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"PREFACE.

TrosE who are already acquainted with the science of meteorology will
need no words of mine to show that the greatest share of whatever value this
book may contain comes from my having studied and followed the work of the
late Professor William Ferrel of Washington. To his remarkable insight and
ingenious analysis we owe the best part of the understanding of general
atmospheric processes that has yet been reached. Those who here first come
to know something of the science of the atmosphere, and who are perhaps thus
brought to desire further acquaintance with it, should not fail to study Ferrel’s
Popular Treatise on the Winds, in which his more mathematical essays are
reduced to a simpler form.

Yet after Ferrel, an almost equal indebtedness must be acknowledged to
Professor Julius Hann of Vienna, from whose broad and accurate studies I
have found assistance at every turn. His Klimatologie, the standard work of
the kind, and his numerous special articles, have furnished me with much
information as well as with many well-defined examples of meteorological
conditions and processes.

The names of many other meteorologists to whom acknowledgment is due
come to mind while revising the pages of this book, which presents the
condensed results of my reading, observing and teaching during the last fifteen
years. Some of these names are mentioned on the appropriate pages, but in
general I have not attempted to make explicit reference to the sources of
information that have been consulted, believing that in a school book, as this
is primarily intended to be, such references are not of much value, especially
as they too commonly lead to sources of information inaccessible in school
libraries. A personal acknowledgment must, however, be made here to Mr.
H. H. Clayton, of the Blue Hill Observatory, and now local forecast official
of the Weather Bureau at Boston, for his assistance in connection with the
chapter on clouds; to Mr. Alexander McAdie, of the Weather Bureau in
‘Washington, for his advice in the sections on atmospheric electricity ; and
to Mr. R. DeC. Ward, successor of Professor Harrington as editor of the
American Meteorological Journal, for many suggestions in connection with the
teaching of meteorology, in which he has for some years been associated with
me in Harvard College.
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There are certain books to which the teacher and the independent student
should, if possible, have access. Besides the works by Ferrel and Hann,
above named, the list should include Abercrombie’s Weather (New York, 1877),
Blanford’s Climates and Weather of India (London, 1889), Buchan’s article on
Meteorology in the ninth edition of the Encyclopedia Britannica, and his essay
on Atmospheric Circulation, with its elaborate series of isothermal and isobaric
charts for every month in the year, in a volume of the report on the Challenger
Expedition (London, 1889 — unfortunately, only a small edition of this great
work has been published, and its cost is comparatively high), Eliot’s Handbook
of Cyclones in the Bay of Bengal (Calcutta, 1890), Greely’s American Weather
(New York, 1888), Scott’s Elementary Meteorology (London, 1885), Sprung’s
Lehrbuch der Meteorologie (Hamburg, 1885 — the best elementary mathematical
statement of the subject), and Waldo’s Modern Meteorology (New York, 1893).
The meteorological section of Berghaus’ Physische Atlas (Gotha, 1887), will
be found of much assistance. Abbe’s translation of foreign meteorological
memoirs, recently published by the Smithsonian Institution, will be useful
to those who are proficient in mathematical physics, as indicating the
direction of advanced research in meteorology by the best European investi-
gators.

The current progress of meteorology can be best followed by reading the
Meteorologische Zeitschrift (Berlin), which contains valuable original essays
and a full bibliographical review of the science ; or the American Meteorological
Journal (published by Ginn & Co., Boston), which, although less extended
than the German journal, is more serviceable and accessible to teachers in this
country. Those who intend to maintain regular meteorological records should
apply to their local state weather service or to the national Weather Bureau
at Washington for instructions as to the exposure and observation of their
instruments. Hazen’s Handbook of Meteorological Tables (Washington, 1888),
or the more extended Smithsonian Meteorological Tables (1893) will be found
useful in the reduction of observations.

It is expected that students who follow this book in the later years of a
high-school course or in the earlier years of college study, shall already have
had an elementary course in physics, such as all high schools should provide ;
and that they shall have had in younger school-years a general acquaintance
with the facts of weather changes that are illustrated on the daily weather-
maps issued by our national Weather Bureau, as recently recommended by the
Conference on Geography of the National Educational Association (1893).
If these maps have not been previously studied, they should be secured by
application to the central office of the Weather Bureau at Washington, or
from the nearest map publishing office, and utilized after the manner described
in Section 319. In any case, the maps are of much service in aiding the
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understanding of local weather changes in their relation to the more general
processes of the atmosphere. '

In the use of the book, the teacher should frequently direct the attention
of students to the continuity of argument by which the whole subject is bound
together, and to the contrasts between inductions based on extended observa-
tion, and deductions based on accepted physical laws. The latter as well as
the former must be carefully considered by those who would gain an appre-
ciation of the present position of the science and who would derive the best
mental training from its study. As an aid in acquiring a general view of the
subject in its educational aspects, teachers may refer to an article by the
author on « Meteorology in the Schools,” in the American Meteorological Journal
for May, 1892.

It should be noticed that the more important general conceptions, such as
the arrangement of isobaric surfaces, or the vertical temperature gradient, are
gradually introduced; at first in their simplest form, and later in greater
complication. The all-important process of convection is illustrated in local
examples, with particular definition of the conditions of its occurrence, in
Chapter III; then in a larger way for the earth as a whole in Chapter VI;
and, finally, the aid given to the process by the condensation of water vapor is
added in Chapter IX. The explanation of the general circulation of the
atmosphere by simple convection in Chapter VI is found to need a supple-
ment (the deflective force of the earth’s rotation) at first unperceived in the
deductive statement of the problem ; and thus a useful lesson is given in the
importance of confirming deductive explanations by continually confronting
their consequences with the facts of observation. This lesson is repeated in a
somewhat different form in Chapter X. On perceiving the similarity in the
arguments of these two chapters (Section 230) much confidence may be placed
in the amended convectional theory ; but another wholesome lesson is taught
on discovering that our extra-tropical cyclones are not even yet certainly
explained. A useful exercise in the suspension of judgment is here gained in
holding the mind open for further evidence before settling down upon a
conviction as to the share that one process or another has in their origin.

Although primarily intended as a text-book for use in schools and colleges,
it is believed that a more advanced class of readers may find the book of value.
The needs of the observers of the national and the state weather-services have
in particular been borne in mind. It has been constantly my effort to discuss
the subject in a rational manner, rather than to employ the empirical form
of statement which is necessarily adopted in the official instructions to
observers. It is intended to make careful distinction between vague sug-
gestion and carefully tested theory ; the one based on insufficient observations
and offered with little regard to well-determined physical laws; the other
based on broad generalizations, constructed with careful regard to the teachings
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of physics, and confronted at every turn with such facts as may serve to
estimate its value. A logical combination of the various mental processes
called on in careful theorizing is regarded as essential to the progress of the
science of meteorology in contrast with the simple accumulation of unrea-
soned facts. A precise description and a legitimate generalization of the facts
of observation stand together on the inductive side of the study; an alert
imagination is needed in deducing combinations of known physical conditions
by which the facts may be explained ; and a critical judgment is called on in
deciding how fully the proposed explanations may be accepted. The study of
the movements of the atmosphere, both general and local, affords an excellent
opportunity for the exercise of these mental processes, to which mature readers
are urged to give close attention. It is also hoped that the emphasis here
given to the classification of the winds according to causes and to the explana-
tion of the non-periodic weather elements of cyclonic origin may lead practised
observers to prepare original descriptive accounts of phenomena under these
and similar headings, in which, after the facts are carefully determined, the
causes shall be duly considered. Observant students of meteorology, well
informed on the present condition of the science, must find innumerable new
illustrations of atmospheric processes over the vast area of our varied country ;
and it is extremely desirable that essays on these subjects should be published
either by the observer’s local state weather service, or, better, in the American
Meteorological Journal, where they will have a wider circulation. We shall
thus come to learn if the expected local convectional clouds occur over the
sand bars of the Carolina coast in quiet summer weather ; if the deep valleys
on the western slope of the Sierra Nevada in California furnish nocturnal
breezes to the plain on which they open; if the lofty plateaus of Arizona
produce an occasional cold blast of the bora type in winter; and if tornadoes
occur distinetly within the area of warm southerly winds as well as near their
western margin. We shall have local studies of the variation of rainfall over
small areas, of the control of the wind by the topography, of the amount of
dewfall, and of the proper “safety limit” for the prediction of frost. A
fresh fund of local illustrations will thus be supplied, which will be found
invaluable by teachers in supplementing their texts.
' W. M. DAVIS.

HaRrvARD COLLEGE,
CAMBRIDGE, Mass., August, 1893,
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ELEMENTARY METEOROLOGY.

CHAPTER 1.

THE GENERAL RELATIONS OF THE ATMOSPHERE.

1. The subject of meteorology. We dwell on the surface of the land;
we sail across the surface of the sea ; but we live at the bottom of the atmos-
phere. Its changes pass over our heads; its continual fluctuations control
our labors. Whether our occupation is indoor or out, on land or at sea, we
are all more or less influenced by changes from the clear sunshine of blue
skies to the dark shadows under clouds; from the dusty weather of droughts
to the rains of passing storms; from the enervating southerly winds to the
bracing currents from the north. Few persons fail to raise some question
now and then concerning the causes and processes of these changes; some
inquire more earnestly, desiring to inform themselves carefully on the subject.
No school study suggests more frequent questions from scholars, or allows
more educative replies from teachers than meteorology, the science of the
atmosphere.

It is the author’s intention in preparing this book to place before both
readers and students an outline of what is now known in the domain of
meteorology ; to give a condensed account of the present condition of the
science, without too much technical language or argumentative demonstration.
All available sources of information have been drawn upon in the effort to
make the various chapters represent the position of the modern meteorologist.

2. The plan of this book may be concisely stated. The origin and uses of
the atmosphere are first considered, with its extent and arrangement around
the earth. Then, as the winds depend on differences of temperature over the
world, the control of the temperature of the atmosphere by the sun is dis-
cussed, and the actual distribution and variations of temperature are examined.
Next follows an account of the motions of the atmosphere in the general and
local winds; in the steady trades of the torrid zone and in the variable
westerly winds of our latitudes. The moisture of the atmosphere is then
studied with regard to its origin, its distribution and its condensation into
dew, frost and clouds. After this, we are led to the discussion of those more
or less frequent disturbances which we place together under the name of
storms ; some of them being large, like the great cyclones or areas of low
pressure on our weather maps; some of them very small, like the destructive
tornadoes. The effect of these storms and of other processes in the precipita-
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tion of moisture as rain, snow and hail is next considered. Closing chapters
are then given to the succession of atmospheric phenomena that ordinarily
follow one another, on which our local variations of weather depend, together
with some account of weather prediction; and another on the recurrent
average conditions that we may expect in successive seasons, repeated year
after year, which we call climate.

3. Meteorology as a branch of physics. All the conditions and phenomena
of the atmosphere are illustrations of the principles of physics. The proper-
ties of gases and vapors, and the laws of heat and motion are here exemplified
on a great scale, vastly larger than that usually considered in laboratory ex-
periments ; but the difference of scale does not in any way affect the applica-
tion of physical laws.

It is therefore essential that the student should have at least a fair
elementary knowledge of physics, gained if possible from laboratory experi-
ments as well as from the study of text-books, before entering on the subject
of meteorology. If any such terms as the following are not precisely under-
stood, they should be carefully studied again in a good book on physics as
they are encountered in these pages: mass, volume, density ; inertia, force,
velocity, rotation, centrifugal force; gravitation, gravity, weight; atom,
molecule ; solid, liguid, gas; expansion, heat, temperature, specific heat,
latent heat.

ORIGIN OF THE ATMOSPHERE.

4. Relation of the earth to the other planets. The atmosphere, chiefly a
mixture of nitrogen and oxygen, is thought to be a thin remainder of a once
much larger volume of denser gases and vapors. Our understanding of this
comes best by looking into the early history of the earth and the other planets
that accompany the sun. All these planets are nearly spherical bodies,
rotating as far as known from west to east and moving around their orbits in
the same direction. Most of them are accompanied by one or more satellites,
revolving again in the same direction. The sun turns on its axis in the same
way as the planets revolve around it.

The resemblances among these bodies are indeed so numerous and so strik-
ing that it has come to be generally believed that the matter of which they .
are composed was once scattered thinly through an enormous space, making a
vast cloud or nebula, similar to various nebulae that may still be seen by the
telescope in remote parts of the sky; that the gradual falling together of
most of the cloudy mass about its center produced the sun, while the planets
were formed by the gathering together of much smaller amounts of matter
about subordinate centers. The correspondence of rotary motions now ob-
servable is regarded as a common inheritance from the slow turning of the
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original nebula from which the solar system is supposed to have been evolved;
and this theory of the origin of the sun and the planets is consequently called
the nebular hypothesis. When the scattered parts of the early nebula were
gathered together, the larger bodies that they formed are believed to have
possessed an excessively high temperature. The sun, being the largest of all,
still retains much of its primitive heat. The earth, being smaller, has now
cooled to a low temperature on its surface ; a large amount of heat is, however,
still retained within the earth.

5. Evolution of the atmosphere. In the early youth of the earth, when
according to the hypothesis its surface temperatures were high, many sub-
stances that might later be condensed at lower temperatures in the liquid
ocean or the solid crust, would then exist in the atmosphere. Such an atmo-
sphere would be dense and vaporous ; heavy clouds would hang in its upper
layers, and drenching rains would fall towards the glowing earth, only to be
boiled off again as they approached it; until at last by a long process of
slow cooling through untold ages, more and more condensation would take
place, reducing the volume of the atmosphere to moderate measures, when only
a small share of its original mass would remain. Changes of this kind would
take place faster on the smaller planets, slower on the larger ones; and this
seems to be the fact in our own system. The moon, a comparatively small
body, appears to have lost all its atmosphere. Jupiter, much larger than the
earth, appears still to possess a very cloudy atmosphere ; and from the great
brightness of this planet, astronomers have been led to suppose that its body
is still so hot as to be somewhat luminous. The sun, vastly larger than any
of the planets, still retains an atmosphere of great volume at excessively high
temperatures, which its small neighbors have long ago lost.

Our earth occupies an intermediate position. Some of the more volatile
mineral substances in the rock-crust of the earth presumably at an early time
made a part of the atmosphere, but all these have long ago left it. Nearly all
of the water that must have once been boiled off in the steamy atmosphere of
early times has now condensed upon the cooled surface of the earth, forming
the deep oceans. Some of the gases themselves, particularly the oxygen of the
air, must have been much diminished by combining with the surface rocks of
the earth’s crust and rusting them.

It is also possible that the early atmosphere has been diminished not only by
condensation and combination on the earth, but also by flying away from the
earth. If lighter and more active gases, such as hydrogen, ever existed free in
the atmosphere, it may be plausibly supposed that they have escaped from
the earth’s attraction and passed out to open space, to be gradually gathered
around larger planets or suns. The absence of even the heavier gases of our
atmosphere around smaller bodies, such as the moon, has been thus accounted
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for. The atmosphere, at the bottom of which we live, must, therefore, be
regarded simply as the thin residual of the much vaster early atmosphere that
once surrounded the earth.

8. The future of the atmosphere. We may not only look back into the
past; we may peer forward into the future, and speculate as to the further
changes still in store for the atmosphere. The earth already having cooled
greatly by the comparatively rapid loss of its own heat, the further lowering
of temperature on its surface depends chiefly on the slower cooling of the sun.
When the sun at last becomes cold and dark, all the water vapor will have
forsaken the atmosphere, and our oceans will have frozen solid. The air will
be absolutely calm, and all the dust will settle from it, leaving it a pure, clean
gas. More of the oxygen will have then combined with the rocks of the
earth’s crust ; possibly nearly all of it may by that time have been withdrawn
from the atmosphere ; but the nitrogen, the inert element of the air, will
remain, little changed from its present amount. 'We cannot easily imagine any
process by which the nitrogen of the atmosphere will be disposed of, unless
the surface of the earth becomes so absolutely cold that the gaseous condition
should be lost and the nitrogen should condense as a solid on the frozen earth.

The future does not, according to these speculations, appear to have in
store 80 great a change as has occurred in the past. When the earth is cold
and the sun dark, the atmosphere will be somewhat thinner than now, but its
decrease in volume will not be nearly so great in the future, while the sun
cools, as it has been in the past, during the cooling of the earth.

The changes in the. condition of the atmosphere, here so briefly reviewed,
have required the passage of untold ages of time. All the millions of years
during which the earth has already possessed temperatures fitted for the
existence of life on its surface, form but a short middle chapter between the
much greater duration of its ardent youth, long past, and its cold old age, yet
to come. While we may gain some general conception of the changes that
have taken place and that are yet in store for the earth, the time measured by
these changes passes our comprehension.

7. Composition of the atmosphere. As at present constituted, pure, dry
air, from which the dust, water vapor, and carbonic acid have been taken
away, consists of oxygen and nitrogen in the proportion of 21 to 79 parts by
weight. These two gases are not chemically combined, but are simply mixed
together. Their mixture is very perfect, and extraordinarily uniform the
world over. Analyses of samples of air collected from all the continents,
from many parts of the oceans, from sea-level, from mountain tops, and from
lofty balloon voyages show hardly any variation in the proportion of these
two chief constituents. This is because the atmosphere is extremely mobile,
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and because gases possess the property of spontaneous mixture or diffusion,
whereby inequality of composition is soon lost.

The ordinary atmosphere possesses in addition to the oxygen and nitrogen
a small part, about three-hundredths of one per cent., of carbonic acid. This
varies slightly, being a trifle less by day and in the summer, than by night
and in the winter ; but the changes of its proportion are extremely minute.
There is also a variable quantity of water vapor, sometimes locally amounting
to three per cent. of the air by weight, but generally much less. Besides these,
there are occasionally minute quantities of accidental constituents, produced by
lighting, such as ammonia, nitrous acid, and ozone,! in addition to various
microscopic solid particles, such as dust from the land, salt from the sea, the
pollen and spores of plants, and innumerable organic germs.

Nitrogen, which constitutes the largest part of the atmosphere, is a com-
paratively rare element in the earth. The probable explanation of its large
amount in the atmosphere is found in its chemical inertness. It does not
easily combine with other substances, and hence, although a rare element in
the earth as a whole, is common in the atmosphere from having been left over
at the time when other elements united to form liquid or solid substances.

Oxygen, on the other hand, is one of the commonest substances in the
earth. It forms a large proportion of the waters of the ocean and of the
superficial rocks of the earth’s crust. It constitutes a small share of the
atmosphere, not because it was in small quantity in the begining, but pre-
sumably because its original abundance was actively reduced by uniting with
other substances in chemical compounds. In spite of its having been orig-
inally in great quantity, it now makes the smaller part of the atmosphere.

Carbonic acid, a compound of carbon and oxygen, is trifling in amount in
the atmosphere and yet is of essential importance to the vital processes of
plants, as will be seen in the next sections. It is given off with water vapor
and other gases in volcanic eruptions ; its carbon is taken in by plants, which
in times long past have thus stored up great quantities of carbon in coal beds.
Hence the proportion of carbonic acid has probably varied during the evolu-
tion of present conditions ; though it should not be inferred that all of the
carbon now existing as coal was at any one time combined with oxygen, and
thus added to the store of carbonic acid in the atmosphere.

In some volcanic districts, carbonic acid is given off plentifully enough to
accumulate in the hollows and render the air poisonous. An example of this

1 Ozone is an allotropic form of oxygen ; its molecule consisting of three oxygen atoms,
while the ordinary oxygen molecule consists of two atoms. Ozone has a peculiar odor,
whence its name. It acts as an oxydizing agent, because it easily gives up one of its atoms,
thus returning to the condition of ordinary oxygen. Its presence is generally tested by
means of this property ; the rate of change of some easily oxidized substance being taken to
measure the amount of ozone present at the time. This test, however, is not accurate, as the
same change may be caused by other atmospheric impurities.
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is found in Death Gulch, a ravine in our Yellowstone National Park, where
the proportion of the gas emitted from the ground is sufficient to suffocate
animals that stray there.

8. Offices of the atmosphere : relation of oxygen to animals and plants.
The peculiar relation of the atmosphere to organic life may be explained by
analogy with the case of an ordinary steam engine. A steam engine burns
fuel, such as coal or wood, in order to gain energy to do the work that it has to
perform. All plants and animals burn fuel, that is, some part of their organie
substance, for the same purpose. Engines do their work by the energy of
high-pressure steam that has been formed from water and raised to a high
temperature by the heat from the fiery combustion of the fuel in a grate or
fire-box close to the boiler ; and the essential supporter of this fiery combus-
tion is the oxygen of the air. The work performed by animals, such as walk-
ing, swimming, flying and everything else in which resistance is overcome, is
done by means of the energy gained from a fireless combustion, a slow com-
bination of some of their blood with the oxygen of the atmosphere; the
oxygen that fish find dissolved in the water having been gained from the
atmosphere above.

All plants also have some work to do; truly a trifle compared to that
accomplished by animals, but still properly named work ; either in the lifting
of the sap from the roots to the leaves, or in the moving of the roots, the
tendrils, or the leaves ; and like animals, they gain the energy for this work
by a slow combustion, a combination of part of their organic substance with
the oxygen of the air, which goes on in all their living cells.

In both animals and plants, the combustion here referred to is associated
with the process of respiration, corresponding to the draft of the fire in an
engine. Respiration includes the inhalation of a certain amount of air, the
combination of part of the oxygen in the inhaled air with some of the organic
substance of the plant or animal, and the exhalation of the products of com-
bustion with the unused air. The process is much alike in plants and animals,
differing rather in quantity than in kind, although performed by very different
organs. The products of exhalation are chiefly carbonic acid and water. In
the case of animals, these are accompanied by certain noxious organic vapors,
and it is from the latter that the unpleasant odor and oppressive feeling arise
in poorly ventilated rooms.

9. Relation of carbonic acid to plants. In another way, plants and
animals are strongly unlike. This is in respect to the food on which they live.
Animals require some organic substance for food, either from plants or from
other animals. The food is used to build up their bodies, to repair their
waste, or to support the slow combustion that has already been referred to, by
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means of which they can do work. The higher plants, on the other hand, live
as a rule on inorganic substances, which they derive from two sources. The
sap, consisting mostly of water with a small amount of mineral and organic
substance dissolved in it, comes from the earth through the roots. It rises
through the stem and branches to the leaves, where much of it evaporates.
But another part of the food of the higher plants comes from the carbonic
acid of the air, and it is in this relation to the atmosphere that plants and
animals are so unlike. The carbonic acid of the atmosphere is of no use to
animals. It is given out in the exhalation of their breath, just as it is ex-
haled, truly in very small quantity, from the breathing cells of plants ; but in
plants the carbonic acid of the atmosphere is taken in by the green cells of
the leaves, and under the action of sunshine it is decomposed, the carbon being
retained and the oxygen given out. This process, therefore, goes on only in
the daytime, and not both day and night, as in the case of breathing. The
sap and the carbon gained from the earth and the air, constitute the food of
the higher plants. From these, the plant builds up its tissues, repairs its
waste, and supplies the fuel for the very gentle combustion that goes on in its
breathing cells. The oxygen liberated by the decomposition of the carbonic
acid in the green cells goes off to the air, and thus about balances the con-
sumption of oxygen by plants and animals. It therefore appears that the
relations of plants and animals to the oxygen and carbonic acid of the atmo-
sphere are in part alike and in part very unlike.

10.: The nitrogen of the atmosphere has already been referred to as a very
inert element. It does not appear to have any direct use. By increasing the
density of the atmosphere, it enables the voice to be heard further than it
would be in a thinner gas ; it makes flying easier for birds and insects; it
makes the wind stronger and more serviceable in turning windmills and blow-
ing the sails of ships; by diluting the oxygen, it diminishes the activity of
combustion, which in an atmosphere of pure oxygen would be excessive ; but
it does not appear to act in any direct way.

Water vapor, the most variable component of the atmosphere, is of extreme
importance in many regards. The movement of vapor in the atmosphere
constitutes one member in the continuous circulation of the waters of the
world, beginning in the evaporation of water from the ocean surface, passing
then as vapor, carried by the winds, until, condensing in clouds and falling as
rain or snow, it reaches the land or the sea ; that part which falls upon the
land gathers in streams and rivers running down the slopes of the surface and
bearing the waste of the land with it to the sea.

11. Dust. The solid impurities of the atmosphere are of varied nature.
Besides organic particles of many kinds, mineral dust is raised into the air by
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the winds ; the coarser particles soon settle down again, but the finer ones
may remain in suspension for months or years. The spray blown by the
winds from ocean waves may evaporate, leaving its finely divided salt in the
air, when it may be carried many miles before settling or being washed down
in rain. Explosive volcanic eruptions also furnish large quantities of dust
particles, which may be carried by the outbursting gases high into the upper
atmosphere (section 71). The lower air, especially in dusty regions, contains
thousands or even hundreds of thousands of particles of one kind or another
in a cubic inch. Over the oceans or high in the atmosphere, the air is rela-
tively clean and pure. We shall see reason further on for believing that
the dust thus suspended in the atmosphere plays an important part in deter-
mining its temperature, as well as in illuminating the sky under sunshine and
determining its color; and if certain physical experiments in the laboratory
apply also in the greater scale in nature, the dust suspended in the air may be
of much use, if not essential, in determining the production of fogs and clouds,
and thus of rain.

12. Activities of the atmosphere. The air as a whole may be regarded
first as a medium in which a great variety of the minutest forms of organic
life are carried about. The germs upon which the ‘decomposition of organic
matter depends, and which determine in so many cases the occurrence of
disease, are carried easily by the lightest movement of the air. The spores
and pollen of plants are widely distributed from their source; the winged
seeds of many plants are carried for less distances. Most birds and many
insects use the air to support their flight, and occasionally mammals, reptiles,
and even fish do the same. Air in motion serves to drive sailing vessels over
the sea, to turn the wheels of wind-mills, and to support balloons. The latter
use, although at present rare and comparatively dangerous, is probably des-
tined to become of much greater service in the future. As a geological agent,
the moving air is of great importance in transporting fine dust from place to
place, as well as in carrying the vapor by which rivers are fed, as has already
been mentioned. Moreover, the winds blowing over the sea raise waves, which
beat upon the shoals and the shores, and grind the land down beneath the
level of the waters. The winds drive the waves along, and thus create cur-
rents which not only largely determine the distribution of the forms of life in
the sea, but also have an extraordinary effect in the distribution of tempera-
ture in the air. Finally, it is the oxygen of the air which supports not only
the combustion that is so essential in all plants and animals, but also the
more active combustion of all engines which are driven by fires, and the com-
bustion which directly or indirectly serves to give light at night. In these
many ways, our own life and activities, the life of all plants and animals, the
life of the earth itself, all depend upon the atmosphere which lies around us.
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CHAPTER II.
EXTENT AND ARRANGEMENT OF THE ATMOSPHERE ABOUT THE EARTH.

18. The geosphere, hydrosphere and atmosphere. The great mass of
the earth, solid at least in its outer crust, is for the most part bathed in an
ocean of water and is entirely surrounded by an envelope of gases. These
three parts of our planet are sometimes named the geosphere, the hydro-
sphere, and the atmosphere; the latter term being in familiar use, the others .
being less frequently met. The arrangement of the several parts will be
better understood if we recall the physical properties of matter in the three
states, solid, liquid and gaseous.

Solid bodies retain a definite form ard volume, unless acted upon by some
severe strain. The solid crust of the earth is slowly strained and crushed
into the uneven form of continents and mountains; the inequalities thus
acquired would be retained indefinitely, if it were not for the slow weathering
and washing away of their surface; but this process of change is so slow that
we need not consider it further in the study of meteorology. For our pur-
poses, the geosphere may be regarded as a rigid spheroid, of somewhat irregu-
lar surface.

Liquids tend to retain a definite volume; their free upper surface takes a
shape at right angles to the resultant of the forces acting on it, while their
form elsewhere depends on that of the body upon which they rest. The
liquid hydrosphere is acted on by the centripetal pull of terrestrial gravitation;
it settles down in the depressions of the earth’s crust, forming the oceans,
with a surface standing everywhere at right angles to the force acting on it.
If terrestrial gravitation acted alone, the surface of the ocean would take the
shape of a sphere; for a sphere alone has a surface everywhere at right angles
to a system of forces directed to a single center: but on account of the centrif-
ugal force of the earth’s rotation, the ocean’s surface is deformed into a
slightly flattened or oblate spheroid.!

1 The following simple statement of the problem may serve to explain the deformation of
the sphere into the spheroid. Inertia is the resistance that a body opposes to a force that
changes the velocity or direction of its motion. There is no especial name given to that
manifestation of inertia which comes from a change of velocity; but the inertia developed
by a change in the direction of motion is called by the special name, “centrifugal force.’
It is in no proper sense a force; for a force is that which changes or tends to change the
direction or velocity of a body’s motion. That form of inertia resistance which is called
centrifugal force is manifested in a direction opposite to that of the actual force by which
the body’s path is changed; and hence in the case of & circular motion, or rotation, in which
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The level surface of the sea is naturally taken as the standard of reference
in measuring the heights to which the land rises above it, or depths to which
* the floor of the ocean basins sink below it.

Gases do not retain a definite form or volume. They continually exert an
expansive force, tending to increase their volume. If acted on by external
forces, they may be compressed into smaller and smaller volume; if free to
expand, they will increase in volume and occupy all the space allowed them.
The gases of the atmosphere are drawn down on the surface of the sea and
land by gravity; the weight of the upper strata compresses the lower ones

into greater and greater density; while the upper ones expand to an extreme
tenuity. We know nothing by direct observation of the free surface of a gas;
-and hence cannot well understand how the atmosphere is limited upwards.

14. Dimensions of the earth. The following rough table of dimensions
is of interest in this connection: —

Area of earth’ssurface, . . . . . . . 197,000,000 square miles.
Volume of earth, . . . . . . . . 256,000,000,000 cubic miles
Massof earth, . . . . . . . . . . . . . . 6x102 tons
Area of ocean, . . 150,000,000 square miles, or § of earth’s surface.
Volume of ocean, . . . . 300,000,000 cubic miles, or y}y of earth.
Massof ocean, . . . . . . . . 13x10' tons, or yyky of earth.
Mass of atmosphere, . . . . . 5x10% tons, or yz5ygy Of earth.

15. Pressure of the atmosphere. The level surface of the ocean would
everywhere be equally pressed upon by the overlying atmosphere, if there

& body is continually pulled by a centripetal force towards a center, the so-called centrifugal
force is manifested outward along the radius.

In the case of any part of the ocean’s surface layer, A, Fig. 1, the only force acting on
it is terrestrial gravitation, AG. One component of this force, 4B, must be expended in
N overcoming the inertia (centrifugal force), AC, that
arises from the continual change in the direction of the
body's motion. If AB is expended, only the other
oomponent, Ag, can remain; hence it is only the latter
component of terrestial gravitation which acts to deter-
mine the shape of the ocean’s surface. This component
is called gravity. It is not directed to the earth’s cen-
ter, but slightly away from the center, towards the
pole of the opposite hemisphere from that in which A
is situated. Consequently, a plumb line at A will hang
in the direction Ag, or vertical; a water surface at 4
will adjust itself at right angles to Ag, or level. A
continuous ocean surface from N to Q will everywhere

Fro. 1. adjust itself to a system of local gravitative forces, all
of which are turned a little away from O towards S. Hence NAQ becomes nAg; or the
sphere i8 changed into the oblate or flattened spheroid. '
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were no disturbing forces present by which a greater part of the atmosphere
might be accumulated in one region than in another. The surface of the land
suffers a less and less pressure, the higher it rises above sea-level. It is the
pressure of the atmosphere on the water in a well that raises a column of
water in the tube of a pump, where the downward pressure of the air is re-
moved by raising the piston. The height to which water will rise in a pump
may, therefore, be used to determine the value of atmospheric pressure. This
height is about thirty-four feet, if the experiment is made at sea-level. As
the weight of a cubic inch of water is 0.036 of a pound, the pressure of the
atmosphere on a square inch of surface at sea-level must be 14.7 pounds, or
about a ton on a square foot.

16. Barometers. Water is not heavy enough to be conveniently used in
determining atmospheric pressure. The heavier liquid, mercury, is much bet-
ter adapted to this purpose. If a glass tube, about thirty-two inches long,
closed at one end and filled with mercury, be inverted and the open end placed
in a dish of mercury, the height at which the mercury will then be held in the
tube affords a precise and convenient indication of the pressure of the atmos-
phere. Mercury being thirteen and a half times heavier than water, or
10,784 times heavier than air, the column of mercury will stand at a height of
about thirty inches at sea-level; but the length of the mercury column will be
less and less at more and more elevated stations. If the air were uniformly
dense at all altitudes, the upper surface of the atmosphere would be found at
a height of 10,784 times 30 inches, or about five miles. By attaching a
scale to the tube, the height of the mercury may be read, and thus the
barometer or pressure measure is constructed. It is customary to speak of the
pressure of the atmosphere in terms of barometric inches; that is, the height
in inches of the column of mercury that the pressure of the atmosphere sus-
tains in the tube at any time. The precise measure of what is called one
atmosphere of pressure in these units is 29.905; the mercury having a tem-
perature of 32° and the observations being reduced to the latitude of London
(see Sect. 101): this equals a pressure of 760.00 mm. at latitude 45°. Further
account of the construction of the barometer and its use will be found in
Chapter VI

A thousand cubic feet of dry air—that is, the contents of a cubic room
measuring ten feet on a side—at a temperature of freezing (32° Fahrenheit)
and under a pressure of 30 barometric inches, or 30 inches of mercury as it is
commonly called, weighs 75.29 pounds. If its volume be kept constant, its
expansive force will increase by ;35 of the expansive force at freezing for
every rise of one degree Fahr. in temgperature; but we have little to do with
this condition in meteorology. If, as is much more com'monly the case, the
pressure upon the air remains constant, it will expand as its temperature rises;
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its volume increasing by ;35 or 0.002 of the volume at freezing for every rise
of one degree Fahr. (or by 4}y for a rise of one degree Centigrade).:

17. Downward pressure of the ocean. Return now to the case of the
level ocean, on which the atmosphere everywhere exerts a uniform pressure.
If we descend about 33 feet into the salt waters of the ocean, we may
imagine a surface there, concentric with the outer spheroidal surface of
the ocean, on which the pressure will everywhere be two atmospheres. At a
depth of 66 feet, the pressure will be three atmospheres, and so on to the.
bottom. Such imaginary surfaces are called isobaric, from having equal
pressure on all parts. At the average depth of the ocean, or two miles, the
pressure will be 320 atmospheres; at the greater depths of the deepest parts
of the oceans, between four and five miles, the pressure rises to seven or
eight hundred atmospheres.

Water, however, is so nearly incompressible that even under these enor-
mous pressures, its density is not greatly increased. The water at the bottom
of the great oceans is only about as much denser than the surface water, as
the latter is denser than fresh water. Any substance that is heavy enough to
sink rapidly below the surface of the sea will sink all the way to the bottom.

18. Isobaric surfaces in the atmosphere. The case of the atmosphere
is very different. It is highly elastic, and hence must be much denser at the
bottom than near the top. If we ascend about 900 feet from sea-level, the
barometric pressure there will be reduced from 30 to 29 inches. At this
height we may imagine a level spheroidal isobaric surface, concentric with
that of the ocean, on which the pressure of the overlying atmosphere is
everywhere 29 inches. How high must one ascend to reach a second isobaric
surface on which the pressure would be 28 inches? If the height of the
surface of 29 inches is 900 feet, the height of the second surface above the
first must be 3§ of 900; or 932 feet: for the volumes of gases are known to
increase as the pressure by which they are confined decreases. The height of
the third surface, of 27 inches pressure, would be 38 of 900, or 967 feet above
the second surface ; and in this way we may continue to calculate the altitude
at which any pressure would be found. The pressure of 26 inches would thus
be found at a height of 3,300 feet above sea-level. If the rule were followed
to the last case, it would lead us to say that the height at which the surface of
no pressure — that is, the upper surface of the atmosphere — would be found,
would be 2 times 900 feet above the surface of one inch pressure, and this
would be at an infinite distance above it; but it is not probable that the rule
by which volumes and pressure are correlated can be fairly applied to such
extreme cases. Moreover, the known decrease of temperature in the upper air
would somewhat reduce the measures here given. It must suffice to say that
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the air becomes thinner and thinner as we ascend above sea-level ; that the
successive isobaric surfaces are separated by greater and greater distances;
but of the absolute termination of the atmosphere we can say nothing.

19. Vertical decrease of pressure in the atmosphere. It is possible,
however, to calculate with a close approach to accuracy the height at which
any given pressure will be found ; or, conversely, the pressure corresponding
to any given height. Allowance must be made in this calculation for the
decrease of temperature at the rate of 1° in 300 feet in ascending above
sea-level ; and for certain other minor corrections; when this is done, we find
the results given in the following table :—

Pressure. Altitude,
30 inches. 0 feet.
29 910
28 1,850
27 2,820
26 - 3,820
25 4,850
24 5,910
23 7,010
22 8,150
21 9,330
20 10,550
18 13,170
16 16,000

20. Height of the atmosphere. In the older books on meteorology, the
height stated for the atmosphere was 45 or 50 miles ; this being the altitude
at which no significant barometric pressure would be encountered; at a
height of 30 miles the pressure is only half a hundredth of an inch. Observa-
tions on the duration of twilight — that is, of the perceptible sunlight which
is turned from its direct course by the action of the atmosphere after the sun
has set — gave about the same measures ; but this depends manifestly upon the
delicacy of the observations by which the duration of twilight is determined ;
if our eyes were sharper, twilight might be perceived longer. Hence in this
case, as in the other, all that can be said is that at a height of about 50 miles,
the air becomes excessively thin, incapable of producing significant pressures,
or of deflecting perceptible amounts of sunlight.

Observations of meteors, however, give much greater dimensions for the
height of the atmosphere. Meteors are small solid bodies, flying rapidly
through space, and sometimes entering the earth’s atmosphere. Their velocity
is so great that they generate heat enough by the compression of the air in



14 . ELEMENTARY METEOROLOGY.

their path to render them luminous, and even to disintegrate them before they
reach the bottom of the atmosphere. Only the larger ones reach the ground
unconsumed. Meteors have sometimes been seen from several places by
different observers, and their apparent paths among the stars determined
closely enough to enable one afterwards to calculate the angular altitude of
each observer’s line of sight above the horizon. The height at which the lines
of sight intersect may then be easily determined ; and in this way it is learned
that meteors become visible at heights even greater than 100 miles. Although
it is difficult to conceive of the excessive tenuity of the air at such heights, we
are constrained to believe that it exists there ; how much further the faintest
traces of the atmosphere may extend must be left to future discovery.

Valuable observations of meteors may be made by any persons who can
record the time of appearance accurately and whose knowledge of the constel-
lations is sufficient to identify the stars easily ; or, even without this knowledge,
by persons who will take care to notice the track of a meteor past some fixed
objects, whose direction and angular altitude may afterwards be measured by
surveyor’s instruments. Such observations, reported to the central office of
any of our state weather services, may be compared with good results. A
meteor seen over New England on September 6, 1886, and reported by several
observers of the New England Meteorological Society, was determined by
Professor Newton of Yale College to have become visible at an altitude of 90
miles over northwestern Vermont, and to have disappeared at an altitude of
25 miles over southeastern New Hampshire.

‘We know little of the vast upward expanse of the atmosphere. The rays
from the sun and stars enter through it; hence it must be excessively thin
and pure. Meteors dart into it, and, if heavier than a few ounces weight, in
most cases fall to the earth. But the highest mountains do not rise six miles
above sea-level, and their upper slopes are deserts of rock and snow. The
highest flight of a balloon, nearly seven miles, reached temperatures so low
and air so thin that the balloonists fainted. All the clouds of those lofty
regions consist of minute ice crystals ; but they are seldom, if ever, measured
at heights greater than eight or nine miles. It is only the lower part of the
atmosphere that is of sufficient density and of a high enough temperature for
the easy maintenance of life, as it has been developed on the earth. The
greater density of the lower strata has already been explained as a result from
the pressure of the upper strata ; we may next inquire as to the control of the
temperature of the atmosphere.
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CHAPTER III
THE CONTROL OF ATMOSPHERIC TEMPERATURES BY THE SUN.

21. Sources of heat. The only sources of heat on which the tempera-
ture of the atmosphere may be conceived to depend are the sun, the stars and
the earth.

The earth is still very hot within; but its hot interior mass is so well
sealed over by a non-conducting crust, that very little heat escapes outward
through it. Volcanic eruptions occasionally carry some of the glowing rocks
from the interior up to the surface in a spasmodic manner; but these eruptions
are manifestly too exceptional for further mention. Moreover, if the tempera-
ture of the air over the earth’s surface depended on conduction from the
earth’s interior, we should not know how to explain the changes of tempera-
ture from the equator to the poles, or from summer to winter.

The stars are as hot as the sun, and they are innumerable; but their dis-
tance is so great that they control our temperature as little as they control our
light. Moreover, they shine from all parts of the sky; hence, if our tempera-
ture were said to depend on star beams, we should not know how to explain
the changes of temperature from day to night.

The sun is manifestly the ruler of temperatures on the earth’s surface.
The changes of temperature from equator to pole, from summer to winter,
from day to night, all follow the changes in the intensity of sunshine. There
can be no doubt in an explanation where variations in the effects follow so pre-
cisely the variations in their presumed cause.

‘When we come to explain how it is that the sun controls terrestrial tem-
perature, it is necessary to go slowly, if we would gain a clear understanding
of the process.

29. Nature of heat. It must be now recalled from the study of physics,
that heat is not a thing in itself, but simply the energy of the molecular mo-
tion of any material substance. If two masses of lead be struck violently
together, they become hotter than before. Iron and steel are not so well fitted
for this experiment, for, by reason of their elasticity, their energy of impact
is mostly expended in producing a rebound. Lead being relatively inelastie, it
is supposed that the energy of the impact is expended in exciting the mole-
cules of which the masses are composed to a more active motion; and we
_recognize this more active motion in the higher temperature of the bodies.
It must be clearly understood that, in speaking of molecules, or of heat as the
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energy of molecular motion, we are speaking of things that have never been
seen; of phenomena that have never been observed. It is, nevertheless,
reasonable to believe in molecules and in the mechanical theory of heat, as it
is called, because by the acceptance of such hypotheses, we are enabled to
explain and correlate a great variety of well ascertained facts, that have other-
wise-found no explanation.

Heat, then, is believed for good reasons to be the energy of molecular mo-
tion. When the surface of the ground and the lower layers of air become
warmer under the rays of the morning sun, we believe that their molecules
have been excited to greater velocity of movement: but then the question
.arises—how can the velocity of their molecules be affected by the sun, which
is distant from the earth by ninety-two million miles! The space between
the planets and the sun must be empty; otherwise, the planets could not
maintain a constant distance from the sun; they would approach it on an in-
ward spiral path, moving faster as they neared it, and thus accomplishing an
annual revolution in a decreasing number of days. This is not the case, as
far as observations go. We must, therefore, suppose space to be essentially
free of resisting matter; if any medium is there for the propagation of energy
from one mass to another, it must be of properties quite unlike those of the
gross forms of matter that we know on the earth, rarer even than the ex-
tremely tenuous upper strata of the atmosphere. Yet some continuous
medium must be supposed to exist all through space; for without it we cannot
advance towards an understanding of the process by which the light of the
stars reaches us; or by which the sun controls our temperature; or by which
a hot ball of iron can become cool even though suspended in a vacutm.

28. Explanation by hypothesis. Here, as in the mechanical theory of
heat, we must have recourse to some hypothesis; and our faith in the hypothe-
sis should be measured simply by its success in explaining facts of observation.
It is commonly the case in the progress of science that various hypotheses are
successively advanced in the attempt to explain facts of observation; the
hypothesis which best accounts for all the facts will come, in time, to be gen-
erally accepted. For example, many facts are known concerning the motions
of bodies; the falling of any object towards the earth; the movements of the
moons around the planets, and of the planets around the sun; and even the
revolution of the two components of a double star around a common center.
All these facts of motion may be explained by the hypothesis that every mass
of matter attracts every other mass with a force directly proportional to the
product of their masses, and inversely proportional to the square of the dis-
tance between the two. This hypothesis is so successful in explaining all
relevant facts, that it has come to be universally accepted. The force of .
attraction is called gravitation; the statement of the manner in which it
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varies is called the law of gravitation. The discovery and establishment of
this law is the chief glory of the immortal Newton.

The hypothesis by which we seek to explain the loss of heat from a hot
ball suspended in a vacuum, or from the sun standing in empty space,
must now be briefly outlined. It may be named the hypothesis of radiant
energy.

24, Radiant energy. It has been supposed that in spite of the apparent
emptiness of space, as far as molecular matter is concerned, it is nevertheless
filled with an all-pervading medium of perfect continuity, excessive rarity and
extraordinary elasticity. Any disturbance, such as the agitation of the mole-
cules of ordinary matter, at once imparts a disturbance to the imagined
medium; and' then, much in the same way as waves spread out from a point
where a stone falls into a body of water, so waves of disturbance spread out
or radiate through the imagined medium in all directions from any center of
excitement.

Whether the hypothetical medium be named the luminiferous ether, or
whether it takes a name from its property of propagating electro-magnetic
disturbances, this matters nothing to us now; all that the hypothesis of
radiant energy demands is that molecular disturbance should be spread away
or radiate by a wavelike motion or undulation in some space-pervading
medium. Hence the name, undulatory hypothesis, originally employed, when
the idea of the undulatory nature of light was first introduced by Huyghens in
the seventeenth century, in distinction to the corpuscular hypothesis of
Newton, which assumed that the light from the sun consisted of a shower of
minute corpuscles.

The undulations of radiant energy travel away in straight lines in all
directions from their source at the enormous velocity of nearly two hundred
thousand miles a second. They require only about eight minutes to span the
space from the sun to the earth. The dimensions of the undulations are
excessively minute ; those given out from the sun varying in length between
0.00270 and 0.00029 millimeter, or 0.00011 and 0.00001 inch. Their undula-
tion is incredibly rapid ; reaching several hundred million million undulations
in a second, the finer waves swinging the more quickly. They may be likened
to the much larger waves of sound excited in the atmosphere by an orchestra.
The trombones and bassoons produce long waves of relatively slow undula-
tion ; the fifes and the high notes of the violins excite finer waves of relatively
rapid undulation ; the louder notes excite waves of greater breadth of swing, or
amplitude ; but they all travel away at a uniform velocity. On encountering
any object, they spend their energy upon it ; that is, they set it into vibration;
thus the waves from one tuning-fork may set up vibrations in another. If the
waves of sound disturb the delicate mechanism of the ear, they give us the
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sensation of hearing. In a very similar way, the waves of radiant energy,
varying in period and amplitude of undulation, move on from any exciting
source in straight lines or rays at a uniform velocity as long as they pass
through what we call empty space; but if the waves encounter sensible
matter, some of the energy of undulations is imparted to its molecules, and
the velocity of molecular movement is increased ; that is, the mass that the
molecules constitute is heated. A careful distinction should be drawn between
radiant energy, whose nature is essentially undulatory, and molecular energy
or heat, which is characterized by a confused molecular agitation.

25. Radiation from the sun: insolation. The sun is an enormous globe of
excessively hot matter ; many times hotter at its cloudy surface than the hot-
test furnace, and presumably hotter still within. Its mass is so great that in
spite of its active radiation of energy, by which its heat is reduced, it will
be hot for ages to come. Its diameter is about 880,000 miles ; if the earth
were at the center of the sun, and the moon were revolving about the earth at
its present distance of 240,000 miles, there would still be a solar shell outside
of the moon 200,000 miles thick.

The radiant energy or radiation emitted by the sun is conveniently given
the special name of ¢nsolation. It varies greatly in wave-length and period of
undulation. It flies away in all directions at an incredible velocity. The
greater part of it goes on and on for ages through the void of the universe,
constantly becoming fainter as it embraces wider and wider spheres of action ;
only a minute part of the emitted insolation encounters a planet on its way
through space.

The heat emitted from a small area of the sun’s surface has been compared
with that given out from an equal area of melted steel in a Bessemer furnace ;
the ratio being 87 to 1 in favor of the sun. The heat received from the sun’s
rays falling vertically and unobstructed on a square mile of the earth’s surface
would warm 750 tons of water from the freezing to the boiling point in a
minute. The whole amount of heat received from the sun on the earth in a
minute would warm 37,000,000,000 tons of water by the same amount. The
heat thus received would suffice to melt a layer of ice about 160 feet thick over
the whole earth in a year; this is several thousandfold greater than that
received from the earth’s interior; and yet the earth receives only one two-
billionth part of the heat given out by the sun! The other planets receive
similar minute fractions ; the rest is ¢ wasted ” ; that is, we do not see that
it is applied to any particular purpose. Upon the trifling share of insolation
received by the earth depend all our activities, except those of telluric origin,
such as earthquakes and volcanoes; and those of lunar origin, such as the
oceanic tides. The winds, the ocean currents and all the processes of life
depend on energy received from the sun.
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Whatever one may feel about the correctness of the undulatory theory
of radiant energy and however difficult it may be to grasp its fundamental
conditions, it must be recognized as more nearly explaining the facts with
which it is concerned than any other theory that has been proposed. Its
essential feature of undulation is universally accepted by physicists, although
the nature of the medium by which the undulations are transmitted is by no
means understood.

26. Astronomical relations of sun and earth. Having now considered
the method by which the sun’s heat is transformed into radiant energy and
thus propagated outward in all directions, so that the earth is constantly in
receipt of a small fraction of the total, we must next examine the position of
the earth with respect to the sun at different times of the year, so as to under-
stand clearly how the incident insolation is distributed over its surface ; for
on this distribution depends the division of the earth into zones and all the
changes of the seasons.

The earth moves around the sun in a nearly circular orbit. The actual
form of the orbit is an ellipse, but of so faint eccentricity that, the sun being
in one focus, the earth is-only three million miles nearer the sun at one time
than another. The time of nearest approach, called perihelion, occurs con-
veniently for our memory on New Year’s Day; and the time of greatest
distance, called aphelion, on July 1. It may be seen at once from this that
it cannot be on our distance from the sun that the winter and summer of the
northern hemisphere depend.

27. Distribution of insolation over the earth. The axis of the earth, on
which it turns once a day, does not stand vertical to the plane of its orbit;
but is inclined twenty-three and a half degrees from the vertical, and in such
a direction as to turn the north pole away from the sun on the 21st of Decem-
ber ; that is, ten days before the time of perihelion. As the earth moves
around the orbit, the axis always stands parallel to itself ; hence on June 20,
the north pole will be turned toward the sun. These dates are called the
solstices, because the sun then stands farthest south or north of the plane of
the earth’s equator. It follows from this that the amount of insolation
received at different latitudes will vary greatly during the year ; first, because
the inclination of the sun’s rays to the horizon varies ; second, because the
diurnal duration of sunshine, or the part of the twenty-four hours in which
the sun stands above the horizon, varies. The change of seasons is thus
determined.

The noon altitude of the sun and the length of the day at any latitude are
best illustrated by fitting a paper ring around a globe in the attitude of a
great circle; the globe, with the axis properly tilted, being carried around a
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curve to represent the orbit, and the paper ring being always adjusted at right
angles to a line from an imaginary sun within the orbit. The ring will then
separate the light and dark, or day and night halves of the earth, and may
therefore be called the twilight circle. If a line is drawn through the sun at
right angles to the solsticial line, it will intersect the orbit at two points; and
while the earth occupies either of these points, the twilight circle passes
through the poles, and the days and nights are everywhere equal. The points
are, therefore, called the equinoxes, and are passed on March 21 and Septem-
ber 22. It should be noted that the line defining the equinoxes does not cut
the orbit in halves, and that five days longer time is spent in passing from the
vernal equinox through aphelion to the autumnal equinox than from the
autumnal through perihelion to the vernal.

At other times than the equinoxes, day and night are unequal, because the
twilight circle then cuts the latitude circles unsymmetrically. This effect is
strongest at the solstices, when the twilight circle is most oblique to the
latitude circles; but the equator always has equal days and nights, because,
being a great circle, it must always be bisected by the twilight circle. A little
practice with a globe should make this plain.

The altitude of the sun over an observer’s horizon is always greatest at
noon. The noon altitude will be 90° at some point within the tropics through-
out the year; elsewhere even the noon rays fall obliquely, and their effect
weakens as they spread over a greater surface than their cross section. This
may be likened to the noon sunshine in winter on a north and south road
passing over a hill; the snow on the southern slope, receiving the insolation
more nearly at right angles to the surface, may be melted, while it remains
frozen on the northern slope, where the insolation falls more obliquely.

The proportionate amounts of insolation received in a single day at differ-
ent latitudes and at different times of the year have been carefully calculated,
and are presented in abstract in the following table. The unit of these meas-
ures is the amount of insolation received at the equator on the day of the
vernal equinox, March 21, when the sun passes through the plane of the
earth’s equator on its way into the northern hemisphere of the sky.

Latitude . . . . . . 0° + 20° + 40° + 80° + 90° —90°
March21 . . . . . . 1.000 0.934 0.763 0.499 0.000 0.000
June21. . . . . . . 0.881 1040 1.103 1.090 1.202 0.000
September22 . . . . . 0.984 0938 0.760 0.499 0.000 0.000
December2l . . . . . 0.942 0679 0.352 0.000 0.000 1.284
Annual Total . . . . 347 329 274 197 143 143

The same data are also presented in graphic form in Fig. 2; the latitude
being given on the left margin, the time of year on the right margin, and the
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value of insolation being indicated by a vertical measure from the plane of
the two margins.

The most important lessons of the table and diagram are as follows: —
(1) On the equinoxes, the greatest amount of insolation is received at the
equator, where the day is twelve hours long and the sun passes through the
zenith at noon; on this day at higher latitudes in either hemisphere, although
the day is still twelve hours long, the sun does not reach the zenith and the
value of insolation progressively diminishes; at the poles, where the rays pass
tangent to the surface of the earth (except for a slight bending by atmos-
pheric refraction), no insolation is received. (2) On our summer solstice,

Fie. 2.

June 21, the equator still has a day twelve hours long, but the sun does not
reach the zenith then, and hence less insolation is received there on this date
than on the equinoxes. Southern latitudes have still more oblique sunshine
and a shorter and shorter day, until beyond latitude 66}° the night is twenty-
four hours long, and the insolation for the whole southern frigid zone is zero.
North of the equator, the sun reaches the zenith over latitude 23}°, and as the
day is there more than twelve hours long, the amount of insolation received
at this latitude on the solstice is greater than that received at the equator on
the equinox. Going further north, there is for a time an increase in the value
of the diurnal insolation, because the loss from the lower noon altitude of the
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sun is overcome by the gain from the greater length of the day, a maximum
value being reached about latitude 40°; then there is a slow weakening, as the
decreasing noon altitude more than compensates for the continued gain in the
length of the day, the minimum being found just beyond latitude 60°; from
this latitude, northward, the increasing length of the day and the presence
of the sun above the horizon during the whole twenty-four hours cause an in-
crease in the value of diurnal insolation, reaching a strong maximum at the
pole, where the amount received is decidedly greater than at the equator on
any day of the year. (3) On our winter solstice, December 21, the relations
of the northern and southern hemispheres are inverted; and the south pole
then receives even a greater measure of insolation than the north pole received
six months before, because the earth is then anear perihelion. The limits of
the zones are thus seen to be related to the distribution of insolation.

It should be noted that the distribution of insolation depends largely on
.the length of the day as well as on the altitude reached by the sun. It also
appears that the known distribution of temperature on the earth does not
closely follow the distribution of insolation; for, if so, the north pole should
have a relatively high temperature on June 21; and the south pole should
have even a higher temperature on December 21. The explanation of this
discrepancy will be found in Section 91.

28. Action of insolation on the earth. An important step may now be
made in considering the action of insolation on the earth. We have learned
the nature of this form of energy; we have seen its distribution over the
earth at different seasons; the effects that it produces come next in order.

It must be carefully borne in mind that gadiant energy, while on its way
from the sun to the earth, is not heat. It was excited by the heat of the sun,
where it was emitted; and it will produce heat when its energy is acquired or
absorbed by the substances of the earth; but until thus absorbed, it must be
regarded only as a special form of energy ; a shower of almost immeasurably
rapid undulations, varying in period and amplitude, but constant in velocity
of propagation.

29. Reflection. When radiant energy from any source encounters sensible
matter, it may be turned back or reflected; it may be passed on or transmitted;
or it may be expended in adding to the molecular energy of the body; that is,
the energy is absorbed and the body is heated. Burnished silver is the best
reflector known; it turns back nearly 98 per cent. of all rays incident upon it;
and this in a most systematic manner, so that the angle of reflection equals
the angle of incidence. The reflected rays depart without loss of energy, and
the reflecting body is not warmed by them. A good reflector can neither be
heated easily by absorption, nor be cooled easily by its own radiation.
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Snow and water, whether on the surface of the earth or in the clouds, are
among the best natural reflectors; much of the insolation that falls on them
is turned back into space, and the earth gains nothing from it.

80. Transmission. Rock salt is the best transmitter of all solid sub-
stances. It is much better in this respect than glass, which absorbs many of
the finer and coarser waves. Such a substance is said to be diathermanous, or
to possess the quality of diuthermance; these terms, literally meaning “open
to heat,” having been introduced when radiant energy and heat were con-
founded. The temperature of a transmitter is unchanged by the radiant
energy that passes through it. It can be warmed only by the energy of the
few waves that it absorbs ; hence like a reflector it must warm slowly, even in
the full glare of sunshine.

The gases of the atmosphere are almost perfect transmitters. Any given
thin layer of air retains very little of the insolation incident upon it; it
reflects none; nearly all passes through it. It can, therefore, warm very
slowly. The pure water of the ocean is also a comparatively good transmit-
ter ; but water is much denser than air, and the sun’s rays are so weakened
by the slight absorption of successive layers of water, every one of which
takes a little of the passing energy, that at greater depths than a few hundred
fathoms, sunshine must be practically imperceptible. It is curious to discover
in this connection that many animals inhabiting the deeper parts of the ocean
have well developed eyes, and are brightly colored; and hence we must
suppose that light from some source reaches them. Animals dwelling in dark
caverns do not develop their eyes, and are white or gray ; hence caverns must
be darker than the bottom of the ocean. The phosphorescence of many
marine animals may serve to illuminate the ocean bottom.

81. Absorption. Carbon is an almost perfect absorber. It reflects only a
trifle of incident insolation and absorbs the rest; it is, therefore, rapidly
heated. The surface of the greater part of the land, being a poor reflector
of radiant energy and transmitting none beneath the surface, absorbs nearly all
that falls on it, and warms rapidly under sunshine.

82. Various effects of absorption. A brief digression must be made here
to refer to certain other effects produced by the absorption of insolation. If
the solar waves fall on certain substances, such as those used on photographic
plates, chemical changes of composition follow ; but these changes are not to
be regarded as the work of the absorbed rays. Substances thus affected may
be regarded as so many springs, bent by previous chemical reactions into
constrained positions, from which they would gladly free themselves if they
could but make a beginning. The excitement caused among the molecules by
the absorption of sunshine or of radiant energy from any other sufficient
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source merely releases the springs; and the consequent rearrangement of
composition is the work of chemical attractions then allowed to operate.
Certain wave-lengths are more effective than others in touching off certain
substances. In ordinary photographic processes, where salts of silver are
employed, the coarser solar rays have little effect; the finer rays are most
useful ; and these are for this reason sometimes called actinic rays. Sometimes
other substances are employed, on which the coarser waves are more active.

Most animals have developed special organs, which we call eyes, that are
particularly sensitive to the action of radiant energy of certain wave-lengths.
In the human eye, no effect is produced by waves of greater length than
0.00075 mm. or of less length than 0.00036 mm.; but rays of intermediate
wave-lengths, if of sufficient strength or amplitude, produce a sensation which
we call light. If the coarser waves preponderate, we call the light red ; if the
finer ones are the stronger, we call the light blue ; the intermediate ones cor-
responding to the various colors of the spectrum. Rays perceptible by the
eye are therefore called rays of light, or optical rays.

As has already been stated, when rays of any wave-length are absorbed by
ordinary substances, heat is produced. This is true of rays of much coarser
wave-length than can be perceived by the eye ; hence, it has been common to
speak of such as “dark heat rays.”

It has happened that the progress of science has been in an order almost
the opposite of that in which the subject of radiant emergy is here presented.
The radiation of light was first studied ; then ¢ radiant heat ”” was investigated.
It was the custom for a time to name the different kinds of solar undulations
after the effects that they produced ; those of intermediate length were called
«light rays ”’ ; the finer ones, ¢ chemical or actinic rays’ ; the coarser ones,
“heat rays.” With this nomenclature, it was implied that the differences
between light, heat and chemical action were inherent in the rays themselves.
As now understood, the differences depend on the nature of the substance by
which the rays are absorbed. For this reason, no proper appreciation of the
dependence of the earth’s temperature on solar energy can be gained until it is
clearly understood that, while the rays are on the way across the emptiness of
space, their waves differ only in length, in period of undulation and in ampli-
tude. None of the rays should in any proper sense be then called light rays,
heat rays or chemical rays. They should be named only according to their
inherent peculiarities, namely, their length or their period of vibration ; and
not according to their variable effects.

If a beam of solar rays be split up by refraction in passing through a
prism, and thus sorted out into a spectrum according to the wave-lengths, the
rays of different wave-length can be examined in turn. Taking any special
ray, for example, one whose length is 0.00050 mm., it will, if received in the
eye, cause the sensation of green light ; if a thermometer bulb is placed before
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it, a slight rise of temperature will show that the energy of the ray has been
converted into heat ; certain specially prepared substances would be excited by
the same ray to rearrange themselves chemically. How impossible is it then
to base a terminology suitable for the rays of insolation on the effects that
they produce upon various substances.

‘While the sensory nerves of the body can detect no differences among rays
of different wave-length, except in so far as they produce different amnounts of
heat, the nerves of the eye have, by means of their “rods and cones,”
become able to distinguish between the action of rays of different wave-lengths,
and thus to discriminate what we call colors.

33. Actinometry. It follows as a corollary from what has just been
stated that if we wish to gain a measure of the energy brought to us by the
rays of the sun, this can best be done by means of an instrument in which
some good absorber, such as carbon, is allowed to absorb all the incident
insolation ; then if the section of the absorbed beam is measured, if the weight
of the absorber is known, and the rise of temperature that it suffers in a given
time is determined, a measure of the value of insolation can be gained and
compared with other measures. Instruments of this kind are called actino-
meters. They have been used by various observers, but by none more success-
fully than by Professor S. P. Langley, now Secretary of the Smithsonian
Institution. By means of observations made when the sun is high and low in
the sky, or from low-level stations and from mountain tops, allowance has
been fairly made for the loss of insolation in the atmosphere ; and it is thus
found that a solar ray of one square centimeter in cross section will raise the
temperature of a gram of water nearly three degrees centigrade in one minute.
The amount of heat or other form of energy needed to raise the temperature
of a gram of water one centigrade degree is called a small calorie.!

A solar ray of one square centimeter in cross section will therefore yield if
totally absorbed, nearly three small calories in a minute. This is called the
¢« golar constant.” The most energetic part of the solar spectrum is included
within the so-called ¢light” rays, the infra-red and the ultra-violet rays being
of relatively small intensity ; and there is good reason for thinking that our
eyes have learned to perceive the stronger rays by very reason of their
strength having made them the most easily perceptible.

34. Radiation from the earth. All bodies emit radiant energy in a
greater or less degree. The sun is the most energetic radiator that we know
of, unless an exception be made in favor of some of the stars; but with those
we are not here concerned.

1 Sometimes the unit of weight is taken as a kilogram ; the amount of heat in that case
is called the large calorie. The English unit of heat is generally based on the pound and the
Fahrenheit degree.
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Not only the sun, but also the air, the ocean and the land emit radiations.
As these bodies can only be seen when illuminated by some source of light,
we may infer that the wave-length of their own rays is greater than that of
the visible rays ; and this has been shown to be the case by Langley, who
has measured their dimensions by direct experiment, and found them to be
much coarser than any discovered in the sun’s rays.

It is by the emission of these extremely coarse rays that a balance is main-
tained with the absorbed insolation, and thus the temperature of the earth’s
surface is held at an average, intermediate value. In day-time and especially
on clear summer days, the temperature may rise to a comparatively high degree,
when insolation is at its maximum value; at night and especially in clear
winter nights, the temperature may fall to a very low minimum under the
almost unimpeded action of terrestrial radiation. But these high and low
temperatures are simply oscillations about a mean value, dependent on the
balanced action of absorption and emission of radiant energy by the earth.

Recalling that the air, the water and the land act differently on the insola-
tion incident upon them, it may now be added that their activity in the
emission of radiant energy corresponds closely to their activity in absorption.
This is the case with all bodies. Indeed, were it not so, those whose power of
absorption exceeded their radiating power would become continuously hotter
and hotter. With these various preliminary facts in mind, we may next
undertake the explanation of the changes of temperature experienced by the
air, the water and the land during the changes from day to night, or from
summer to winter.

85. Absorption and radiation by the atmosphere. The upper air does
not vary much from its mean temperature, as far as the few observations made
at great altitudes give us information. This is because it is a poor absorber,
and hence also a poor radiator. Insolation passes through it almost unim-
peded during the day; and at night its temperature is slowly reduced, because
so little of its heat is expended in exciting radiation.

The case is somewhat different with the lower air, particularly over the
land; for there the numerous dust particles aid both diurnal absorption and
nocturnal radiation, and the land-surface helps to warm the air by day and to
cool it by night. The dust particles act as absorbers during the day, and thus
become centers of heat for the surrounding air; while at night they are effec-
tive radiators, and then reduce the temperature of the air about them. The
land-surface by day reflects a considerable share of insolation, and thus causes
it to pass a second time through the air; it also emits radiation more actively
as it rises in temperature, and thus aids in warming the air. At night the
land cools to a low temperature, and the air near it is cooled by radiation to
its cold surface. If the air becomes very dusty, as in desert regioms, or



CONTROL OF ATMOSPHERIC TEMPERATURES BY THE SUN. 27

smoky, as in the neighborhood of forest fires, or cloudy, as in stormy weather,
it may be that the lower strata are shielded from warming by day and from
cooling by night by the many particles above them. Air of ordinary clean-
ness may, therefore, be expected to possess a greater and greater range of
temperature as we descend towards the earth, an example of diurnal temper-
atures for the lower air in clear weather being given in Fig. 10 a; but very
dusty, smoky or cloudy air must have a level of maximum range of tempera-
ture at some height over the earth’s surface, and a less range both above and
below this height. An illustration of the relatively constant temperature in
the lower air during a spell of cloudy weather is given in Fig. 10 &.

A practical application of this principle is seen in the method commonly
adopted in protecting tender plants from freezing in early or late frosts by
building smoky fires about them, and thus providing them with a cover of
smoke during the night (Sect. 187). In such cases no frost will be formed
below the smoke, if it is dense enough, while the frost may be severe on the
surrounding unprotected ground. It may be expected that if a series of ob-
servations of temperature were taken at different heights in a dense layer of
smoke, a greater nocturnal fall of temperature would be found near the top
than at the bottom.

86. Vertical temperature gradient. The general distribution and varia-
tion of temperature in the atmosphere may be simply illustrated in a diagram
(Fig. 3), in which the vertical scale,
0Y, represents altitude, being divided
into thousands of feet (the altitude
where pressures of 29, 28, 27, etc.,
inches occur, is marked according to
the table of Sect. 19); and the hori-
zontal scale, OX, represents tempera-
ture, on the Fahrenheit scale.! Many
observations on mountains and in
balloons have determined that on
the average the temperature of the
atmosphere diminishes 1° Fahr. for
every three hundred feet of elevation.
This relation is indicated for a station .
at sea-level whose mean temperature is '+
65°, by the oblique line, 4B, whose in-
clination is such that for every rise of three hundred feet on the scale of

X
+

1 The scale of the several diagrams of this kind is constant through the book. Small
crosses to the right of the vertical scale mark spaces of 500 meters; similar crosses beneath
the horizontal scale indicate even 6° on the centigrade thermometer.
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altitude, it shows a decrease of one degree on the scale of temperature. The
rate of vertical decrease of temperature, thus expressed either as a numerical
ratio or by graphic method in a line, is called the vertical temperature
gradient.

From the explanation of the preceding section, we may now add to the
diagram a series of horizontal lines, representing the diurnal range of tem-
perature in the air at various altitudes, the middle points of the lines lying
on the line of the average vertical temperature gradient. In the upper air the
range lines are short; in the lower air, especially over the land, they are
longer. Dotted lines, CD, EF, connecting the ends of the horizontal lines,
serve to indicate the vertical decrease of temperature in the atmosphere at
times of highest and lowest diurnal ‘temperatures; and as CD and EF are dif-
ferently curved, it follows that the vertical temperature gradient is a variable
quantity.! Its values at different times will be later shown to exert a marked
control on atmospheric processes.

The direct rays of insolation arriving at sea-level are weakened by absorp-
tion and other losses on their way through the atmosphere. In cloudy
weather the largest part of the insolation is detained in the atmosphere;
under the densest fogs of London, hardly any perceptible rays from the sun
reach the ground. In clear weather a vertical ray passing through the least
thickness of air reaches sea-level with about three-quarters of the intensity
that it is estimated to possess outside of the atmosphere; but the loss thus
suffered is partly made up by the arrival of indirect rays that come from the
open sky, having been turned from their initial paths by dust or cloud par-
ticles. When the sun is below the zenith, the loss of intensity, as the rays
pass obliquely through the atmosphere, is much greater than that suffered by
a vertical ray; and at sunset the sun may even be observed by the unprotected
eye. While any small volume of air detains only a minute part of the inci-
dent insolation, the entire thickness of the atmosphere withholds a consider-
able share of insolation from the earth. We have now to examine the effects
produced by the rays that penetrate to the sea and land.

87. Absorption and radiation by the ocean. The surface layer of the
ocean, with which we are concerned in meteorology, is like the air in being
slow to change its temperature, but for different reasons. This is a matter of
so great importance in determining the climate of many places that it must be
examined with care.

Under the full glare of even an equatorial sun, the temperature of the
water surface rises little, for the following reasons. First, a considerable

1 It is important, in employing graphic illustrations of this kind, that their meaning
should be frequently stated in well-chosen words, and that the atmospheric conditions thus
represented graphically and verbally should be clearly conceived in the mind.
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share of the incident insolation is reflected away from the surface of the
ocean; and this portion has no effect whatever on the temperature of the
water. As it passes out through the atmosphere, a small share of it is
absorbed, and the rest escapes to interplanetary space. Second, most of that
which enters the water is not absorbed by the surface layer, but is transmitted
to greater depths; only a little is absorbed near the surface, or in any given
layer. Third, part of the absorbed insolation at the surface is expended in
changing the state of some of the water from liquid to vapor or gas, and this
part does not cause any rise of temperature. This is an extremely important
matter, and will be referred to again and at length in Chapters VIII and IX,
when treating of the moisture and the clouds of the atmosphere. It may be
now simply stated that the insolation thus expended in changing the state and
not in raising the temperature of the water is called the latent heat of evapora-
tion; and that the evaporation of water requires a large amount of latent
heat. Recalling that a unit of heat is the amount of heat needed to raise the
temperature of a pound of water one degree Fahrenheit, it is found that the
evaporation of a pound of water requires about a thousand units of heat; or
remembering that a large calorie is the amount of heat needed to raise the
temperature of a kilogram of water one degree centigrade, about 555
large calories will be needed to evaporate a kilogram of water; the precise
amount varying with the temperature at which evaporation takes place. It is
evident, therefore, that the evaporation of water from the ocean’s surface is
an effective means of retarding its rise of temperature. Fourth, the little
insolation that is absorbed by the surface layer of the ocean causes only a
small rise of temperature; for it is more difficult to raise the temperature of
water than of any other natural substance. This matter will be referred to
again when considering the case of the surface of the land. TFifth, the water
of the surface of the ocean is in almost continual motion; that which is now
at the surface is shortly afterwards more or less mixed with water from a
greater or less depth; and that which is at one time in the torrid zone under
the stronger rays of the sun, is slowly carried away by the currents, and its
place is taken by other, unwarmed water. The temperature of the water at
any given place is thus held down to a moderate degree by the continual re-
moval of the warmed water and its replacement by another less warmed volume.

Nearly all these conditions operate as well in preventing a rapid fall of
temperature on the ocean’s surface by radiation at night as in retarding the
rise of temperature by day. Being a transparent substance, and having a
fairly good reflecting surface, the upper layer of water is a poor radiator. It
is as difficult to cool water as it is to warm it; and the little energy lost by
radiation can, therefore, have particularly little effect in lowering its temper-
ature. As the surface layer becomes somewhat cooled, its place may then be
taken by less cooled water from a depth below the surface.
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The under layers of the ocean beyond the action of insolation, are even
more conservative in respect to changes of temperature, either diurnal or
annual, than the surface layers; and the great mass of deep water is hardly
more variable in temperature than the deeper layers of the solid earth. We
shall see the strong effects of the comparatively uniform temperatures of the
ocean when considering the climates of different regions; those countries near
the ocean, and particularly to the leeward of large oceanic areas, possess an
equable temperature the year round; while those far removed from the oceans
suffer from extreme ranges of temperature, more fully explained in a later
section.

38. Relation of diurnal temperature range in air and water. Over the
greater part of the oceans the diurnal range of temperature in the surface
water is hardly one degree. The range of temperature in the open air close
to the surface of the sea is two or three times as much. As this relation is
the opposite of that which we shall find obtaining over the lands, it needs a
brief explanation. The small amount of insolation absorbed by the lower
layers of the atmosphere is all applied effectively to raising its temperature;
although little is absorbed, it is so easy to warm a layer of air that the tem-
perature is perceptibly increased. The much larger amount of insolation
absorbed by the upper layer of the ocean waters is applied to various tasks;
only a part of it is applied to the task of warming the water; and this task
is found so difficult that the rise in the temperature at the surface is hardly
noticeable. As the cooling at night is equivalent in amount to the warming
by day, it follows that the lower air over the greater or oceanic surface of the
globe has a stronger diurnal range of temperature than that of the surface on
which it rests; but as we are dwellers on the land, this is of less importance
to us than the opposite relation, namely, the stronger diurnal range of tem-
perature in the surface layer of the ground than in the lower air, which we
now have to consider.

39. Absorption and radiation by the land. The surface of the land is in
many ways contrasted with that of the ocean. It is a comparatively poor
reflector ; but little of the insolation incident upon it is turned away to empty
space. It is opaque, and all the insolation that is absorbed acts on a relatively
thin surface layer. It is a solid substance, and hence cannot equalize its
different temperatures by mixture, as happens in the ocean waters. It is non-
volatile, and hence there is no disappearance of insolation in the form of
latent heat. It is easily warmed in comparison with water, or in physical
language, its specific heat is low ; and hence the absorbed insolation produces
a large rise of temperature. For all these reasons, the surface of the land
reaches a high temperature under strong sunshine.
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Conversely, it falls to a low temperature at night. It is a good radiator ;
all the radiant energy emitted is supplied from a thin surface layer; its
specific heat is comparatively low ; and hence, the active emission of radiant
energy from a thin layer at the surface results in a rapid fall of temperature.
Where the land is moist the changes of temperature are less than where it is
dry or arid. Where it is covered by vegetation it is shielded both by day and
night and its changes in temperature are greatly reduced. Moreover, in the
daytime there is much evaporation from the leaves of plants; and, further-
more, there is then a certain amount of work done by insolation in separating
the carbonic acid that is absorbed by the leaves into its constituent parts, as
needed in the growth of the plant. Both of these processes tend to lower the
temperature that would be otherwise reached.

The form of the land-surface exercises a marked control on its changes of
temperature from day to night. In a valley, free, unreturned radiation to the
sky is diminished by enclosure between the hillsides. On a hill-top or mountain
summit, where the horizon is unbroken, radiation is most effective in reducing
the temperature of the surface. This will be more fully considered in the
chapter on climate. '

40. Inter-radiation of air and earth. We have thus far examined the
changes taking place in the different parts of the earth separately, as if they
had no effect on each other; but this is not the case. The earth and the
atmosphere act on each other by radiation and by conduction: both of these
processes are of moment.

Just as the rays from the sun warm the surface of the earth, so the rays
emitted from the surface of the earth in the daytime aid in raising the
temperature of the air. Terrestrial rays, however, are weak compared to solar
rays, and they are not actively absorbed by the atmosphere, but pass out
through clear air with about as little loss as the solar rays suffered on entering
through it. The strongest control of air temperatures by radiation from the
earth will be in the lower air, near the radiating surface; over the land,
whose radiation is much stronger than that of the oceans; in valleys, where
the concave land surface partly encloses the air that rests on it ; and when the
air is somewhat dusty, so as to acquire more easily a share of the energy that
passes through it.

Conversely, at night when the land-surface has fallen to a low temperature
by the escape of its radiation through the atmosphere, it becomes colder than
the air near it ; then the ajir cools by moderate radiation to the cold ground.
But although these processes are important, it must be observed that the
changes of temperature thus produced in the air are slow and comparatively
small, as well as limited for the greatest part to the lower layers of the
atmosphere. '
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It has been supposed that the air was a better absorber of terrestrial
radiation than of solar radiation; and thus the atmosphere has been compared
to a trap which allowed sunshine to enter easily to the earth’s surface, but
prevented the free exit of radiation from the earth ; water vapor, in particular,
was thought to be very active in this selective process. The general tempera-
ture maintained by the atmosphere has been explained largely on these sup-
positions, but recent observations throw grave doubt on both of them.
Clear air allows the coarse-waved radiation from the earth an easy outward
passage. Water vapor is, like clear air, a poor absorber of nearly all kinds of
waves. It is true that the presence of excessively fine water-particles,
sufficient only to make the air faintly hazy, greatly diminishes its power of
transmission, or diathermance ; but water vapor, that is, water in the gaseous
state, is found by experiment to be as poor an absorber as pure dry air. The
temperature of the air is, therefore, now explained as a result of its own
absorption and radiation, largely aided by suspended dust and by certain
processes considered in the following paragraphs.

41, Conduction. It is a matter of common experience that a bar of iron
heated at one end becomes heated at the other end also. This is explained by
the spreading of the increased molecular agitation from the heated part to the
parts less heated. Heat is thus said to flow from the hotter to the cooler
parts of a body ; and the passage of heat in this way is called conduction. It
should be noticed that in this process we have nothing to do with the conversion
of energy from one form or manifestation to another, as was the case both in
the emission of insolation from the sun, and in its absorption on the earth.
Conduction does not involve a transformation of energy, but only a distribution
of energy.

Various bodies are very unlike in their ability to conduct heat. Silver and
copper are good conductors ; stone and water are poor conductors. From this
it appears that we shall be little concerned with the downward conduction of
heat from the surface of the land or water by day and in summer, or with the
upward conduction by night or in winter. On the land the ordinary diurnal
changes of temperature are extinguished at a depth of a few feet, and the
annual changes are reduced to a very small value at a depth of twenty or
thirty feet. The downward propagation of summer warmth from the surface
is so slow that it is not felt at a depth of twenty-five feet until the following
winter ; and at that depth the annual range of temperature is reduced to
somewhat less than one twentieth of its value at the surface. TFig. 3a
illustrates these facts, as determined by observations at various depths at
Munich, Bavaria. The time and depth at which certain temperatures occur
are indicated by the curved lines, the values being given in meters and centi--
grade degrees.
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Snow is an extremely poor conductor of heat. The surface of a sheet of
snow may become extremely cold during the long clear nights of winter, when
radiation goes on almost unimpeded, but this surface cooling is very slowly pro-
pagated downward, and its amount rapidly decreases underground.

The air as a whole varies in temperature so slowly from part to part that
conduction within its mass has little play; except in the minute way of
gaining heat from dust particles by day, and losing it to them by night, as has

Fi6. 3a.

already been referred to. But with the lower strata of air, in contact with
the sea and the land, the case is different. Here it often happens that a
considerable difference of temperature exists between the air and the surface
on which it lies, even within a distance of a few feet; and at such times,
conduction is effective. It is aided by radiation, for this, like conduction,
varies directly with the contrast of temperature, and inversely with the
distance between the bodies concerned: but for the moment, let us consider
chiefly the case of conduction.

42. Conduction of heat between the air and the land. Consider the case
of a high plateau in a northern latitude during a long winter night. Let it be
far from the tempering effects of any ocean, as in the center of the great land
area of Europe-Asia. The surface of the barren ground must become exces-
sively cold. The thin, pure air above its elevated surface offers slight impedi-
ment to the escape of its heat by radiation; the dryness of such a region
ensures that the sky shall be cloudless and that little or no vapor shall be
condensed on the ground to retard the cooling by the liberation of latent heat ;
the sunshine of daytime is weak and lasts only a few hours, thus allowing the
process of cooling to go on night after night with small interruption. While
the ground thus cools rapidly to a low temperature, the thin, clean air high
above it cools but little ; but the layer of air next to the surface of the plateau,
being in the neighborhood of a much colder body, loses much of its heat by
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conduction to the cold ground; for while the air cannot carry much heat by
conduction, the little heat that it does carry suffices very effectively to reduce
the temperature of a substance so light and of so low a specific heat as air is.
Supplemented by radiation, the actual cooling of the air near the ground at
such a time is much greater than that of the air above it.

43. Inversions of temperature. Reference has already been made to the
general decrease of temperature encountered as we ascend in the atmosphere ;
but in the case of the air over a dry plateau on a long winter night, the cooling
of the lower layers may be so great as to reduce them to a decidedly lower
temperature than that of the air at the height of several hundred feet aloft.
Such a condition is known as an inversion of temperature. It may be illustrated
in the following diagram.

Recalling the explanation given in Section 36, we have in Fig. 4 the mean
vertical temperature gradient, 4B, indicating the usual rate of decrease of

temperature upwards from the plateau surface.

s This condition may prevail about sunset, the tem-
" perature of the air then being between the extremes
of high noon and late night. When the sun’s rays
000 are no longer felt, the cooling that had begun in
* the afternoon is continued for a time more rapidly ;
14000’ and the whole mass of the atmosphere is somewhat
reduced in temperature, as indicated by the hori-

| o0d zontal lines at various altitudes. At the same
time, the surface of the ground cools much more
[ 1200d rapidly, and by midnight it may have fallen to a
., temperature close to Fahrenheit zero. The air
G- ood near it is also greatly cooled by radiation and

iy

; conduction to its cold surface, and before morning
f ---l.’of“;;“”‘ A_ X falls to a temperature, E, much lower than that of
%+ ®e %% the air at G, a thousand feet above the ground.
The decrease of temperature by radiation from the
ground progresses rapidly at first, when it is but
little cooler than the air above it ; but late at night, when a strong contrast of
temperature between ground and air is developed, further cooling of the
ground, and thus of the air close to it, is somewhat checked by radiation from
the warmer air about the height of G. The strong curvature of the line EGF,
representing the peculiarly reversed vertical temperature gradient in the lower
air at the late hour of greatest cold, gives clear illustration of the conditions
attending such inversions of temperature as are here considered.
As the lower air cools, its expansive force decreases ; the overlying air, no
longer borne up by expansive force equal to its weight, settles down a small

Fic. 4.
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distance, compressing the air beneath, and thus increasing its density and
restoring its expansive force to its former equality with the weight from
above. This process is not intermittent in nature, but is continually operating
at every level in the atmosphere to maintain the equality between the down-
ward weight from above and the upward expansive force from below.
Inversions of temperature are of much commoner occurrence than is gen-
erally understood. They probably occur to a greater or less degree every clear
night on our dry western plains. Examples of their effects may often be seen
in a small way in late spring frosts, when the lower leaves of a shrub may be
nipped, while the upper branches are unharmed. In a larger way, and aided
" by other processes, the milder temperature of low hills than of adjacent val-
ley bottoms at night will be explained in Section 249. It will also be shown
in Section 159 that the quietness of the air at night depends largely on the
occurrence of or approach to temperature inversions of the kind thus explained.
Other examples of conduction might be mentioned in the case of winds of
one temperature blowing over land or water of another; but as this involves
the movement of the air in large currents, it will be postponed to Section 193.

44. Convection in water. There is another process, called convection, by
which unlike temperatures are partially equalized in liquids or gases. This is
of great importance in the atmosphere. It may be first illustrated by a simple
example in the case of water.

When a vessel of water is heated at the bottom, the warmed layer is ex-
panded and thus made lighter than an equal volume of cooler water above it.
In consequence of this unsteady arrangement, the heavier overlying water is
drawn downward by gravity, displacing the bottom layer, which then rises to
the surface. It is our common habit simply to say that the warmed lighter
layer ascends; but it must not be forgotten that its rise is a passive process,
and that the really active process is the descent of the overlying water, which
is drawn down by gravity. By coloring the bottom layer, its ascent through
the overlying layer may be easily perceived. If the temperature be at first uni-
form throughout, it will be noticed that the warmed water from the bottom is
raised to the very top of the liquid, maintaining its higher temperature all the
way, except for a slight loss by conduction and mixture during ascent; while
all the rest of the water settles down a little distance towards the bottom.
Then the new bottom layer repeats the process; and so a circulatory motion is
established. This is called a convectional circulation, and by its means the
entire volume of water will be warmed to almost as high a temperature as is
maintained at the bottom. It depends essentially on the disturbance of a con-
dition of rest by the introduction of a change in the temperature and a conse-
quent change in the density of the water, which is, therefore, followed by
motion under the action of gravity. After this deliberate explanation of the
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convectional process, its further statement may be made more brief by speak-
ing only of the ascent of the warm under layer, with which we are generally
most concerned.

45. Conduction and convection in the atmosphere. Conduction in the
atmosphere was illustrated by the cooling of the lower air at night, when it
lost heat chiefly to the colder surface of the ground beneath. This change of
temperature is not followed by convection, for it leaves the heaviest layer of
air at the bottom, and does not give gravity any opportunity to cause motion.
In the day-time, however, conduction is followed by convection, which then
becomes an active process. Let us consider the case of the air over a dry
plain, beneath an unclouded torrid sun. The ground warms rapidly in the
morning, and soon becomes hotter than the air which rests upon it. Conduc-
tion, aided as at night by radiation, increases the temperature of the surface
stratum of air. This stratum then expands, and lifts up the overlying air by
a small amount, thus reversing the process of the night before. A peculiar
optical effect may then be produced, which must be considered briefly.

46. Mirage.! As the morning advances, the lower layer of air on a level
surface may become so superheated, while still lying for a time beneath the
cooler heavier air, as to gain a strong vertical temperature gradient near the
ground and produce the singular effect known as mirage. This is seen when
the eye of the observer is a little above the surface of the superheated
stratum, 8o as to receive the rays of light that have been reflected- from it;
thus frequently causing it to be mistaken for a sheet of water, with whose
reflection of oblique rays from the sky to the eye we are familiar. Mirages
of this kind are often observed on our barren western plains (Sect. 72).

A perfectly stagnant atmosphere might be imagined in which the alternate
cooling by night and warming by day caused a corresponding rise and fall of
the upper atmosphere once in twenty-four hours. In this case the work done
in lifting up the upper air by day would be equal to that done in compressing
the lower air at night. But such a process can hardly be supposed to proceed
without interruption by currents of air of some kind.

47. Dust whirlwinds. It is not uncommon for desert mirages to dis-
appear rather suddenly, and at the same time a local dust whirlwind springs
up. This means that the superheated lower layer that has lain for a time
delicately balanced under the heavier overlying air, like a layer of oil under a
sheet of water, at last loses its balance and literally upsets. It then drains
away upward, being urged to ascend by the descent of the heavier overlying
air. The whirling of the ascending current results only because all the lines
of indraft towards the point of upward escape fail to meet precisely at the

1 A word of French origin, meaning reflection; pronounced meerazh.
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center; they miss their aim to one side or another, and thus establish a rotary
motion, which once assumed is not easily stopped. As the motion becomes
brisk, dust particles are gathered up by it, vibrations are excited in its spiral
currents, and the whirlwind becomes visible and audible. The dusty columns
thus produced may rise to a height of a thousand or more feet, where the air
currents spread out horizontally. Such whirls are not common on uneven
surfaces, for there the lower air does not remain long enough close to the
ground to become superheated; nor are they seen frequently on surfaces cov-
ered with vegetation, even though level; partly because such surfaces are
seldom so hot as desert surfaces; partly because less dust lies upon them, by
which the ascending whirls might be made visible. But the convectional
ascent of the surface air in a small way is easily perceived on almost any
warm, clear, quiet day by looking over the brow of a gentle rise in the ground;
the air is then seen to be “unsteady,” an appearance due to the passage close
past one another of small currents and films of air of different temperatures,
in which the rays of light are irregularly refracted. The same appearance
may be seen close along side of a hot stove, and for the same reason.

It is manifest that convection must have much influence in raising the
temperature of the air during the day-time; for, as long as it continues, one
layer after another is brought close to the ground, where it is most effectively
warmed, and whence it ascends to considerable altitudes in the atmosphere.
Moreover, if no convection took place, the land-surface and the air lying close to
it would become unsupportably hot under strong sunshine. In warm seasons
and regions the convectional ascent of the lower air may reach a height of
several miles during the hotter hours of the day, while at night the effective
cooling of the air by conduction and radiation to the ground is limited to a
layer a few hundred feet thick.

48. Difference between convection in liquids and in gases. The convec-
tional circulation of liquids does not involve any change of temperature in the
ascending and descending currents, except such as may follow mixture and
conduction. With gases an important change of temperature occurs; a cool-
ing in the ascending currents, and a warming in the descending currents of the
circulation. This is entirely independent of the action of mixture and con-
duction. It may be briefly explained as follows.

49, Change of temperature in vertical currents. The lower air, about to
ascend, has a certain temperature and a corresponding expansive force when it
begins to rise. As it reaches higher levels, the pressure upon it is less; it
therefore expands, pushing away the surrounding air to make room for itself,
until, as a result of its expansion, its expansive force is reduced to equality
with the pressure upon it. It follows, however, from experiment, as well as
from the mechanical theory of heat, that in pushing away the surrounding air,
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the ascending air must expend some of its energy; and this expenditure is
drawn from its store of energy in the form of heat; hence the ascending air
is cooled by the very processes involved in its ascent. The rate of cooling
thus produced is accurately known; being 1.6° on the Fahrenheit scale for
every three hundred feet, or 1° on the centigrade scale for 100 meters of
ascent. A similar change, but of the reverse order, occurs in the descending
members of the convectional circulation. As the descending air settles down,
other air rolls on top of it; it is thereby compressed to a slightly greater
density, and its temperature is raised. When air is thus changed in tempera-
ture, it is said to be mechanically warmed or cooled. Such changes are also
called adiabatic, meaning thereby that they are produced without the passage
of heat to or from the air. ,

50. Conditions of local convection in the atmosphere. The general
account of convection now given makes it clear that this process cannot
take place at night, when the air on the ground is colder and consequently
heavier than that above it; on the other hand, convectional overturning must
occur in the day-time, for then the bottom air is warmed, and may thus
become light compared to that above it. But the precise amount of tempera-
ture contrast between the surface layers and the overlying air, or in other
words, the precise value of the vertical temperature gradient that will allow
convection, remains to be determined. A closer understanding of this prob-
lem may be gained from the following diagrams.

51. Nocturnal stability. Let EKF, Fig. 5, represent the value of the
vertical temperature gradient in the quiet nocturnal air over a plain at a time
of temperature inversion. Suppose a
small volume of the surface air is raised
to the altitude, H. As it ascends, its tem-
perature will decrease at the adiabatic
rate of 1.6° for every three hundred feet
of ascent. This rate is constant at what-
ever temperature the ascent begins; it is
indicated by the inclined line, or adiabatic
gradient, £G.* 'When the surface air has
risen to the height, H, its temperature
will be lowered to L, its altitude and tem-
perature being both indicated by the point,
G. The temperature of the surrounding
air at the height, H, is K’; hence the air
that has been raised has a temperature K'L degrees lower than that of the air

1 In all diagrams of this kind the adiabatic rate of cooling will be indicated by straight
broken lines.
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that it has risen into. It will therefore be much heavier than the surrounding
air, and consequently, if no longer sustained, it will sink down to the ground
before finding any air of its own temperature. It must be concluded from
this that the lower air on plains during clear, quiet nights is not disposed to
move; and that if disturbed, it will tend to return to the position that it had
before the disturbance. The air is then said to be in a stable equilibrium.

52. Diurnal instability. Consider next the conditions found at noon,
when the lower air has been warmed many degrees, and the vertical tempera-
ture gradient has taken the value,
CMD, Fig. 6. Repeat the imaginary
experiment of raising a small mass of
surface air to a height, N. From
having a temperature, C, at the ground,
it will be mechanically cooled by ex-
pansion to a temperature correspond-
ing to the point N. The surrounding
air at the same height has a tempera-
ture, M, or MN degrees cooler than
that of the air that has been raised
from the ground. The latter will
therefore be lighter than the air into
which it has risen, and it will con-
tinue to ascend, cooling at the adia-
batic rate as it goes (no account being
taken for the present of loss of heat
by radiation or conduction), until it
encounters air of its own temperature, as at D, where it will spread out later-
ally. Above this level it cannot rise, for at greater heights it would become
colder than the surrounding air. Noon-time, therefore, generally presents the
conditions of instability in a greater or less degree.

The value of the vertical temperature gradient at the time when the
stability of night was changed to the instability of day should be determined.
The change must have made its appearance near the ground, where the warm-
ing of the air proceeds most rapidly in the early morning. Instability occurs
as soon as the line of the vertical temperature gradient is carried, in shifting
from its nocturnal to its diurnal form, past parallelism with the adiabatic line.
From this time on, till the warmest hour of the day is reached, the tempera-
ture of the middle air will depend chiefly on the convectional ascent of air
that has been warmed close to the surface of the ground.

The same diagram may be used to determine the altitude at which the con-
vectional ascent of the lower air will be most rapid. This will be where the
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temperature of the ascending air exceeds by the greatest amount the tempers-
ture of the air through which it ascends; or at the height, M, where the
gradient line is parallel to the adiabatic line. Moreover, all the air below this
altitude is unstable, compared to the air for a certain distance above M. The
instability of the surface air is stronger than that of any layer above it; the
surface air will ascend to a greater height in the atmosphere. The air ata
height, P, may ascend to the height, @; but the air from the ground may
ascend to D. It is manifest, however, that unless the ascending mass is of
greater volume than would ordinarily be found in diurnal convection, its tem-
perature would be reduced by mixture and conduction, as well as by expansion,
during ascent; and hence it would find air of its own temperature and cease
rising at some level, H, of less altitude than D. At the samne time, all the
air through which it rises would be warmed by the heat taken from the ascend-
ing current. Thus convection is effective in warming the lower atmosphere.
The stronger the excess of temperature in the lower air, the higher it may
ascend, and the more effective it will be in warming the air. Convection will
therefore characterize the day-time of warm seasons and hot regions of the
land, and in those seasons and regions, a considerable thickness of the lower
atmosphere will be warmed by this process.

53. Explanation of convection by analogy. In any such process as this,
in which motion follows a change of temperature, we find an interesting illus-
tration of the expenditure of solar energy in the performance of work on the
earth. It may be compared with the running of a clock by a weight. We
wind up the weight against gravity by the expenditure of muscular energy,
which is only solar energy conveniently stored for use when wanted. Gravity
then pulls down the weight and sets in motion a train of wheels whose
velocity is determined by the resistance of the escapement under control of
the pendulum.

In an analogous manner the sun warms the lower air, which expands and
raises the upper air against gravity; gravity then pulls -down the upper air,
and in so doing it sets certain currents in motion at a velocity determined by
the resistances they encounter. Whether the motion is that of a great whirl-
wind or of a little filament of ascending air, it is in all cases the result of the
descent somewhere else of a mass of air that has been raised against gravity
by the action of insolation.

54. Local convection illustrated by clouds. A familiar effect of convec-
tion and of the adiabatic decrease of temperature that goes with it may be
geen on nearly every fair summer day in the formation of clouds of greater
and greater size as noon approaches, all with rather even bases at about the
same altitude of a few thousand feet, and with rounded summits which may
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often be seen to grow upwards, if watched carefully. Such clouds result from
the convectional ascent of the lower air under the action of sunshine; for as
the air rises, it gradually cools until its vapor begins to condense ; then clouds
begin to form ; and as in a given region the lower air has a tolerably uniform
temperature and moisture near the ground, the base of all the clouds formed
in this way on any morning will be at about the same height. Condensation
thus begun continues as long as the upward current is maintained ; the convex
form of the top of the ascending current is clearly shown in the rounded
form of the cloud that is produced in it. Clouds of this kind, known
as cumulus clouds, are common in fair summer weather over our Atlantic
states ; they are not so common further in the interior because there the
surface air is drier, and a higher convectional ascent is necessary to produce
them. They are rare on deserts, for in spite of the active convection of such
regions, the surface air is so dry that ascending currents are not cooled
enough by the expansion of their ascent to make them cloudy. (See also
Sections 196-201.)

When the dust whirls of desert plains are carefully watched they may be
seen to spread out laterally after reaching a certain height. This means that
at that height their ascending air is cooled, chiefly by expansion, to the same
temperature as that of the air into which it has risen; above that height it
cannot go. In thunder-clouds also, which are simply examples of convection
on a larger scale, a height is reached at which the temperature of the ascending
current is reduced to equality with that of the air into which it ascends; at
that level the cloud-bearing current spreads out laterally and produces the flat
outspreading cloud-cover by which thunder-clouds may be recognized from
afar, even when their thunder cannot be heard, and when their bases are below
the horizon. This will be more fully considered in the chapters on clouds and
local storms.

It follows from the preceding paragraphs that our atmosphere cannot have
a uniform vertical distribution of temperature as long as convectional motions
take place in it. However active the convection, however warm the lower air,
it must cool as it rises. However long the process is continued, the upper air
can never become as warm as the lower air.

65. General vertical distribution of temperature. The foregoing deliberate
examination of the processes of absorption, radiation, conduction and convection
should enable the reader to understand clearly the general vertical distribution
of temperature in the atmosphere.

The upper air, pure and dry, free from clouds and dust, far from the
surface of the earth and out of reach of ordinary convectional action, must
possess a low temperature and must change its temperature slowly and by
small amounts.
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The lower air, containing many dusty impurities and sustaining numerous
clouds, lying near the surface of the sea or land, must generally possess higher
temperatures than the upper air and must generally agree closely with the
temperature of the surface on which it rests. If on the ocean, its diurnal
variations of temperature are small, even though a little greater than those of
the ocean’s surface ; the temperature of the air at sea will vary chiefly with
changes of the wind. If on the land, the temperature of the air varies over a
strong diurnal range, and the variation thus produced is greater than that
ordinarily caused by changes of the wind over a large part of the torrid land
area. In the temperate zone the diurnal changes are strongest in the summer
season and in clear weather, but in winter they are exceeded by the warming
or cooling that accompanies the stormy shifts of the wind, as will be explained
in the chapter on storms and further considered in the account of the weather.

56. Review. We are now prepared to appreciate the actual distribution
of temperature over the earth in time and place. The arrangement of the
atmosphere about the earth has been examined. The physical processes
involved in the control of atmospheric temperatures by the sun have been
carefully studied. The terrestrial sphere may be conceived as turning rapidly
on its axis as it moves along its orbit, always exposing a half of its surface to
the sun and thus intercepting the minutest portion of the vast shower of
radiant energy emitted by that enormous globe. With the changes from
day to night and from winter to summer every part of the earth is shone
upon. While the parts in shadow are cooling, those under sunshine are
warming; and the increase of temperature, gained chiefly at the bottom of
the atmosphere, has been found to excite vertical interchanging currents by
which a considerable thickness of air is warmed. The next chapter might
naturally be concerned with the temperatures at different parts of the world
and in different seasons of the year; but this will be postponed until
another effect of insolation is examined.
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CHAPTER IV.
THE COLORS OF THE SKY.

57. The facts to be explained. The colors of the atmosphere include
those of the open sky, of the hazy air, and of the suspended clouds. The
colors of clouds will be considered in a later chapter in connection with the
clouds themselves. The colors of the open sky are here briefly described and
explained. It is advisable to consider them under two conditions of illumina-
tion: first, when the sun stands at a considerable height above the horizon ;
second, when the sun is near rising or setting, either above or below the
horizon.

Daytime colors. The colors of the clear sky when the sun is ten or more
degrees above the horizon are for the most part shades of purer or paler blue,
becoming white and glaring in the close neighborhood of the sun and turning
pale or whitish towards the horizon. The clearer the weather, the purer the
blue, and the less the share of white both near the sun and upon the horizon.
The higher the observer rises above sea-level on mountain peaks or in balloons,
the deeper the blue ; the illumination of the sky is indeed then fainter, but
the color produced is stronger. In the lower air the blue color fades away as
haze increases, and the sky becomes whitish and more luminous ; it may turn
dull gray or yellowish when suspended matter is in great abundance, as in the
neighborhood of forest fires.

Sunset and sunrise colors. When the sun approaches the horizon and
passes below it, the intensity of sky-light decreases and the variety of color
increases very greatly. As the sun sinks out of sight the most marked change
from the blue of the open sky is seen in the appearance of a glowing semi-
circular or oval area, whose centre is somewhat above the sun and whose colors
pass from a silver white through a glowing yellow to a delicate pink or purple-
rose color, reaching about twenty-five degrees from the sun.

The brilliancy of the purple or rosy light is greatest when the sun is about
four degrees below the horizon; its strength then decreases as the sun
descends further, until when the sun is six or seven degrees below the horizon,
the glow fades away. In the very clearest weather the first glow is succeeded
by a second and fainter glow.

During the development of the first glow a series of horizon colors extends
north and south of the point of sunset, increasing for a time in strength of
coloring but at the same time decreasing in brightness. These colors are at
first yellow, grading rapidly upwards through a greenish tint to the blue sky
above, and fading away much more slowly along the horizon some sixty



44 ELEMENTARY METEOROLOGY.

or eighty degrees distant from the sun. As the sun descends, the yellow belt
close to the horizon turns to orange and then to red ; the whole band narrowing
at the same time, and fading when the depression of the sun amounts to six
or seven degrees. A second but fainter series of horizon colors may accompany
the second purple light. The pale western twilight that remains after the
disappearance of the glows and the horizon colors, is lost when the sun is
about sixteen degrees beneath the horizon ; but the beginning of dawn occurs
when the sun is one or more degrees further below our line of sight.

Accompanying the western colors of sunset there is a series of well-
marked colors on the eastern sky. Just as the sun reaches the western
horizon, the eastern horizon is marked with a pink band of color grading
upwards into blue. As the sun sinks in the west, the pink band rises in the
east, in the form of a long, flat arch resting on the horizon at points ninety
degrees from the place of sunset. Below the pink band, which is called the
twilight arch from its form and time of occurrence, there appears a belt of
dull blue; in clear weather and level countries the contrast between the arch
and the blue color beneath it is very distinct for some minutes after sunset:
but with the rise of the arch above the eastern horizon, the sharpness of its
separation from the blue belt fades away, and on reaching a height of from
eight to twelve degrees it is hardly perceptible.

All of these sunset colors are seen at their best only in the clearest
weather. - Indeed the degree of their development may be taken as a weather
prognostic, indicating the changes of a day or two to come with considerable
accuracy. Turning to the opposite condition of more and more hazy or turbid
atmosphere, we notice at first an increase in the strength of the yellows and
reds along the horizon, and at the same time a decrease in the distinctness of
the rosy glows. As the air becomes more and more turbid, the glows dis-
appear entirely, and the horizon colors become dull, until in smoky air none
of the colors appear except on the sun itself; its disc becomes orange, and
finally deep crimson as it approaches the horizon; then it may even fade
away before setting, leaving the western sky a dull leaden gray, without a tint
of the usual sunset colors, and the eastern sky devoid of its twilight arch.

Sunrise is characterized by a very similar succession of colors, but in
reverse order, and generally of somewhat fainter tints than those of sunset.

EXPLANATION OF COLOR IN GENERAL.

58. Nature of color. Before proceeding to the special explanation of the
colors of the atmosphere, a brief statement may be made of the nature and
origin of colors in general. It must be remembered in the first place that the
sensation of light depends upon the reception in the eye of certain undulating
rays emitted by what we call luminous bodies, and transmitted by the hypo-
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thetical ether, already explained in Section 24. Moreover, luminous bodies
send out rays of a great variety of wave-lengths, many of which our eyes
cannot perceive, perhaps because the media of the eye are not transparent to
them. Only the rays whose wave-length is between 0.00036 and 0.00075 mm.
can be seen. It is possible that ¢“seeing light” is simply the sensation of
heat produced in the optic nerves by the absorption of the rays that reach the
retina. The greater the amplitude of the waves, the more intense the light.

Color is determined by the proportion of rays of different wave-length.
‘When the intensity of the various rays exists in the proportions occurring in
ordinary sunlight, we get no sensation of color, and the light is then called
white. If any of the rays are unduly intense, or if others are unduly
weakened, the light is colored. A red light, for example, is one in which the
coarser rays are more intense; a blue light, one in which the finer waves are
more intense. But in all natural colors there are rays of a great variety of
wave-length, and the color that we perceive is determined only by the action
of the more intense rays. This is easily shown by looking at a colored object
through a prism. The green of foliage, for example, is thus found to be
merely green in excess; nearly all other colors of the spectrum being per-
ceptible in it. So the blue of the sky or the red of sunset contains an almost
full series of other colors, but the rays which determine the color are of the
greatest intensity.

If sunlight in the ordinary proportions gives the sensation of white
light, we must inquire into the processes by which its normal composition is
so changed as to give the various colors of the sky at one time and another.

69. Selective absorption and diffuse reflection. Many solid opaque sub-
stances absorb rays of one wave-length befter than those of another. The
rays incident on such bodies are thus divided into two classes; the one
absorbed, and the other irregularly turned back or diffusely reflected.! It
has already been explained in the chapter on the temperature of the atmos-
phere that the absorbed rays raise the temperature of the absorber and
increase the intensity of the radiation emitted by it; but at ordinary tempera~
tures the rays thus emitted are of great wave-length, quite imperceptible by
the eye. On the other hand, the diffusely reflected rays depart unchanged in
wave-length; but the proportion of various wave-lengths in the reflected light
is greatly altered from the normal proportions in the incident light. The
illuminated object then appears to have a color corresponding to that of the
rays that are in excess. Thus the green of foliage is produced; not that all
colors but green are absorbed and green alone is reflected, but that green is

1 Tt is probable that diffraction also takes place to a large extent on the rough surface of
ordinary substances; but the whole process is commonly included under the term, ¢ diffuse
reflection.”
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less absorbed and more turned aside than the other colors. This process is
more important than any other in determining the color of objects on the
earth’s surface; but it is not known to have application in causing the colors
of the atmosphere.

60. Selective absorption and transmission. Transparent substances,
whether solid, liquid or gaseous, are sometimes colorless, sometimes colored.
Colorless objects, such as glass or water, permit the nearly free passage of the
optical rays, although they may absorb rays of other wave-lengths. Colored
transparent substances exercise a selective absorption on certain of the optical
rays, allowing the others to pass, and thus determine their color; thus the
yellow of amber, the tints of various inks and the green of chlorine gas are
produced. It is possible that this process has a share in determining some of
the atmospheric colors; but it does not control them, as will appear further on.

61. Selective scattering. When a transparent substance, either solid,
liquid or gaseous, contains suspended in it a great number of excessively fine
particles whose dimensions are smaller than the wave-lengths of light, the
rays that would otherwise be allowed to pass unobstructed are scattered or
diffracted in all directions on every particle; but the finer waved rays are
more effectively turned from their path than the coarser waved rays. The
light that passes through such a turbid medium in the direction of the original
rays therefore becomes more or less yellow or red; while that which departs
laterally has finer waved rays in excess, and appears blue. This may be illus-
trated by a simple experiment with a flask of soapy water; on looking through
it towards a source of white light, the liquid appears somewhat yellowish or
orange; looking across the direction of the illuminating rays, the same liquid
appears to be bluish. A column of smoke may also appear of different colors,
according to its illymination. If looked at against the sky, it seems to be
brownish yellow; if viewed against a dark background of heavily shaded
trees, it appears blue. This process of selective scattering is of much import-
ance in explaining the colors of the sky.

62. Diffraction and interference. The particles in a turbid medium may
be of larger dimensions than the wave lengths of light. Then the rays that
are scattered or diffracted from the opposite sides of a single particle may
“interfere ” and extinguish each other. This process cannot be explained
here; but its effects may be examined by looking at a source of white light
through a glass plate on which lycopodium powder is scattered. The light
will appear to be surrounded by concentric rings of prismatic colors, with blue
on the inside and red on the outside. If the diffracting particles are numer-
ous, the rings will be bright. If the particles are all of one size, the rings
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will be sharply defined with distinct colors. Large particles produce rings of
small diameter; small particles produce large rings. If the particles are of
many sizes, the colors of the large and small rings overlap and blend into a
disc of white light, brighest close to the center; the disc may be bordered
with a reddish tinge, when the marginal color of the outer ring is not wholly
lost. Such a disc may be called a diffraction glow. This process is important
in explaining certain sunset colors, as well as in accounting for the coronas or
colored rings around the sun or moon in thin clouds.

683. Refraction. When a beam of light passes from a rarer to a denser
medinm, it is bent towards the vertical to the surface separating the two
media; and the finer waved rays are bent more than those of greater wave
lengths. It is thus that white sunlight is broken or refracted into the
colors of the spectrum when passing through a transparent prism. We shall
find application of this process chiefly in accounting for halos and rainbows in
a later chapter.

EXPLANATION OF THE COLORS OF THE SKY.

64, The dust of the atmosphere. The general blue color of the sky is
best accounted for by the process of selective scattering, as explained by Lord
Rayleigh. As this depends on the presence of innumerable sub-microscopic,
non-gaseous particles in the atmosphere, a paragraph may be given to their
probable origin and . constitution.

The atmosphere is known to contain a vast number of minute particles,
solid for the most part, and commonly named dust. The coarser particles will
settle from a body of air if it is allowed to rest quietly, and in speaking of
dust we commonly refer only to such particles as can easily be collected from
the air when it is still. But there is very good reason to think that the im-
purities of the atmosphere include myriads of particles vastly finer than those
to which the name, dust, is ordinarily applied, and in speaking of atmospheric
dust in this chapter, all particles from the coarsest to the finest will be
included.

The atmosphere receives its dust chiefly from the earth. It is carried up
from the lands by the wind; it is blown out of active volcanoes; some of it
comes from salt in the ocean, remaining in the air when spray from the waves
is evaporated. An undetermined share must come from the combustion of
meteors high above sea-level. Water vapor, condensed into the minutest
drops of water or crystals of ice, may provide much of the so-called dust.
The coarser dust for the most part being received from the land surfaces at
the bottom of the atmosphere, it is natural that its greatest amount should be
found in the lower layers of air over the continents; but it is borne so easily
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by the windr that it is carried far and wide over the earth. Vessels in the
Atlantic, west of the Sahara, may have their sails reddened by falling dust
that has been carried out from the desert by the trade winds. As we ascend
above sea-level, even in regions reputed to have a clear atmosphere, as in Italy
or on the Azores, the lower strata seem like a dusty ocean above which the
clearer air of the higher regions floats. Yet it is conceived that even the
upper air contains innumerable particles of a size so small that in spite of
their distribution through the great volume of atmosphere, their total quan-
tity is not great, and their falling towards the earth is prevented by the
faintest ascensional current. Although below microscopic sight, they must
not be confused with the molecules of the atmospheric gases, which are to the
best of our knowledge of a far greater degree of minuteness. The atmosphere
must therefore be regarded, even when apparently clearest, as a slightly
turbid medium.

65. The blue of the sky: selective scattering. When a beam of white
light passes through the turbid atmosphere, the rays laterally scattered in
all directions from the path of the beam will contain a greater share of blue
than of red light. The coarser the particles, the greater the intensity of the
scattered rays, and the more uniform the proportion of the rays of different
wave-lengths. The finer the particles, the fainter the scattered rays, but the
greater the excess of blue in the rays turned aside from the original beam.

Now in looking up into the sky, away from the sun, the light that comes
to our eyes is that which has been scattered from many solar rays as they
encounter the myriads of suspended particles which for the moment happen
to be in our line of sight; and as these particles are more effective in turning
aside the fine-waved rays than the coarser ones, the eye receives them in
excess, and the sky appears blue.! It is manifest that the term, reflection,
should not be used in describing this process.

Many relatively coarse particles in the lower air add reflected white light
to the blue color produced by the smaller particles, and thus increase the
illumination and whiteness of the sky. When the air is hazy, the larger
particles predominate, and the blue is almost lost in a whitish glare; not from
the cessation of the process by which the blue is made, but simply by the
addition of a greater and greater quantity of white light from the more
abundant and larger particles. When the air is very clear, the action of the

1 Polarization. After the scattering of rays on fine particles, their waves vibrate more
or less perfectly in a single plane, instead of in all directions transverse to the ray. The ray
is then said to be polarized. Special instruments are devised to detect this peculiarity; and
from these it is found that the light of the sky is polarized to a greater or less degree; the
most complete polarization occurring at an angular distance of 90° from the sun. This is
found to be a necessary consequence of the scattering of sunlight on extremely fine particles,
a8 has been shown by Lord Rayleigh, by whom this theory of sky color was advanced.
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finer particles, especially of those always present in the upper air, produces
the deep blue of the celestial vault.

The greater brilliancy and whiteness of the sky near the sun finds its
explanation in the statement already made concerning the greater intensity of
diffraction from fine particles nearly in line with the original ray. As we look
closer and closer towards the sun, our line of sight is more nearly in the line
of the direct rays, and the intensity of the light is correspondingly increased.
The composition of slightly diffracted rays is so nearly the same as that of
the direct rays that they appear like normal sunlight, or white.

The sky near the horizon becomes whiter and paler than at greater
altitudes. This is because a line of sight passes through a much greater
distance of lower dusty air when we look near the horizon than when we look
towards the zenith; the numerous coarse motes thus encountered turn white
light to the eye and overpower the blue that comes with it.

66. The color of the sun. The reader may now naturally inquire why
the direct rays of the sun appear white. According to the explanation just
given, the rays that come from the sun directly to us have lost a greater share
of blue than of red rays, and the sun should therefore appear of a reddened
or at least of an orange tint. This reasoning is correct, and the best answer
to it is the one suggested by Langley. If we could see the sun from outside
of our atmosphere, it would probably be a blue sun; it appears white only
after an excess of blue in the original sunbeam has been turned away on its
passage to us through the dusty air. In this respect the sun is not a unique
body; blue stars are known in various parts of the sky, and these are
evidently even more blue than our sun; otherwise their light also would be
white when it came down to us.

67. Deep blue sky seen from mountains. The greater purity and fainter
illumination of the blue of the sky when seen from lofty mountain tops is
due to the absence in the upper air of those larger dust motes so common at
lower levels. The larger motes turn to us waves of all kinds, diluting the
blue of the sky by the addition of white light to the observer at sea-level.
When we rise above the level at which the coarser motes are common, their
action weakens; the sky is less illuminated, but of a deeper and purer blue
color; and at heights of fifteen or twenty thousand feet observers describe it
as of a deep indigo color, extremely dark compared to the well illuminated
sky to which we are accustomed.

68. Sunset and sunrise horizon colors. The colors of evening and morn-
ing are essentially the same, but they are exhibited in reverse order. Those of
sunset will be here explained, and the tints of sunrise will be referred to only
when special mention of them is needed.
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The sunset colors have already been divided into two series; one arranged
along the horizon, the other disposed in a circular segment or glow with the
sun near the center. The former will be first considered.

The solar disc itself is yellow or red as it sets, because then its direct rays
have traversed so great a thickness of air that the blues are greatly diminished
by selective scattering, leaving the others in excess. As the sun nears the
horizon, the lower western sky, where the color was whitish at noon, becomes
yellowish, by reason of the scattering away of the blue rays. When the sun
is below the horizon, the yellows and reds that fringe the sky-line north and
south from the point of setting, are for the most part due in the same way to
the effective scattering of the finer rays in passing through the great thick-
ness of air that they then must traverse. The beams of light that come
through the greatest thickness of air, close to the horizon, are the most
strongly reddened. The beams from a belt a few degrees above the horizon
have passed through a less measure of atmosphere and by a less direct course,
and are therefore orange or yellow, instead of red. None of the horizon
colors, however, are direct rays; they all suffer more or less bending on their
way, especially those that come from points some distance north or south of
the point of sunset. The greater their bending, the less intense their red
color. Much of the bending may be done by the larger dust motes, which
send white light in the day-time; at sunset these simply send along the light
that falls on them without affecting its color. They thus serve to extend the
reds and yellows along the western horizon, but not to alter the color of the
light that falls on them.

If the observer stands on a lofty mountain peak overlooking a broad
region of much lower level, the horizon reds are intensified. This is due to
the more complete scattering away of the blue rays in the additional measure
of dusty air traversed by the horizon beams, which to the observer on the
lowlands have to pass through a less distance.

Refraction has a small share in producing sunset colors. When the rays
of light enter the atmosphere obliquely, they are bent or refracted from their
path towards the denser lower air. An observer always sees the sun at a
greater altitude above the horizon than it really is. When the sun appears to
be on the horizon line, it has really passed below the horizon. Refraction is
greatest at the horizon, when it increases the apparent altitude of a celestial
object by about half a degree. The sun’s angular diameter being of the same
measure, it follows that the lower limb or edge of the solar disc will seem to
rest on the horizon when the upper limb is really just passing below it.

The longer-waved rays are refracted less than the finer-waved ones; a star
seen in a telescope near the horizon exhibits the prismatic colors, with red
below and blue above. After sunset every solar beam will be similarly broken
into a short vertical spectrum. The successive spectra will overlap, and aid



THE COLORS OF THE SKY. 51

the process of selective scattering in producing a gradation from red on the
horizon through yellows to blue in the upper sky; but of the two processes,
the scattering is the more effective.

It does not appear warrantable to attribute any considerable share of
atmospheric colors to selective absorption and transmission. There is no
sufficient direct evidence to show that either dry air or water vapor are
colored, in the sense that chlorine is colored. The variation in the intensity
of the sunset colors proves that they cannot be due to absorption by the air
itself. - If it be assumed that the red of sunset is caused by absorption of the
blue rays by water vapor, then the blue of the open day-time sky remains to
be explained. Moreover, while the intensity of sunset reds increases with the
dampness of the lower atmosphere, it does not show a close dependence on
the absolute amount of water vapor present; the colors vary with the
approach of the vapor to the condition of saturation and condensation. It
therefore seems more reasonable to disregard the absorptive effects of water
vapor in the gaseous state, and consider only the action of minute particles of
condensed water or ice in aiding other kinds of suspended matter to cause
sunset colors by scattering the solar rays.

689. The twilight arch. The colors on the horizon opposite the sun are
also best explained by selective scattering. At sunset the pink band along
the eastern horizon, which rises and forms the twilight arch as the sun
descends, is the return to us of the excessively red light by which the eastern
sky is then illuminated; the light being red when it reaches us, it becomes
redder still as it goes further on, and is then returned as a faint illumination
from the particles that it encounters. It should be recalled in this connection
that the backward scattering of light is symmetrical with the forward scatter-
ing; and that the red rays are returned backward in greater force than the
blues, which are for the most part thrown off laterally. As the light from
the western horizon is red as it passes us, it is still more reddened, although
diminished in intensity, by the selective scattering that returns it from the
eastern sky. At the same time many irregular scatterings give us blue, light
with the red, and thus make the arch of a rosy color, rather than an intense
red as in the west. A similar rosy color is seen opposite sunset on the snow
of mountains or on lofty clouds, as in the rear of a thunder-storm retreating
in the east after sunset; the snow or cloud does not produce the red color, but
simply sends back to us the color that falls on it.

The dark bluish area beneath the rising twilight arch is the shadow of the
earth on the sky. The rays of light from the sun cannot reach this portion
of the sky without many turnings and scatterings on the way, so that any
light coming back to the eye from the shaded sky has lost nearly all its red,
and hence appears of a distinet blue color. The under edge of the arch is
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distinet at first, but becomes blurred as it rises. This is because our line of
sight after sunset departs more and more from the surface which separates the
arch and shadow. Just after sunset we stand almost in the surface of separa-
tion and look closely along it; then there is a sharp separation between the
colors above and below it: but as the rotation of the earth carries us into the
shadow, we look across the surface and our line of sight then receives rays
from both the blue shadow and from the rosy area; hence the colors are
blended and their separation fades away.

Subordinate effects of the same kind as the blue shadow of the earth are
seen in shadows of clouds and mountains on the sky. When the western
sky contains massive clouds at sunset, the eastern twilight arch will be
distinctly interrupted by delicate bluish rays, whose narrow lower ends all
converge to a point on the edge of the arch opposite to the sun; the con-
vergence being an effect of perspective on really parallel cloud shadows. In
the same way, if an observer stand upon a lofty mountain at sunset, he will
see the shadow of the mountain rising above the eastern horizon and interrupt-
ing the twilight arch. The shadows of adjacent peaks are also sometimes
seen, but less distinctly. The isolated summit of Pikes Peak in the Rocky
Mountains, or of Fujiyama in Japan, casts an immense solitary conical blue
shadow on the sky at sunrise or sunset.

70. Sunset and sunrise glows. The white or yellow oval glow, changing
to rose or purple as it fades away after sunset, is accounted for by the inter-
ference of solar rays scattered or diffracted from particles of various sizes in
the lower and upper air.

The bright white glow around the sun at noon is essentially a diffraction
glow on particles of many sizes. Near sunset the solar rays pass through so
great a thickness of air and encounter so many more particles than at noon
that the disc becomes brighter and much larger; but the particles encountered
are still of so many different sizes that no distinct color is produced.

Shortly after sunset, when the observer and the air for several thousand
feet above him are in the shadow of the earth, the glow comes only from
particles in the upper air; and as these are small and of more nearly uniform
size than those near the earth, the glow increases still more in purity of color
as the lower air darkens, and the delicate rosy marginal color makes its
appearance at an angular distance of 20 or 25 degrees from the sun. The
color is not brilliant, but in the waning twilight it is clearly seen; in fine
weather it constitutes one of the chief glories of the western sunset sky. It
descends and fades away when the sun is about six degrees below the horizon;
to be followed in the clearest weather by a much fainter rosy or purple after-
glow, visible for a short time. This is best explained as a second ring of the
same origin as the first, but at a greater angular distance from the sun. Its
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suggested explanation by reflection is not satisfactory, because there are no
particles in the lofty layers of the atmosphere then illuminated that are large
enough to cause reflection; they can only diffract the light that falls on them.
A moderate haze in the lower air weakens or obscures the rosy glows. They
are therefore in general better seen in winter than in summer.

71. The red sunsets of 1883-84. In 1883, ’84, ’85, the glows obtained an
extraordinary development, which is believed to have resulted from the
presence then in the upper air of minute particles of dust or of condensed
vapor, blown out of the volcano, Krakatoa, in the Strait of Sunda, between
Java and Sumatra, late in August, 1883. At the same time the sun was sur-
rounded even at noon on clear days by a dusky reddish ring of about 20°
radius, known as Bishop’s ring, after its first observer; this being the day-
time appearance of the diffractive sunset glow, then so brilliant as to be
visible in the fully illuminated sky, but usually of faint intensity, so that it
can be seen only after sunset.

These brilliant sunsets attracted great attention at the time, and the records
of their appearance in different parts of the world have been carefully studied.
The eruption occurred with excessive violence on August 26 and 27, 1883,
destroying half of the island of Krakatoa, leaving water more than a thousand
feet deep where the volcano had stood before, and shaking the air so vigorously
as to produce an atmospheric wave that broke windows a hundred miles away
and travelled around the earth, converging at the antipodal point and then
returning to its source; the automatic barometric records kept in different
parts of the world indicate that the wave went out from Krakatoa and back
from the antipodal point at least three times. The sounds of the explosion
were heard over the Malay archipelago, half of Australia and half of the
Indian ocean, even three thousand miles away. The sea-waves driven away
from the bursting volcano caused great destruction on the coasts of the neigh-
boring islands, drowning over 30,000 persons, and then swept across the
oceans, registering their arrival on tide-gauges in various harbors in all parts
of the world. Pumice and dust blown from the volcano blackened the sky
and fell for hundreds of miles around, obstructing the sea. The finer dust
and the icy particles condensed from the ejected vapor, whose sudden expan-
sion is believed to have caused the explosion of the volcano, reached great
altitudes in the atmosphere, and there spread around the world. As the dust
spread over the sky, the sunset colors became extraordinarily brilliant, the
usually faint second glow restoring vivid colors to the fading sky and exciting
remark from all observers. The dates of the first occurrence of these striking
phenomena in different parts of the world have been carefully charted, and it
is thus seen that they spread rapidly westward from Krakatoa around the
equator, completing the circuit of the earth in fifteen days, and then gradually
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spreading poleward. Before the end of the year they were visible in all parts
of the world. Their duration extended through the greater part of 1884 and
into 1885, and the reddish ring around the sun was seen even in 1886. An
excessive fineness of the suspended particles is thus indicated.

Brilliant sunsets were recorded in 1783 and in 1831, following great
volcanic eruptions in those years; many other less remarkable examples of
the same relation of sunset colors to volcanic eruptions have been noted. In
recording such phenomena, it is important to note the dates of first visibility
of the vivid colors, the time of the appearance and change of the successive
colors, and their altitude above the horizon.

While an excess of very fine particles in the upper air increases the
intensity of the sunset colors, an excess of coarser dust in the lower air
reduces their brightness, and may even conceal them entirely. The delicate
rosy glow is the first to be extinguished in this way, and as the turbidity
increases even the stronger horizon tints fail to appear. The direct rays from
the solar disc are the last to disappear; only the most intense red rays then’
reach the observer, leaving the sky a dull dead gray all around : sometimes
the sun itself disappears in the hazy or smoky sky before it sets, even though
no clouds are present. ,

A peculiar instance of the dependence of sky colors upon the dustiness of
air was observed by the author several years ago in Cambridge, Mass. In the
afternoon a brief squall of dry wind blew a great quantity of dust into the
air. The sunset was devoid of colors except in the sun itself, which dis-
appeared on approaching the horizon as a circle of deep crimson color. The
cloudless sky was dull, and even as darkness came on, few stars appeared.
The half moon, well up in the sky, shone out with a very unusual red color;
at the same time some of the brighter stars appeared faintly, and with a
reddish tinge. In the course of a few hours the quantity of dust was so
greatly diminished, either by settling down or drifting away, that the stars
appeared in the usual number and the moon lost its red color, passing gradu-
ally through orange to its normal tint.

72. Mirage and looming. Further account may be given here of certain
peculiar effects of reflection on atmospheric layers of different density, of.
which brief mention was made in Section 46. Rays of light may be totally
reflected at the surface of contact of two layers of unlike density, if the angle
of incidence is very large. Hence when a layer of very warm air lies close to
the surface of a plain, the eye of an observer who stands above this layer
receives from the further parts of it only the reflected light of the sky or of
elevated objects in the distance, and no rays from the ground beneath.
Objects thus reflected are inverted, as if from a horizontal mirror whose plane
is below the observer; such an appearance being called a mirage. It is com-
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mon in calm weather and in the hot hours of the day on level desert surfaces,
and also over water surfaces when a light wind from the land carries out air
of a temperature unlike that of the water. A slight change in the height of
the observer may cause a considerable change in the mirage; and if no mirage
is seen a few feet above the ground or water, it may often be discovered at a
less height. Some slight mirage is nearly always visible when the eye is
within an inch or two of an extended surface of quiet water.

Over the sea in the neighborhood of the coast, and particularly in the
Arctic regions, it often happens that the surface of reflection is above the
observer. The reflection is then called looming, and is characterized by an
inverted image above the object. The image is often elongated vertically,
producing an appearance of spires and pinnacles of fantastic form. Objects
that are below the observer’s horizon may be thus brought to view.



56 ELEMENTARY METEOROLOGY.

CHAPTER V.

THE MBASURBEMENT AND DISTRIBUTION OF ATMOSPHERIC
TEMPERATURES.

THERMOMETRY.

73. Thermometers. The explanations in the third chapter of the processes
by which the air is warmed and cooled prepare us to take up the study of
thermometry, or the determination of the temperature of the air, with good
understanding.

A thermometer, or heat-measure, is an instrument by which the temperature
of a body may be compared with certain adopted standards of temperature.
The standards are the freezing and boiling
points of pure water, boiling to take place
under one atmosphere of pressure. For con-
venience of measurement, the intermediate
temperatures between these wide extremes are
graded, or divided into degrees ; but, unfortun-
ately, the different countries of the world have
not adopted degrees of the same value. The
scale of the Fahrenheit thermometer, commonly
employed in this country and in Great Britain
and her colonies, begins to count its degrees at
a temperature not naturally defined ; and places
freezing at 32° and boiling at 212°. One hun-
dred and eighty degrees, therefore, correspond
on this scale to the difference between the
temperatures of freezing and boiling water.
The centigrade thermometer places its zero
point at freezing and 100° at boiling ; 100
centigrade degrees, therefore, equal 180 Fahren-
heit degrees. When temperatures below the zero point are observed, they
should be recorded with a minus sign, thus: —6°, and read ¢“six degrees below
zero.”

The essentials of a good thermometer may be summarized as follows : The
liquid in its tube must not freeze at any temperature that it is likely to
experience. The volume of the bulb must be large in comparison with that
of the tube, in order to render any change of volume by expansion in the bulb
easily apparent in the greater length of the column in the tube. The tube
must be of constant diameter, in order that equal increments of temperature
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shall produce equal increments of length in the column. The scale should be
etched or cut on the tube itself. The temperatures indicated by the graduation
of the scale should have been carefully determined by comparison with accurate
standards, and the intermediate divisions of the scale must be accurately
marked at equal intervals.

- It is a waste of labor to undertake observations of temperature with an
inaccurate thermometer. A great deal of labor has unfortunately been wasted
in this way. Many of the records of temperature that have been kept for
years with great patience are worse than useless, because, being inaccurate,
they are misleading. A good thermometer costs but two or three dollars; if
carefully used, it may last many years. But even a good thermometer will
not give good records unless it is properly exposed. Persons who desire to
undertake regular meteorological observations should therefore apply to their
local State Weather Service, or to the Weather Bureau in Washington, for full
instructions concerning instruments, shelters, records, etc.

It is desired that a thermometer, when read, shall indicate the temperature
of the open air at a small height over the ground, and not so close to buildings
as to be affected by them. For this reason, the thermometer should be placed
in a shelter, with protection from sunshine and rain or snow, but well open to
the wind. It should be removed, if possible, from buildings and trees. When
this is not possible, a small shelter placed on the shady side of a building, not
too high above the ground, may serve; but it is not worth while to attempt to
make a record of temperature unless the exposure is such as will warrant
confidence in the records. In cities, a shelter on the roof of a building is
probably better than at a window in a narrow street. It is to be expected
that the temperature of cities should be somewhat higher than that of the
surrounding open country.

74. The sling thermometer. In case no satisfactory shelter can be
provided, correct records can be obtained by tying the thermometer to a string
two or three feet long and whirling it around in the air until its reading does
not change. The instrument thus arranged is called the sling thermometer.
1t is of especial use in exploring expeditions, or in local studies of the varia-
tions of temperature in a small district, where no proper shelter can be counted
on, and it should be frequently employed when establishing a permanent
shelter for meteorological instruments, in order to determine the difference
between its temperature and that of the surrounding air, particularly in quiet
sunny weather.

Records of temperature should be carefully entered in a book kept for that
purpose. At the beginning of the record a careful statement should be made
describing the thermometer and its location; any subsequent change of
exposure should be clearly entered at its proper date.
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75. Thermographs. The temperature of the air is continually changing
at a more or less rapid rate. A perfect record would present a complete indi-
cation of all the changes. This cannot be gained by ordinary thermometers,
but it is practically gained by self-recording instruments, known as thermo-
graphs. Two styles of thermographs are illustrated in the accompanying
figures.

The Draper self-recording thermometer, or thermograph, an American
instrument (Fig. 8), possesses a metallic thermometer, one end of which is fixed
while the other end is attached to a train of levers, to
magnify the small movements due to expansion or con-
traction by change of temperature. The end of the last
lever carries a pen which contains a non-freezing glycerine
ink, and rests on a circular record sheet that rotates once
a week. As the temperature rises, the pen is carried out-
wards from the center of the sheet; as the temperature
falls, the pen is carried inwards. The sheet is divided
into days and hours by curved radial lines, and into de-
grees by concentric circular lines ; so that the temperature
at any time can be easily read off. Although instruments
of this kind are not so accurate as good mercurial ther-
mometers, they make up for their slight inaccuracy by the continuity of their
record ; and if checked by frequent readings of a mercurial thermometer and
driven by an accurate clock, they are of great value. The Draper self-recording
thermometer is made by the Draper Manufacturing Co., 152 Front Street,
New York. The cost-of this instrument is $15.00.

The Richard Fréres thermograph (Fig. 9), made in Paris (Glaenzer & Co.,
80 Chambers Street, New York, are agents for this country), is of a somewhat
different pattern, costing, without duty, about $25.00. The thermometer is
here a flat bent tube of brass, containing a non-freezing liquid. One end of
the tube is fixed to the frame of the instrument; the other end moves freely
with change of temperature, and works a train of levers, which, as before,
magnify the movement of the tube. If the temperature rises, the greater
expansion of the liqlid than of the tube bends the tube towards a straight
line ; if the temperature falls, the elasticity of the tube bends it into a sharper
curve. The pen at the end of the last lever bears lightly on a sheet of paper
that is wrapped around a drum or barrel ; the drum is turned around once a
week (or once a day, if so ordered) by clock-work within it. The pen rises
and falls with the temperature and thus writes its record on the rotating drum.

Sample curves from sheets of this pattern are given on reduced scale in the
adjoining figures, 10, 11, 12. Curve a, Fig. 10, illustrates a period of clear
warming weather from April 27 to 30, 1889, with large and regular diurnal
range, from a record kept by the Jackson Company at Nashua, N. H., for the
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New England Meteorological Society ; curve b presents the effects of a spell of
cloudy weather at Nashua accompanying the passage of the great Hatteras
hurricane of September 13 to 16, 1889 ; curve ¢ shows the change from a time

Fic. 9.

of moderate winter weather to a cold spell at Nashua, February 22 to 25,
1889, the change occurring at midnight of the 23-24; curve d exhibits a
steady fall of temperature from the night of one day over the next noon to the
following night, in the coming of a winter cold spell at Nashua, January 19 to
21, 1889 ; curve ¢ is the reverse of the preceding case, being the effect of an
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-approaching mild spell at Nashua, December 16 and 17, 1888, in which there
was a continuous rise of temperature through a night from noon to noon;
curve f illustrates especially well the value of thermograph records, in giving
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the occurrence of a nocturnal temperature maximum caused by warm southerly
winds followed by cold winds from the west, at Cambridge, Mass., November
30 and December 1, 1890 ; curve g shows the sudden rise of temperature
on the coming of a chinook wind (Section 248) at Fort Assiniboine, Mont.,
Hoom oom January 19, 1892. Curve a, Fig. 11, from
Julyz Jul the office of the City Engineer at Provi-

dence, R. I, records the passage of a vio-

90

" lent thunder-squall just after noon, July

20 < /m ) \ 21, 1885 ; while the afternoon maximum of

L) - the following day possesses small oscilla-

50 L Mate. | tions, ascribed to local convectional air

® currents. Curve b illustrates the effects
May 13 1887 ay 14

of cool diurnal sea-breezes at Cambridge,
Mass., May 13 and 14, 1887, by which the
apex of the curve is truncated about noon-day. Fig. 12 contains records from
the Harvard College Observatory for Denver and Pikes Peak, Colo., for August
19, 1887 (a, b), and for March 3, 1888 (¢, d) ; the mountain temperature being
the lower in the summer example ; but the higher for a few hours in this par-
ticular winter example. The peculiar features
of these records would be lost in observations
taken at fixed hours two or three times a day.
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76. Maximum and minimum thermometers. [ / / / / \/‘I\
‘When thermographs cannot be employed, other a
devices are introduced in order to secure special \
records in the simplest way. The most import-
ant of these are seen in the maximum and mini- pansrd \
mum thermometers, shown in Fig. 13. These | _» (
instruments register the highest and lowest
temperatures of the day. The maximum ther-
mometer, the lower one in the figure, has a
narrow constriction in the tube just outside of
the bulb. As the temperature rises, the mercury d
is driven out of the bulb; but as the tempera- F

16, 12,
ture falls, the mercury does not return; the
upper end of the column in the tube therefore registers the highest reading
since the instrument was set. Setting is done by whirling the instrument
rapidly on a peg at its head, when the mercury is driven back past the
constriction into the bulb. The minimum thermometer contains a transparent
non-freezing liquid, instead of mercury. A small, double-headed pin or index
lies inside of the liquid in the tube (between 60° and 70° in the figure). By
raising the bulb, the index slides along to the end of the liquid column ; the
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instrument is then left, slanting gently towards the bulb; as the temperature
rises, the expansion of the liquid is too slow to push the index along with it;
but when the temperature falls below that at which the instrument was set,
the surface cohesion of the liquid carries the index down the tube. The
position in which the upper end of the index lies therefore registers the
lowest or minimum reading since the previous setting. A pair of good maxi-
mum and minimum thermometers costs about $6.00; they are very easily
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cared for; a single observation, as late in the evening as possible, sufficing to
determine the diurnal range of temperature, which is one of the most important
weather elements. The time at which the highest and lowest temperatures
occurred are, however, not indicated. The readings of the maximum and
minimum thermometers should always be entered in the record book before
the instruments are set for a new observation.

77. Black-bulb thermometer. It is sometimes desired to obtain an indi-
cation of the intensity of sunshine, independent of the temperature of the
air. This is roughly effected by exposing a maximum thermometer having
the bulb coated with dull lamp-black, the thermometer being enclosed in a
glass tube from which the air has been exhausted. The lamp-black on the
bulb absorbs a large share of the sunshine, and the absence of air around the
bulb prevents cooling by conduction. A temperature much above that of the
surrounding air is thus reached. It is customary to record simply the excess
of the maximum thus gained over that of the ordinary maximum reading.
This excess, however, varies so greatly with the conditions surrounding the
instrument that it is not admissible to regard observations with black-bulb
thermometers as having any precise or comparable value. The instrument
cannot be recommended for ordinary observations.

78. Record of temperature: mean temperatures. Besides the record of
the temperature of the air at certain times, it is desired to determine also the
mean temperature of the air for the day, the months and the year. This
could be done by making hourly records and calculating their mean for each
day ; the average of the successive diurnal means would give the mean of the
month ; and the average of the monthly means, the mean of the year. The
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average of twenty or thirty successive yearly means suffices to establish the
mean temperature of a place.

It is manifest, however, that few persons can maintain a long series of
hourly observations. These are sometimes taken at the larger observatories;
but they are now mostly superseded by thermographs, checked by maximum
and minimum thermometers. The question then arises, at what several hours
of the day shall ordinary observations be taken in order that their average
shall give a close measure of the true diurnal mean ? This is determined by
the hourly observations that have been made at certain stations. First, the
mean temperatures of the successive hours, 1 o’clock, 2 o’clock, 3 o’clock, etc.,
are separately determined for every month. Selection is then made of certain
" pairs or groups of hours whose mean corresponds closely to, or differs by a
small number of degrees from the true diurnal mean. While the mean of
two, three or four observations in a day at the hours thus chosen cannot be
trusted to determine the true mean of any single day, yet if the observations
are continued for a month, they will serve to determine accurately enough the
monthly mean, and then from successive monthly means the annual mean may
be derived. Hours thus recommended for observation are as follows : — For
two daily records, hours of the same name in the morning and afternoon, as
7 a.m. and 7 p. m.; 8 a. m. and 8 p. m., etc.; for three daily records, 6 a. m.,
2and 9 p.m.; or 7 a.m., 2 and 9 p. m. (add double the reading at 9 p.m. to
the readings at the other hours and divide the sum by four). The mean of
the maximum and minimum records is often used, but it is from a half to one
degree too high.

None of these combinations have a greater error than a degree or a degree
and a half in defining the monthly mean; and the error of the annual mean
- is still less. Tables published by the Weather Bureau and by the Smithsonian
Institution at Washington give the corrections by which the means thus
determined can be best reduced to the true means; and when thus corrected,
the monthly and annual results may be trusted to a small fraction of a degree.

79. Climatic data. Besides the means already mentioned, it is customary
to determine certain other data in defining the climate of a place. The most
important are : — Monthly and annual means; mean diurnal range for each
month ; means of successive five-day periods or pentads through the year
for single years, and for the same periods in groups of five years, or
lustra ; means of five-year periods, or lustra, beginning with years whose
dates end with 1 or 6; absolute extremes of temperature for every month ;
mean of the monthly extremes for successive years; average difference
between successive daily means.

When observations of good thermometers, well exposed and regularly read,
extend over a lustrum period, they should be thus reduced, and the results
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published in the reports of the local State Weather Services (Sect. 323) as
contributions to local climatology.

In a region whose mean annual temperature is as variable as in the central
and eastern United States, it will be found that the values of successive lustra
do not agree precisely. A much longer period than five years is needed for
the determination of the true mean annual temperature. It is therefore
unadvisable to compare the mean temperatures of adjacent stations if the
periods of observation do not agree. For example, the mean temperature of
New Bedford, Mass., for the lustrum beginning with 1836 was 47°.0; that of
Providence, R. I., for the lustrum beginning 1846 was 48°.8: from which it
would appear that the mean of the latter was 1°8 higher than that of the
former. But in the lustrum beginning in 1861, New Bedford had a mean of
49°.9; and in the lustrum beginning in 1836, Providence had a mean of 46°.7 :
and from this it would appear that the former was 3°.2 above the latter. For
the period 1836-1876, the two means differ less than half a degree.

Whenever possible, climatic . comparisons of temperature or other data

should be made for identical periods. If the observations for the region con-
cerned do not cover the same period, it is desirable that they should be reduced
to a definite period, such as an interval from 1870 to 1890. This can be done
approximately, as follows: — A certain station, S, may have records of tem-
perature from 1855 to 1875: determine the mean for this period at adjacent
_stations of long continued observation: determine the average difference
between these means and the means for the period 1870-1890: apply this
average difference as a correction to the mean of station S; and the result will
be the probable mean for its locality for the period 1870-1890.

80. Isothermal charts. Observations of temperature have been maintained
at many stations in all parts of the world, some of them for all the years of
this century, but generally for shorter periods; the distribution of tempera-
ture over the earth is studied by means of such records. In order to make
observations taken at different altitudes on land comparable with one another,
it is customary to reduce all temperatures to sea-level by adding one degree to
the annual or monthly mean for every three hundred feet of altitude; but
in preparing daily weather maps, the actual thermometer readings are
charted. ,

Observations made at sea are gathered by the Hydrographic Offices of
various countries; they are classitied first by position, all of those taken
within a certain “square” of latitude and longitude being placed together;
and again by months. The records are then reduced to the true mean of the
month as carefully as possible. As the variation of temperature at sea is
generally much smaller and more regular than on land, the results thus
obtained are fairly accurate, particularly in those parts of the ocean where
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many vessels pass. The North Atlantic is especially well known in this
respect. The ¢square” bounded by 20° and 25° longitude west of Greenwich
and by 0° and 5° north latitude has 10,329 observations for March on the
meteorological charts published by our Hydrographic Office at Washington.

When observations are gathered and reduced for many stations in various
parts of the world, they may be charted on maps for the better illustration of
the distribution of temperature ; either for the mean annual temperature or
for the mean of the seasons or of the months. Lines may then be drawn
through places estimated to have mean temperatures of 50°, 60°, 70° and so on;
such lines are called isotherms, or lines of equal temperature. An isothermal
chart thus constructed shows at a glance the areas that are on the average
warmer or colder than any given temperature.

The best general isothermal charts of the world are those prepared by
Dr. Julius Hann of Vienna, and by Professor Alexander Buchan of Edin-
burgh. The former are published in Berghaus’ Physical Atlas?! (1887); they
present the isotherms on the centigrade scale. The latter include a beautiful
series of monthly isothermal charts on the Fahrenheit scale, published in
1889 by the British government to illustrate an essay on the Atmospheric
Circulation in the Report on the Challenger Expedition; but their high cost
places them beyond general use. The isothermal charts on a small scale here
presented are reduced from certain ones of this series ;? the following sections
call attention to the chief facts to be learned from them.

DISTRIBUTION OF TEMPERATURE OVER THE EARTH.

81. Contrast between the equator and poles. The most general facts
presented by the isothermal chart for the year (Chart I) are the familiar high
temperatures around the equator and the low temperatures about the poles.
The sufficient reason for this has already been found in the greater annual
value of insolation at the equator, decreasing to smaller values at the poles.
The line of highest mean annual temperature, which may be called the mean
annual heat equator, is not of uniform temperature all around its circuit. Its
temperatures are five or more degrees higher on the lands than on the oceans.
At the first glance one might explain this as the result of the lower specific
heat of the land and of its non-volatile character: but as the inequality appears
in the mean annual temperature, this explanation will not hold. It is true
that if the mean temperature of the daytime or of the summer only were
charted, the air over the lands would then be found on the average of higher
temperature than that over the ocean for the above reasons ; but as the mean
for the year includes the conditions for night as well as for day, and for winter

1 The meteorological section of this atlas, containing 12 charts, may be bought separately.
2 These charts are on Gall’s projection, in which the distortion of high latitudes is less
than in Mercator’s projection, commonly employed.
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as well as for summer, the rapid cooling of the land and of the air close to it
at the colder times must counterbalance the rapid heating in the warmer times ;
and hence for the mean of the year there should not be, for the suggested
reasons, any higher temperature on the heat equator over the lands than over
the oceans.

The true cause of the varying temperature along the heat equator is to be
found in the interchange of polar and equatorial waters by the ocean currents,
whereby the equatorial ocean is somewhat cooled and the polar oceans are
much warmed ; while on the lands there is no such interchanging process.
The torrid lands are therefore hotter than the ocean of the same latitude;
and the lands of high latitudes are colder than seas alongside of them. The
lands take a temperature proper to their latitude, while the oceans attempt to
equalize the temperatures between equator and poles.

A marked consequence of this is seen in the more rapid decrease of
temperature from the mean annual heat equator towards the poles on land
than on water ; in other words, the poleward temperature gradient is stronger
on the continents than on the oceans. Beginning, for example, in southern
India and tracing a line almost northward to the Arctic coast of northeastern
Siberia, the temperature falls from 85° to 0° a decrease of almost a degree
and a half of temperature in a degree of latitude. Following a northward line
of the same length in the Atlantic ocean, the decrease is from 83° to 25° or at
a rate of a degree of temperature to a degree of latitude.

82. Irregularity of annual isotherms. The explanation that has already
been given of the distribution of insolation over the earth might lead us to
expect that the mean annual isotherms should coincide with the lines of
latitude. A glance at the map shows that in many parts of the world the
isotherms are unsymmetrical in the two hemispheres and that they depart
greatly from an east and west course. We will first consider the character of
the departures and then look for their explanation.

The unsymmetrical arrangement of the isotherms on either side of the
geographical equator is first seen in the location of the heat equator in the
northern hemisphere for the greatest part of its circuit, as may be shown
by drawing a line bisecting the space between the pairs of corresponding
isotherms of the torrid zone in either hemisphere. This line falls into
southern latitudes only in the western part of the Pacific and in Australasia;
its location here being due to a southern movement of the warm equatorial
waters in that region, and to the higher mean temperatures of the land areas
of Australasia than of the water areas on the opposite side of the equator.
Elsewhere, the heat equator lies in northern latitudes. The absence of any
southern continent to balance the effect of Asia explains its course across the
northern Indian ocean ; and, as will be seen in a later section, the inflow of
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cool waters from the far southern latitudes displaces the line to the north of
the equator in the eastern Atlantic and Pacific.

In the next place, the departures are small in the southern hemisphere,
where the isotherms are remarkably regular, especially on the broad oceanic
areas. The lines are much more irregular in the northern hemisphere ; but in
both hemispheres there are certain systematic deflections of isotherms from
the parallels of latitude in passing from an ocean over a continent to the next
ocean. In crossing eastward over South America, for example, the lines turn
equatorward on the Pacific near the western coast; they loop strongly pole-
ward in crossing the land, and finally run slowly towards the equator again in
traversing the Atlantic. A similar irregularity, but not so pronounced, is seen
in the passage of the lines over Africa and Australia. Coming now to our
hemisphere, the isotherms on the Pacific turn somewhat towards the equator
in the middle and lower latitudes as they approach North America; then
entering the continent, they loop poleward ; and on reaching the Atlantic they
turn slowly toward the equator on their way across to Africa. A similar
irregularity may be perceived, but less dxstmctly, on the broad lands of the
old world in equivalent latitudes.

In the higher latitudes of the northern hemisphere the isotherms show just
the opposite deflections. They turn towards the pole in the northeast Pacific,
towards the equator in northeast America, strongly towards the pole in the
northeast Atlantie, and so on. There is no land far enough south'in the
other hemisphere to exhibit deflections of this kind, except a small part of
South America.

As a result of all this, the isotherms are crowded together on the eastern
coasts of the northern continents, and spread far apart on the eastern side of
the northern oceans. This is particularly apparent on the two sides of the
Atlantic, where it is of especial interest, because the lands on either side of
this ocean are at present. the seat of the highest civilization in the world. In
western Europe, one may travel a thousand miles northward without finding
80 great a change of mean annual temperature as would be found in a voyage
of half that distance along our eastern coast.

The reason for the systematic deflections of the isotherms is found almost
entirely in the even more systematic course of the great ocean currents. The
interchange of ocean waters between the equator and poles already mentioned
is performed in part by a surface flow towards the poles and a slow creeping
of the deep waters back again towards the equator ; but there is besides this
an eddy-like circulation of the surface waters in the several oceans which is of
much more importance in meteorology ; because the temperature of the air,
which we are now discussing, depends so largely on that of the surface on
which it rests. The eddy-like currents of the ocean may now be simply
generalized.
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88. General scheme of ocean currents. The North Pacific is the simplest
of all the oceans from having practically no connection with the adjacent polar
waters. Its great eddy turns from left to right, consisting of an equatorial
portion moving from east to west ; of a western portion, known as the Japanese
current, which passes the Japanese Islands northeastward ; a northern portion
traversing the ocean towards Alaska; and an eastern portion flowing along
our western coast to the southeast, completing the circuit. There is a notice-
able subordinate eddy turning around from right to left in the Bay of Alaska,
and a small, cold southward current from Kamchatka towards Japan. No
significant supply of cold water comes from the Arctic ocean through Bering
strait to the Pacific.

The South Pacific ocean has a similar general eddy of rather greater size;
but its circulation is from right to left; its western portion flows among the
Polynesian islands and near New Zealand and Australia ; it gives off a small
branch north of Australia to the Indian ocean ; its southern portion is con-
fluent with the great Antarctic eddy which runs from west to east around the
sonth pole. The member of the Pacific eddy that flows equatorward along
the western coast of South America is known as the Peruvian or Humboldt
current ; it furnishes a greater share of cool water to the equator than is
brought by any other current. The two equatorial portions of the North and
South Pacific eddies are not perfectly confluent, but are separated by a some-
what irregular counter-current, running from west to east a little north of the
equator, and carrying a body of warm water to the coast of Central America.

The eddy of the South Indian ocean is similar to that of the South
Pacific in being confluent with the great Antarctic eddy on its polar side.
Contrary to the representation generally given on maps of ocean currents, it
does not give out a branch to the South Atlantic around the southern end of
Africa. The currents of the Northern Indian ocean are anomalous in chang-
ing their course with the seasons: in the northern summer they possess a
normal left-to-right eddy, whose equatorial portion is then confluent with the
corresponding portion of the South Indian eddy; in the southern summer
the eddy turns the other way, so that its equatorial portion then corresponds
to an equatorial counter-current.

The South Atlantic eddy is also confluent with the Antarctic eddy on its
polar side, but it is strongly unlike the eddies of the other southern oceans in
giving out a great branch that flows obliquely across the equator into the
northern hemisphere. This is the result of the unsymmetrical form of Africa
and South America, the former extending to the west, north of the equator ;
the latter extending to the east, south of the equator. The southern hemi-
sphere loses and the northern hemisphere gains a large volume of warmed
water by this peculiar arrangement of continents and ocean. Mention should
be made of a cold current that wedges along the eastern side of Patagonia
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towards the equator, the only distinct cold current on the eastern side of a
southern continent.

The North Atlantic possesses the most peculiar system of currents of all
the oceans. Its normal eddy receives on the southern side the great branch
given off by the South Atlantic ‘eddy, and in turn it gives off from its northern
side a great volume of water which passes northward beyond Norway, circles
around the great gulf commonly called the Arctic ocean, and returns greatly
chilled to supply the cold Labrador current which creeps down our eastern
coast as far as Cape Hatteras. A small counter current of variable extent
flows eastward between the North and South Atlantic eddies into the Gulf of
Guinea ; its greatest extension coming in the late northern summer. This is
closely analogous to the counter current of the equatorial Pacific.

In the ordinary nomenclature of the currents of the North Atlantic, undue
emphasis is given to that portion which is supposed to come from the Gulf of
Mexico. It is true that a considerable volume of warm water issues from the
Gulf between Florida and Cuba; the name ¢“Gulf Stream” should be limited
to this concentrated current. But it cannot be believed that all the warm
water which flows northward off our eastern coast, and then drifts eastward
and northeastward towards Europe, has issued from this moderate source. A
considerable portion of it must have passed outside of the West India islands,
without making the side circuit of the Caribbean sea and the Gulf of Mexico.

It should be noticed particularly that while the deformity of the North
Pacific eddy on the north consists only in the subordinate eddies by Alaska
and north of Japan, the North Atlantic eddy gives off a great branch on the
north which makes the circuit of the Polar sea. .

84. Deflection of isotherms by ocean currents. Bearing in mind that the
equatorial waters are warm and the polar waters are cold, it follows that
currents from the equator will tend to warm the air and deflect the isotherms
towards the poles, while the currents returning from higher latitudes will
carry the isotherms equatorwards. The deflections of the isotherms already
described can all be accounted for by this principle.

The spreading apart of the isotherms on the western side of North
America, for example, is due to the opposite ¢ourses of the return current that
passes along California and Mexico in lower latitudes, and the subordinate
eddy that circles from right to left around the Alaskan Bay in higher lati-
tudes. Similarly opposite courses of ocean currents on a much larger scale
are found in the eastern North Atlantic, and hence the divergence of the
isotherms on the western coasts of Europe and northern Africa is still more
marked ; the equatorward deflections in low latitudes being controlled by the
eastern portion of the normal North Atlantic eddy past Spain and the western
Sahara, while the excessive northward deflections in the higher latitudes are
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due to the great Arctic branch of the North Atlantic eddy, so peculiar to this
ocean and commonly considered an extension of the Gulf Stream.

The crowding of the isotherms on the eastern side of Asia depends in the
lower latitudes on the northward turn of the Japanese current, and in the
higher latitudes on the southward turn of the subordinate current between
Kamchatka and Japan. The crowding of the lines east of North America is
more pronounced, because the currents which control the isotherms there are
of so remarkable a strength. Off the coasts of Florida and Carolina the
isotherms are held to the north by the Gulf Stream proper; along the coast
of New England and the Provinces they are carried strongly to the south by
the powerful Labrador current.

In the southern hemisphere none of the continents offer serious interrup-
tion to the eastward course of the great Antarctic eddy; hence no strong
deflections of the isotherms are found in high southern latitudes. Nearer the
equator the deflections are similar to those of low latitudes in the northern
hemisphere. The peculiar deflections of the isotherms in the northern hemi-
sphere and their comparative regularity in the southern are thus well
accounted for.

An interesting corollary may be drawn from these explanations. If our
earth possessed a surface of level land only, the difference of temperature
between the equator and poles would be much greater than it is at present, even
greater than on the existing lands where the poleward decrease of temperature
is comparatively rapid; while on a world of continuous water surface, if there
existed a gradual interchange between equatorial and polar waters, such as
might be reasonably expected, the contrast of equatorial and polar temperatures
would be smaller. In either case the distribution of temperature all over the
world would be as regular as we now find it in the southern hemisphere.

85. Isotherms for January and July. We may next examine Charts IT
and III, representing the mean temperatures of the earth in January and
in July. The general variation from winter to summer in either hemisphere is
simply enough explained by referring to the variations in the values of insola-
tion with the seasons, as given in Section 27. It should be recalled in this
connection that in January the earth is nearest to the sun; hence if distance
from the sun alone controlled our temperatures, we should expect to find the
southern summer, which occurs in perihelion, of higher temperature as a
whole than the northern summer, which occurs in aphelion. Comparing the
summers of the two hemispheres, we find that the reverse is true. The sum-
mer of the southern hemisphere in January is marked by moderately high
temperatures ; the summer of the northern hemisphere in July possesses
excessive heats over large areas. The location of the latter areas being all on
the land, we readily discover the reason for this perhaps unexpected result.
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Although the sunshine is truly stronger during the southern summer on
account of our nearness then to the sun, so great a share of the southern
hemisphere possesses a water surface that the temperature, even under
stronger sunshine, cannot rise to a high degree: in the northern summer, in
spite of the slightly weaker sunshine consequent upon our greater distance
from the sun, the temperatures produced are high, because it is so easy to
raise the temperature of the land surface, and upon this the temperature of
the air depends.

It may be also noted that if we take the mean temperature of the earth as
a whole, it is not constant throughout the year. It might at first be expected
that a slightly higher mean temperature should prevail in perihelion than in
aphelion ; and this would be true if the surface of the earth were of but one
kind, or if the land and water were symmetrically distributed on either side
of the equator; but under existing conditions it is found that the average

Fic. 14 (January). Fic. 15 (July).

temperature of the earth as a whole is higher in July, 63°, when the northern
hemisphere is excessively hot and the southern hemisphere but moderately
cold, than in January, 55°, when the southern hemisphere is moderately warm
and the northern hemisphere is excessively cold.

Just as the summer of the northern or land hemisphere is warmer and the
winter is colder than the same seasons of the southern or water hemisphere,
so the various continental areas are warmer in summer and colder in winter
than the adjacent oceans of similar latitude. This is strikingly apparent in
the case of Asia, where the excessive heat of Arabia, Persia and northern
India in summer and the excessive cold of Siberia in winter offer the extreme
examples of terrestrial temperature variation. Similar variations but of a
more moderate range are found in Australia. Even the interior of Great
Britain is warmer than the surrounding sea in summer and colder in winter;
and peninsular Spain and Portugal exhibit winter and summer isotherms
roughly following the coast line, as in Figs. 14 and 15.
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86. Poleward temperature gradients in winter. Looking again at the
general rate of decrease of temperature from equator to pole, it will be seen
that this is stronger in the winter hemisphere than in the summer henrisphere ;
particularly if the comparison is made between the northern winter and the
southern summer. The change in the value of this temperature gradient is
not well marked in the southern hemisphere, because there the change of
temperature with the seasons is comparatively small; but in the northern
hemisphere it is very distinct. In the summer time the great area of lands in
high northern latitudes determines the occurrence of comparatively high tem-
peratures in the far north; hence the poleward decrease of temperature at
this time is comparatively gradual ; but in the winter time the great area of
northern lands allows the temperature to fall excessively low, and the decrease
of temperature from the equator towards the north pole is extremely rapid.
This will be found to be of importance in explaining the more violent winds
of our winter season.

87. Migration of isotherms. The migration of the sun north and south
of the equator, by reason of the obliquity of the earth’s axis to the plane of
its orbit, causes a migration of the heat equator also; but while the sun shifts
its position from 234° north to 234° south of the equator, the heat equator
generally migrates by a much less amount. Moreover, while the sun stands
farthest north or south of the equator in June or December, the greatest
migration of the heat equator northward or southward is found in July or
August and January or February; just as the hottest part of the day is an
hour or two after noon. The shifting of the heat equator is particularly
small on the oceans. On the Pacific it moves over 15° or 20° of latitude; on
the Atlantic still less, and only on the western part of this ocean does it cross
to the southern hemisphere when the sun is south ; being held elsewhere north
of the equator by the cool African current: a notable consequence of this will
be found in Section 225. On the continents it shifts over a greater distance.
In Africa it moves from about 23° N. to 20° S.; this migration being almost
symmetrical north and south, because the land there extends about equally on
either side of the equator. In America the migration is from 35° N. to 15° 8.
A more peculiar case is found in the Indian ocean and on the land to the north
of it. When the sun comes north of the equator, the heat equator runs
beyond it to the deserts of Persia in latitude 33° N. In the opposite season,
when the sun goes south, the heat equator hangs behind it and reaches only
10° 8. latitude, because there are no southern lands in these longitudes to tempt
it further; in Australia, however, it reaches latitude 20° S. Important con-
sequences of this unsymmetrical migration will be found in the chapters on
the winds and rainfall.
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An interesting study may be made of the migration of any intermediate
isotherm of the temperate zones. On the oceans of the southern hemisphere,
the isotherm of 50° shifts annually from latitude 35° or 40° to 45° or 50°. In
the middle of the North Pacific the shift of the 50° isotherm is from latitude
43° to 53°. On the axis of North America the same line migrates from
Arkansas, latitude 33° almost to the Arctic shore of British America, in
latitude 67°; and over Asia it travels from latitude 28° in southeastern China
to latitude 70° near the Lena delta in Siberia.

88. Northern winter isotherms. The irregularities in the course of the
isotherms already examined on the chart for the year are exceeded by those
found on the chart for our northern winter. The lands tend to take tempera-

Fic. 16.

tures proportionate to their latitudes and proper to their season, while the
waters try to maintain temperatures of the preceding summer, and the influx
of equatorial waters greatly aids the northern seas in this attempt. The
isotherms in our winter seasons are therefore extraordinarily deflected,
particularly on the two sides of the North Atlantic; the isotherms are
carried far to the south along our eastern coast, and far to the north along
the western coast of Europe. In Lapland. the lines even lean over on their
backs.

89. Thermal anomalies. The difference between the mean temperature of
any place and the mean temperature of its latitude is called its thermal
anomaly, The anomalies for January and July are illustrated in Figs. 16 and
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17.! Areas not differing more than two degrees from the mean of their
latitude are shaded with vertical lines.

For January the northeastern Atlantic and northwestern Europe are
regions of excessive warmth for their latitude, being about 35° F. in excess of
their normal. Northeastern Siberia is the region of the most excessive cold
in the world, having a January temperature of 30° below its normal. The
waters of the Alaskan Bay and the broken lands north of Hudson’s Bay are
the districts of too high and too low temperatures in the new world, their
departures being about 20° above and 25° below their respective normals.
Only small anomalies are found in the torrid and south temperate zones, as
might have been foreseen from the regular course of their isotherms.

Fic. 17.

The July anomalies are less pronounced ‘than those of January. The
northern continents are warmer and the oceans are colder than the normals of
their latitudes, but the departures are not so strong as before ; excessive heat,
10° or more above the normal, is found from eastern Siberia to the Sahara and
in our western interior deserts of Nevada and Arizona.

The annual anomalies exhibit positive and negative departures in the
northern hemisphere similar to those of January, but less marked. A notable

1 The charts from which these figures are reduced were constructed on the basis of
Buchan’s isothermal charts by Mr. S. F. Batchelder of the Senior class of Harvard College,
1893. The chart from which Fig. 18 is reduced was constructed by Mr. J. L. 8. Connolly,
of the same class. See American Meteorological Journal, vol. x.
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negative annual anomaly is found near the equator west of South America,
more strongly marked than anywhere else in the torrid zone; this being the
result of the long reach made by the slender extremity of South America into
the Antarctic eddy, thereby turning a great volume of cold southern water
towards the equator. A peculiar effect of this cold current and the consequent.
anomalous temperatures that it causes on the equator is to exclude coral polyps
from the Galapagos islands, while they flourish on the shores of similar islands
further west in the Pacific, where the ocean current has become warm by longer-
exposure to equatorial sunshine.

80. Annual range of temperature. Several important generalizations are-
found on studying the distribution of large and small annual ranges of tempera-
ture, as determined by the difference between the means of the warmest and

Fic. 18,

coldest months. Lines of equal annual range are drawn in Fig. 18.! In the-
first place, the area of moderate annual range —less than 10° F.— extends nearly
all over the torrid zone, where the annual variation of insolation is small ; and
over a large part of the southern oceans, even to comparatively high latitudes,
because the waters change their temperatures with so great difficulty ; but on
the polar seas, the annual range is strong in spite of their conservatism,
because there the variation of insolation is so great. Passing next to areas of
the most extreme range — over 70°-—these will be found only on the large-

1 See note to Figs. 16 and 17.
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land areas far from the equator; hence no areas of extreme range are found
in the southern hemisphere; they are limited to the northern portions of the
northern continents, where the strong variation of insolation readily causes a
strong change in temperature. Great range of temperature, therefore, char-
acterizes a continental climate in temperate latitudes, while a small range
characterizes an oceanic climate in nearly all parts of the world.

A peculiarly unsymmetrical distribution of large and small ranges is found
on the eastern and western coasts of our northern continents. A belt of small
range of temperature — not over 25° — extends all along our Pacific coast, and
all alpng the western coast of Europe; while the area of strong although not
the most excessive range-= over 45° — extends along our eastern coast and
over the eastern coast of Asia. The reason for this is to be found in the
combined action of ocean currents and winds, particularly in the control of
the distribution of temperature by the latter. In temperate latitudes, the
prevailing course of the winds is almost from west to east. The western coasts
of the continents are therefore breathed upon by the winds coming from the
oceans ; these are comparatively mild in summer and cool in winter: hence
the range of temperature that they allow over the coastal land is small. On the
eastern coasts, the winds blow from land to sea and carry with them the
extreme changes from cold winters to hot summers. The western coasts con-
sequently savor of an oceanic climate; while the eastern coasts partake of a
continental climate. The eastern coast of Asia is somewhat protected against
the extreme cold of Siberia by mountain ranges some distance inland. The
eastern part of the United States has no such barrier to keep back the cold
winds from the far Northwest ; hence the severity of our winter cold waves.

91. Polar temperatures. The table in Section 27 gave remarkably high
values for the insolation received at the poles on the solstitial days when the
sun rose to the greatest altitude over the polar horizons. If temperature
followed insolation directly, we should find the hottest days of the world
and of the year at the south pole on December 21, and at the north pole on
June 20. As a matter of fact, the north and south poles are, as well as can
be inferred, the coldest places in their respective hemispheres on these days.
The reason for the small rise of temperature around the poles in spite of the
great amount of insolation showered upon them is found, first, in the necessity
of melting the ice and snow before the land temperature can rise above 32°;
second, in the large water areas near the poles: third, in the brief duration
of strong polar insolation.

Mention should be made of the peculiar migration of what is known as the
northern “cold pole” or center of lowest temperature in the northern hemi-
sphere in winter. 1In the southern hemisphere, we may reasonably expect the
south pole to be the coldest spot throughout the year; for it is within an icy
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plateau, surrounded by wide oceans. In the northern hemisphere, while it is
true that for the mean temperature of the year, the region immediately around
the north pole seems to be the coldest place in the hemisphere, and while the
polar area is probably the coldest part of our hemisphere in summer also, this
does not seem to be the case in winter, as far as the present records of Arctic
temperatures go. In that season, in spite of the continuous darkness at the
pole for five months, the temperature within the polar ocean is probably not
below —42°, while in a certain part of northeastern Siberia, the mean tempera-
ture for January is —60°. The reason for this, and for many other facts of
temperature distribution, is found in the more rapid cooling of land than
of water, as well as in the circulation of the Arctic ocean waters, to
which reference has -already been made. The charts of our winter season
therefore represent a strongly marked cold pole in northeastern Siberia,
from which the temperature rises in all directions, north, south, east, and
west. '

It is possible, however, if future exploration discovers a considerable land
area near the north pole, that the temperature there may fall to even a lower
degree for January than is observed at the Siberian ¢cold pole.” In this case
we may speculate as to the seat of lowest temperature in the northern hemi-
sphere in summer. A polar land area would reach a comparatively high
temperature in June and July, if not too heavily clad with snow and ice; and
it might then be even warmer than the ocean around it. In that case, the
summer ¢ cold pole” would be an annulus of low temperature around a polar
oasis of somewhat higher temperature.

In later chapters, we shall return again to the question of temperature and
its distribution in considering types of weather and the climatic features of
the world ; but before these are taken up, the control of the circulation of the
atmosphere by its differences of temperature and the consequences of the
circulation in producing clouds, storms and rain must be examined.
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CHAPTER VL
THE PRESSURE AND CIRCULATION OF THE ATMOSPHERE.
GENERAL PRINCIPLES.

92. The conditions of general convectional motion. If the atmosphere
were everywhere of uniform temperature, it would lie still on the earth’s
‘surface, and there would be no winds; but we have learned that the tempera
ture of the atmosphere is continually or periodically higher in one region than
in another, and that the chief variations in the distribution of temperature are
systematically repeated, year after year. This prevents the stagnation of the
atmosphere and ensures a systematic movement of air currents from place to
place. The general principles on which such movements depend are extremely
simple and will now be briefly stated, in order to prepare the way for a better
understanding of the charts of atmospheric pressure and winds, which soon
follow.

Let it be supposed that a certain part of the atmosphere is maintained at
a higher temperature than that of its surroundings. The warmed air will be
expanded ; its upper layers will flow off to the surrounding regions, cooling as
they go, and the pressure at sea-level will thereby be decreased in the warm
region and increased round about it. The lower air, impelled by these differ-
ences of pressure, will creep in beneath the warmed air, warming as it goes,
and thus a regular convectional circulation will be established on a large
scale. As before, in Section 53, this may be likened to the working of a
clock: we expend a certain amount of muscular energy in winding up the
weight against gravity, and gravity then pulls it down again, driving the
wheels and the hands. The sun warms a certain part of the air, thereby
causing it to expand upwards against gravity; in other words, lifting the upper
layers by the expansion of the lower ones. Gravity then pulls the upper
layers down on the surrounding unexpanded air, and the differences of pressure
thus introduced drive the other members of the circulation.

938. Arrangement of isobaric surfaces in a general convectional circulation.
This problem deserves deliberate illustration. Let Fig. 19 represent a vertical
section of the atmosphere, in which the vertical scale is much magnified
compared to the horizontal. If the temperatures be uniform at every succes-
sive level, although decreasing at the usual rate from below upwards, then the
isobaric surfaces will be level and concentric, as explained in Section 18. This
arrangement is indicated by the broken lines, numbered at the margin to
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indicate their respective pressures. Let it now be supposed that the tempera-
ture of all the central region is raised by a certain amount. All the air thus
warmed will expand. The column HA4 will expand to height HB; and hence
the isobaric surface of 29 inches will take the position DBC. All the overlying
surfaces will be similarly bowed
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oo - upwards, the highest of them being

ro. g —= a..rched by the greatf.as.t amount. Con-
sider now the condition of any two

T e —= '  volumes of air at equal heights, one

» in the warmed region at E, the

other in the cooler space at #. The

AR ressure on K is 27.10 ; the pressure

A\ N (I))n Fis 26.90. These volumis exert

Fio. 19. an expansive pressure in all direc-

tions equal to the pressure upon them. Hence the series of similar volumes

between E and F will not be in equilibrium, but will be pushed outward to the

left ; and if this outward force suffices to overcome friction, movement in that
direction will ensue.

This condition of motion may be illustrated by the principle of the inclined
plane, as follows. Let S7, Fig. 20, be a magnified part of one of the bowed
isobaric surfaces of Fig. 19. As far as the air above this plane is concerned,
all the lower air might for the moment be removed and replaced by any rigid
body having a surface, ST. A volume of air, G, resting on the plane, is drawn
down by the gravitative force, Gg. This may be analyzed into two compo-
nents, one of which, Gp, at right angles to ST, causes no motion, while the
other, Ga, parallel to the plane in the direction of its descent, urges the air
to move down the slope.

In whichever way the problem is viewed, it is clear that the upper air
above the warmed region is impelled to move away laterally and accumulate
over the cooler surrounding region. In
consequence of such movement, the pres-
sures at sea-level will be rearranged. Let
‘it be supposed that the pressure at H is
thus decreased to 29.50; while that on
the marginal area is increased to 30.25.
‘What will be the position of the isobaric
surface of 30.00 under this new arrange- Fro. 20.
ment ? Tt could be found beneath H by
descending a shaft about 450 feet deep, as at J, Fig. 21. It could be found above
K by rising about 225 feet into the air. The pressure H being 29.50, and at K
being 30.25, the pressure of 30.00 at sea-level may be expected at M, one third of
the distance from K to H. The curved line LMJM'L' may now be drawn, as in-

S
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dicating with sufficient accuracy the new position of the isobaric surface of 30.00.
From this as a base, the overlying surfaces may be constructed ; for the height
of a column of air between adjacent surfaces corresponding to a barometric
inch under a given pressure and at a given temperature, may be taken from

meteorological tables. It is, how- - mmmmmmmmmm—mmmemmel -~
ever, manifest from inspection that == T
the distance between any pair of _n _______________________ N g
isobaric surfaces must increase in -~~~ T
passing from the cooler to the — . _2---co--co-oooo—o.._c SO
warmer region ; or, in other words, — -

that the whole system of rearranged "7, L
. . . Sea  H__ Level

isobaric surfaces must diverge from WWW
one another as they enter the warm S\

region. Hence the central depres- Fio. 21.

sion seen in the concave surface of 30.00 will gradually weaken in the higher
surfaces, and if we ascend high enough it must entirely disappear and be
replaced by a central elevation in a series of convex surfaces. One of these is
shown in the uppermost full line of Fig. 21. Between this line of 26 inches
pressure and the isobar of 27 inches, other isobaric surfaces might be drawn
for the fractional parts of the inch ; and one of these at the height NN’ would
be level ; this is called the neutral plane. Above it, the air tends to flow
outward ; below it, the air follows the slope of the isobaric surfaces and tends
to creep inward.

* 94. Conditions of steady motion. The arrangement of the isobars thus
determined by the first outflow aloft suffers still further change on account
of the inflow established below. The strong difference between central and
marginal pressures that was first assumed is diminished, and finally falls to
just that value by which a steady circulation can be maintained, as illustrated

e mmmeme —~ o in Fig. 22, Inasmuch as the resist-
- -~ - ances to motion encountered by the
air are very small, the final arrange-
ment of the isobars has very faint
slopes. The initial difference of
temperature between the central
and marginal regions is lessened
by the interchange of air that it
produces ; but.as long as any differ-
ence of temperature is maintained,
a. system of diverging isobaric surfaces will be maintained also, with outward
slope above and inward slope below. The action of gravity on the inclined
isobaric surfaces will then be entirely expended in overcoming the resistances
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excited by the motion, and not in accelerating the motion to higher ard higher
velocities. This is like the case of a train of cars which an engine is pulling
with all the.force of high pressure steam, and which nevertheless does not
exceed a certain speed of travel : the resistances excited by the movement of
the train have then risen to equality with the pull of the engine, and no higher
speed can be attained.

In the case of a large convectional circulation in the atmosphere, the
velocity of steady motion will be greater if the central region is kept very
warm. If the central region is maintained only a few degrees above the
temperature of the surrounding region, the velocity gained will be moderate.
If the supply of heat for the central region varies periodically, the differences
of pressure produced and the velocities maintained by them will vary in the
same period, changing with the rise and fall of central temperatures. If the
central region is cooled below the temperature of the surrounding region, it
will become an area of high pressure, with outflowing surface winds. If the
central region is alternately warmer and colder than the surrounding region,
the direction of the circulation will be changed in corresponding periods ; the
surface winds flowing inwards when high temperature and low pressure pre-
vail, and outwards when the conditions are reversed.

95. Barometric gradients. The term, gradient, has already been introduced
in connection with the vertical diminution of temperature, to indicate a rate of
decrease. We now find need of the same term in connection with the decrease
of barometric pressure in passing along a horizontal surface, such as sea level,
from the margin to the center of a warmed region, or from the center to the
margin of a cold region. If the slope of the isobaric surfaces is steep, the
horizontal decrease of pressure will be rapid, and the gradient will be strong;
if the slope is gentle, the gradient will be weak. Hence the baromettic or
baric gradient, commonly taken to measure only a rate of decrease of pressure
along a horizontal surface, also indicates the amount of slope of an isobaric
surface. The direction of decrease or of slope is commonly stated with the
rate. The rate of decrease is commonly expressed in hundredths of an inch of
pressure in a quarter of a latitude-degree of horizontal distance.! This subject
will be met again in Section 113.

98. Vertical components of a convectional circulation. -The ascent and
descent of air currents caused by local diurnal convection have been described
in Sections 45 to 54. The vertical movements of the air may become rapid
under favorable conditions, as on warm level plains, when dust whirlwinds
spring up towards noon. The vertical movement may then greatly exceed the

1 This way of measuring the gradient is recommended because its numerical value is then
unchanged if expressed in millimeters of pressure per latitude-degree of distance.
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accompanying horizontal movements, both in velocity and in distance traversed ;
but in the examples of larger convectignal circulations here considered, the
case is quite different. The diagrams employed in the previous section are so
greatly exaggerated vertically that they give wrong ideas in this respect, unless
care is taken to conceive of the circulation in its true proportions. It must be
borne in mind that all the larger examples of convectional circulation in the
atmosphere have much greater horizontal than vertical dimensions. A vertical
thickness of possibly twenty miles may be allowed for the general circulation
between the equator and poles, and much less than that for the circulation
between the continents and oceans ; but the horizontal distances over which the
circulating winds travel may be measured in hundreds or thousands of miles.
Not only so; the cross-section of the ascending currents in the warm or cold
central region may have a much greater area than the cross-section of the inflow-
ing or outflowing winds ; hence the velocity of ascent or descent in the central
area may be small compared to the velocity of inflow or outflow around it. It
follows from this that the vertical components of the larger atmospheric con-
vectional motions are comparatively inconspicuous ; they have low velocities,
and the regions over which they occur occupy but a small share of the area
swept over by the whole circulation ; they may be much confused by local
convectional currents, like eddies in the general downstream flow of a river.

It is desirable to gain a clear conception of these relations, as well as of
the process by which the circulation of the atmosphere is kept up, in order to
avoid certain careless forms of statement. It is not uncommon to hear it
said: “The air is heated and rises, and the cold air rushes in from either
side to fill the vacuum thus formed.” It is better to express the facts of the
case by saying: ¢ As the air is heated, it expands and overflows aloft; the
colder air then creeps in beneath from either side, warming as it goes, and
raising the warmer air slowly above it.” This places the slow ascensional
movement in the warmed region at its true low value, and correctly suggests
that the driving force of the circulation is found in the gravitative pressure of
the colder air from the sides.

97. Application of the general principles of convectional motion to the
case of the atmosphere. The knowledge gained in the foregoing chapter
concerning the control, distribution and variation of temperature in the atmos-
phere should enable the student to make correct application of the principles
stated in the preceding sections. He should expect to find a belt of low
pressure around the heat equator, with caps of high pressure over the poles;
the equatorial belt of low pressure should migrate north and south after the
sun, and the contrasts between equatorial and polar pressures should be
greater in the winter than in the summer hemisphere. The continents should
have lower pressures than the surrounding oceans in summer, and higher
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pressures in winter. The regions of marked abnormal temperatures for their
latitude, such as those of abnormal warmth in the northern Atlantic and
Pacific, should have correspondingly abnormal pressures. The winds should
blow outward from the regions of high pressure towards those of low pressure;
hence there should be a system of winds blowing from either pole towards the
equator, but more or less modified by an indraft towards the continents in
their summer season and an outflow in their winter. The uppermost currents
should move opposite to the surface winds. The velocity of the winds should
be greater where the barometric gradients are stronger; hence greater in the
winter hemisphere as a whole. Along the axis of the equatorial belt of low
pressure, as well as in the centers of the polar and continental areas of high
or low pressure, where there are no gradients, there should be no winds; that
is, calms should prevail. With these deductions in mind, the charts of
pressure and of the winds for the year should he examined. Certain supple-
mentary explanations must be introduced before all the facts concerning the
pressure and circulation of the atmosphere can be understood, but no proper
beginning can be made in this chapter without an understanding of the
theory of convectional circulation.

THE MEASUREMENT AND DISTRIBUTION OF ATMOSPHERIC PRESSURE.

98. Measurement of atmospheric pressure. Reference was made in an
earlier chapter to the pressure exerted by the quiet atmosphere upon the level
surface of the ocean. The pressure would be uniform all over the world, if
there were no differences of temperature and no winds. We must now investi-
gate the means of determining the actual pressure at any place, and the
general distribution of pressure over the surface of the earth under existing
conditions. This requires, first, an examination of the construction and use
of barometers, and, second, the study of charts on which the results of
barometric observations are displayed.

Barometers are of two kinds. In instruments of one kind the pressure of
the atmosphere is counterbalanced by the weight of a column of liquid of
known density and measurable height; as the liquid employed is usually
mercury, these are called mercurial barometers. In instruments of another
kind the atmospheric pressure is balanced by a spring inside of a closed
metallic box from which the air has been exhausted, so that any change in
external pressure deforms the box slightly. These are called aneroid barom-
eters, from being made without employing a liquid.

99. Mercurial barometers are made on the principle already explained on
page 11. Various special devices are employed to simplify the measurement
of the height to which the mercury column is held up in the tube above the
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level of the surface of the mercury in the dish or vessel on which the air
presses. The Fortin barometer, illustrated in Fig. 23, is
most commonly employed in the stations of the Weather
Bureau. The glass tube containing the mercury is enclosed
in a brass tube, open in the upper part on two sides, so that
the top of the mercury column may be seen; it is graduated to
inches and tenths on the edge of the opening (z). The air
gains access to the surface of the mercury in the vessel
below through the fine crevices at the top of the vessel,
where a glass ring (b) joins the base of the brass tube. The
bottom of the vessel is a buckskin bag, within a brass 3
cylinder (¢), against which a thumb-screw (d) presses from

below, so that the height of the mercury surface in the vessel

can be raised or lowered until it just touches the end of a

fine ivory pointer (inside the glass ring, 4,) which represents

the zero point of the brass scale. When thus set, the height

of the mercury in the tube can be accurately read by a vernier

or index (v) that slides in the opening of the brass tube. A

good instrument of this kind costs about thirty dollars.

100. Correction for temperature. Readings thus made
must be corrected for temperature, because the expansion of
the mercury is greater than that of the brass tube which
carries the scale. If two barometers were under the same
atmospheric pressure, one in the cold outer air and the
other in a warm room, the latter would read higher than
the former. To make allowance for this, the tempera-
ture of the barometer is determined by a thermometer (¢)
attached to the tube, and all readings are reduced to what
they would be if the temperature of the whole instrument
were 32°, by means of corrections given in barometric tables.
This correction must be applied before different readings are

compared.

101. Correction for latitude. The force of gravity, by
which the spheroidal form of the ocean surface is determined,
is not a constant, but varies from a maximum at the poles
to a minimum at the equator, its greatest and least values
being in the proportion of 193 to 192. It follows from this
that if there were a uniform atmospheric pressure over the
earth, the barometric readings at sea-level would vary ; being

progressively greater towards the equator and less towards Frc. 2.
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the poles than at latitude 45° where the average reading would be found.
Hence, in careful comparisons of mercurial barometric observations at different
latitudes, the readings must be corrected by reducing them to some standard
latitude, as 45°, by the following table : —

Latitude . . . . 90° 8 70 60 50 40 30 20 10 0
Correction . . . +07.08 +.07 +.06 +.04 +.01 —.01 —.04 —.08 —.07 —.08

It appears from this that a reading of 30.00 inches or 762 mm. at the
equator corresponds to 29.92 inches or 760.00 mm. at latitude 45°. The varia-
tions of atmospheric pressure seldom range over an inch and a half during an
entire year, although a change of half an inch in a day is not rare in our
latitudes. Dealing with quantities of so small a magnitude, it is essential
that a good mercurial barometer should read accurately to a hundredth of an
inch at least. Instruments of less accuracy are not serviceable in serious
study, although they may be useful in indicating weather changes.

- 102, Aneroid barometers. Ordinary variations in atmospheric pressure
suffice to cause a small change in the shape of a spring within a metallic box
or case from which the air has been exhausted. The changes may be magnified
by means of a system of levers, which finally turn a hand on a dial to indicate
higher or lower atmospheric pressure; the dial being graduated to correspond
to the inches of the mercurial barometer. The errors involved in such a
mechanism are too great to warrant full confidence in the readings of the dial.
The direct microscopic reading of an arm soldered to the side of the metallic
box gives better results, but is seldom employed. A good aneroid barometer,

"costing twenty or thirty dollars, is of value as a “ weather glass,” if carefully
observed ; but its readings are by no means so accurate as those of a good
mercurial barometer. Observations of an aneroid barometer are not acceptable
in meteorological records, unless the error of the aneroid is known by frequent
comparisons with a good mercurial barometer.

As aneroid barometers depend on the elasticity of a metallic spring and
not on the force of gravity, their readings do not need a correction for latitude.

103. Barographs. The need of continuous records of atmospheric pressure
has led to the invention of mercurial and aneroid barographs of much value.
The mercurial barographs give records that may be trusted to the hundredth
of an inch, but their cost is so great that they cannot be commonly employed.
Aneroid barographs made by Richard Fréres of Paris (Fig. 24), cost about
$25, without duty, and like the thermographs of the same makers deserve
much more general introduction than they have yet gained in this country.
They should be frequently tested by comparison with a good mercurial
barometer and a correct clock ; if this is regularly done, their records may
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be trusted within a fiftieth of an inch. Sample barographic curves are given
below in Fig. 25.

Among the most interesting records obtained from barographs are those
marking the atmospheric wave produced by the explosive eruption of the
volecano Krakatoa, in the strait of Sunda between Java and Sumatra, on
August 26-27, 1883. The chief explosion occurred at ten o’clock in the
morning of August 27, local time (=2" 56™, Greenwich time); it spread
outward in all directions with a velocity of about 700 miles an hour, or a
little less than the usual velocity of sound. About eighteen hours were
required to pass around the earth to the antipodal point, whence the wave

Fie. 24.

returned to Krakatoa again. Three passages out and back are indicated by
the barometric records from various parts of the world, the agitation of the
atmosphere continuing over four days before it became imperceptible (see
Section 71).

[}

104. Diurnal variation of the barometer. When hourly observations of
the barometer are continued for a considerable period, or when barograph
records are carefully examined, the mean values of pressure for the several
hours of the day may be determined, and a double oscillation of diurnal period
will then be found. This is most distinct in the torrid zone, where it amounts
to ten or twelve hundredths of an inch, having a chief maximum about ten
o’clock in the morning, a chief minimum about four in the afternoon, a
secondary maximum about ten in the evening, and a subordinate minimum
about four in the morning. The variation diminishes towards the poles, and
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is less in winter than in summer. In this country it is seldom over a tenth of
an inch. At interior continental stations the subordinate oscillation diminishes
in value. The curve for May in Fig. 25 is from a record at Harvard College,
for a spell of fair spring weather, May 17 to 25, 1887, in which the diurnal
variation is faintly shown ; the maxima by -, the minima by O.
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The cause of the diurnal variation of pressure is undoubtedly to be found
in the diurnal variation of temperature, but the operation of the cause in
producing the effect is not well understood.

105. Irregular fluctuations of the barometer, having a period of one, two
or three days, are caused by the alternate passage of areas of stormy and fair
weather. Such changes are comparatively rare in the torrid zone ; but they
occur every three or four days in the greater part of the temperate zones, and
in our winter season these fluctuations become so strong that the diurnal
variation is hardly perceptible; as in the February curve in Fig. 25, copied
from a barograph record at Harvard College for February 22 to 28, 1887,
when two active stormy areas passed by, causing rapid weather changes.
Fluctuations of this kind are further considered and illustrated in the chapters
on storms and on weather. Much longer fluctuations have also been detected,
covering several weeks or a month ; these are generally called surges, but they
have been little studied and their cause is not understood.

1068. Barometer observations. Observations taken at 7 A.M., 2 and 9 p.M.
will give a mean diurnal value of pressure practically free from the effects
of the regular diurnal variation; but as the irregular fluctuations of pressure
in our latitude are much greater than the regular variations, observations thus
taken serve only to give the mean monthly pressure; and from these the mean
annual pressure. Other values desired in discussing barometric observations
are: the diurnal variation, determined from barographic records or from
hourly observations ; the mean monthly maximum and minimum, from which
the mean monthly range is determined ; the monthly extremes; the frequency
of the irregular fluctuations and their average period and value,
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107. Comparison of observations: reduction to sea-level. Barometric
observations made at different heights above sea-level may be compared by
their departures from their local mean annual or normal values; this being
the method adopted in the early part of this century. A more satisfactory
means of comparison is found in reducing all the observations to values that
would have been obtained if they had been made at the same altitude; for
example, at sea-level. This is done by adding to each reading (corrected for
temperature) a supplementary pressure to make up for the imaginary column
of air that may be conceived to reach downward from the station of observation
to sea-level. The value of this supplementary pressure depends chiefly on
three factors: first, the altitude of the station; second, the pressure at the
station, for if the observed pressure be high, the imaginary column would
contain air of greater density than usual; third, the temperature of the air, for
if the temperature at the time of observation is higher than usual, the air of
the imaginary column would be expanded to a comparatively low density.
Tables for the reduction of barometric observations to sea-level, the altitude
of the station being given, are furnished in the Instructions to Voluntary
Observers, published by the Weather Bureau.

In preparing single barometric records for publication, all the data should
be corrected for temperature ; but it is best that they should not be corrected
for altitude above sea-level. The corrections for reduction of the monthly
means to sea-level should, however, be determined and published with the
means themselves,

It must be remembered that the pressure indicated by the barometer
corresponds to the weight of the atmosphere only when the air is calm. When
it is moving, particularly when its velocity is high and variable, or when its
temperature is rapidly changing, the atmospheric pressure on the barometer
may be greater or less than the weight of the air; but the difference must be
small in all cases; in thunderstorms, it may reach 1-20th inch (Section 254).

108. Barometric determination of altitudes. As the rate of the decrease
of atmospheric pressure upwards is known, it follows that the barometer may
be used in the determination of the altitude of a station above sea-level. This
is commonly done in exploring expeditions and in preliminary surveys, the
observations being reduced by specially prepared tables, such as those published
by the Smithsonian Institution at Washington. The determination of altitudes
used in reducing barometric observations to sea-level should, however, be made
by careful levelling.

A convenient rule for finding the difference of level between two places by
means of barometric observations is as follows: The difference of level in
feet is equal to the difference of pressures in inches divided by their sum and
multiplied by the number 55,761, when the mean of the air temperatures
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at the two places is 60°. If the mean temperature is above 60° the
multiplier must be increased by 117 for every degree by which the mean
exceeds 60°; if less than 60° the multiplier must be decreased in the same
way. For example, if the lower station has a pressure of 30".00 and a
temperature of 62° and the upper station has 29".00 and 58° respectively, the
difference of level between the two will be

30—29 ...

30929 T29 X 55,761 =945 feet.

If the lower values are 30".15 and 65°; while the upper values are 28".67

and 59° then the formula becomes

30.15—28.67 _ . B ,
30.15 + 28.67 X [55,761 4 (2 X 117)] = 1409 feet.

109. Barometric charts. Charts showing the distribution of atmospheric
pressure are prepared in much the same manner as those already described for
temperature. When observations have been continued for a number of years,
the corrected mean annual and monthly values are reduced to sea-level and
charted upon a map of the world ; lines of equal pressure may then be drawn,
these being called isobaric lines, or more briefly, isobars. The charts prepared
by Buchan or by Hann are the most recent and complete (Section 80). Charts
VI, VII, and VIII are reduced from those prepared by Buchan. The general
distribution of pressure for the year and for January and July may now be
considered.

110. Isobars for the year. The annual isobars on Chart IV show a belt
of slightly diminished pressure running nearly around the equator ; on either
side there are belts of higher pressure, somewhat irregular in shape, with their
middle lines about latitude 35° north and 30° south. These high pressure
belts may be called the meteorological tropics.® The pressure then diminishes
towards either pole, although in the northern hemisphere this diminution is
much less marked and more irregular than in the southern ; the lowest northern
pressures being in the North Atlantic and North Pacific oceans. The differences
of pressure thus found among the mean annual values are truly very small,
their range from the highest in the North Pacific to the lowest in the far
Antarctic ocean being only a little over an inch ; but they are of great signifi-
cance, as will be seen when the winds of the world are examined.

1 The tropics are, etymologically, places of turning: hence the Tropics of Cancer and
Capricorn, where the sun stops and turns in its annual migration north and south. The use
of the term in the text here will be found later on to mark a limitation or turning in the
course of the winds as well as in the direction of the gradients, of great climatic importance;
greater, indeed, than that determined by the zenith altitude of the sun. Common usage often
confounds the geographical tropics with the torrid zone which they bound. See footnote to
Section 217.
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111, Vertical section of the atmosphere along a meridian. If a vertical
section of the atmosphere be drawn from pole to pole, it will be found to offer
certain instructive contrasts to the condition described in Chapter II, where
the isobaric surfaces of the atmosphere were imagined to lie level and essen-
tially parallel and concentric under the action of gravity alone. Fig. 26
represents the desired section,
the meridian line at sea-level
being drawn as a straight line
in order more easily to repre-

sent the attitude of the iso- e

baric surfaces with respect to “r

it. The vertical scale is greatly ~ °** id Cotd
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