water, and by this means keeps the moist rising air warmer
and less dense than its surroundings. It therefore continues to rise until no moisture
remains to condense.
In a sense, the troposphere behaves like a steam engine: the sun-warmed surface
of the earth serves as the boiler which provides steam, and the cold of interplanetary
space serves as the condenser toward which the thermal forces raise clouds of water
droplets against the force of gravity. The upper boundary of the troposphere is
therefore the practical limit of any substantial amounts of water vapor, the level at
which the steam engine ceases to operate. The troposphere is the layer in which occur
clouds, storms, rain, snow, etc. The vertical circulation keeps the troposphere
thoroughly mixed and therefore of very uniform chemical composition.
Since the troposphere is warmed only at its base by the earth, its base is at a higher
temperature than its ceiling. From a characteristic temperature of about
F at the
earth’s surface, the temperature falls to
F at the top of the troposphere.
Surprisingly, it then begins to rise to about
F through the layer which extends from
the troposphere to a height of approximately 31 miles. This is the stratosphere.
The explanation of this seeming paradox is that at these higher levels the molecule
ozone ( ) is absorbing the sun’s ultraviolet radiation. This radiation, more potent
than ordinary sunlight, dissociates a small amount of the molecular oxygen ( ) into
atomic oxygen (O). The freed oxygen atoms then attach themselves to some of the
remaining oxygen molecules to form molecules of ozone. Ozone is such an efficient
absorber of ultraviolet radiation that it absorbs the remainder almost completely,
converting it in the process to multiple infrared radiations (“heat rays”).
So efficient is the ozone in preventing solar ultraviolet radiation from penetrating
the atmosphere, that only about 13 parts per million of ozone suffice. The ozone layer
thus protects life on earth, for full strength solar ultraviolet radiation would prove
lethal to the lowest forms of plant and animal life on which the entire ecological
pyramid rests.
Above the stratosphere, the temperature drops to about
F at a height of 56
miles. This region is the layer known as the mesosphere. Here the air is only about
1 millionth as dense as at sea level. Because it is so thin, from an altitude of about 60
miles outward the atoms and molecules collide with each other so seldom that the
different kinds behave almost as though they were independent of one another. By
itself, a heavy gas of high atomic number would be compressed more than the
average; a light gas of low atomic number would be less compressed than average. If
the various gases were superimposed without significant interaction, as is the case
above 60 miles, the heavy gas would be concentrated toward the earth more than the
light gas.
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As a result, the thorough mixing of the lower atmosphere gives way to a
segregation according to atomic weight, the heaviest atoms (such as Ar) sinking to the
lower levels and the light atoms (H and He) rising to the greatest heights. This
chemically stratified region is called the heterosphere to distinguish it from the
chemically homogeneous homosphere below it. Almost coincidentally, the
F or
temperature rises rather dramatically in the heterosphere, reaching some
more at a height of 150 miles. Again we ask: “Why”?
We have seen that the temperature achieved relative maxima at the surface of the
earth and again at the top of the stratosphere because it is at these respective levels
that visible and ultraviolet radiation from the sun are absorbed most strongly. We
conclude, therefore, that there must be an input of some form of solar energy into the
heterosphere. It is far ultraviolet radiation and extreme ultraviolet radiation. These
radiations have wavelengths roughly one third to one thirtieth the wavelengths of
visible light and therefore energies about three to thirty times that of visible light.
The energy of the absorbed far ultraviolet and extreme ultraviolet radiation not
only raises the temperature of the gas; it also dissociates many of the molecules into
their constituent atoms. An
molecule may become two O atoms, for example. It
may further separate an electron from an atom or a molecule. A hydrogen atom may
be broken into a positively charged proton — its nucleus — and a free negative
electron; a nitrogen molecule may be broken into a free negative electron ( ) and a
positive molecular ion (
). Such a process is called ionization because the resulting
electrically charged particles are called ions.
Almost the entire far ultraviolet and extreme ultraviolet radiation from the sun is
intercepted and absorbed by the portion of the heterosphere between 60 and 200 miles
high. As a result, there is created there a layer having a large proportion of ions —
half positive and half negative. This layer is called the ionosphere. These mobile ions,
very like the mobile electrons in a sheet of metal, reflect radiation at shortwave and
AM-radio wavelengths. It is this which makes long-range radio communication
possible; radio signals reflected back from the ionosphere return to receivers at great
distance from the transmitter. Signals at wavelengths not reflected by the ionosphere,
such as television broadcasts, are not turned back to earth and can be received only to
the limit of the horizon of the transmitter.
The existence of the ionosphere clearly depends upon the action of sunlight. The
sun’s total output is so steady that no measurable fluctuations can be detected. Its
output of far ultraviolet and extreme ultraviolet radiations varies greatly, however, and
is a measure of solar activity. As a result, the temperature, density and thickness of the
ionosphere may show hourly, daily or monthly changes by a factor of several times.
It also fluctuates with the 11-year sunspot cycle. At times, solar activity may become
so intense that the ionosphere loses its power to reflect radio waves; distant radio
communication is at such times interrupted.
Clearly, if radio signals cannot penetrate the ionosphere from below, neither can
they penetrate it from above. Consequently, whatever sources of radio wavelength
radiation there may be outside the earth, they generally cannot be observed at all
wavelengths, but only at those wavelengths at which the ionosphere is transparent.
The wavelength intervals within which the ionosphere is substantially transparent are
called windows. It is through such windows that we on earth peer out at the radio
universe.
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11.The Atmosphere’s Radiation Windows
or our view of the visible universe we likewise must look through the
atmosphere’s window in visible light. Visible light has a wavelength which
ranges rather narrowly between
and
inches. Astronomers
express these wavelengths as 3800 Angstroms (Å) and 7700 Å, respectively*. It is a
fortuitous conjunction of circumstances that the atmosphere’s window in visible light
generally coincides with both the range of sensitivity of the human eye and the range
of the most intense radiations of the sun and most stars.
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Radiations of wavelength 3500 Å are known as ultraviolet light (the “black light”
of dramatic displays of fluorescent minerals). The ultraviolet and even shorter far
ultraviolet and extreme ultraviolet radiations are almost totally absorbed in the ozone
layer and the ionosphere.
Radiations of wavelength 7700 Å are deep red in color. Of still longer wavelength
are invisible infrared radiations and microwaves. Beyond these, from inches
indefinitely upward, are waves of the various domains of radio. Infrared is strongly
absorbed at most wavelengths by molecules of water vapor and carbon dioxide. Now
and again there occur wavelength intervals of relative transparency which constitute
infrared and microwave windows. Ground-based observers of celestial objects are
constrained to observe through these few windows. Only in recent years have space
probes and satellite observatories afforded views of the universe in other wavelength
regions. These new vistas have to a considerable degree created a fresh sweep and
exhilaration in astronomical exploration and discovery in addition to the prospects
provided by space travel.
The absorption of infrared (“heat radiation”) by carbon dioxide and water vapor
produces a most important result called the greenhouse effect. Sunlight reaches the
earth’s surface through the visible window and is absorbed by the oceans and
continents. By this means, the earth’s surface is warmed. The warmed waters and land
areas then radiate because they are warmed. They radiate, however, at infrared
wavelengths in which the atmosphere is not transparent. The atmosphere thus
temporarily imprisons this radiant energy in the same way as a greenhouse does. Like
a greenhouse, it keeps the “inside” warmer than it otherwise would have been. The
greenhouse effect has almost certainly been a crucial factor in establishing the general
conditions which make the earth’s surface habitable.
12. Atmospheric Refraction and Diffusion
n addition to absorbing, the atmosphere also refracts. A beam of light which
passes obliquely from a first medium into a second having a different density will
suffer a change of direction; the bending of a ray of light in such a way is called
refraction. It is refraction which creates the illusion that a stick in the water is bent
exactly at the water’s surface. It is also refraction which underlies the power of lenses.
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Now the atmosphere is a medium whose density varies continuously from its
maximum value at sea level to nearly zero in the heterosphere. Hence a ray of sunlight
or starlight entering the atmosphere obliquely will be refracted progressively more as
*An Angstrom unit is
(1 hundred-millionth) of a centimeter; a centimeter is very nearly 0.4
inches. The Angstrom is a standard unit of length among spectroscopists.
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it approaches the surface of the earth and in such a way that it will arrive more nearly
vertically than it entered. Therefore, when an observer at the earth’s surface seeks to
fix the source of a ray he receives by tracing back along it, he will incorrectly assign
to the source a position too near the vertical. In other words, the apparent position of
all celestial objects is elevated by atmospheric refraction. The amount of elevation of
any source is greatest near the horizon — amounting to slightly more than half a
degree — and diminishes rapidly to less than one tenth degree at
above the
horizon, to zero at the point overhead.

The solid curves represent the true paths of refracted beams of starlight traversing the earth’s
atmosphere. The observer assigns to the source the direction of the beam as it arrives whereas its
true direction is that of the beam as it first enters the atmosphere. The latter is always farther from
the zenith than the former .

One of the interesting consequences of elevation by refraction is that all celestial
objects are made to rise sooner and set later than they otherwise would, for by
refraction they are optically brought or kept above the horizon. Hence the sun is up
actually more than half the hours of the year.
A second consequence of elevation by refraction is one that is due to the rapid
decrease of the amount of refractional elevation with increasing altitude above the
horizon. In particular, the bottom edge (called the lower limb) of the sun or moon will
be more elevated than the upper edge (known as the upper limb). Only if both limbs
were elevated equally could the rising or setting sun or moon appear to be as high as
it is wide; however, since its upper limb is elevated less than its lower limb, the disk
of the sun or moon will appear noticeably flattened when near the horizon. Strictly
speaking, the lunar or solar disks should appear flattened at any time the sun or moon
is not directly overhead, but the amount of the effect is imperceptible at more than a
few degrees from the horizon. It is this unequal atmospheric refraction which explains
the common observation of flattened solar and lunar disks when the sun or moon is
near the horizon.*

*This has no relation to the fact that at moonrise the moon appears to be larger than when it is high in the
sky. Actually, its angular dimensions are smaller at moonrise, both because its apparent vertical dimension
is reduced by refraction and because it is one earth’s radius farther from the observer than when it reaches
its highest point in the sky. The explanation of its apparently larger size seems to be that it is purely an
illusion; it is seemingly related to greater experience in the estimation of the size of objects in the horizontal
direction than in the vertical direction, for the magnitude of the illusion diminishes with age.
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Yet another effect of refraction is one that is of little importance except to
astronomers; it is atmospheric dispersion. It depends upon the fact that no two colors
of light are refracted equally, so that the elevation of a star’s image is unequal in the
different colors forming the image. As a result, a pinpoint of starlight is received at
the bottom of the atmosphere as a string of adjacent pinpoints in the different colors.
The length of this little “starbow” is as great as 45 seconds of arc near the horizon —
an amount too small for the naked eye to appreciate but plain to see in almost any
telescope. Atmospheric dispersion must be reckoned with in making highly accurate
measurements of the positions of stars.
The most common of all the effects of refraction is the phenomenon of twinkling.
If the atmosphere were perfectly steady and motionless from top to bottom, the stars
would shine unblinking. A ray of starlight seldom finds tranquility at all heights in the
atmosphere, however; along its path it usually encounters a great number of local
irregularities in the density of the air. These irregularities of density are continually
and rapidly adjusting themselves, and as a consequence, the amount by which the ray
of starlight is refracted is also continually changing. This means that a star is made to
appear to be dancing at high speed about its average position; i.e., the star seems to
twinkle.*
A third effect of the atmosphere upon a light beam is that the atmosphere diffuses
or scatters light. This effect is brought about by the interaction of individual rays with
individual molecules of air. A light ray which grazes a molecule may be diverted into
any direction as a result of the encounter. Diffusion is not to be confused with
reflection, which can occur only from a surface, or with refraction, whereby all rays
of a beam are bent in the same way.
Rays of some colors are scattered more than others. For example, the molecules
of atmosphere scatter blue light more effectively than they do red light. Hence, from
every point of the sky more blue than red light is being scattered into the direction of
the observer, and therefore mostly blue light will be received by him from all points
of the sky; that is to say, the sky will appear blue. Without the atmosphere, the sky
would appear black — even at midday — and the untwinkling stars would always be
visible. Mountain climbers and balloon ascensionists do, in fact, find this state of
affairs approximated at high altitude, where most of the atmosphere is below them.
It is often pointed out as a distinguishing feature of the planets that they twinkle
very little or not at all. The planets’ apparent exceptional behavior is due to the fact
that they have apparent disks which are measurably large in contrast to the effective
pinpoint apparent disks of the enormously more distant stars. If we think of the light
of a star as being a single fragile beam, the light of any planet could be regarded as a
bundle of such beams. Each beam of the bundle will twinkle, but the several beams
seldom twinkle synchronously. The absence of synchronism results in our seeing no
overall effect. The moon, on a more decisive scale, likewise does not twinkle, and for
the same reason.
While diffusion causes light received indirectly to be bluer than it otherwise would
be, it will by the same token make light received directly seem redder. Thus the direct
rays of sunlight, traveling their longest path through the atmosphere at sunset, will
then be more stripped of the blue than of the red, leaving the red to predominate and
create the beautiful and characteristic red and orange sunset coloring.
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Reflection occurs at any surface when an incident beam is returned from it. In the
atmosphere, large numbers of very small particles of dust and smoke provide
reflecting surfaces; although dust particles are very small by ordinary standards, they
are immensely larger than molecules, of which they contain billions.
An observer to whom the sun is below the horizon may still receive sunlight
indirectly from still-illuminated regions high in the atmosphere by means of reflection
from atmospheric particles and scattering by molecules. This second- and third-hand
illumination is twilight. If it were not for such a mechanism, daylight would end at
sunset as abruptly as though the lights had been turned off.
13. The Aurora
ow high is the atmosphere? The duration of twilight shows that the atmosphere must extend upward at least 50 miles or so. A phenomenon which
makes it clear that the atmosphere extends much beyond that is the aurora
borealis or northern lights (aurora australis in the southern hemisphere).
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The aurora is an eerie yellowish or greenish (sometimes reddish) glow seen
occasionally on clear dark nights. It is seldom observed in low and middle latitudes.
Except in the far north, it is usually seen above the northern horizon but may extend
upward, reaching even beyond the zenith during unusual displays. Often it is
semi-stationary, but at times its arches, curtains and rays flicker, dissolve and shift
rapidly over the sky.
As long ago as 1784, the British natural philosopher Henry Cavendish estimated
the height of an aurora by sighting it from two widely separated locations. In effect,
this permitted a determination of its parallax. In the twentieth century, much more
accurate measurements of the parallaxes of aurorae have shown that all are at least 40
miles high. Most are between 50 and 150 miles high. A few, seen just after sunset,
attain a height of 500 miles. They may extend laterally for 500 miles, though they are
not over a mile or so thick and more probably of the order of a few hundred yards.
Though associated preferentially with high latitudes, the aurorae are not located
symmetrically about the geographic poles. Instead, they appear to lie along parallels
of geomagnetic latitude. Geomagnetic latitude measures the distance relative to the
magnetic poles, the points where the earth’s magnetic axis intersects the earth’s
surface. In the northern hemisphere, this is a point in northwestern Greenland; in the
southern hemisphere it is a location in the Antarctic plateau. Clearly, the earth’s
magnetic axis does not coincide with its axis of rotation. The two are mutually
inclined by
or so.
The fact that the aurorae distribute themselves symmetrically about the
geomagnetic poles is a clear indication that they must be generated by moving
electrically charged particles — ions. Magnetic forces will accelerate ions which are
in motion but will have no effect on electrically neutral particles or on stationary
charges. This raises two questions: (1) what is the specific source of the auroral
radiations, and (2) what is the origin of the moving ions? It might seem futile to ask
such questions about phenomena occurring in such an inaccessible and inhospitable
region as the earth’s ionosphere. The questions can be answered, however, by means
of an instrument called the spectroscope.
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14. The Spectroscopic Analysis of Light
he spectroscope is a device for analyzing radiation in general, whether it
be from an aurora, a star or a galaxy. To understand how a spectroscope can
determine the chemical identity of some distant source of light, we must first
consider a few of the essential facts about light itself.
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Radiation (of which light is one variety) is a form of energy known as
electromagnetic energy. It is called “electromagnetic” because it is capable of exerting
electric and magnetic forces upon small electrically charged particles such as moving
electrons. All forms of electromagnetic radiation are propagated through empty space
with a speed of 186,000 miles per second. Prior to the twentieth century, it was not
fully appreciated that radiation possesses a dual character, behaving sometimes after
the manner of a wave phenomenon and at other times after the manner of a
corpuscular phenomenon. As a result, there were advanced two competing theories
of its nature. The wave theory of light proposed that it be regarded as an
“electromagnetic wave”. The graph of such a wave has the appearance of a
cross-section view of a ripple on a pond. Such a theory accounts for light’s being able
to bend around corners slightly, just as a ripple can bend around an obstruction. An
example of this is the pattern of “points” on a distant light when viewed through a
screen. The wave theory can also best explain the interference of light, the
phenomenon responsible for the colors of a soap or oil film. In fact, the success of the
wave theory together with the results of some decisive experiments performed in the
nineteenth century led to the abandonment of the corpuscular theory. The latter was
revived in a revised form, however, in the early years of the twentieth century in order
to explain the photoelectric effect, which underlies the action of a photocell and for
which the wave theory was powerless to account.
The modern corpuscular theory regards a light beam as a stream of “radiation
packets" called photons. One of the principal accomplishments of the modern theory
of radiation has been to reconcile the seemingly contradictory wave and corpuscular
theories, first by showing that light can exhibit the character of only one or the other
phenomenon at any particular time but never both simultaneously, and second, by
successfully predicting in any instance which of its guises light will assume. We shall
have occasion to consider phenomena of both kinds.

In this cross section of a particular transverse wave,

denotes a single wavelength.
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If light may be regarded as a wave, it must be possible to describe it in the terms
customarily applied to wave forms. A graph of a wave shows the regular alternation
of crests and troughs. The distance between any consecutive crests or troughs is
defined to be a wavelength, usually designated by . The forward propagation of a
wave will cause a certain number of wave crests to pass any fixed point in unit time
(generally 1 second); this is the wave frequency, . Since the distance between the
crests is and since of them pass the fixed point in unit time, the wave will have
advanced a distance
in that interval; i.e., the wave*s velocity of propagation is
.
By convention, the speed of light is always designated as c; hence we have the simple
relation
As a concrete example, the wavelength of green light is about
centimeters
(1 centimeter = 0.4 inches), and the speed of light is
centimeters per second.
Therefore the frequency of green light is
per
second. Evidently 600 trillion wave crests of green light pass any given point in its
path in one second.
The fact that it was necessary to specify the color of the light whose wavelength
and frequency were to be given suggests correctly that the two are related. In fact, the
only essential difference between “pure” colors is the frequency or wavelength of the
associated radiation. What is more, visible light includes only those electromagnetic
radiations within a comparatively small range of frequencies. Of these, red has the
lowest frequency, orange the next lowest, then yellow, green, blue and violet, which
has the highest. Of still lower frequency than red light are infrared, heat radiation and
radio waves; at the other extreme are ultraviolet and x-rays.
Evidently, either frequency or wavelength can be used to describe the character of
a radiation. For visible light, the use of wavelength is more common, but for radio
waves, frequency is often used. Green light has a wavelength of 5000Å; AM radio
waves are about 1000 feet long.
Nearly all radiations are received as a composite or mixture of a great many
frequencies. How may they be sorted according to frequency or wavelength? For radio
waves, this is done by an ordinary radio set, which sorts out radio signals according
to wavelength and selects one from the great number it receives. For the considerably
shorter waves of visible light, the sorting device is a much simpler instrument, the
spectroscope.
The ability of a spectroscope to analyze light depends upon the dispersing action
of a simple glass prism, a piece of glass having a triangular cross section. Light which
strikes the face of the prism obliquely will be refracted upon entering and upon
leaving the glass. Fortunately, the amount of refraction is different for every different
wavelength, being least for long wavelengths, greatest for short wavelengths. As a
result, although all frequencies in a ray enter at a single point, they emerge separately
from a series of points, and if they entered from a common direction, their emergent
directions will diverge.
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In a spectroscope, the prism is placed between two lenses. At the focus of the first
is a source of light whose rays it renders parallel before they fall on the face of the
prism. The second lens receives the dispersed light from the prism and forms an image
of the source in each wavelength. Because the rays of different wavelengths are not
parallel when they leave the prism, the images in the several wavelengths will not
coincide but will be arranged in sequence. To minimize the overlapping of the images
in the different wavelengths, the dimension of the source in the direction of the

The essential parts of a spectroscope are lens, prism, slit and collimator. The function of each is
made clear by considering the effect which the addition of each element produces when the parts
are introduced consecutively.

dispersion is made as small as possible, i.e., the source is given the form of a narrow
slit. Consequently, from a beam of mixed colors, the spectroscope produces an
ordered sequence of pure color slit images. Each such image is a spectrum line; the
complete set of spectrum lines of any source constitutes it spectrum.
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The divisions of the electromagnetic spectrum here arranged are: division A is the region of rays, B x-rays, C ultraviolet light. D visible light, E heat, F short-wave radio, G long-wave radio,
and H long electromagnetic waves.

A spectroscope, therefore, is a device which shows what wavelengths or
frequencies of radiation are being emitted by the source. The aurora is a glowing
transparent substance; stars may be seen through the aurora. Such a source produces
a bright line or emission spectrum. It is simply an ordered series of isolated bright
lines, in order of wavelength, against a dark background. The various bright lines have
characteristic individual intensities which usually show a wide range from weak to
strong.
To interpret the emission spectrum from a source such as the aurora, it may be
compared to the dial of an ordinary radio. At various isolated frequencies
(wavelengths), electromagnetic radiations (radio signals) are received. Each of these
wavelengths (spectrum lines) identifies a station by its call letters. The stations (lines)
may be grouped according to the network (chemical element) of which they are the
affiliate. In other words, one can use a knowledge of the wavelengths of lines in the
spectrum to identify the chemical elements or molecules which comprise the source.
This is a standard method used in industrial quality control and in criminology as well
as in astronomy.
In this way, it is determined that the radiations of the aurora come from neutral
and ionized molecular nitrogen, neutral and ionized atomic nitrogen, atomic oxygen,
and hydrogen. In view of the composition of the atmosphere, the identification of
oxygen and nitrogen is not in the least remarkable. The presence of hydrogen atoms
is more surprising.
It is surprising in three ways. First, the lines are comparatively broad rather than
sharp; they occupy a wavelength interval substantially greater than could have been
anticipated. Secondly, when observed in a direction near the magnetic zenith, their
wavelengths are decreased slightly. Thirdly, they are considerably stronger than would
be expected from the known abundance of hydrogen in the upper atmosphere. Why?
15. The Doppler Effect
he first two of the surprises find their explanation in terms of a familiar
phenomenon known as the Doppler effect. The Doppler effect is an apparent
change of frequency of a wave from an approaching or receding source. It is
most easily observed in sound waves, where frequency determines the musical pitch;
notes of greater frequencies have “higher” pitch. The Doppler effect causes the horn
of a rapidly approaching car to sound a higher pitch than the pitch heard by the driver;
the horn of the same car sounds a lower pitch as the car recedes.

T
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To an observer O approaching a wave source S with velocity V it will appear that the waves of
length are compressed to waves of length
, where v is the true velocity of
the wave. The apparent difference of wavelength between source and moving observer is called
the Doppler effect.

The Doppler effect alters the apparent wavelength (and frequency) of a light wave
emitted from an approaching or receding atom or molecule. Light waves from an
approaching source are shorter because they are bunched up; light waves from a
receding atom are longer because they are stretched out. The relation between the
observed wavelength and the true wavelength
— the wavelength from the same
source when it is at relative rest — is simply

, where v is the velocity of

recession (negative for an approaching source) and c is the speed of light. In other
words, this equation simply says that the observed radiation from a receding source
exceeds the true wavelength by a fractional amount which is the same as the ratio of
the source’s speed of recession to the speed of light. Since the speed of light is very
great (186,000 miles per second), the Doppler effect is triflingly small for all but light
sources having speeds of the order of at least miles per second.
Imagine the many atoms in a sample of hydrogen gas moving helter-skelter with
an average speed of 250 miles per second in any direction. The average Doppler effect
in the collective radiations of these hydrogen atoms will be zero. However, some
atoms will have greater speeds and suffer greater Doppler effects; others will have
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lesser speeds and suffer lesser Doppler effects. The combined effect will be a
composite having a breadth determined by the extreme range from greatest to least.
In other words, the spectrum lines will be widened by Doppler broadening. The
Doppler broadening of auroral hydrogen lines indicates that the average speed of the
hydrogen atoms is about 250 miles per second in the earth’s upper atmosphere. This
K!*
would be the case if the hydrogen gas had a temperature of about
Doppler broadening accounts for the breadth of the auroral hydrogen lines. The
slight decrease of their wavelength further indicates that the hydrogen atoms are
descending upon the magnetic poles at speeds up to 2000 miles per second! The
impact of these energetic hydrogen atoms with the atoms and molecules of the earth’s
upper atmosphere excites both the hydrogen atoms and the atmospheric molecules to
radiate the emissions which constitute the aurora.
The rain of hydrogen atoms represents only a fraction of a much larger flux of
protons (ionized hydrogen atoms) and free electrons. These ions do not themselves
radiate but transfer their energies by collisions to the molecules of the atmosphere
which give off the auroral glow. The aurora is thus found to be a side effect of a much
larger phenomenon, the trapping of the solar wind. Let us now see what this is.
16. The Earth’s Magnetosphere
he solar wind is a flow of ions, mostly protons and electrons, outward from
the sun at a speed of about 250 miles per second (900,000 miles per hour). The
protons and electrons are a part of the high-temperature outermost layer of the
sun’s atmosphere, the corona. Because the temperature of the corona is
K
or so, the material evaporates from it just as it would from any hot surface.
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Normally, the solar wind is very unobtrusive. However, its action is visible in the
tails of comets, which it invariably blows in a direction away from the sun. Because
of this, comets’ tails invariably precede rather than follow them as they travel the
outbound halves of their orbits. Such behavior was long ascribed to the pressure of the
sun’s electromagnetic radiation but this explanation has been shown to be entirely
inadequate. Satellite probes have detected the solar wind and determined its velocity,
both in the vicinity of the earth and elsewhere in the solar system. The density of
protons in the solar wind is normally about 150 per cubic inch.
As an electrically charged particle approaches the earth, it encounters the earth’s
magnetic field in perceptible strength at 40,000 miles or so; this region is called the
earth’s magnetosphere. From this point on, the magnetic force on the rapidly moving
electric charge dominates its motion. Ions headed directly toward the center of the
earth in the magnetic equator are for the most part turned back on themselves. Those
which are directed sufficiently to the east or west are diverted and flow past the earth
on either side.

*Temperature on the absolute scale (K for Kelvins) is measured from absolute zero, the equivalent of -459
Fahrenheit or -273 Centigrade (Celsius). It is given in degrees of the same magnitude as on the Centigrade
scale. Therefore
is equivalent to
F.
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Ions which are projected toward one of the earth’s magnetic poles will spiral
corkscrew-fashion about a magnetic line of force. As the magnetic lines of force
converge toward the magnetic pole, the spiral winds ever tighter and the ion’s
north-south motion will be reversed. Such ions therefore flit from pole to pole in a
matter of only a second or so. By this means, they are imprisoned in a “magnetic
bottle” for a length of time which may last as long as several weeks.
The overall effect of the earth’s magnetic field upon the electrically charged
particles of the solar wind is therefore to fend off most and to imprison most of the
rest. The region of “imprisonment” — more accurately “detention” — is a
doughnut-shaped volume of space symmetric about the magnetic equator. Since both
kinds of ions (positive and negative) have the same speed of approach, the more
massive protons have proportionately more kinetic energy. They therefore submit to
containment only by a stronger magnetic field nearer the earth. Hence there are in fact
two belts — named van Allen belts for their discoverer — at respective distances of
approximately 2000 and 10,000 miles from the surface of the earth. Protons dominate
in the inner belt and electrons in the outer.
The maximum intensity of impinging particles is about 250,000 per square inch
per second. As a result, space travelers or instrumented probes must either be heavily
shielded or must transit the van Allen belts quickly to avoid serious radiation damage.
The cross section of the van Allen belts is more or less in the shape of a crescent
whose tips dip toward the earth’s magnetic poles. It is here that the ions are traveling
most slowly, therefore spend the most time, and hence are the most dense. It is also
from here that they “leak” most often from the magnetic bottle; this is why the auroral
zones are positioned about the geomagnetic poles.
Now and then there occur auroral displays of unusual — even spectacular—
intensity. These are now understood to be an after-effect of violent events on the sun’s
surface called solar flares. The solar flare projects a cloud of coronal material out into
interplanetary space. The cloud may have a diameter many thousands of times the
diameter of the earth. When such a cloud engulfs the earth after traveling a day or two
from the sun at some 2-3 million miles per hour, it temporarily dumps a large number
of ions into the van Allen belts. This greatly increases the rate of leakage and therefore
the intensity of the aurora.
The solar flares have another, less visible effect. Those ions which are able to
infiltrate the barrier of the earth’s magnetic field tend to become sorted according to
their electrical charge. The positive protons will be diverted eastward by the magnetic
field and the negative ions will be diverted westward. By this means there is created
an effective eastward flow of positive charge around the earth’s geomagnetic equator
constituting an electric current of hundreds of thousands of amperes. A ring of current
such as this, encircling the earth, generates its own magnetic field in a direction
opposite that of the earth’s magnetic field. A blast of solar ions from a solar flare can
in this way initiate sizable sudden decreases in the net magnetic field of the earth.
These are registered on terrestrial magnetometers as magnetic storms (not to be
confused with “electrical storms” which are rainstorms accompanied by much
lightning and thunder).
Magnetic storms are worldwide, arise within a space of a few minutes, and follow
flares by a day or two. They induce electrical currents in the earth’s crust which garble
transoceanic cable communications but are otherwise harmless.
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17. The Exosphere
learly, it is impossible to say that the earth’s atmosphere “ends” at any
particular height. Its character changes through the various strata from sea level
upward until it finally gives way to the van Allen belts and the solar wind; the
boundary between the atmospheres of the earth and sun is thus ill-defined and the two
interact directly upon each other.
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The earth’s heterosphere is, however, a much more critical region of the earth’s
atmosphere than it may seem at first glance. It plays a crucial role in the long-term
history and present character of the earth’s atmosphere and — somewhat surprisingly
— of the earth’s hydrosphere and lithosphere as well.
Its influence is indirect and depends upon the fact that its density is extremely low.
Because of this, atoms or molecules collide infrequently and may travel substantial
distances undisturbed. At sea level, the mean free path* of a molecule is only 2 or 3
millionths of an inch; at 60 miles, it is about 6 inches; at 150 miles up it is half a mile;
50 miles at a height of 300 miles; and 500 miles above the earth’s surface it is of the
order of the radius of the earth.
The outer part of the heterosphere is called the exosphere. In it, individual atoms
or molecules have “orbits” in the same sense as space probes and satellites. Herein lies
the special importance of the exosphere; a few atoms at a time, especially the very
lightest (and therefore fastest moving) such as hydrogen and helium, are injected by
collisions into orbits which are hyperbolic with respect to the earth because their
orbital speeds exceed the velocity of escape. In other words, these atoms evaporate.
There is thus a preferential exodus of the light elements. The atmosphere must
therefore have a history.
18. The Evolution of the Atmosphere of the Earth
he history of the atmosphere cannot simply be traced backward like the
motion of a planet in its orbit, for the quantity and chemical composition of the
lost gases would have to be known, and this is obviously impossible. Instead,
one attempts to reconstruct the history of the atmosphere by starting with a variety of
primordial gas mixtures and determining which one will evolve to the present
atmosphere in 4.6 billion years.
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The earth’s atmosphere at the time of the formation of the earth was probably of
a composition much like that of the present atmospheres of the giant planets such as
Jupiter and Saturn. Jupiter’s atmosphere, for example, has probably changed little
because (1) sunlight is only about 4 per cent as intense at Jupiter’s distance and
therefore the temperature in Jupiter’s atmosphere is lower than that of the earth’s and
(2) the velocity of escape from Jupiter is more than five times that from the earth.
In any case, the earth’s primeval atmosphere must have been scant, for even the
heavier of the chemically inert noble gases (neon, argon, krypton and xenon) are
present in only very small proportions. This is taken as an indication that at the time
of the earth’s formation, the earth retained very little material in the gaseous state.
Where, then, did the atmosphere come from?
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The present atmosphere has almost certainly been derived from outgassing from
the earth’s interior. Volcanoes and fumaroles release gaseous constituents from the
earth’s interior. However, the earth’s earliest volcanoes probably released little or no
oxygen, which was intercepted and detained by chemical combination with iron.
Therefore the atmosphere on the primeval earth probably consisted of molecular
hydrogen ( ), water vapor (
), carbon monoxide (CO), methane (
),
hydrogen sulfide (
) and ammonia (
).
At an early stage in the earth’s history, the abundant iron melted and flowed
toward the earth’s center to become its core. There being no ozone layer, solar
ultraviolet radiation dissociated hydrogen molecules ( ) into hydrogen atoms (H),
which evaporated from the earth. At the same time, some of the water molecules were
dissociated into hydrogen and oxygen atoms. The hydrogen has evaporated but the
oxygen has combined with methane, carbon monoxide, hydrogen sulfide and
ammonia to displace the hydrogen and to form carbon dioxide, sulfates and free
nitrogen.
The carbon dioxide dissolved in the oceans (much smaller than the present oceans)
and combined with minerals to form carbonate sediments. The continuing addition of
oxygen by the dissociation of water vapor and loss of hydrogen led to the oxidation
of the methane to form more carbon dioxide. The production of oxygen also led to the
gradual formation of an ozone layer which more and more restricted the entry of
ultraviolet radiation and limited the dissociation of water vapor to the higher and
colder levels of the atmosphere. At the highest levels, there is less water vapor, and
so this process tapered off. The combustion of the methane, the loss of hydrogen, and
the concentration of carbon dioxide in sediments combined to reduce the mass of the
atmosphere and to leave nitrogen the dominant constituent.
About 420 million years ago, the strength of ultraviolet radiation at the earth’s
surface had been reduced by the ozone layer to a level tolerable to low forms of plant
life. The emergence of plants from the oceans onto the land areas led to a rapid
increase in the amount of free oxygen because green plants release oxygen as a
byproduct of the process of photosynthesis by which they manufacture food from
carbon dioxide, water and solar energy. Plants now maintain oxygen and carbon
dioxide at their present equilibrium proportions, but the amount of water on the earth
is gradually increasing by outgassing. The oceans are far more extensive now than
they were on the primitive earth.
19. The History of the Earth’s Surface
here is a very close link between the chemical evolution of the earth’s
atmosphere and hydrosphere and the thermal history of the earth’s surface. For
example, during the earth’s first 2.5 billion years, the water vapor, carbon
dioxide, methane and ammonia produced so much greater a greenhouse effect that the
F some 3.5
earth’s mean temperature was above what it is now, reaching about
billion years ago. This so increased the evaporation from the earth that the earth
remained continually cloud-covered, much as Venus is now.
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As the carbon dioxide and methane disappeared from the atmosphere, the
greenhouse effect diminished and the temperature declined. About 2 billion years ago,
the polar ice caps formed.
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20. The Tides
e have seen that the earth interacts with the sun in a number of ways:
the sun’s gravitational attraction holds the earth to an elliptical orbit about
the sun; the earth moves within the limits of the sun’s extended corona, the
solar wind; the sun fuels the atmosphere’s thermal engine; the ionosphere is produced
by the sun’s ultraviolet radiation, etc. There is yet another important interaction
between the sun and earth: the tides. However, in the matter of producing the tides,
the sun is actually upstaged by the moon, whose responsibility is several times greater.
Therefore, let us see how the moon can bring about the tides on the earth.
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Tides are a result of a distortion of the earth’s water surface by the differential
gravitational attraction of the moon. The distortion is a result of the fact that those
parts of the earth nearest the moon will, by the law of gravitation, be more strongly
attracted by the moon than the rest. This difference in the moon’s attraction upon the
near and far sides of the earth is a force known as the tide-raising force. Because the
tide-raising force is inversely proportional to the cube of the distance from the earth
to the sun or moon, the moon’s being about 400 times nearer the than the sun gives
it an advantage which more than compensates for the sun’s immensely greater mass.
The moon is therefore two to three times as effective as the sun in raising tides on the
earth.
Ideally, the moon’s tide-raising force produces two bulges of water in the oceans,
the cap of one bulge lying at the point of the earth’s surface nearest the moon, the cap
of the other being at a point diametrically opposite the first. As the continents rotate
into the tidal bulges, they will encounter progressively higher parts, like a man
walking into a deepening snowdrift; in other words, a rising tide will then be
experienced along the seacoast. When the highest point of the tidal bulges has been
passed, the tide will ebb.

The moon’s differential gravitational attraction over various parts of the earth may be
compounded of an average value, the same everywhere, and a residual which is the local
tide-raising force.

The reason for the very existence of the two tidal bulges can best be explained by
a closer consideration of the moon’s gravitational attraction upon the earth. The one
bulge is produced on the side nearest the moon because the points of the earth nearest
the moon are subject to a stronger-than-average attraction by the moon; this is exactly
equivalent to a tide-raising force directed toward the moon. The other tidal bulge is
produced on the side away from the moon because the points of the earth away from
the moon are subject to a weaker-than-average attraction by the moon; this is
equivalent to a tide-raising force directed away from the moon.
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The local tide-raising force may be resolved into its vertical and horizontal components.

Whatever part of the tide-raising force is vertical will be more than overbalanced
by the downward pull of the earth’s gravity. Any remaining locally horizontal
component will, however, be unopposed. It is this part of the moon’s gravitational
attraction (at most, about 1/12,000,000th the force of gravity at the surface of the
earth), which marshals the bulges in the earth’s hydrosphere. There are much lesser
tides in the earth’s crust which, though solid, is somewhat elastic.
The sun produces smaller tides in the same way. Approximately twice monthly the
sun, moon and earth are nearly in line, and at these times the sun and moon combine
their tide-raising forces to produce the greatest high tides, called spring tides.
Midway between times, the sun and moon act in competition, therewith producing the
lowest high tides, called neap tides.
Since the moon rises approximately 50 minutes later each day, tides will occur an
average of 50 minutes later daily. In addition to this complication, there are numerous
others which combine to make prediction of tides a difficult computational task. For
the convenience of shipping, however, accurate predictions of the times of high and
low tides at all important harbors are made in the United States by the Coast Guard
and Geodetic Survey of the Department of Commerce.
Because the continents continually “collide” with the tidal bulges of the oceans,
the tides act to brake the earth’s rotation. In this way, tidal braking is gradually
lengthening the day at a rate of about one second per 100,000 years. Although this rate
of change may seem preposterously small, its effects are cumulative. Thus, if the day
were 0.001 second longer than it now is, the difference would accumulate to 36.5
seconds in the course of a century. Such an increase would be easily detectable in the
times of occurrence of celestial phenomena such as eclipses, as it has been.
Over the span of geological ages, tidal braking has increased the length of the day
substantially. About 70 million years ago, a day was 23 hours and 40 minutes, and
there were 370 such days in a year. Some 290 million years ago, the year contained
379 days of 22 hours and 36 minutes. In the Cambrian period, some half a billion
years ago, the year was 415 days of 21 hours, etc.
These expectations have been confirmed by studies of ancient corals. Corals are
sedentary marine animals related to the sea anemone. They abstract dissolved
carbonates from the seawater to form an external carbonaceous skeleton. New
generations grow upon the skeletal remains of former generations and by this process
build up large reefs. The rate of growth of an individual coral fluctuates both daily and
seasonally so that temperature fluctuations are mirrored in the “growth rings”
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representing daily and annual additions of calcium carbonate to the “foot” which
anchors each polyp to its reef. Corals found by radioisotopic dating to be 370 million
years old show 395 diurnal growth rings to each annual growth ring. In those
prehistoric times, then, the day must have been 22 hours and 12 minutes long!
If the earth is slowing down, it is losing angular momentum. However, the total
angular momentum of earth and moon must be conserved; what the earth loses, the
moon must gain. This comes about because the earth’s rotation carries the tidal bulges
slightly forward (eastward). Hence the tidal bulges do not lie directly under the moon
but slightly ahead of it on the near side. A tidal bulge therefore accelerates the moon
slightly by its gravitational attraction. This adds to the moon’s orbital energy and
enlarges the moon’s orbit. Therefore, braking the earth’s rotation causes the moon to
recede from the earth. This will make the moon’s period of revolution longer; it was
shorter in the past.
Again, the ancient corals show that this was the case, for the semi-monthly
periodicity of the spring tides is also apparent in the rate of growth of the corals. Half
a billion years ago, the month of the moon’s phases was only 27.5 of our present days
(compared to 29.5 days now). The month had increased to 28.5 days some 290 million
years ago.
Evidently in the remote past the earth rotated on its axis more rapidly than it now
does and the moon revolved about the earth more rapidly at a smaller distance.
Because of the tides produced on the earth by the moon, the length of both day and
month are increasing. The day is lengthening more rapidly than the month and the two
will eventually be the same when both are equal to 55 of our present days. When that
happens, the tidal bulges will rotate synchronously with the moon and there will be
no more lunar tidal braking.
We must not overlook the effect of the sun, however. Solar tides will continue to
try to brake the earth’s rotation until the day becomes equal to the year. The tidal
bulges will then lag behind the moon’s revolution, slowly robbing it of orbital angular
momentum and energy. This will reduce the moon’s orbit, bringing it back toward the
earth. These projected effects are many billions of years in the future.
21. Precession of the Equinoxes
second effect of the moon and sun upon the earth is the phenomenon of
precession of the equinoxes, often referred to simply as “precession”. It
consists of a slow circling of the earth’s axis of rotation about the poles of the
ecliptic. Though the earth’s equator maintains an angle of
to the ecliptic, their
two points of intersection — the equinoxes — shift slowly westward. The earth’s
precessional motion is therefore like that of a top whose axis of spin circles around
the vertical. It requires approximately 26,000 years for the earth’s axis to trace out one
complete circle.
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As in the case of the tides, precession is due primarily to the moon, secondarily
to the sun (and to the planets to a still lesser degree). Precession due to the moon, for
example, comes about because the moon is usually north or south of the earth’s
equatorial bulge. In effect, the bulge provides a “handle” by which the moon can
gravitationally grasp the earth and attempt to tilt it so that the bulge will come directly
under the moon, i.e., approximately into the plane of the ecliptic. This the spinning
earth will not allow, for by virtue of its spinning about its axis, it is a giant gyroscope
and, with a gyroscope’s characteristic perversity, resists any effort to tilt its axis.
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Instead, the axis yields in a direction perpendicular to the expected motion; that is to
say, the earth’s axis precesses, at the same time maintaining its original inclination to
the ecliptic though continually changing its orientation in space. Since the moon’s
efforts to tilt the earth’s axis are unceasing, so is the earth’s motion of precession.

The pair of forces
and
constitutes a torque. The tendency of the torque to tilt the earth’s
equatorial bulges into the moon’s orbital plane is resisted by the gyroscopic precession of the
rotating earth.

To see why the motion is called “precession of the equinoxes”, note that the
ecliptic maintains unchanged its position among the stars, for precession in no way
affects the orientation of the earth’s orbital plane. On the other hand, the earth’s axis
circles slowly about the perpendicular to this plane. Therefore, since a change in the
direction of the earth’s axis produces a like change in the position of the celestial
poles, we conclude that the celestial poles are circling about the poles of the ecliptic.
The position of the celestial pole determines the position of the celestial equator,
however, and as the former circle about the poles of the ecliptic, the latter will
necessarily follow. The result will be that the moving celestial equator will cut the
fixed ecliptic in two moving equinoxes which circle once around westward in 26,000
years; the equinoxes therefore precess westward 50.2 seconds of arc per year.

The westward precession of the equinoxes slowly alters the equatorial coordinates of all stars.
Note how the celestial pole circles the ecliptic pole.
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One visible effect of precession is to be found in the positions of the constellations
of the zodiac. The zodiac is a belt of sky to either side of the ecliptic. It contains
twelve constellations. Since ancient times, the zodiac has been sectioned at intervals
of
along the ecliptic and each section is referred to as a sign of the zodiac. Each
sign bears the name of the constellation which occupied it in the second century B.C.
Precession has since shifted each constellation forward one sign. Thus, while the sun
is said to enter the sign of Aries at the vernal equinox, it is then in the constellation
Pisces. Not for several centuries will the equinox enter the sign of Aquarius.
22. Astronomy for the Birds
he daily rotation of the celestial sphere and the seasonal changes in the
length of the day have a most interesting relation to the migration of birds.
Though bird migration is governed by a number of factors, birds’ orientation
appears to be determined by reference to celestial guideposts. To understand what
these are, we must first recognize that the mechanism for daytime migrants is very
different from the ne relied upon by night-time migrants. Birds which travel by day
use the position of the sun in the sky together with an internal timing mechanism or
“biological clock”. Thus, in the northern hemisphere, they recognize that the sun is in
the south at noon, at midafternoon to the southwest, etc.
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Somewhat simpler, in that no internal clock is necessary, is the method of celestial
navigation used by night-migrating birds. Bird migration has been studied carefully
for a number of years by making extensive use of bird banding, radar and small radio
transmitters attached to the birds themselves. By these means it is known that many
millions of birds travel long distances to very precisely located destinations. Birds
weighing a mere fraction of an ounce travel hundreds or even thousands of miles
nonstop, sometimes with no cue from experienced birds. What remarkable faculty
guides them?
To begin with, the urge to migrate is triggered by the day-length trend. As the days
grow longer in the spring or as the days grow shorter in the fall, a migrant bird
acquires a subcutaneous fat deposit and, in some species, may undergo a molt and
changeof coloration. At the climax of these seasons, the bird becomes nocturnally
active. All these effects may be induced or suppressed artificially by regulating the
length of the daylight hours for birds in captivity. One species for which such behavior
is well known is the indigo bunting, a small bird with brilliant blue summer plumage.
In April and May, captive buntings seek to fly north; In September and October,
the same birds head south. They behave in this fashion even when placed in cages
which provide a view of the sky only, screened from any sight of the horizon. On
overcast nights, their orientation is random. Clearly, they navigate by the stars.
To clinch the point, when buntings were placed in similar cages in a planetarium
and shown the night sky, they behaved as if out of doors. When the planetarium sky
was diffusely illuminated, they reacted as in cloudy weather. The critical observation,
however, was that when the planetarium sky was manipulated so that the cardinal
directions were relocated, the buntings adopted the correct directions with respect to
the modified sky. Even when the night sky was arbitrarily and discontinuously
advanced or retarded by three, six or twelve hours, the birds assumed the correct
orientation for migration.
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By suppression of certain star groups or sections of the planetarium sky, it was
clear that the migrating birds mad use of the circumpolar stars within about
of the
north celestial pole. These same stars were depended upon whether the migration was
northward or southward. No single constellation was essential, a factor obviously to
the birds’ advantage.
Whether the birds migrated to the north or to the south appears to be under
hormonal control. By changing the hours of daylight to which the birds in captivity
were subject so that they assumed fall plumage, they could also be made to migrate
southward even in the spring. In other experiments, white throated sparrows could be
turned around by hormone injections.
It was found that fledglings raised where they had no opportunity to see the night
sky lacked the power to discriminate the proper direction for migration. Other young
birds, raised under a planetarium sky which had a false celestial pole in Orion instead
of Ursa Minor, unerringly adopted a correspondingly false direction of migration
under natural conditions.
Such experiments make it clear that these birds locate the celestial pole as defined
by the earth’s diurnal rotation. This is fortunate for the species, for it forestalls their
being misled in their migratory behavior by such evolutionary short-term vagaries as
precession, which gradually change the relation of the constellations to the celestial
poles.
23. ... And the Bees
he migration of birds is perhaps the most dramatic and therefore the best
known example of the interaction of astronomical and biological phenomena.
There are, however, many other instances, some of them of unsuspected
subtlety.
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It is generally recognized, for example, that many plants show a 24-hour sleep
rhythm. It is interesting, therefore, that bean seedlings raised in complete darkness do
not show such a rhythm until they have received exposure to light. A single brief
illumination will initiate the diurnal cycle of behavior even if temperature and
illumination are uniform thereafter. Similarly, fruit fly larvae kept in darkness will
hatch at random times of day, bu a single one-minute exposure to light will cause
them to hatch thenceforth at the same time of day as the time of illumination; the light
evidently impresses the 24-hour periodicity upon their subsequent development.
Fiddler crabs turn dark during daylight hours and become a silvery gray at night.
These changes take place even when the crabs are kept in darkness. They may be
suspended by placing the crabs on ice, but resume when the crabs are removed. Bees
may be trained to come to a feeding station at a certain time of day and will return at
24-hour intervals but no other. Bees trained in Paris keep their schedule on Paris time
even when removed to New York.
Some creatures are governed by the length of the lunar day rather than the solar.
The Australian reef heron commutes as much as 30 miles each way from its rookery
to the coral reef where it feeds at low tide. Its departure time is 50 minutes later each
day in synchronism with the tides. The same crabs which show the 24-hour periodicity
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in color changes show the tidal periodicity in their foraging activity on the beaches.
Crabs from the east coast remain on their home schedule even when transported to the
west coast, unless exposed to the west coast environment.
Corals, as has been noted, show daily, monthly and annual periodicites in their
growth rates. Certain seaweeds have reproductive cycles paced by the lunar monthly
cycle. A species of shrimp in Bermuda swarms for an hour or so before midnight three
to four days before new moon and again two days after new moon. Its whereabouts
at other times is completely unknown.
A small Pacific coast fish, the grunion, swarms onto the beaches just a few
minutes after spring tide in the months April to June. The palolo worm of the
southwest Pacific swarms only at a certain time of day when the moon is at third
quarter in October and November. Most plant seeds have an annual germination
rhythm, whether held at high or low temperature.
Various plant and animal metabolisms – as measured by growth rate, activity,
oxygen consumption, etc. – sense and respond to time of solar day, time of lunar day,
phase of the moon, and season of the year with a dependability that is almost uncanny.
The metabolic rate of potato buds, even when kept at constant pressure, reflect the
changes of atmospheric pressure of the previous day and at the same time anticipate
the atmospheric pressure two days ahead. Evidently many organisms are able to sense
stimuli so weak or so inconspicuous to the sense organs of man that they have been
previously overlooked.
24. Cosmic Rays
ne of the most remarkable sensitivities of plant and animal metabolic rates
is to a form of high-energy particle flux called cosmic rays. Cosmic rays were
discovered in 1912. Physicists found that the apparatus by which they were
able to detect natural radioactivity was also picking up “rays ” under circumstances
where they expected few or none. The “rays ” came from above, they penetrated
massive thicknesses of lead, concrete, rock, water, etc. In seeking to localize the
source, physicists were driven to the conclusion that the “rays ” came from beyond the
earth, were not of the sun, and were therefore called “cosmic ”.
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Cosmic rays owe their extraordinary penetrating powers to their high energies. The
energies of atomic particles are usually expressed in units called electron volts. If a
12-volt car battery were short-circuited by being grounded, each electron which
flowed between battery and ground would acquire 12 electron volts of energy. Since
there are a great many electrons in any current, an electron volt is not much energy by
ordinary standards; lifting a one-pound mass one foot requires the expenditure of
electron volts. A more instructive comparison might be that an average air
molecule has .04 electron volts of kinetic energy at room temperature or that a single
photon of visible light has a few electron volts of energy. By comparison, cosmic rays
have energies within the range
electron volts (1 gev) to
electron volts
(
gev).
At first it was not known that cosmic rays are particles, only that they had very
great energies. By the early 1930s, however, after a famous and dramatic controversy,
it was established that they bore electric charge and therefore mus be material
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particles. Over the years, the means of detecting such high-energy particles cloud
chambers, scintillators, plate stacks, Geiger counters, etc. – has been greatly improved
and diversified. Detectors are sent on many space missions to monitor cosmic rays
throughout the solar system.
Like the much less energetic charged particles of the solar wind, cosmic ray
particles are to some extent buffered by the earth’s magnetosphere. There is therefore
a geomag-netic latitude effect: low-energy cosmic rays do not penetrate the
magnetosphere at the magnetic equator. High-energy cosmic rays, however, are
detected at all latitudes and come from all directions without preference.
Most cosmic rays (about 90 per cent) are protons, some (about 9 per cent) are
positively-charged - particles (helium nuclei), and the rest are nuclei of heavier
elements or are electrons. Low-energy cosmic rays are the most common, very highenergy cosmic rays are rare. In addition to being of interest for their own sake, they
represent the only sample of matter available to us from beyond the solar system. They
therefore bring valuable information from distant parts of the universe.
The earth is partly shielded from the full strength of cosmic ray bombardment not
only by its magnetosphere but also by the solar wind. Turbulence in the solar wind is
the equivalent of electrical currents which in turn create magnetic forces which deflect
a portion of the hail of cosmic rays impinging on the solar system. When occasional
flares on the surface of the sun augment the solar wind with a temporary burst of
charged particles, the buffering action of the solar wind is temporarily increased and
cosmic ray intensity therefore decreases during this time. This is known as the
Forbush effect. Conversely, if the earth’s defenses were to be impaired for any
reason, the cosmic ray intensity would increase. This might have serious consequences
for life on earth. When high-energy particles encounter the earth, they leave a trail of
destruction like a tank at a demolition derby. Atomic nuclei of all kinds are blasted
into fragments which include many high-energy particles of bewildering variety and
behavior. Cosmic ray bombardment may therefore affect living cells in either of two
ways: (1) intense radiation may kill living cells outright or (2) irradiation at lower
levels of intensity may alter the chemical constitution of the genes, thereby creating
biological mutations.
It has been suggested that at those times when reversals of the earth’s magnetic
field occur, the cosmic ray intensity has undergone a temporary increase which may
have had important biological consequences. The disappearance of the dinosaurs a
hundred million years ago is offered as a possible case in point. The ability of living
cells to monitor cosmic ray intensity may be significant. Did cosmic-ray-induced
mutations overthrow the ecological pyramid topped by the dinosaurs? No one can say.
Did cosmic-ray-induced mutations launch an evolutionary venture which has
culminated in homo sapiens? Again, no one can say, but the possibility is clearly one
of great interest.
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Questions
31. (a) W hat is a planet? (b) W hy was the earth not regarded as a planet by the ancients? (c) W hy do
we not regard the sun and moon as planets nowadays?
32. (a) W hy did the ancients believe the earth to be flat? (b) How did Eratosthenes show the earth to
be round? {c} How did he determine the earth’s diameter? (d) W hat are the modern methods of
determining the size of the earth? (e) How accurately is the diameter of the earth known?
33. (a) How is the earth’s gravitational attraction measured? (b) W hat do such measures establish
concerning the shape of the earth?
34. (a) W hy is the earth nearly spherical? (b) W hy is it not exactly spherical? (c) How does the earth’s
equatorial bulge prove the earth’s rotation? (d) W hy did the ancients not believe in the rotation of the
earth?
35. (a) W hat is a Coriolis force? (b) W hat manifestations of Coriolis force are observed on the earth?
36. (a) W hat is stellar parallax? (b) How could observation of stellar parallax demonstrate the annual
revolution of the earth about the sun? (c) W hy did the ancients reject the revolution of the earth? (d)
How and when was the earth’s revolution first proven? (e) W hen was the first stellar parallax
measured?
37. (a) W hat is the cause of the seasons? (b) Define the ecliptic. (c) W hat two factors induce seasonal
changes? (d) Show how they depend upon the earth’s revolution and obliquity by anticipating the
effects of no obliquity and no annual revolution.
38. (a) How is the mass of the earth determined? (b) How great is it? (c) W hat is the density of the
earth? (d) How does the earth’s density compare with that of the other planets?
39. (a) W hat is a molecule? (b) W hat is an atom? (c) W hat is an electron? (d) W hat is a proton? (e)
W hat is a neutron? (f) What is an atomic weight? (g) W hat is an atomic number?
40. (a) W hat is an isotope? (b) W hat is a radioactive isotope? (c) W hat is a halflife? (d) How is the age
of the earth determined? (e) W hat is the age of the earth?
41. (a) How are isotopes used in archeology? (b) In medicine?
42. (a) W hat is the earth’s mean density? (b) W hat is the mean density of thre crust? (c) W hat
conclusion can be drawn immediately from these figures?
43 (a) W hat are seismic waves? (b) W hat are the two kinds of seismic waves? (c) How are they
detected? (d) What difference between them makes it possible to locate quakes in the earth? (e) W hat
structure do they imply for the interior of the earth?
44. (a) W hat is the interior temperature of the earth? (b) What is the source of the earth’s internal heat?
45. (a) W hat is the probable overall composition of the earth? (b) How is it determined? (c) W hat are
sima and sial? (d) In what parts of the earth are they found?
46. (a) W hat evidence supports the hypothesis of continental drift? (b) W hat causes the drift? (c) How
rapid is it?
47. (a) W hat is meant by "the earth’s magnetic field"? (b) To what is it similar? (c) W hat is its
presumed origin?
48. (a) In what way or ways do the hydrosphere and the atmosphere interact? (b) W hat is the overall
composition of the atmosphere? (c) In what fashion does the density of the atmosphere change with
height? (d) Name the various strata of the atmosphere and the features which distinguish each. (e) How
is the troposphere like a steam engine?
49. (a) W hat is ozone? (b) What is the ozone layer? (c) W here is the ozone layer? (d) W hy is there an
ozone layer? (e) W hy is it important? (d) W hy would you expect an ozone layer to be unique to the
earth among all the planets?
50. (a) W hy are the gases of the heterosphere chemically stratified? (b) Which are lowest? (c) W hich
are highest? (d) W hy does the temperature increase with height in the heterosphere? (e) W hat other
effect ensues from this cause?
51. (a) W hat is an ion? (b) W hy are ions present in the ionosphere? (c) W hy does the state of the
ionosphere sometimes undergo large and rapid changes? (d) W hat causal connection is there between
the ionosphere and radio transmission? (e) How does the ionosphere limit the observation of celestial
bodies?
52. (a) W hat is a radiation window? (b) In what spectral regions do windows exist? (c) W hat is the
“greenhouse effect”? (d) W hy is it important to terrestrial life?
53. (a) W hat is refraction? (b) How does the atmosphere refract incoming light? (c) W hat visible effects
are produced by atmospheric refraction? (d) W hy do the planets not twnkle?
54. (a) W hy is the sky blue? (b) W hy is the sunset red? (c) W hat causes twilight?
55. (a) W hat is the aurora? (b) How is it produced? (c) W here is it produced? (d) W hy is it most often
seen in high latitudes? (e) W hat atoms or molecules produce it?
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56. (a) W hat is radiation? (b) W hat two kinds of phenomena are required to represent its various
properties? (c) W hat is meant by wavelength? (d) By frequency? (e) How are frequency and wavelength
related to color?
57. (a) W hat is the function of a spectroscope? (b) W hat is a spectrum line? (c) W hat is a spectrum?
(d) W hat can be learned from a bright line spectrum?
58. (a) W hat is the Doppler effect? (b) If a spectrum line whose true wavelength is

= 6200 Å is

observed to have an apparent wavelength 8 = 6200.2 Å, what is the line-of-sight velocity of its source?
(c) How does the Doppler effect explain the unusual width of the auroral hydrogen lines? (d) How does
it explain their decreased wavelength? (e) W hy is the presence of hydrogen lines in the spectrum of the
aurora surprising? (f) How is it explained?
59. (a) W hat is the solar wind? (b) W hat is its chemical composition? (c) W hat visible effect does it
have? (d) How dense is it? (e) W hat is its velocity? (f) W hat is its source?
60. (a) W hat effect has the earth’s magnetic field on the solar wind? (b) W hat are the van Allen belts?
(c) W hy are there two of them? (d) W hat is their relation to the aurorae? (e) How are they affected by
solar flares?
61. (a) W hat is the exosphere? (b) W hat critically important process occurs in the exosphere? (c) W hat
is the probable chemical composition of the earth’s primordial atmosphere? (d) W hat is the probable
origin of the earth’s present atmosphere? (e) W hat is the probable history of the earth’s atmosphere?
(f) How have green plants affected it?
62. (a) How can the temperature of the earth in past ages be determined? (b) W hat is the indicated
thermal history of the earth’s surface? (c) W hy have changes occurred? (d) How can the ices ages be
dated?
63. (a) H ow does the moon cause tidal bulges? (b) W here on the earth will they be? (c) How often
should high tides occur? (d) W hat are spring tides and why do they occur? (e) W hat effect have tides
upon the rotation of the earth? (f) How can this effect be traced back into geological history? (g) W hat
effect have earth tides upon the motion of the moon? (h) How do solar tides compare with lunar tides?
64. (a) W hat is precession? (b) W hy does it take place? (c) How rapid is it?
65. (a) W hat are cosmic rays? (b) W hat is their origin? (c) W hat is an electron volt? (d) How energetic
are cosmic rays? (e) W hy do low-energy cosmic rays show a geomagnetic latitude effect? (f) W hy do
high-energy cosmic rays not show a geomagnetic latitude effect? (g) W hat may happen when reversals
of the earth’s magnetic field occur?

