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PREFACE BY THE EDITOR.

THE following work is translated and abridged from M. Flammarion’s
L’ Atmosphére, Paris, 1872. That some curtailment of the text of the
original work was requisite will be apparent when it is stated that the
French Edition contains 824 large pages of closely printed matter, and
18 of more than twice the extent of the present volume. Not only was
some compression necessary in order to bring the work within a rea-
sonable compass, but, independently of this, one or two chapters, such
as that on the Respiration and Alimentation of Plants, appeared to have
so remote a connection with the subject of the work—the Atmosphere
—that their omission would in any case have been desirable.

Every one who has any aequaintance with French popular works on
Science 1is aware that very many exhibit a tendency to imaginative, or,
to express my meaning colloquially, *fine” writing, which ill accords
with the precision and accuracy that ought to be a characteristic of
scientific information, even when expressed in language free from tech-
nicalities. There is a good deal of this exalted kind of composition in
M. Flammarion’s book, which—even in the French not very agreeable
to an English reader—becomes, when translated, intolerable. I have,
therefore, omitted these rhapsodies very freely, though traces enough
of them will be found here and there to betray the French origin of
the work.

I may add that the task of editing has not been a light one; besides
the necessity for compression and the consequent selection of the mat-
ter to be included, I have been obliged to exercise some sort of censor-
ship over the facts contained in the work. It is impossible for any one
man to have a complete knowledge of so great a variety of subjects as
are treated of by M. Flammarion, and the compiler of such a book must
include many things taken from others, of the accuracy of which he is
not fully competent to judge. In cases where a statement contained in
the original work appeared to me clearly erroneous, I have corrected it,
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appended a note, or omitted it altogether; and in cases where I have
been doubtful of the accuracy of a passage, or have differed in opinion
from the author, I have not considered myself justified in making an
alteration, so long as there was no strong primd facie presumption that
the oniginal was incorrect. In spite of obvious blemishes, inseparable
from a translation, and a certain want of continuity in a few places,
which is due to the omission of portions of the book as originally
written, I believe the volume will be found to be readable, popular, and
accurate, and it covers ground not occupied by any one work in our
language.

The work treats on the form, dimensions, and movements of the
earth, and of the influence exerted on meteorology by the physical
conformation of our globe; of the figure, height, color, weight, and
chemical components of the atmosphere; of the meteorological phe-
nomena induced by the action of light, and the optical appearances
which objects present as seen through different atmospheric strata; of
the phenomena connected with heat, wind, clouds, Tain, and electricity,
including the subjects of the laws of climate: the contents are there-
fore of deep importance to all classes of persons, especially to the ob-
server of nature, the agriculturist, and the navigator.

The whole is explained in a very popular manner, and as free as pos-
sible from all technicalities; the object having beer to produce a work
giving a broad outline of the causes which give rise to facts of every-
day occurrence in the atmosphere, in such a form that any reader who
wished to 6btain a general view of such phenomena and their origin
would be readily enabled to do so. The great number of subjects
treated of will thus, to the majority of readers, who merely desire an
insight into the general principles that produce phenomena which
every one has seen or heard of, be found to be rather an advantage, as
the whole range of atmospheric action is thus displayed in the same
volume in moderate compass, without so much detail being anywhere
given as to make the book other than interesting to even the most
casual reader.

The translation was made by Mr. C. B. PITMAN.

-

January, 1873.



PREFACE.

In ed vivimus, movemur et sumus,

OF all the various subjects which invite a studious examination, it is
impossible to select one possessing a more direct, a more permanent, or
a more real interest than that which forms the subject of this work,
The Atmosphere gives life to earth, ocean, lakes, rivers, streams, forests,
plants, animals, and men; in and by the Atmosphere every thing has
its being. It is an ethereal sea reaching over the whole world; its
waves wash the mountains and the valleys, and we live beneath it and
are p.enetrated by it. It is the Atmosphere which makes its way as a
life-giving fluid into our lungs, which gives an impulse to the frail ex-
istence of the new-born babe, and receives the last gasp of the dying
man upon his bed of pain. It is the Atmosphere which imparts verd-
ure to the fertile fields, nourishing at once the tiny flower and the
mighty tree; which stores up the solar rays in order to give us the
benefit of them in the future. It is the Atmosphere which adorns with
an azure vault the planet in which we move, and makes us an abode in
the midst of which we act as if we were the sole tenants of the infinite
—the masters of the universe. It is the Atmosphere which illuminates
this vault with the soft glitter of twilight, with the waving splendors of
the aurora borealis, with the quivering of the lightning and the multi-
form phenomena of the heavens. At one moment it inundates us with
light and warmth, at another it causes the rain to pour down in torrents
upon the thirsty land. It is the channel by which the sweet perfumes
descend from the hills, and the vehicle of the sound which permits
human beings to communicate with each other, of the song of the birds,
of the sighing of the wind among the trees, of the moaning of the waves.
Without it, our planet would be inert and arid, silent and lifeless. By
it the globe is peopled with inhabitants of every kind. Its indestructi-
ble atoms incorporate themselves in the various living organisms; the
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particle which escapes with our breath takes refuge in a plant, and,
after a long journey, returns to other human bodies; that which we
breathe, eat, and drink has already been inhaled, eaten, and drunk mill-
ions of times: dead and living, we are all formed of the same sub-
stances. . . . . What study can possess a vaster or more direct interest
than that of the vital fluid to which we owe the manner of our being
and the maintenance of our life?

The study of the Atmosphere, of its physical condition, of its move-
ments, of its functions, and of the laws which regulate its phenomena,
forms a special branch of human research. This science, which since
the days of Aristotle has been designated Meteorology, belongs in part
to Astronomy, which shows the movements of our planet around the
sun—movements to which we owe day and night, season, climates, solar
action, or, in a word, the basis of the subject. On the other hand, it
appertains to Natural Philosophy and Mechanics, which explain and
measure the forces brought into play. As it exists in the present day,
Meteorology is a new science, of recent establishment, scarcely as yet
fixed in its elementary principles.

We are assisting at its elaboration, at its struggling into life. The
present generation has seen the establishment of meteorological societies
throughout the different nations of Europe, and of special observatories
for the exclusive study of the problems relating to the Atmosphere.
The analysis of climates, seasons, currents, and periodical phenomena
is scarcely terminated. The examination of atmospheric disturbances,
of tempestuous movements, and of storms, has been made, so to speak,
before our own eyes. The science of the Atmosphere is the question
of the day. We are just now, in regard to this study, in an analogous
situation to that of modern Astronomy in the days of Kepler. Astron-
omy was founded in the seventeenth century. Meteorology will be the
work of the nineteenth.

I have endeavored to collect in this work all that is at present posi-
tively known about this important subject, to represent as completely
as possible the actual state of our knowledge about the Atmosphere
and its work—that is, about the air, the seasons, the climates, the winds,
the clouds, the rain, the hurricanes, the storms, the lightning, the me-
tcors—in a word, the phenomena of time, and above all, the general
upholding of terrestrial life. It is, in fact, a synthesis of the research
effected during the last half century (especially during the latter portion
of it) as to the great phenomena of terrestrial nature, and the forces
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which produce them. The great majority of us, inhabitants of the
earth, no matter to what nation we belong, pass our lives without at-
tempting to form an idea of our actual position, without asking ourselves
what is the force which prepares for us our daily bread, ripens for us
the grapes that give the wine, presides over the change in the seasons,
and alternates the exhilarating blue sky with the rains and cold of in-
hospitable winter. Yet, why should we live in such a state of igno-
rance? I venture to hope that after perusing this work there will be
no difficulty in understanding the life and movements of the globe.
Every thing which takes place around us is interesting when, instead of
remaining as one born blind, a man has learned to appreciate external
things and to keep himself in intelligent communication with Nature.

I could have wished to keep this work, destined as it is for the gen-
eral public, free from scientific terms and figures which constitute its
basis. I have done so as far as possible, but without in any point sacri-
ficing accuracy and precision in respect to observed facts. It seems to
me, too, that what is termed the public (that is, every one) has become
somewhat scientific itself, since so many excellent works have popular-
ized ideas previously reserved for a small circle of the elect.

CAMILLE FLAMMARION.
Panis: November, 1871.
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which does not measure less than 587 millions of miles. These are
traversed in 365 days and six hours—that is to say, that we move
through space with a speed of more than one and a half million of
miles per day, or more than 66,000 miles an hour. The most rapid of
express trains can scarcely accomplish more than twenty-five leagues
an hour. Upon the invisible roads of the heavens the earth moves
with a speed eleven hundred times greater. The difference is so enor-
mous, that it is impossible to express it in this work by a geometrical
figure. If the distance traversed in an hour by a locomotive was rep-
resented by one tenth of an inch, it would be necessary to trace a line
more than nine feet long to indicate the comparative advance made by
our planet during the same space of time. I will add, as a point of
comparison, that the movement of the tortoise is about eleven hundred
times less rapid than that of an express train. Consequently, were an
express train to be sent in pursuit of the earth, it would be as a tortoise
in pursuit of an express train.

Situated as we are about the globe, infinitely small mollusks, made to
adhere to its surface by its central attraction, and carried away with it,
we are unable to appreciate this movement or form a direct idea con-
cerning it. It is only by the observation of the corresponding change
of position in the celestial perspectives, and by calculations based thereon,
that we have been able—and this only during the last few centuries—
to acquire a knowledge of its nature, its form, and its importance. From
the deck of a ship, from a railway-carriage, or the car of a balloon, we
are alike unable to form an idea of the movement that is transferring
us from one place to another, because we participate in it; and with-
out some object of comparison not partaking of the motion, it is impos-
sible for us to appreciate it. To form an idea of the rapidity of the
earth’s motion, we must imagine ourselves placed not upon the earth’s
surface but outside it, in space itself, not far from the course along which
it hurries so impetuously. Then we should see far in the distance—to
our left, I will suppose—a little star shining amidst the rest in the gloom
of space. Then this little star would seem to grow larger, and to draw
nearer to us. Soon there would be perceptible a disk like that of the
moon, upon which we should also recognize spots formed by the op-
tical difference between continents and seas, by the polar snows and the
cloudy bands of the tropics. We should endeavor to distinguish upon
this gradually swelling globe the principal geographical shapes visi-
ble athwart the vapors and clouds of the atmosphere, when suddenly,
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one is that of revolution, which we have noticed above, and by virtue
of which the earth moves round the sun at the rate of one and a half
million of miles a day. A second movement, that of rotation, causes it
to turn round its own axis in the course of every four-and-twenty hours.
It may be at once seen, in examining this movement of the globe, that
the different points of the terrestrial surface have a different speed, ac-
cording to their distance from the axis of rotation. At the equator,
where the speed is greatest, the terrestrial surface has to traverse 25,000
miles in twenty-four hours; that is, more than 1040 miles an hour, or
about seventeen a minute. In the latitude of London, where the circle
is perceptibly smaller, the speed is eleven miles a minute. At Rekia-
witz, one of the towns almost in the heart of the polar region, the speed
is seven and a half miles a minute; and finally, at the poles themselves,
it is nil. A third movement, that which constitutes the precession of the
equinoxes, causes the terrestrial axis to accomplish a slow rotation, which
occupies not less than 25,868 years, and in virtue of which all the stars
of heaven annually seem to change their position, to return to the same
point only at the close of this great secular cycle. A fourth movement
gradually makes a change in the position of the perihelion, which makes
the circuit of the orbit in 20,984 years, so that in this other cycle the
seasons successively take the place the one of the other. A fifth move-
ment causes the plane of the earth’s orbit, which it describes around the
sun, to oscillate, and diminishes the obliquity of the ecliptic at present,
to increase it in the future. A sixth movement, due to the action of
the moon, and called nutation, causes the pole of the equator to describe
upon the celestial sphere a small ellipse in eighteen years and eight
months. A seventh movement, caused by the attraction of the planets,
and principally by the gigantic world of Jupiter and our neighbor Ve-
nus, occasions perturbations, calculable beforehand, in the curve de-
scribed by our planet around the sun, swelling or flattening it, according
to the variations of distance. An eighth movement, more considerable
and less exactly measured than the preceding ones, though its existence
is incontestable, is the transport of the whole planetary system in space.
The sun is thus not motionless, but traverses an immense orbital line,
the direction of which is at present toward the constellation of Her-
_cules. The speed of this general movement is estimated at 487,000
miles a day. The laws of motion would incline one to believe that the
sun gravitates around a centre as yet unknown to us. If so, how vast
must be the extent of the circumference of the ellipse which it describes,
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since for the last century it has followed, as far as we can judge, a per-
fectly straight line!

These different movements, whlch cause the earth to travel in space,
are ascertained with certainty, thanks to the vast number of the ob-
servations of the stars made for more than 4000 years, and to the defi-
nite nature of the modern principles of celestial mechanics. The knowl-
edge of thése constitutes the essential basis of the highest and most
substantial of sciences. The earth is henceforth inscribed in the ranks
of the stars, in spite of the evidence of the senses, in spite of secular
illusions and errors, and, above all, in spite of human conceit, which
had for a long time complacently formed a creation for man alone.
Drawn here and there by these diverse movements—some of which,
such as that of the perturbations, are extremely complicated—the terres-
trial globe travels onward, whirling along, balancing itself under thdin-
fluence of varied forces, rushing with an incomprehensible rapidity to-
ward an unknown goal. Since the beginning of the world, the eartk:
has not twice passed the same spot, and the place which we occupy at
this very moment is rapidly sinking behind into our track never to re-
turn. The very terrestrial surface, too, undergoes changes every centu-
ry,every year, every day,and the conditions of life change throughout
eternity as throughout space. After having thus examined the move-
ment of the earth in space, we must join to it, in order to complete its
astronomical aspect, the motion of the moon round the earth in twenty-
nine days and a half. The moon is only 5 of the size, and 4y of the
weight of the earth. Its action upon the ocean and the atmosphere is,
nevertheless, comparable with that of the sun,and is even more impor-
tant as regards the production of tides: it is as useful to know its move-
ment about us as to know that of our planet about its primary. The
revolution of the moon around the earth takes place really in twenty-
seven days and eight hours, but during these twenty-seven days the
earth has not been motionless, but,on the contrary, has advanced a cer-
tain distance. The moon employs about two days more to complete its
revolution and to return to the same point in relation to the sun, which
gives twenty-nine days and thirteen hours for the lunation or the cycle
of phases. The revolution in twenty-seven days is called the sidereal
revolution, because in that time the moon returns upon the celestial
sphere to the same position in relation to the stars. We see that to re-
turn to the same position in relation to the sun, and to accomplish its
synodical revolution, our satellite must make more than a circle upon
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the celestial sphere, and pass over in addition the distance which the
earth has traveled during that time. If we suppose the earth motion-
less, the movement of the moon round it may be nearly represented by
a circle. In reality, it is a sinuous line, resulting from the combination
of the two movements.

Three stars thus command our attention in the general history of na-
ture—the sun, the earth, and the moon. They are held up, isolated,
in space in a manner dependent on their respective weights. The sun
weighs two quadrillions of tons (two followed by twenty-four zeros).
The sun is 355,000 times heavier than the earth, the latter eighty times
more 8o than the moon. The sun holds the earth at arms-length, so to
speak, ninety-one and a half millions of miles distant; the earth holds
the moon—also by the influence of its mass—at a distance of 237,000

In gravitating around our luminary, the earth, constantly immersed
in its rays, brings the different portions of its surface successively into
its fertilizing emanations. Morning succeeds evening, and spring au-
tumn. Night, like winter, is but the transition from one light to anoth-
er. The solar heat keeps in continual work the mighty factory of the
terrestrial atmosphere, forming the currents, the winds, the tempests,
and the breezes; preserving the water liquid and the air gaseous, rais-
ing water from the inexhaustible wells of the ocean, producing the
mists, the clouds, the rains, and the storms; organizing, in a word,
the permanent system of the vital circulation of the globe.

It is this system of circulation, with the varied phenomena of the
atmospheric world, which we are about to study in this work. The
subject is vast and grand, for upon it depends all terrestrial life. In
studying it we learn, therefore, the very organism of existence upon
the planet we inhabit.
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CHAPTER 11
THE ATMOSPHERIC ENVELOPE.

OuR globe, the motions of which we have been explaining, is encir-
cled by a gaseous film which adheres to its entire spherical surface.
This layer of fluid extends with uniform thickness all round the globe,
covering it on every side. We have already compared the earth in the
midst of space to a cannon-ball launched into the air; by imagining
this cannon-ball surrounded by a thin ring of smoke not more than 5§+
of an inch thick, we may form some idea of the position of the atmos-
phere around the terrestrial globe. It is, indeed, from this position that
the atmosphere derives its name ('Arudg, vapor; and Z¢aipa, sphere),
being, as it were, a second sphere of vapor concentric with the solid
sphere of the globe itself. As a rule, sufficient importance is not at-
tached to the functions of this atmospheric envelope. It is from it that
we draw our being. Plants, animals, and men imbibe therefrom the
first elements of their existence. The earth’s organization is so ordered
that the atmosphere is sovereign of all things, and that the savant can
say of it as the theologian said of God: ‘“In it we live and move, and
have our being.”

The air is the first bond of society. Were the atmosphere to vanish
into space,an eternal silence would be the lot of the terrestrial surface.
We may not think of the fact with our forgetfulness of nature, but none
the less the air is the great medium of sound, the liquid channel in
which our words travel, the vehicle of language, of ideas, and of social
communication.

It is also the first element of our bodily tissues. Breathing affords
three-quarters of our nourishment; the o6ther quarter we obtain in the
aliment, solid and fluid, in which oxygen, hydrogen, nitrogen, and car-
bonic acid are the chief component parts. Further, the particles which
are at the present moment incorporated in our organism will make
their escape either in perspiration or in the process of breathing; and,
after having sojourned for a certain time in the atmosphere, will be re-
incorporated in some other organism, either of plant, animal, or man.

With the unceasing metamorphoses in beings and in things, there is
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at the same time going on a continuous exchange between the products
of nature and the moving flood of the atmosphere, by virtue of which
the gases of the air take up their abode in the animal, the plant, or the
stone, while the primitive elements, mamentarily incorporated in an
organism, or in the terrestnal strata, effect their release and help to re-
compose the aérial fluid. Each atom of air, therefore, passes from lifc
to life, as it escapes from death after death; being in turn wind, flood,
earth, animal, or flower, it i1s successively employed in the composition
of a thousand different beings. The inexhaustible source whence ev-
ery thing that lives draws breath, the air is, besides, an immense reser-
voir into which every thing that dies pours its last breath; under its
action, vegetables and animals and various organisms are brought into
existence, and then perish. Life and death are alike in the air which
we breathe, and perpetually succeed the one to the other by the ex-
change of gaseous particles; thus the atom of oxygen which escapes
from the ancient oak may make its way into the lungs of the infant in
the cradle, and the last sigh of the dying man may go to nourish the
brilliant petal of .a flower. The breeze which caresses the blades of
grass goes on its way until it becomes a tempest that uproots the forest-
trees and strews the shore with shipwrecks; and so, by an infinite con-
centration of partial death, the atmosphere provides an unfailing sup-
ply of aliment for the universal life spread over the surface of the
earth.

It is this unceasing activity of the aérial envelope of gas which forms,
nourishes, and sustains the vegetable carpet that extends over the sur-
face of the dry land. From the meanest blade of grass to the colossal
Baobab, this rich and diversified covering draws all its sustenance from
the air.

And while it keeps up the vital circulation of the earth by incessant
exchanges of which it is the vehicle, the atmosphere is also the aérial
laboratory of that splendid world of colors which brightens the surface
of our planet. It is owing to the reflection of the blue rays that the
sky and the distant heights near the horizon assume their lovely azure
tint, which varies according to the altitude of the spot and the abun-
dance of the exhalations; and to it also we owe the contrast of the
clouds. It isin consequence of the refraction of the luminous rays, as
they pass obliquely across the aérial strata, that the sun announces its
approach every morning by the soft and pure melody of the glowing
dawn, and makes its appearance before the astronomical hour at which
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it should rise; it is owing to a similar,phenomenon that, toward even-
ing, it apparently slackens the speed of its descent beneath the horizon,
and, when it has disappeared, leaves floating upon the western heights
the fantastic fragments of its blazoned bed. Without the gaseous en-
velope of our planet, we should never have that varied play of light,
those changing harmonies of color, those gradual transformations of
delicate shades which lighten up the world, from the gleaming bright-
ness of the summer sun down to the shadows which cover, as with a
veil, the forest depths.

The study of the atmosphere embraces also the general conditions of
terrestrial existence. The notion of life is so bound up in all our con-
ceptions with that of the forces which we see ever at work in nature,
that the myths of the early inhabitants of the world always attributed
to these forces the generation of plants and animals, and imagined the
epoch anterior to life as that of primitive chaos and struggle of the
elements. * If we do not consider,” says Humboldt, ¢ the study of phys-
ical phenomena so much as bearing on our material wants as in their
general influence upon the intellectual progress of humanity, it will be
found that the highest and most important result of our investigation
will be the knowledge of the intercommunication of the forces of na-
ture, and the certainty of their mutual dependence upon each other.
It is the perception of these relations which enlarges the views and en-
nobles our enjoyment of them. This enlargement of the view is the
result of observation, of meditation, and of the spirit of the age in which
all the directions of thought concentrate themselves. History teaches
him who can travel back through the strata of preceding centuries to
the farthest roots of knowledge how, for thousands of years, the human
race has labored to grasp, through ever-recurring changes, the fixity of
the laws of nature, and to gradually conquer a large portion of the
physical world by the force of intelligence.”

The most important result of a rational examination of nature is, that
it leads one to comprehend unity and harmony in this immense assem-
bly of things and forces, to embrace with equal ardor what is due to the
discoveries of past ages and to those of our own time, and to analyze
the details of phenomena without succumbing beneath their weight.
It is thus that it has been given to man to show himself worthy of
his high destiny, by penetrating into the meaning of nature, unveiling
its secrets, and mastering by thought the materials collected by obser-
vation.
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We may now contemplate oug planet traveling in space, and keeping
about it the aérial envelope which adheres to its surface. Our imagina-
tion can easily comprehend the general shape of this gaseous sphere
which encircles the solid globe, and which is comparatively thin and of
slight bulk.

The exterior surface of the atmosphere is therefore curved like that
of the sea, for, like water, the external layer of air tends to a level, all
points of which are at equal distances from the centre. To the eyes of
novices, it seems difficult to reconcile the idea of the spherical surface of
the ocean with what is commonly termed a level; the idea that the air
has a horizontal level like water, and that, like an aérial ocean, this
level is always tending to an equilibrium, seems at first sight somewhat
obscure. Nevertheless, not only does the air possess to an unlimited
degree all the properties of elasticity and mobility of a fluid seeking
equilibrium, but, different in this respect from water and other liquids,
it is extremely capable of compression and, consequently, susceptible of
extreme expansion. These are facts which must always be kept in
mind, for they will assist in the understanding of a great number of at-
mospheric conditions explained in future chapters of this work.

What, then, is the thickness of this gaseous stratum which envelops
our globe? This is the point which we shall examine in the nexs
chapter.

To ascertain the height to which the atmosphere extends, it would be
necessary to calculate the density of the air at different elevations in the
average state, leaving out of consideration accidental disturbances. This
can be done when we know the temperature of the air, its pressure, and
the tension of the vapor of water which it contains. It would, further,
be necessary, in order to obtain an exact determination, to take account,
first, of the gradual diminution in weight as the distance from the cen-
tre of the earth is increased ; secondly, of the variation in the centrifu-
gal force according to the latitude. These variations are, however, slight,
and scarcely affect the calculation, in consequence of the coat of air being
of such insignificant thickness as compared to the radius of the globe.

The height of the atmosphere has its limits, which, as we shall see, are
somewhat confined. If the air had no elasticity, its limit would be at a
distance where the centrifugal force was in equilibrium with the weight;
but as this condition does not exist, its elasticity must necessarily be coun-
terbalanced by a force of some kind, and this force is the weight of the
strata of air which are above the particular one we are considering. But
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the higher we ascend the more rarefied does the air become, and when
the last strata are reached there is nothing to keep them down. Nev-
ertheless, the atmosphere being limited, as we shall presently see, these
strata can not be lost in space; and it is probable that in consequence of
their rarefaction and the great decline in their temperature, their phys-
ical condition is so modified that the elastic force becomes nil. Laplace
has pointed out this indispensable condition ; Poisson has specified it, by
showing that the equilibrium would still be possible with a very consid-
erable limiting density, provided that the fluid was not capable of ex-
pansion; and Biot, who has summed up these conditions, clearly indi-
cates the state of these external inexpansible strata in his remark that
they must be like “a liquid which does not evaporate.” We will now
examine the mechanical and physical conditions of this aérial envelope,
estimate its exterior shape, and measure its height.
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CHAPTER IIL
THE HEIGHT OF THE ATMOSPHERE.

As the earth travels in space with enormous swiftness, carrying along
with it, adhering to its surface, the gaseous body that encircles it, it
naturally follows that this latter does not extend indefinitely into space,
but ceases to exist at a certain distance from the surface. How far
can it extend? Carried along by the rotation of the globe in its daily
movement, we may conclude that at a certain height above the ground
the movement of the atmosphere is so rapid that the centrifugal force
which it acquires would hurl into space the outside particles of air,
which would then cease to adhere to the surface and, for the same rea-
son, to form part of the atmosphere.

Certain inventors of methods of aérial navigation have vaguely im-
agined that the atmosphere does not entirely turn round with the earth,
so that, by rising to a certain height, we could see the globe moving
around beneath our feet, and should only have to wait until the me-
ridian, where we wished to alight, passed under the balloon, to find
ourselves transported there by the rotation of the globe. Such an idea
is, of course, absurd, as the atmosphere and all that it contains partake
equally with the earth in the rotation of the latter.

The centrifugal force increases as the square of the velocity, and at
the equator its amount is 3 part of that of gravity, so that a body at
the equator weighs less than the same body at either of the poles by
g3 of its weight. If| therefore, the earth rotated on its axis seventeen
times as fast as it does, since seventeen times seventeen is equal to two
hundred and eighty-nine, a body at the equator would not have any
weight. A stone, for instance, detached from the ground by the action
of the hand, would not fall down again; we should become so feath-
er-like, that, in dancing upon the surface, we should resemble aérial
nymphs displaced by the wind. As the circumferences of circles vary
as their radii, at seventeen times the distance from the surface to the
centre of the earth—that is to say, at a height of about sixteen times
the radius of the earth, or about 63,000 miles—if the other quantities
involved remained unchanged, the atmosphere would cease to rotate
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with the earth; but, in point of fact, the weight does not remain un-
changed, but diminishes as the distance from the centre of attraction is
increased.

By combining this diminution with the increase of centrifugal force,
we find that at a distance of about 6'61 times the radius of the earth
from its centre, which corresponds to a height above its surface of about
21,000 miles, the centrifugal force is equal to the weight, and conse-
quently the aérial particles which might happen to be in these regions
must of necessity escape. This is the distance at which a satellite
would gravitate in exactly twenty-three hours fifty-six minutes, the
time occupied by our planet in its rotation. It is, theoretically, the max-
tmum limit of the atmosphere, which, however, as a matter of fact, is
far from extending to so great a height, as we shall see; but, mathe-
matically, it might do so, and it is only at this enormous distance that
the centrifugal force would be sufficiently great to prevent the atmos-
phere from existing as such.

Such is the extreme and maximum limit of the atmosphere; but it is
at a far lower elevation that the air we breathe really ceases. Thus, at
the height of 10,000 feet—the height of Mount Atna—there is beneath
the mountaineer nearly a third of the aérial mass; at 18,000 feet, which
is less than that of the peaks of many mountains, the column of air
which presses upon the soil has already lost half its weight, and conse-
quently at this point the whole gaseous mass, which reaches far up into
the sky, does not weigh more than the strata which are compressed into
the region below.

In consequence of the forces that act upon it, the shape of the atmos-
phere is not absolutely spherical, P

but swollen out at the equator,

where it is much higher than at

the poles. The maximum limit

of this figure, in the case where g
P

the flattening is greatest, has been E

given by Laplace. The diameter /
of the atmosphere at the equator

is a third greater than at the

poles* It is the mathematical
Fig. 1.—Mathematical limit of the shape of the at-

limit, beyond which the terrestrial mosphere.

. [This is inaccurate. Laplace proved that the ratio of the least (the polar) diameter to the
greatest (the equatorial) diameter could not be less than § (not {, as in the text). Fig. 1 is



80 THE ATMOSPHERE,

atmosphere can not pass. But it has not this exaggerated shape,
though in reality it is perceptibly denser at the equator than at the
poles. It may be remarked that it is probable that a detached train
of the lighter gases remains constantly in the rear of the globe during
its rapid revolution around the sun. It need scarcely be added that
the shape of the atmosphere undergoes further change, owing to the
atmospheric tides, which are due to the varying attraction of the sun
and the moon.

The decreasing weight of the atmospheric strata affords us the first
means of calculating a minimum limit of the height of the atmosphere.
Mechanics have given us the maximum limit, and it is in this instance
to physics that we shall have recourse. ,

Consider a vertical column of air, then the pressure at any point
must be equal to the weight of air above; or, in other words, any por-
tion of the column measured from the ground supports all the rest of
the column above; the lower strata of the atmosphere are, therefore,
more pressed down (and consequently denser), because they have a
greater weight resting on them. The barometer, which measures this
pressure of the air, is higher at the foot than at the summit of a mount-
ain; and the relation which exists between the pressure and the height
is so close, that the difference in level between two points may be de-
duced from the difference in the heights of the barometrical columns
simultaneously placed at these two stations. The smaller the pressure
the more dilated is the air; so that, at first sight, it would seem as if the
atmogphere must extend to an immense distance.

A “celebrated natural philosopher, Mariotte, first determined the law
of the compression of gases; and the result of his researches shows that
the quantity of air contained in the same volume—or, in other words,
the density of the air—is proportionate to the pressure to which it is
subjected. Until within the last few years this law was considered en-
tirely accurate; but recently it has appeared most difficult to conceive
why the terrestrial atmosphere does not extend very far into space;
while other considerations indicate that it is necessarily limited, and

therefore incorrectly drawn, as the protuberance should be considerably greater. It may be
mentioned that one consequence deduced by Laplace from his result is, that the Zodiacal light
can not be produced by reflection on the atmosphere of the sun, as the former always appears
in the form of a thin lens, the ratio of the polar to the equatorial diameter being much less
than 4. Laplace's investigation is given in vol ii., pp. 194-197 of the Mécanique Céleste
(National Edition).—Eb.]
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ceases at a short distance above the ground. This apparent contra-
diction was the result of a too extensive generalization of Mariotte’s
-law, which is simply relative instead of rigorously definite; and Reg-
nault has studied the differences which exist between the theoretical
law and the facts of the case. |

Subsequently to these investigations, M. Liais has ascertained, by in-
troducing very small portions of air into a large barometrical instru-
ment made for the purpose, that the differences between the results of
observation and the theory usually adopted are still greater. By di-
minishing sufficiently the quantity of air, it has been possible to find a
limit at which the particles, far from separating from each other, as
would happen were the gases capable of indefinite dilatation, seem, on
the contrary, to have a mutual tendency to adhesion similar to that of
the molecules in a viscous liquid. The elasticity of the air, producing
expansion, ceases, therefore, at a certain degree of dilatation, from which
point this gas assumes the character of a liquid, but a liquid out of all
comparison lighter than those with which we are acquainted.

By means of this decrease in the density of the air in proportion to .
its height, Biot has, by an examination of the physical conditions of
equilibrium and a complete discussion of the observations obtained at
different degrees of altitude by Gay-Lussac, Humboldt, and Boussin-
gault, demonstrated that the minimum height of the atmosphere is
16,000 feet, or about thirty miles. At that height the air must be as
rarefied as beneath the exhausted receiver of an air-pump; that is to
say, as rarefied as the air in the nearest approach to a vacuum that we
can make. . .

Thus the minimum height of the atmosphere is thirty miles, and the
maximum 21,000. Hence we have two defined limits, but with a great
distance between them. There are, however, other methods by which
we can get nearer to the truth. Efforts have been made to measure the
height of the atmosphere optically, by studying the length of the twi-
light and the length of time during which the solar rays continue to
reach the aérial regions when the luminary himself has sunk below the
horizon.

If the atmosphere were unlimited, the phenomenon of night would
be entirely unknown to us; the light of the sun, reaching the strata of
air which are sufficiently distant from the earth, would be continuously
sent on to us by reflection from these strata. On the other hand, the
absence of any aérial envelope would cause the night to begin exactly
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at sunset, and the light of day to burst upon us immediately the sun
rose. As it is, every one knows that the twilight of evening and the
morning dawn prolong the time during which we enjoy the solar light.
It will be readily imagined that the observation of these phenomena at
once suggested the idea of seeking to resolve, by their agency, the
height to which the atmosphere extended.

Suppose the earth to be represented by the circle, radius 0 A, and
that its atmosphere is limited by the circumference F ¢ H1¢c. It is
evident that, when the sun has sunk beneath the horizon F A ¢ B of the
place 4, it will only give
light to a portion of the
atmosphere. Thus, when
the sun arrives at J, if
we imagine a tangent
cone to the earth, hav-
ing the sun for its sum-
mit, all those parts of _
the atmosphere situated
below J G will be de-
prived of light, and the

> part C I H ¢ will alone
Fig. 2.—Measure of the height of the atmosphere, according to be illuminated. Later _
the length of twilight.
on, when the sun reaches
J', the portion bounded by ¢ 1 H will alone be subject to its light;
later still, only from ¢ to I; and finally, when the sun gets to 3'”’, upon
the tangent line from c, the intersection of the plane of the horizon
F A ¢ B and the limiting sphere of the atmosphere, the twilight ceases.
From the moment, therefore, that the sun sets, we ought to see a sort
of arc appear on the opposite side of the horizon, rising gradually until
it reaches the zenith, and then slowly descend until it finally disap-
pears. Such is the theory that the earliest astronomers conceived as
to the phenomenon of twilight. In the optics of Alhasen (in the tenth
century) we find that the angle of the sun’s declivity for the close of the
twilight or the break of dawn was taken as 18° and this estimate is
still adopted by modern astronomers as the average amount.

In our climate it is difficult to distinguish with accuracy the limit of
separation between that part of the atmosphere which is lighted by the
sun and that which does not receive its rays directly. But Lacaille, in
his voyage to the Cape of Good Hope, recognized all the phases which
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have been enumerated theoretically. He says: “Upon the 16th and
17th of April, 1751, while at sea and in calm weather, the sky being ex-
tremely clear and serene, at the point where I could distinguish Venus
at the horizon as a star of the second magnitude, I saw the twilight ter-
minated in the arc of a circle as regularly as possible. Having regula-
ted my watch by the exact hour, according to sunset, I saw this arc lost
in the horizon, and I calculated, by the hour at which I made this ob-
servation, that the sun had descended below the horizon, on the 16th
of April, 16° 38’, and on the 17th, 17° 13".”

Other observations have since been made, as we shall see further on.

It is easy to understand that, once having ascertained the apparent
daily circle described by the sun upon a certain date, and the position
of the observer upon the earth, we can calculate, by the time that has
elapsed between the hour of sunset and the moment of the crepuscular
arc’s disappearance, the angle traversed by the sun below the hori-
zon. It will also be understood that, according to the time and place,
there will be found a difference both in regard to twilight and dawn,
since the variations in the relative position of the sun and the state
of the air must necessarily influence the direction and quantity of the
light which, after countless reflections and refractions, reaches the ob-
server.

We will study, in the second book, the optical effects of twilight; at
present we are only concerned with the relation existing between its
duration and the height of the atmosphere.

Now, the time during which the sun, after sinking below the horizon
of a particular spot, continues to give light directly to part of the at-
mosphere visible from this place, depends upon the thickness of the
aérial strata which envelop the earth. Let us suppose, for instance,
that we pass a plane (Fig. 2) through the place A, the centre, 0, of the
earth and the centre of the sun; this plane will cut the earth in the cir-
cle 0A. Let F A B be the intersection of the horizon of the spot A with
this same plane; from ¢ draw the tangent ¢ D to the earth; all that
part of the atmosphere visible at A will cease to be illuminated by the
sun when, in its apparent diurnal movement, it has sunk below cpJ’”,
Now we have seen that, from the duration of twilight, it was concluded
that it came to an end when the angle B cJ"”’ of descent below the ho-
rizon was 18°. As the angle 0 AcC is a right angle, and as 0 A is the
radius of the earth, we know one side and the angles of the triangle

0 A ¢, and consequently are enabled to calculate the other parts. oc
8
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may therefore be regarded as known, and thence it results that we have

the height, E ¢, of the atmosphere, for Ec=0Cc—0E.

Such is the method devised by Kepler for deducing the height of the
atmosphere from the phenomena of twilight. The results which it has
furnished agree with the preceding, and give our atmosphere a height
of from thirty to thirty-seven miles.* The average radius of the earth
being 3908 miles, it will be seen that this height is but a little more
than the 130th part of this radius; that is to say, that if the earth were
represented by a sphere about twenty-two feet in
diameter, the atmosphere would be like a coat of
vapor adbering to the surface, with a thickness of
about one inch.

Figure 8 represents exactly this relation. It
shows—firstly, the incandescent interior of the
globe, which is a; secondly, the solid crust, b, on
which we live (it is but twelve leagues, or thirty
miles, thick, as, in consequence of the increased tem-
perature of one degree (Fahrenheit) for fifty feet,
minerals fuse at this depth);t thirdly, the thickness
of the aérial layer which we breathe, and which is
represented by ¢, and, fourthly, the probable height
of a very light atmosphere, d, over and above ours,
of which we are about to treat.

Fig. 8—Section showing 1t M2Y be further mentioned, in reference to the
the relative thickness of measurement of the height of the atmosphere by
the earth’s crust, of our . .y .
atmoephere, and of a the duration of twilight, that certain observers have
Blgher atmosphere. . btained, as the result of similar researches, an ele-

vation much greater than that given above, affording a clear proof that

the twelve leagues actually represents the minimum only. M. Liais has
made a direct calculation of this height by observing the duration of

* [It is to be noted that different methods give different heights for the atmosphere, but
there is no discrepancy, as different things are meant. Thus, if experiments on twilight give
forty miles as the height, this implies that the air above this elevation reflects no appreciable
amount of light; while, if we define the height to be to the point where the friction will not
set light to a meteor, we have about seventy miles; but, of course, there is no reason why there
should not be some air at much greater heights. —Eb. ]

t [This is the observed rate of decrease at the surface of the earth, but it is not true that
the thickness of the crust must be as stated in the text. It follows, from several considera-
tions of other kinds, that the thickness of the crust is in all probability not less than 600
miles,—Eb.]
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twilight and of the crepuscular curve, which colors the sky with that
~lovely rose tint which is so remarkable, especially in southern countries.
These observations have been made both on the Atlantic, during a
voyage from France to Rio Janeiro, and in the bay upon the shores
of which the last-named city stands. They give, as a minimum, 180
miles, and, as a probable height, 204 miles.

By observing, from the summit of the Faulhorn, the course of the
crepuscular arcs, Bravais obtained a height of seventy-one and a half
miles. The height, however, varies according to the temperature of the
seasons, and remains always greatest at the equator. Another method,
different from the preceding, consists in measuring the thickness of the
penumbra which surrounds the earth’s shadow on the moon during lu-
nar eclipses, as well as the phenomena of refraction produced. This
measurement gives from fifty to sixty miles as the thickness of the
terrestrial atmosphere, the influence of which is felt under this special
aspect.

The observations which accord the atmosphere a height far greater
than the theoretical thirty-eight miles bave been for many years the
object of special discussion. Quételet, director of the Brussels Observa-
tory, has, after much research on this head, arrived at the conclusion
that it does indeed extend much higher than had been supposed, but
that the upper strata are not quite of the same nature as those nearer
the earth.

This addition is supposed to be due to an ethereal atmosphere, very
rarefied and differing from the lower atmosphere in which we live. It
is the region where are mostly seen the shooting stars, which afterward
disappear when they reach the terrestrial atmosphere.

The upper atmosphere®* is still, the lower in continual motion. The
special movements caused by the action of the winds and tempests are
limited in their height by the effect of the seasons. Thus, as regards
our climate, the agitated portion, in the vicinity of the earth, would not
be more than from seven to ten miles high during the winter, while its
height must be almost double in summer. All that part of the atmos-
phere which. is above the latter would only experience a very slight
and scarcely sensible movement, arising from the movable basis upon
which it reposes.

The continual disturbances going on in the lower regions cause the
air in the inferior atmosphere to be very much alike in its chemical

* [The existence of such an atmosphere seems to me very uncertain.—ED. ]
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components. No difference has been discovered at the various eleva-
tions which it is possible to attain for the purpose of collecting air and
submitting it to analysis.

In the upper atmosphere the phenomena, of which we are scarcely
able to form an idea by judging them from the surface of our globe,
take place. There, also, appear the shooting stars; descending from
a still greater height, the aurora borealis, and those mighty luminous
phenomena which we often witness without having the power to sub-
mit them directly to the test of experiment. All these facts do not es-
cape us altogether, especially as regards the aurora borealis and the
magnetic phenomena. If we can not determine the cause, we can at
least feel the effect with sufficient force to be in a position to appre-
ciate them.

Sir John Herschel, De la Rive, and Hansteen seem to share upon this
point the opinion of Quételet. We can quite admit that, above our at-
mosphere of oxygen, nitrogen, and vapor of water, there exists an at-
mosphere excessively light, which may extend two hundred miles in
height, and which is naturally composed of the very lightest gases.

The terrestrial globe being about 8000 miles in diameter, this total
thickness represents the fortieth of the globe’s diameter. The simulta-
neous existence of these two atmospheres is, therefore, the general con-
clusion at which we will, momentarily at least, stop.

As to the basis of the atmosphere, we may now inquire if it ceases
at the surface of the ground, and does not descend into the interior of
the globe itself.

Pressing upon all bodies upon the surface of the earth, it tends to
penetrate in all directions between the molecules of liquids as into the
interstices of the rocks. It is to be found in water as in all vegetables
and all organic structures; the earth and the porous stones are impreg-
nated with it, and that in proportion to the force with which it presses.
It will be seen, therefore, that the air is not limited to the part which
18, so to speak, a gaseous envelope, and that a sensible fraction of its
constituent elements penetrates the waters of the ocean and the inter-
stices of the ground. Certain savants have imagined that the air of
which the atmosphere is composed is but the continuation of an inte-
rior atmosphere ; but the rise in the temperature, due to the central
beat, would prevent the condensation of gases, and must limit the pres-
ence of air in the under strata.

A rough estimate of the quantity of air which is thus introduced into
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the waters of the ocean may be formed by measuring the absorption of
gases by various liquids. Under ordinary pressure, sea-water absorbs
from two to three per cent. of its volume, only the proportion of oxygen
is much greater than in the ordinary air. The result of the calculation
is, that the quantity of air absorbed by the ocean is not above a three-
bundredth part of the atmosphere.

We thus have a tolerably complete determination both as to the
height and shape of this terrestrial atmosphere.
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CHAPTER IV.

WEIGHT OF THE TERRESTRIAL ATMOSPHERE—THE BAROMETER AND
ATMOSPHERIC PRESSURE.

WHILE treating of the height of the atmosphere, we have already seen
that the air is denser in the lower regions of the aérial ocean—that is to
say, near the surface of the earth—than in the higher regions. The air,
light and unsubstantial as it may appear to us to be, has consequently a
positive weight. Each square foot of the earth’s surface sustains a con-
siderable pressure, the amount of which we shall presently attempt to
estimate, corresponding to the height and density of the column of air
above it.

Our ancestors were not able to measure the atmospheric pressure; but
we must not conclude from this that they were ignorant of the effects
which it exercised, especially when the wind was violent. Yet this
force, which every one felt without being able to measure, was not ren-
dered determinate until the middle of the seventeenth century.

In 1640, the Grand Duke of Tuscany having ordered the construc-
tion of fountains upon the terrace of the palace, it was found impossible
to make the water rise more than thirty-two feet. The duke wrote to
Galileo in reference to this strange refusal of the water to obey the
pumps. Torricelli, the pupil and friend of Galileo, gave the true ex-
planation of the fact, and proved, as we shall see, that this column of
water of thirty-two feet was in equilibrium with the weight of the at-
mosphere.

The celebrated invention of Torricelli has sometimes been erroneous-
ly attributed to Pascal. The French philosopher himself alludes to the
mistake, and shows how much of the merit is due to him in the follow-
ing terms: “ The report of my experiments having been spread abroad
in Paris, they have been confounded with those made in Italy; and,
thanks to this misunderstanding, some, according me an honor to which
I can lay no claim, attributed the Italian experiment to me, while oth-
ers unjustly deprived me of the credit of those to which I was really en-
titled. To give to others and to myself the justice due to us, I published,
in 1647, the experiments which I had made the year before in Norman-
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ble in that day, of exhausting the air in it directly, he had it sealed at
one end, filled it with wine, and closed the other end with a cork.
Then, by means of cords and pulleys, the tube was placed upright and
the lower end put into a vessel full of water. As soon as the cork that
kept it closed was removed, the whole liquid column in the tube fell,
until its surface was about thirty-three feet above the level of the water
in the vessel. The remaining sixteen feet above were destitute of air.
Consequently, the liquid column itself formed an equilibrium to the at-
mospheric pressure, and from this he drew the conclusion that a column
of water (or of wine of the same density) thirty-two feet high weighs as
much as a column of air on the same base.

The surface of the earth is pressed upon as if it was covered with
a body of water thirty-two or thirty-three feet deep, and we who live
upon the bed of this ocean of air undergo the same pressure.

If it is the pressure of the air which causes the elevation of the quick-
silver or the water, as we ascend into the atmosphere, the weight of the
column of quicksilver raised, and consequently the height of this col-
umn, must gradually diminish in a manner dependent on the strata of
air left beneath it. The experiment was made on the Puy-de-Dome, ac-
cording to the instructions of Pascal, by his brother-in-law, Florin Pé-
rier, upon the 19th of September, 1648, and repeated by Pascal himself
on the Tour St. Jacques at Paris. The results were decisive, and the
barometer became an easy and accurate means of measuring the total
weight of the atmosphere, and the variations in the pressure which it
exerts at different times and places upon the surface of the globe. We
thus see that it was between 1643 and 1643 that the atmospheric press-
ure was demonstrated by the construction of the barometer and the ex-
periments which its discoverers at once entered upon.

By a coincidence not at all unusual in the history of science, while
the indications of the barometer were being studied in Italy and
France, experiments were being made in Hoiland to ascertain the pre-
cise weight of the air, but by quite a different process

In 1630, Q:to de Gudricke, burgomaster of Magdeburg. invented the
atr-pump, by which the air may be exhausted from any receptacie and
a peariv absolute vacuum created.

The ingenious inventor conceived in the same vear the idea of weigh-
ing & globe of glass first leaving In it the air which it conained. and
then welgning it again when the air bad been removed by the air
pamp.  The globe, when emptied of air. was found to be less heavy
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by about one-third of a grain for every cubic inch of the globe's ca-
pacity.

Aristotle had long before suspected that air had weight, and to make
sure of the fact, he weighed a leather bottle, first empty and afterward
when inflated with air; for, he remarked, if the air has weight, the
leather bottle will be heavier when weighed the second time than it
was the first time. The experiment not confirming his supposition, he
concluded that the air had no weight. Nevertheless, several of the
ancient philosophers admitted the material nature of air as a fact.
Thus the Epicureans compared the effects of the wind with those of
water in motion, and considered the elements of the air as invisible
bodies. During the reign of the peripatetic philosophy, however, it
was assumed that air was without weight, and there were but few
philosophers who did not share this erroneous opinion.

We have seen that, by repeating judiciously the experiment of Aris-
totle, Otto de Guéricke demonstrated the real weight of air. If Aris-
totle’s experiment led to a contrary result, it must be attributed to the
change in the volume of the leather bottle during his two trials, for -
every body, when weighed in a fluid, loses in weight a quantity equal
to the weight of the fluid displaced.
The leather bottle made use of by Aris-
totle would have shown an increase of
weight if weighed in a vacuum. Let
us suppose that about 1835 cubic inch-
es of air were introduced into it by in- |
gpiration; its weight would have in-‘
creased by about 550 grains, but at the -
same time the bottle would become in-
flated, and its volume, being increased
by 1835 cubic inches, would have dis-
placed a volume of air of equal weight,
so that its loss in weight would be also
550 grains, and the weight of the air
and bottle together would consequent-
ly remain the same as before. But in
the experiment of Otto de Guéricke
the globe was always of the same size,
whether empty or full of air, and its Fig. 9.—Otto de Guéricke's experiment.
loss in weight through the displacement of the air being in each case
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At the level of the sea the pressure, upon the average, sustains the
barometrical column at a height of about 29-92 inches.

Experiments frequently repeated by physical philosophers—and the
accuracy of which has been verified—have proved that the weight of
the air at 32° (Fahr.) of temperature, and under a pressure of 29-92
inches of mercury, is to the weight of an equal volume of quicksilver
in the proportion of unity to 10,609—that is to say, that 10,609 cubic
inches of air have the same weight as one cubic inch of mercury. If
the density of the strata of air were everywhere the same, it would be
easy to deduce from the above result not only the height of a given
spot by the aid of the barometer reading there, but also the total height
of the atmosphere. It is, indeed, evident that if a fall of an inch in the
height of the barometer corresponded to a change of height of 10,509
inches, a fall of 29'92 inches, which is the total height of the barome-
ter, would correspond to 29-92 times 10,509 inches—that is, about five
miles. Such would be the height of the atmosphere if its density re-
mained the same from top to bottom, but we have seen that its lower
strata are denser than the higher. It follows, therefore, that, to pro-
cure a fall of an inch in the mercury of the barometer, it is necessary
to traverse a greater distance above the level of the ground or the sea.

Halley was the first to deduce a formula by which heights might be
obtained by means of the barometer.

We have seen in the previous chapters that, since the experiments
of Mariotte, it has been recognized that air becomes compressed in pro-
portion to the weight above, or to the pressure exerted upon it.
Thence it is inferred that, in rising vertically in the atmosphere to suc-
cessive elevations, increasing in arithmetical progression, the density
of the corresponding strata of air would diminish in geometrical pro-
gression. This would be accurate if the temperature were everywhere
the same, and the difference in height would scarcely be any more com-
plicated than if the density were constant. But the temperature of the
air diminishes with increased height, so that the variation in density is
not so simple, as the upper strata are more condensed by their lower
temperatures than those below.

The relation between temperature and height is rather complicated,
as we shall see fartber on; and this, of course, renders more difficult
the process of measuring heights by the barometer. At the same time,
the atmospheric strata always contain a certain quantity of aqueous
vapor, the weight of which must be added to that of the air.
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Furthermore, the weight of any body, and consequently that of a
stratum of air, is proportionately less as the body in question is farther
removed from the centre of the earth. And as the weight of bodies
varies also according to the latitude on account of centrifugal force, it
becomes evident that, for a single formula to be in general use for ob-
servations made at different points of the globe, it is indispensable that
it should include the latitude of the place of observation.

Laplace has given, in the * Mécanique Céleste,” the corrections ren-
dered necessary by these different causes in measuring height, and has
deduced from theory alone a formula the accuracy of which has been
confirmed by numerous experiments.

To determine the height of a mountain it is necessary that two per-
sons take simultaneous observations of the readings of the barometer,
one at its foot, the other at its summit. They must be careful, at the
same time, to read the thermometers attached to the barometers, as well
as others to determine the temperature of the surrounding air. Two
observations will be sufficient ; but it is better to have several.

A single observer can also ascertain the difference in level between
two stations, not very distant the ene from the other, with very fair ac-
curacy, if he takes care to observe the thermometer and barometer at
the lower stations, both when he leaves it and returns to it, and infers,
from the difference, the reading at the lower when taking that at the
higher station.

When, by a long series of observations, the average readings of thc
barometer and thermometer at a given place have been determined,
they may be employed to calculate the absolute elevation of the place
above the level of the sea by taking corresponding observations at
the level of the ocean. Sufficient barometrical observations have al-
ready been made at various elevations for us to be in a position to rep-
resent this decrease of atmospheric pressure, with increase of elevation,
no longer theoretically, but from direct observation.

From a series of observations, made at very different elevations, the
table on the following page has been formed.

This satisfactory series of barometrical observations, which we are
able to establish by means of numerous ascents, either in the balloon
or up the mountain path, and by researches of several observers in
inhabited regions far above the level of the sea, enables us also to en-
deavor to represent, by a curve and a tint, this rapid decrease in the
weight of the atmosphere. In Fig. 13, the horizontal line which forms

4
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Height above | Mean
¢ Sea. Reading.
Feet. Inches.
Level of the Ocean......c..c.ccocvimiiiinieininineiiereniicrietecnianeanes 0 29-92
Mean barometric reading at Greenwich QObservatory............. 159 29-74
¢ “ Paris  rieeeieneee 213 29-68
6 “ Strasburg i 472 29-57
¢ ¢ Toulouse  ireeeenienee 650 29-37
Dijon (Perrey)....cccceerreirereiininiininiiincsereseisnceerscrnsesanaens 804 2921
Geneva Observatory (Plantamour) .......ccccecciiiinnicnreciennnaces 1,339 28-58
Rodez (Blondeau) .....ccevveerinrieiinnieiniinniircosisecesissecesosorenss 2,067 2791
Summit of Vesuvius (Palmieri)........ccceeeveiiiiiiiiicenceniaciancns 8,987 25-98
Guatemala (R. P. Canudas).......cccoeevuiiiieiaveierriennsncanncnans 4,856 25°24
Guanaxuato (Humboldt)......ccceveviiniiniiiiiriiiireinecensiccssacnnes 6,887 2362
The Monastery of the Great St. Bernard.........ccccccecvavaennaens 8,130 22°17
The Summit of the Faulhorn (Bravais)..........cccevevevennnenenne. 8,773 2185
Town of Quito (Fouqueé)......ccceeeiuieiiniirrniiunircironierienenecanee 9,541 21-02
Summit of Ztna (Elie de Beaumont).........cccevveruiernceerannes 10,893 20-08
In several aeronautical ascents (Flammarion).........ccceeeuvueeen 13,124 1870
Summit of Mont Blanc (Ch. Martins)...........ccccieevivieeiennennns 15,748 16°69
On the Chimborazo (Humboldt and Bonpland).................... 20,014 1417
The summit of Ibi-Gamin (the highest mountain that has been
climbed) (Schlagintweit)......c.cccceieiuiniiniiierireirinciinene. 22,118 13-39
In an aeronautical ascent (Gay-Lussac).......ccccoeeeirnrecennranans 22,966 1279
“ ‘¢ (Bixio and Barral)......cc.ccceiiaiianens 22,966 12-60
In several aeronautical ascents (Glaisher) .........ccecveuennennnns 26,247 10°79
In an aeronautical ascent (Glaisher)........cccevvverveiarieininnnnee. 29,000 9-75
In the highest ascent (Glaisher)........c.ccocvvieiiiiiniiiinninnnnna. 87,000 7°00

the base represents the mean state of the barometer at the level of the
sea (2992 inches). Each other horizontal line indicates the reading of
the barometer corresponding to the elevation which is shown by the
vertical line. In this way, or by the aid of the tinted portion, it will
be noticed that at 8200 feet the pressure is diminished by one-quarter,
at 18,000 feet by one-half, and at 31,168 feet by three-quarters.

The reading of the barometer diminishes, therefore, rapidly as we
rise above the level of the sea. But even there it is not the same all
over the globe's surface. It is lower at the equator than between the
tropics ; at the equator it is about 29-84 inches; it then increases up to
the 33d degree of latitude, where it is 80-16 inches; then decreases un-
til the 43d degree (30-00 inches), toward which point it becomes sta-
tionary, and so remains up to the forty-eighth degree. Thence it con-
tinues to decrease so far as sixty-four degrees, where it stands at 29-65
inches. Lastly, it again increases from that point as far as the remotest
latitudes—at Spitzbergen (seventy-fifth degree), where the height of the
barometer 18 29-84 inches. Between the pressures at the thirty-third
degree and the sixty-fourth degree of latitude, there is, therefore, a dif-
ference of half an inch. I have laid down these results on a diagram,
and traced the following curve (see Fig. 14, p. 52):

These variations in the atmospheric pressure are probably caused by
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made. The isobaric line of 80-08 inches, which passes close to Oran,
and somewhat farther from Algiers, necessarily continues toward the
west, nearly parallel with the above. A maximum of pressure in the
Atlantic is in thirty-five degrees of north latitude; a minimum of
pressure is met with at five degrees north of the equator; a maximum
at sixteen degrees south latitude, near St. Helena; and the lowest
pressure existing in the world is to the south of Cape Horn, where it
does not exceed 29-33 inches. Upon the Asiatic continent the distribu-
tion is quite different, and Siberia shows a maximum of about 3024
inches between Nertchinsk and Bernaoul.

The chief difficulty in calculating altitudes is in reference to the
mean level of the sea. Equilibrium upon the surface of the sea is not
absolute; its level is affected by various causes, such as centrifagal
force in the zone of the equator, the wind, barometrical pressure, and
temperature. To these may be added the configuration of the sea-
board, which gives a varying effect to the action of the winds and
tides. It is well known that the sea rises quicker than it recedes, and
when the gulfs are landlocked this effect is more decided. Along the
coast the sea must rise higher than it does farther from shore.

The level of the sea at Marseilles is 31'5 inches lower than the aver-
age level of the ocean upon the French coast. The Mediterranean must
be an inclined plane, falling from the Straits of Gibraltar to the coast of
Syria. The last level taken in Egypt, from the Mediterranean to the
Red Sea, showed that the latter is higher than the Mediterranean. Itis
easy to comprehend that these seas, receiving much less water than
evaporates from them, must have a tendency to become shallow, and
that they are only kept up by the straits that unite them with the ocean.

This first general description of the weight of the air and its pressure
upon the spherical surface of the globe will answer our present purpose.
It explains in some degree the statics; and we shall soon reach the dy-
namics. The atmosphere is unceasingly in motion, with its displace-
ments, horizontal, vertical, and oblique. From this cause it results that
the weight of air upon a given place, or the height of the barometer, is
always changing. Solar heat gives rise to regular diurnal and monthly
variations, the intensity of which differs according to the latitude. The
change in the position of the great currents gives rise to extensive vari-
ations upon a vast scale. Changes of weather are heralded by these
fluctuations, which are bound up with the general pressure.

Under the title of “Combien pése la masse entiere de tout Pair qus est au
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Monde,” Pascal wrote, at the epoch when he devoted himself to his cele-
brated experiments on atmospheric pressure, a small treatise as simple
as it is curious, the first sketch of all that has since been written on this
subject, and containing from the outset the absolute reply to the ques-
tion which forms its title. “We learn,” he says, “ by these experi-
ments that the air which is over the sea-level weighs as much as water
to a height of thirty-two feet; but inasmuch as the air weighs less over
more elevated places, and consequently does not press equally over all
points of the earth alike, it is impossible to measure exactly what is the
pressure upon all parts of the world by the same process, although an
approximate measure, very nearly accurate, may be taken. Thus, for
instance, it may be assumed that all the places of the earth have as much
pressure upon them as if there was a depth of rather more than thirty-
two feet of water over them; and it is certain that this supposition is
not half a foot in error.

“ Now we have seen that air which is above the mountains 3000 feet
high is as heavy as water to a height of twenty-nine feet. Consequent-
ly, all the air which extends from the level of the sea to the summit of
the mountains weighs nearly the seventh part of the whole atmosphere.

“We gather, too, from this, that if the whole sphere of the air was
compressed against the earth by a force which, driving it downward, re-
duced it to so small a space that it became of the density of water, it
would then be only thirty-two feet high. The whole mass of air may
be regarded as if it had been formerly a mass of water, thirty-two feet
deep, which had become rarefied and very much dilated, and converted
into the state which we call air; whereas it occupies, in truth, more
space, though it preserves exactly the same weight.

“ And as nothing would be simpler than to calculate what would be
the weight in pounds of water surrounding the earth to a depth of thir-
ty-two feet, we should find, by the same means, the weight of the entire
mass of air.

“ Curiousity led me to make this calculation, and I found that the
weight of this mass of water would be about nine trillions of pounds
—that is, nine followed by eighteen ciphers represents the weight, in
pounds, of air surrounding the earth.”

This weight 1s about ty3v5o part of the weight of the earth.

If all this mass of air were agglomerated into a single ball, it would
weigh as much as a ball of copper with a diameter of sixty-two miles.
Thus the weight of the aiv is far from being insignificant.
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CHAPTER V.

CHEMICAL COMPONENTS OF THE AIR.

IT is to the great French chemist Lavoisier that science owes the dis-
covery of the chemical components of the air. |

Let us go back to the researches of this laborious observer, and hear
from his own lips the recapitulation of his interesting studies.

Our atmosphere, he remarks, must be made up of all the substances
capable of remaining in an aériform state at the ordinary degree of tem-
perature and atmospheric pressure which we experience. These fluids
form a mass, almost homogeneous,* from the surface of the earth to the
highest elevation which man has ever reached, and the density of which
decreases with elevation. But it is possible that above our atmosphere
there are several strata of very different fluids.

What is the number, and what is the nature, of the elastic fluids
which compose this lower stratum that we inhabit ?

After having established the fact that chemistry offers two methods
essential for the study of bodies—that is to say, analysis and synthesis—
Lavoisier describes as follows the celebrated experiment of the first
analysis of air:

“Taking a vessel, or long-necked tube, with a bell or globe at its ex-
tremity, containing about thirty-six cubic inches (see Fig. 16, p. 568), I bent
it (see Fig. 17, p. 58) so as to place it in the furnace while the extreme end
of the neck was under a glass cover, which was placed in a basin of mer-
cury. Into this vessel I poured four ounces of very pure mercury; and
then, by means of a siphon, I raised the mercury to about three-quarters
the height of the glass cover, and marked the level by gumming on a
strip of paper. I then lighted the fire in the furnace, and kept it up in-
cessantly for twelve days, the mercury being just sufficiently heated to
boil. At the expiration of the second day, small red particles formed
upon the surface of the mercury, and increased in size and number for
the next four or five days, when they became stationary. At the end

* [ Homogeneous must be understood to mean that the components of the atmosphere are
found mixed in the same proportion at all heights. Its usual meaning is, of course, ‘‘ of uni-
form density.”—ED. ]
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the contact of which with the skin produces a burning sensation, this
excessive cold acting upon the epidermis in the same way as great
heat.* In the small quantities in which it is found, carbonic acid pro-
duces no ill effects; in larger quantities it is hurtful to the breathing,
and finally produces asphyxia.

Emanations from the earth, the abundant sources of carbonic acid,
are often met with in volcanic districts. When M. Boussingault ex-
plored the craters at the equator, he was shown a locality where no
animals could remain; this was at Tunguravilla, not far from the vol-
cano of Tunguragua. - He thus describes his visit of 1851 : * Our horses
soon gave us indications that we were approaching it; they refused to
obey the spur, and threw up their heads in a most disagreeable fashion.
The ground was strewn with dead birds, among which was a magnifi-
cent black-cock, that our guides at once picked up. Among the vic-
tims were also several reptiles and a multitude of butterflies. The
sport was good, and the game did not seem too high. An old In-
dian, Quichua, who accompanied us, declared that, to procure a good
sleep, there was nothing like making one’s bed upon the Tungura-
villa.”

This deleterious emanation made itself manifest by the sterility of
the ground for a circle of some hundred yards; it was especially great
at a point where there were many large trees lying dried up and half
buried in the vegetable earth, which implies that these trees had flour-
ished upon the spot where they have been lying since the eruption of
the carbonic acid. This gas, like that which is also met with in similar
circumstances in various regions of the globe, is carbonic acid more or
less mixed with air, according to its distance above the soil.

Carbonic acid exerciges a directly deleterious effect upon the nerves
and brain. Hence the anssthetic effects which it may produce, and
which all visitors to Pouzzoles, near Naples, may have seen at a grotto
which has become famous from this cause.

The keeper has a dog whose legs he ties together, to prevent his
running away ; he then places him in the middle of the grotto. The
animal displays evident fear; struggles to escape, and soon appears to
be dying. His master then takes him out into the open air, where he
gradually recovers himself. One of these dogs has been used for this
purpose more than three years. It is all but proved now that the con-

* [The snow-like flakes can be handled with impunity; it is only when forcibly pressed
against the skin that a blister is produced.—Eb. ]



64 THE ATMOSPHERE.

vulsions of the pythonesses charged with expounding the decrees of
the gods were produced by the priests with carbonic gas.

This grotto is situated upon the slope of a very fertile hill, opposite,
and not far from, Lake Agnano. The entrance is closed by a gate of
which the keeper retains the key. It has the appearance and shape of
a small cell the walls and vault of which have been rudely cut in the
rock. It is about one yard wide, three deep, and one and a half high,
and it is difficult to judge from its aspect whether it is the work of man
or of nature. The ground in this cavern is very earthy, damp, black,
and at times heated. It is, as it were, steeped in a whitish mist, in
which can be distinguished small bubbles. This mist is composed of
carbonic acid gas, which is colored by a small quantity of aqueous
vapor. The stratum of gas is from ten to twenty-five inches high. It
represents, therefore, an inclined plane the highest part of which cor-
responds to the deepest portion of the grotto, and this 1s a physical
consequence of the formation of the ground. The grotto being about
on the same level as the opening leading into it, the gas finds its way
out at the door, and flows like a rivulet along the hill-path. The
stream may be traced for a long distance, and a candle dipped into it
at a distance of more than six or seven feet from the grotto is extin-
guished at once. A dog dies in the grotto in three minutes, a cat in
four, a rabbit in seventy-five seconds. A man could not live more
than ten minutes if he were to lie down upon this fatal ground. It is
sald that the Emperor Tiberius bad two slaves chained up there, and
that they perished at once; and that Peter of Toledo, Viceroy of Na-
ples, shut up in the grotto two men condemned to death, whose end
was as rapid.

Two analyses of the air in this grotto, which had been collected at
different times (see Ch. Ste. Cl. Deville and F. Le Blanc), gave in vol-
ume—

Carbonic acid...........c.cceuuneen. 671 786
OxXygen......cocovnveinieneninnenennns 65 53
Nitrogen.......coeeveveiniriceeninnns 26°4 21°1

1000 1000

It is not necessary to travel so far for this predominance of carbonic
acid. At Montrouge, near Paris, and in the neighborhood, there are
large quarries, and even cellars, which are filled from time to time with
this mephitic gas.

Upon the borders of Lake Laacher, near the Rhine, and at Aigue-
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perse, in Auvergne, there are two sources of carbonic acid so abundant
that they give rise to accidents in the open country. The gas rises out
of small hollows in the ground, where the vegetation is very rich; the
insects and small animals, attracted by the richness of the verdure, seek
shelter there, and are at once asphyxiated. Their bodies attract the
birds, which also perish.

In former times the accidents caused by this gas in caves, mines, and
even in wells, gave rise to the most extravagant stories. Such locali-
ties were said to be haunted by demons, gnomes, or genii, the guardians
of subterranean treasures, whose glance alone caused death, as no trace
of lesion or bruise was to be found on the unfortunate persons so sud-
denly struck down.

In addition to the oxygen, nitrogen, and carbonic acid, the air con-
tains a certain number of other substances, in smaller and very varying
quantities.

The most important is aqueous vapor, of which I have spoken above
in describing the method of analysis for determining its presence. The
air always contains a certain proportion of aqueous vapor in a state of
solution, and invisible. When this water passes into the state termed
vesicular, it constitutes clouds or mists. The quantity of aqueous vapor
varies with the seasons, the temperature, the altitude, the geographical
position, etc. At the same temperature and under the same pressure
the maximum quantity capable of being mixed with the air is invaria-
ble. The hygrometrical state of the air, for a given temperature, 1s but
the relation between the quantity of moisture really existing in the air
and the quantity which would exist if the air were saturated at the same
temperature. The millions of cubic feet of vapor of water which, mix-
ing with the air, form the clouds and the rain constitute the most im-
portant element of the atmosphere in respect to the circulation of life.
Therefore water will be in & subsequent chapter the object of special
study. The quantity of heat necessary for the evaporation of the water
from the earth’s surface has been ascertained. The volume annually
evaporated may be represented by the volume of water which falls from
the atmosphere in that space of time; and, in comparing the results of
observations taken at different latitudes and in both hemispheres, we
are led to estimate this volume as corresponding to a depth of fifty-four
and a quarter inches over the whole earth. The amount of heat neces-
sary to evaporate such a volume of water would suffice, according to

Daubrée, to liquefy a thickness of ice of nearly thirty-three feet in depth
5
















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































