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PREFACE TO THE FOURTH EDITION

The science of meteorology has developed very rapidly during the
last decade. Impetus received from World War II and the Korean
conflict has stimulated research and development which indicate
the possibility of foretelling the weather with much greater accuracy
within the next few years. The discovery of rain-stimulating tech-
niques, using Dry Ice and silver iodide, has opened an entirely
new possibility of weather control and has contributed to the crea-
tion of a new professional group, known as private wéather con-
sultants, in the United States.

This book is intended not only to serve as a foundation for ad-
vanced study in meteorology, but also to furnish the basic weather
knowledge that is essential to airplane pilots, geographers, agricul-
turists, biologists, engineers, industrialists, and many sciences in
which weather is an important factor. It should be desirable for
individual as well as for classroom study. Numerous footnotes and
a selected blbhography have been included to guide those who wish
to pursue the subject beyond the scope of this book.

The present edition has been completely revised to incorporate
the new developments in meteorology and to remove those older
concepts that are no longer representative of the science. Care has
been taken to avoid the use of technical descriptions and mathemat-
ical formulas which are beyond the comprehension of the average
college freshman. New illustrative materials have been used unspar- -
ingly to increase reader interest and understanding. Problems at’
the end of each chapter are provided to supplement the text. In most
cases, answers cannot be found directly in the text but require
comprehension and application of the text materials. Experience in
teaching elementary meteorology for several years has shown that
problems of this nature benefit the more capable students especially.

I am indebted to the U. S. Navy for much basic training and
practical experience in meteorology. It was my privilege, while on
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vi PREFACE TO THE FOURTH EDITION

active military duty, to study under such leading meteorologists as
Professors J. Bjerknes, Jorgen Holmboe, Morris Neiburger, and
H. U. Sverdrup. While serving as aerological officer in the Pacific
theater during World War II, I made many typhoon reconnaissance
flights, as observer, from Clark Field, Philippine Islands. This first-
hand experience with the dynamics of the atmosphere can hardly
be equalled by any other type of weather training.

- I am especially indebted to Mr. W. E. Maughan, former Section
Director, U. S. Weather Bureau, Oklahoma City, and to Professor
W. E. Hardy, former Head of the Department of Meteorology, Okla-
homa State University, for reading the manuscript. Any errors
remaining, however, are due to my own inadvertence. My thanks
are extended to the many contributors of illustrative materials
(credit is given individually after the figures) and to my colleagues
for their patience, consideration, and encouragement.

RoBerT C. FITE
Oklahoma State University
Stillwater, Oklahoma



PREFACE TO THE FIRST EDITION

This book aims to present, concisely and systematically, an intro-
duction to the science of meteorology in its present stage of develop-
ment. My primary purpose is to set forth the facts and principles
concerning the behavior and responses of the atmosphere in such a
way as to enable the reader to acquire an elementary understanding
of the physical processes underlying observed weather phenomena.
An important secondary object is to present that general body of
information about the weather and the present state of our knowl-
edge concerning it which, it is believed, every intelligent person
should possess in relation to this most important element of his
environment.

Attention is given to the instruments and methods used in observ-
ing and measuring atmospheric conditions, to the complex effects of
solar radiation, and to the interrelations of the various weather ele-
ments. Other subjects treated are the general circulation of the
atmosphere and its modifications, the basis of weather forecasting,
the general geographic distribution of the weather elements, and
some of the relations of weather and climate to man and his varied
life. A brief account is given of the electrical and optical phenom-
ena of the atmosphere, and of the organization and activities of the
United States Weather Bureau. Some knowledge of such matters is
a necessary foundation for the study of geography, agriculture, and
ecology, and of aeronautics, hydrology, and other branches of engi-
neering. In addition, such knowledge is useful in a great variety of
professions and occupations, notably in medicine, law, and business.
It is hoped, therefore, that the book will prove of value to persons of
widely varying interests.

The discussions are necessarily brief and incomplete, and much
interesting and valuable material has been omitted, but it is hoped
that the most important phases of the subject have been treated in
such a way as to arouse an abiding interest and lead to further read-
ing. Meteorology is a growing science and at the present time is

vii



viii PREFACE TO THE FIRST EDITION

undergoing a rather rapid development and transition. An effort
is made to present the modern aspects of the subject and to indicate
the lines along which research is being conducted and progress being
made.

The author of a book on elementary meteorology is inevitably in-
debted to the pioneers and leaders in the science of the weather in
past generations, and also to a great number of contemporary stu-
dents and investigators. No one can write such a book without be-
coming aware of meteorology’s debt to Sir Napier Shaw and Dr.
W. J. Humphreys, among present-day scientists. Dr. H. C. Willett
and Mr. Jerome Namias have recently contributed notably to a
knowledge of air masses and air-mass analysis. Nearly all the writers
listed in the bibliography have provided facts or ideas which have
been drawn upon in the preparation of this text. I regret that it
has not been possible to identify and acknowledge the original
source in each case. For general scope and for the general method
of treatment of some of the fundamentals the author is conscious of
the influence of the older textbooks, especially those by W. M. Davis
and W. I. Milham.

To Dr. Nels A. Bengtson I am deeply grateful, not only for his
critical reading of the entire manuscript, but also for his sympathetic
interest in the book and his help in many of the details of its prepara-
tion. I am indebted to the Chief of the United States Weather Bu-
reau for permission to publish this work, and to the scientific staft at
the Central Office of the Weather Bureau for valuable criticisms and
suggestions. My thanks are extended to Mr. D. Keith Kinsey, who
prepared nearly all the drawings, to Mr. H. Floreen for his cloud
photographs, and to Professor J. C. Jensen, Mr. Otto Wiederanders,
the United States Weather Bureau, and Julien P. Friez and Sons, for
other photographic illustrations. The Taylor Instrument Companies
have kindly given permission for the use of some material originally
published in Tycos-Rochester (now Taylor-Rochester), and the
Denoyer-Geppert Company has permitted the use of its base maps.
My wife has given valued assistance and encouragement and has
helped in reading the proofs.

T. A. BLAR
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CHAPTER

THE ATMOSPHERE

Introduction

Weather is a subject of universal interest. Man has been concerned
about its vagaries for countless ages. He has observed the fury of
mighty storms, the freshness of gently falling raindrops, the burn-
ing sun over a drought-stricken land, and the refreshing breezes of
a spring afternoon. These things caused him to wonder about the
powers that controlled the elements, which could change a pleasant
summer afternoon into a frightful display of wind, fire, hail, or flood.
Yet, it was only recently that he began to understand the secrets of
nature that collectively comprise or cause our weather.

The earth, as it turns on its axis and follows its elliptical orbit
about the sun, is forever encompassed by a gaseous shell or envelope,
called the atmosphere. This encircling air is an integral and essential
part of the earth. We frequently remain unaware of its presence be-
cause of its invisibility; but we feel its force when it moves rapidly
past us, and we know that “when the trees bow down their heads,
the wind is passing by.” It is an ever-moving air, not fixed like land,
nor confined in basins and channels like water, but ever-present and
all-prevailing about the face of the earth.

Air is the medium in which we live and move, the breath of life
to man, animals, and plants. Without it, this would be a dead and
barren world. We can live for many days without food, for a few
days without water, but for only a few minutes without air. The food
that we eat and the clothing that we wear are composed in large
part of elements obtained from the air. The water that falls on our
fields is carried to them by the air. Air supports combustion and
transmits sound. In addition to these primary and indispensable func-
tions, air is made to serve us in many practical ways. It is a source
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of power to sailing ships and windmills. When compressed, it actu-
ates the brakes of moving vehicles and the trip hammers of pneu-
matic tools; it serves us in many other ways, and finally it furnishes
a support and a highway for vast machines, “as the heavens fill with
commerce.” It is with the behavior of this intangible, colorless, and
odorless but all-important atmosphere that this book deals.

Extent of the atmosphere. The atmosphere extends to a height
of several hundred miles above the earth’s surface (Fig. 1). The ef-
fective upper limit of the atmosphere is reached at a much lower
altitude when the air becomes extremely rarefied. Although it seems
light, there are approximately 11,850,000,000,000,000,000 pounds of
air weighing down upon the earth at all times. Being compressible,
the air is more dense near the surface of the earth than at higher
altitudes because of pressure from the upper layers on those below.
It becomes so rare at only 15,000 feet (5 km) elevation that supple-
mentary oxygen must be provided for air travelers; and at 18,000
feet (6 km), half of the mass of the atmosphere lies below.

Very little is known of the outer atmosphere, although knowledge
of this space is continually growing. Twilight colors give evidence
of considerable air at a height of 40 miles (64 km); meteors and the
aurorae give evidence of gases at much higher levels, but it is cal-
culated that there is no appreciable atmospheric pressure above 50
miles (80 km).

Rocket flights have reached elevations up to 250 miles (400 km)
and have supplied valuable but limited information about these high
elevations. Recognition of the influence of high layers of air on solar
radiation and radio receptions, together with an increasing interest
in the possibilities of space travel, have caused scientists to try every
known means of examining outer space. It is possible, also, that the
air at extremely high altitudes may affect the surface weather con-
ditions, either directly or indirectly. In general, however, weather is
a low-level phenomenon. Clouds frequently are found at elevations
of 30,000 feet (9.1 km), but rarely reach 40,000 feet (12.2 km) except
in some thunderstorms, where they may reach more than 80,000
feet (25 km). The study of meteorology is therefore restricted mainly
to a study of a thin boundary layer of the atmosphere about 15 miles
(24 km) in thickness.

Meteorology defined. Meteorology is the science of the atmos-
phere and its phenomena—those phenomena which we call, collec-
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4 THE ATMOSPHERE

tively, the weather. Because of their infinite variety and their in-
timate relation to all of our activities, the phenomena of the weather
are subjects of never-ending interest. They are not only of interest,
but are also of great importance, since weather is one of the chief
elements in man’s environment, far-reaching in its influence and
affecting all phases of his life. One of the reasons for the daily inter-
est in the weather in regions outside of the tropics is that it is new
every morning. It is never stable for long but always in a state of
becoming something different. In this it is typical of all nature; but
since weather changes are more rapid and noticeable than most
other natural changes, “changeable as the weather” has become a
time-worn simile.

Meteorology combines physics and geography. It not only applies
the principles of physics to the behavior of the air treated as a mix-
ture of gases, but it considers the whole atmosphere and its move-
ments as they are affected by such geographic factors as latitude,
topography, altitude, and distribution of land, water, and moun-
tains. The geography of the globe is an essential factor in its weather.
Insofar as meteorology deals with the physics of the air, it is a branch
of physics; insofar as it is descriptive and explanatory of the environ-
ment of man, as affecting his modes of life and his ways of making a
living, it is a branch of ecology and geography. In combining the two
to account for actual weather and climate, it is something different
from either: it is a separate branch of science. Moreover, the facts
and data accumulated in the study of weather and climate are ca-
pable of infinite application to the life of man. They are of impor-
tance in the study of history, geology, and biology. They are used
directly and daily by the farmer and the engineer, by the physician,
the lawyer, and the businessman.

The science of meteorology has advanced by the following steps:

1. The invention of instruments and methods for determining the
condition of the air.

2. The use of these in the systematic accumulation of observa-
tional data.

3. The classification and organization of the accumulated data
for the purpose of discovering and describing the condition of the
atmosphere.

4. The development of physical theories to interpret and co-
ordinate atmospheric processes.
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5. The application to useful purposes of the knowledge thus ac-
quired.

Some of the Greek philosophers, notably Hippocrates, Aristotle,
and Theophrastus, approached the study of weather and climate in
a scientific spirit and made progress in interpreting the phenomena
of the atmosphere—rather remarkable progress, in view of the lim-
ited knowledge of physics and chemistry existing in their day. We
derive the name “meteorology” from Aristotle’s treatise, Meteoro-
logica. This treatise included a discussion of much that we now call
astronomy, physical geography, and geology, but about one-third of
it was devoted to atmospheric phenomena.

During the Middle Ages, weather events were given many irra-
tional and mystical interpretations. The weather was a matter of
signs and portents, often assumed to be related to human conduct
as warning, punishment, or reward. Some of the mystery remains in
many minds, and superstition still survives when men discuss the
weather. And yet, the elementary facts about atmospheric phenom-
ena and their causes are simple and easily acquired, and they are nec-
essary to an intelligent appreciation of our daily life. It is true, on the
other hand, that much is yet unknown about the behavior of the air.
The atmosphere is so vast as to preclude, perhaps forever, the pos-
sibility of a complete analysis of its forces and activities. Therein lies
an opportunity and a challenge for additional accumulation of facts
and for further investigation and research.

Composition of the Atmosphere

Upon examination, the atmosphere is found to be a complex sys-
tem, not a simple chemical element nor even a compound, but a rela-
tively stable mixture of a number of gases. First, there are several
chemical elements which remain permanently in gaseous form under
all natural conditions. Second, gaseous water, known as water vapor,
is a variable part of this mixture. Under certain conditions, liquid
and solid forms of water also occur in the air, but these are not in-
cluded in the definition of air. Finally, the air always contains, but
not as essential ingredients, a great number of solid particles of vari-
ous natures, known collectively as dust.

Permanent gases. The two permanent gases that make up 99 per
cent of the volume of the air, after the water vapor and the dust
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particles have been removed, are the chemical elements nitrogen and
oxygen. These two elements, in combination with others, also make
up a large portion of all living matter and of the earth’s crust. Nitro-
gen forms about 78 per cent of the total volume of dry air, and
oxygen about 21 per cent (Fig. 2). Of the remaining 1 per cent,
the greater part is argon, and only about 0.04 per cent remains, of
which approximately 0.03 per cent is carbon dioxide and the re-
mainder is neon, helium, krypton, hydrogen, xenon, ozone, radon,
and other gases.

7#ARGON & OTHER GASES=0.98%

| OXYGEN-20.99%

°°'°°°°.-’o'l:q°'°°°'.‘o
00'000604:.0[,.‘
o0 a
0000 %q
2 06°0°%049% 04'%0
B v T

" | NITROGEN-78.03%

Fig. 2. Composition of Dry Air by Volume. Water vapor is also present in the air,
but varies from near zero to 4 per cent.

The relative percentages of the principal permanent gases remain
remarkably constant throughout the world from the surface of the
earth to heights of several miles. We breathe the same air every-
where. -

The active energizing element of the air is oxygen, which com-
bines readily with other chemical elements and is necessary to life.
The carbon dioxide which is exhaled by animals is absorbed by
plants, and its oxygen constituent later released to the air. This re-
ciprocal use by plants and animals plays a part in maintaining a rela-
tively constant ratio of these two gases. The waters of the ocean also
exercise a control over the concentration of carbon dioxide in the air:
when the amount of carbon dioxide increases, more is absorbed by
the water; when it decreases, some of the gas returns to the atmos-
phere. The other permanent gases appear to have no special natural
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functions except to increase the density of the atmosphere and to
dilute its oxygen. But some soil bacteria take nitrogen from the air
and make it available to plants, and man has also learned how to
utilize atmospheric nitrogen. The rare gases neon, krypton, and
xenon are also obtained by extraction from the air.

Water vapor. Water vapor is contributed to the air by evapora-
tion from water surfaces, soil, and living tissues and by combustion.
It is an all-important constituent of the atmosphere, but, unlike the
other gases, is quite variable in amount, ranging from a minute pro-
portion in the air of deserts and polar regions to a maximum of ap-
proximately 4 per cent by volume in the warm and humid tropics.
Some water remains in the air as a gas at all temperatures; but the
amount that may be mixed with the other gases of the air at low
temperatures is small compared with the possible amount when the
temperature is high. The importance of atmospheric moisture to all
forms of life is so universally recognized that no additional emphasis
need be given here. However, less well known is the very important
role which it plays in the physical processes of the atmosphere.
Water vapor in the air affects its temperature, density, and humidity
and its heating and cooling characteristics; these will be explained
later.

Dust. The gases of the atmosphere maintain in suspension an
immense number of nongaseous substances of various kinds which
are collectively called dust. In addition to the visible dust which
sometimes fills the air and darkens the sun in dry regions, the air
always, or nearly always, carries small particles of organic matter,
such as seeds, spores, and bacteria. Much more numerous, however,
are the microscopic, inorganic particles which contribute to the for-
mation of haze, clouds, and precipitation. Some of these are fine par-
ticles of soil or of smoke, or salts from ocean spray, which are lifted
and diffused by the winds and rising air currents. The dust particles
are naturally more numerous in the lower atmosphere, but some of
them are carried to heights of several miles. Large numbers of even
finer particles are thrown into the air by volcanic explosions, and
many more result from the burning of meteors in the upper air, thus
furnishing a supply of dust to the air at great heights.

Many of these particles are very minute, but they have two impor-
tant effects on the weather. First, many of them are water-absorbent
and are the nuclei on which condensation of water vapor begins.
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Second, they intercept some of the heat coming from the sun. When
there is an unusual amount of such dust, as in a time of great vol-
canic activity, the result may be to reduce the average temperature
of the globe. Dust plays a part in the creation of the varied colors
of sunrise and sunset. For three years after the violent explosion of
the volcano, Krakatoa, in the East Indies, in 1883, brilliant twilight
colors were seen around the world, as the dust gradually spread from
its source until it encircled the globe. In mid-ocean, the air has been
found to contain from 500 to 2,000 of these microscopic and sub-
microscopic dust particles per cubic centimeter, and in dusty cities
more than 100,000 per cubic centimeter. In the aggregate, large
quantities of atmospheric dust are continually exchanged between
the earth and the atmosphere. Current rain-making and weather-
control theories now being tested are based on the importance of
these hygroscopic dust particles to the weather processes.

Properties of the Atmosphere

By the “properties” of the atmosphere we mean the qualities or
attributes of the air and its various constituents that contribute to
the weather elements and atmospheric phenomena. Since the atmos-
phere is essentially a mixture of gases, it behaves as other gases do—
according to the natural laws of gas behavior.

General characteristics. The principal characteristics of gases are
their extreme mobility, compressibility, and capacity for expansion.
The atmosphere is sometimes called the “ocean of air,” and winds are
compared to streams of water; but when these analogies are used,
the greater freedom with which air moves in all directions, its greater
fluidity and mobility, should be kept in mind. A gas has neither
definite shape nor size. We cannot have a vessel half full of air; a
small amount of air will fill a large vessel completely and uniformly.
(Strictly speaking, exact uniformity is not attained, because the air
at any point in the vessel is compressed by the weight of the air
above it. This effect is negligible for most purposes in dealing with
small volumes of air, but is of much more importance in considering
the atmosphere as a whole.) This property of indeterminate expan-
sion is due to the fact that gases themselves exert a pressure which
tends to change their volume to fit any container. This pressure is



THE ATMOSPHERE 9

proportional to the density and the temperature of the gases and is
exerted in all directions. According to the molecular theory, gases
are made up of large numbers of minute molecules which are in a
constant state of irregular motion. The effect of frequent collisions
by these molecules may be observed in pressure and temperature
characteristics. With this goes the property of great compressibility.
The air is readily compressed; that is, its volume is decreased and its
density increased when pressure is applied to it, and it readily ex-
pands when the pressure is diminished. Under the same pressure, it
expands with an increase of temperature and becomes denser with
a decrease of temperature. In general, solids and liquids also change
volume and density with change of temperature, but gases change
to a much greater degree and with more uniformity.

Laws of the gases. The characteristics just described are more
definitely expressed in the following gas laws. These apply with close
approximation to all the permanent gases of the air, but not so closely
to water vapor. They refer to a fixed quantity (that is, mass) of gas.

Boyle’s Law. Robert Boyle (1627-1691), a British physicist and
chemist of the seventeenth century, discovered that, for a given mass
of a gas at constant temperature, the product of the pressure by the
volume remains constant. (Fig. 3.) Stated otherwise, the volume
of a given mass of gas varies inversely as the pressure on it if the tem-
perature is unchanged. Algebraically, this may be written:

PV'=K,

where P is the pressure, V is the volume, and K is a constant. A com-
parison of pressure and volume under different sets of conditions
may be expressed as: P1Vi = P.V: = P;V;, and so on. Since density
means the ratio of the mass to the volume, density varies inversely
as the volume, and therefore the density of a gas is directly propor-
tional to its pressure, or P/D = K’ at constant temperature, where D
is the density and K’ is a constant.

Law of Charles and Gay-Lussac. Two French physicists, Jacques
Charles (1746-1823) and Joseph Gay-Lussac (1778-1850), discov-
ered additional gas laws near the beginning of the nineteenth cen-
tury. Charles’ law states that when the volume remains constant, the
pressure of a gas increases with the temperature at a rate of %73 of
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PV =2P x %V =3P x KV

Fig. 3. Relation of Volume to Pressure on a Mass of Gas at Constant Temperature.

the pressure at 0°C. for each centigrade-degree increase in tempera-
ture. Algebraically, this law may be expressed as follows:

P =P, [1+ (V=3) T] at constant volume,

where P: is the pressure at any given time and P, is the pressure
at 0°C.

Gay-Lussac showed that, at constant pressure, the volume of a gas
increases with temperature at the rate of %73 of its volume at 0°C.
for each centigrade-degree increase in temperature. This relation-
ship may be expressed as:

V.=V, [1+ (%=z3) T] at constant pressure,

where V. is the volume at any given time and V. is the volume at
0°C.

One consequence of the first equation is that at a temperature of
—273°C. a gas should cease to exert any pressure, that is, its mole-
cules should cease to move. This temperature is called the absolute
zero because, according to this law, no lower temperature can pos-
sibly exist, since neither pressure nor movement can be less than
zero. It has since been found that gases do not follow this law ex-
actly at very low temperatures. Absolute temperatures are tempera-
tures measured in centigrade degrees from the absolute zero.

Combining the laws of Boyle, Charles, and Gay-Lussac, a single
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simple equation may be obtained expressing the relations among
pressure, volume, and temperature for a given mass of any one gas:

PV = RT,

where T is the absolute temperature and R is constant for any one
gas, but variable with different gases.

Pressure. The air is held to the earth by the force of gravity. It
therefore has weight, which is indicated by atmospheric pressure.
At sea level, this pressure amounts to about 14.7 pounds per square
inch, on the average, or about one ton per square foot. It decreases
from this amount with increasing elevation and it also fluctuates
slightly above and below 14.7 pounds per square inch at sea level
with changes in the atmospheric conditions.

The mass of air per unit volume is known as its density, dense air
being a large quantity occupying a small volume. The weight of a
cubic foot of air at sea level is about 1.2 ounces, or 0.08 pound. The
density of the air is, therefore, 0.08 pound per cubic foot. Except for
rare and temporary circumstances, the density and pressure of the
air decrease with increasing height, rather rapidly at first and then
more and more slowly.

The Elements of Weather

The first step in the development of a physical science is to ob-
serve, measure, and record phenomena as they occur. From his early
beginning, man has doubtless given attention to weather phenomena,
but for thousands of years his observations were haphazard and were
mere personal impressions, soon forgotten or distorted. Although
some rainfall measurements were made at a very early date, it was
only about three hundred years ago that man first began to measure
the condition of the air and to record his observations for historical
and comparative purposes. Such measurements necessarily awaited
the invention of the thermometer and the barometer. The former is
credited to Galileo (1564-1642) in about the year 1590; Torricelli
(1608-1647) invented the mercurial barometer in 1643.

Shortly after the invention of these instruments, some systematic
observations of the temperature and pressure of the air were begun,
but such observations did not become widespread, continuous, and
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comparable with one another until within the past 150 years. Today,
when a meteorologist speaks of “making an observation” of the
weather, he implies the careful use of instruments of precision for
the purposes of determining and recording various physical facts
about the condition of the atmosphere by methods so standardized
that his observations are comparable with those of others through-
out the world. His observations, however, are unlike those of the
physicist in the laboratory; they are comparable rather to those of a
physician in observing and measuring the condition of the patient.
The constant and uncontrollable variations in the atmosphere are
analogous to the changes in a living, moving organism.

The meteorological elements. There are a number of physical
properties and conditions of the atmosphere that may be measured
quite accurately. Others must be observed or measured with less ex-
actness because of the lack of mechanical measuring devices. All of
these changeable properties must be measured accurately if we wish
to determine what happens in the air and how it changes, or if we
wish to describe the weather as it is at a given time and place. The
most important of these are: (1) the temperature of the air, (2) the
pressure that the air exerts, (3) the direction and speed of the air’s
motion, (4) the humidity of the air, (5) the amount of cloudiness,
and (6) the amount of precipitation. These are the six fundamental
weather elements. Other items are included in a complete weather
observation, as will be noted later. It is evident that instruments
giving results which can be set down in figures are necessary for ob-
taining an accurate knowledge of conditions and permitting a com-
parison of weather at different times and places. In Chapters 2 and 3,
the instruments and methods used in making the primary and essen-
tial observations are described briefly. Instruments and observational
details have been largely standardized in this country by the United
States Weather Bureau.

Weather and climate. Weather comprises the condition and char-
acteristics of the atmosphere at a given time; climate implies the
totality of weather conditions over a period of years. Climate is not
merely the average weather; it includes also the extremes and vari-
ability of the weather elements, for example, the greatest and least
rainfall, the highest and lowest temperatures, and the maximum
wind velocity for a given period. Since the weather is constantly
changing, we need a long series of observations in order to have rea-
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sonably accurate information concerning the average and most fre-
quent conditions and the probable variations.

Many of the facts in reference to the weather and climate are ex-
pressed in normal values. In meteorology, the word normal is used
for the average, or mean, value of a weather element for a consider-
able period of time. Ordinarily a mean value is not considered a nor-
mal value unless there are at least ten years of record, and much
longer records are required in most cases to establish an approxi-
mately stable normal value. No such thing as an absolutely unchang-
ing normal is known in climatic records. The normal, or average,
value of a weather element is not necessarily its most probable value
at any given time.

Problems

Assuming the pressure of the air to be 14.7 pounds per square inch and
its density to be 0.08 pound per cubic foot, solve the following problems:

1. If air is removed from a vessel of 1 cubic foot capacity and of a total
surface area of 800 square inches until the density is 4 that of the out-
side air, what is the pressure on the vessel tending to crush it?

2. What is the weight of the air remaining in the vessel?

3. What volume of outside air is used to inflate an automobile tire to
a pressure of 32 pounds per square inch in excess of the outside pressure,
if the volume of the tube when inflated is 1,728 cubic inches?

4. What is the density of the air in the tube?

5. What is the weight of the air in the tube?



CHAPTER

2

OBSERVING TEMPERATURE, PRESSURE, AND WIND

Temperature Observations

A weather element of primary concern is the temperature of the
air. Temperature in many parts of the world is subject to wide ex-
tremes and sudden changes; it is a weather element to which human
life, and also plant and animal life, are sensitive; it is an important
factor in determining the conditions of life and the productiveness
of the soil in the different regions of the world; the varying tempera-
ture of the air is responsible for many other weather changes. These
are some of the reasons for the importance of temperature measure-
ments.

Nature of heat and temperature. According to the molecular-
expansion theory of the constitution of matter, all substances are
made up of molecules in more or less rapid motion among them-
selves. As the velocity of its intermolecular motion increases, the tem-
perature of a body rises. Matter in motion possesses energys; it is ca-
pable of exerting a force and of doing work; and the energy due to
molecular motion is called heat. Heat is, therefore, a form of energy,
and a measurable quantity, although not a substance. It may be
transformed into other forms of energy. Although the human body
is responsive to atmospheric temperatures, it is not an accurate in-
strument for the measurement of the temperature of the air. For this
purpose we need thermometers.

Thermometers. Thermometers are instruments designed to re-
spond accurately to changes of temperature. There are various types

14
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and forms of temperature-measuring instruments. They may be clas-
sified on the basis of construction into four major groups:*

1. Liquid-in-glass thermometers which contain either mercury or
some organic spirit such as ethyl alcohol or pentane. This is the most
common type of thermometer for making surface weather observa-
tions.

2. Deformation thermometers include the Bourdon thermometer
(a curved, flattened, liquid-filled tube ) and the bimetallic thermom-
eter which is actuated by the unequal expansion of two dissimilar
metals.

3. Liquid-in-metal thermometers are variations of the Bourdon
thermometer and are especially used by industry. The expansion of
the liquid takes place in a separate, sealed container, and the change
of pressure is transmitted through a small bore to the Bourdon tube,
which may be located at considerable distance from the temperature
being measured.

4. Electrical thermometers are based on the change of the re-
sistance to current as the temperature of the conductor is changed,
or on the thermoelectric principle that when an electric circuit is
made of two dissimilar metals and the junctions are not at the same
temperature, a current will flow. Electric thermometers are not
widely used for surface observations but are commonly used for
upper-air measurements.

The liquid-in-glass thermometer in common use for measuring the
temperature of the air consists of a scaled glass tube with a small uni-
form bore and an expanded bulb at one end. The bulb and a portion
of the tube are filled with a liquid, usually mercury. The height of
the liquid in the tube changes as the temperature of the mercury
changes, because mercury, like other substances, expands as its tem-
perature increases and contracts as its temperature decreases. The
change in volume of the mercury is proportional to the change in
temperature. The glass of the thermometer responds to temperature
changes also, but the coefficient of expansion of mercury is about
seven times that of glass.

The height of the liquid in the tube, when the thermometer is at
the temperature of melting ice, is accurately determined and marked
upon the glass, and similarly a point is marked indicating the tem-

1'W. E. K. Middleton, Meteorological Instruments ( Toronto: University of Toronto
Press, 1947), pp. 55-90.
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perature of boiling water under standard conditions of pressure.
When these two “fixed points” have been determined, the distance
between them on the tube is divided into a number of equal divi-
sions, called “degrees,” and the divisions may be extended beyond
these two points in each direction. The length of the bore and the
amount of mercury in the tube are determined by the range of
temperature conditions expected to be measured by a given ther-
mometer.

On the Fahrenheit thermometer, invented in 1710 by Daniel Fahr-
enheit (1686-1736), a German physicist, the temperature of melting
ice is called 32° and that of boiling water, 212°. Although invented
by a German scientist, the Fahrenheit thermometer is now in com-
mon use only in English-speaking countries. On the centigrade scale,
the freezing and boiling points of water are called 0° and 100°, re-
spectively. The centigrade thermometer is also sometimes called the
Celsius thermometer, after the Swedish astronomer, Anders Celsius
(1701-1744), who invented it in 1742. Temperatures below the zero
of either scale are written with a minus sign. A change in tempera-
ture from 32° to 212°, being a change of 180° on the Fahrenheit
scale, corresponds to a change of 100° on the centigrade scale,
making each Fahrenheit degree equal % of a centigrade degree
(Fig. 4). For some scientific purposes, it is preferable to use a scale
which has its zero at —273°C. and ascends in centigrade units. This
is called the absolute scale and is indicated by the letter “A” follow-
ing the number. The following formulas may be used to convert from
one scale to another:

C=7% (F—232) =A—2T3,
F =% C+32,
A=C+ 273

An accurate thermometer meets the following requirements: the
bore is uniform, the fixed points are accurately determined, and the
graduations are correctly spaced and etched on the stem. It contains
a suitable fluid, one that does not freeze at the temperatures to be
measured and does not readily vaporize or decompose. To meet the
requirement of a nonfreezing liquid, alcohol is used instead of mer-
cury under very cold conditions, for mercury freezes at —38.7°F

" (=39.3°C). The size and shape of the bulb and the size of the bore
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Fahrenheit Centigrade Absolute

M M M Boiling
— 212 100 373 < Point of
203 |95 {368 Water
1194 190 —363

1185 —185 — 358

—{176 — 80 353

—{167 15 — 348

158 10 — 343

149 — 65 — 338

140 60 — 333

{131 {55 — 328

122 — 50 — 323

113 - 45 — 318

—{104 — 40 — 313

— 95 — 35 — 308

— 86 — 30 —303

77 — 25 — 298

—68 — 20 — 293

— 59 15 — 288

50 — 10 — 283

41 mE 1278 Melting
132 0 — 273 «— Point of
— 23 —{ -5 288 Ice

— 14 — -10 — 263

— 5 — -15 — 258

-4 — -20 — 253

--13 — -25 — 248

—{-22 — _30 — 243

—-31 1-35 —238 Freezing
—-40 I -40 233 <— Point of
I -49 I -45 1228 Mercury

Fig. 4. Thermometer Scales Compared.

determine the instrument’s sensitiveness and quickness of response.

Maximum thermometers. Special thermometers are used for ob-
taining the highest and lowest temperatures occurring during any
interval. The maximum thermometer has a constriction of the bore
just above the bulb, through which the mercury is forced out of the
bulb as the temperature rises but does not flow back as the tempera-
ture falls (Fig. 5). The top of the column therefore remains at the
highest point reached since the last setting of the thermometer. The
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maximum thermometer is set by whirling it around a mounting near
its upper end. The centrifugal force thus generated forces the mer-
cury back into the bulb. After setting, the thermometer indicates the
correct temperature at the time, called the current temperature. The
maximum thermometer should be mounted nearly horizontal with
the bulb slightly higher than the other end to lessen the tendency for
the mercury to retreat into the bulb.

Fig. 5. Maximum and Mmnnum Thermometers with Townsend Support. Courtesy,
Friez Instrument Division, Bendix Aviation Corp., Baltimore, Md.

Minimum thermometers. The liquid used in a minimum ther-
mometer is alcohol. A small, dumbbell-shaped, glass index is placed
within the bore of the instrument. The thermometer is mounted hori-
zontally, with the index within the liquid and in contact with its
surface at the end of the column. As the temperature falls and the
column shortens, the index is carried toward the bulb by the surface
tension of the liquid. When the temperature rises, the liquid flows
past the index and leaves it at the lowest temperature reached. After
the minimum temperature is read, the index is returned to the top
of the liquid, which is the current temperature, by simply turning
the thermometer bulb-end up. By making readings of a maximum
and a minimum thermometer once a day, the highest and lowest
temperatures reached during the 24 hours are obtained. A reason-
ably regular reading-hour should be established that is not likely to
coincide with either of the extreme temperatures.

Thermographs. Various types of recording thermometers, or ther-
mographs, are used to obtain a continuous record of the tempera-
ture. One common type uses a Bourdon tube, which has a flattened,
curved metal tube filled with liquid, sealed, and fastened rigidly at
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one end. With change of temperature, there is unequal expansion
or contraction of the liquid and the metal, producing a change of
curvature in the tube, thus moving the free end. This movement is
communicated to a pen, which is caused to move up or down on a
drum that is being slowly rotated by a clock within it. In this man-
ner, a continuous record of the temperature is traced on a ruled
sheet surrounding the rotating drum (Fig. 6). Such a record is less
accurate than one obtained by readings of a mercury thermometer,
but if the thermograph trace is checked and corrected occasionally
by comparing it with an accurate and similarly exposed thermometer,
the results are sufficiently accurate for general meteorological pur-
poses.

R bl o IR T SRS 1 1

m

Fig. 6. Thermograph. A clock mechamsm rotates the cylinder bencath the re-
cording pen. Temperature changes cause changes in the curvature of the Bourdon
tube, A, resulting in vertical movements of the arm, B. Courtesy, Friez Instrument
Division, Bendix Aciation Corp.

Obtaining the temperature of the air. To determine the air’s tem-
perature, more is required than an accurate thermometer. It is
equally important to make sure that the thermometer assumes the
temperature of the air. A thermometer indicates its own temperature,
but sometimes that is not the same as the temperature of the air sur-
rounding it. If the thermometer is exposed to direct sunshine or to
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reflected heat from ground or buildings, it becomes hotter than the
air around it. If it is close to a good radiating surface at night, it
becomes colder than the air. If it is exposed where the air does not
move freely, it may indicate the temperature of the air immedi-
ately around it but not of the general mass of air. These are some
of the reasons why even good thermometers disagree. Most privately
owned thermometers are not properly exposed, yet this is just as im-
portant as having a good thermometer. There often are actual dif-
ferences in air temperature within short distances, and thermom-
eters in the same city should not necessarily agree; but in many cases
the disagreement is due to a failure to secure the temperature of the
free mass of air.

To obtain the correct temperature reading, thermometers are ex-
posed to the freely moving air in such a way that they are screened
or sheltered from other influences. The instrument shelter in stand-
ard use in the United States is a white box with a base about 2 by
2% feet, and about 33 inches high (Fig. 7). It has a sloping double

Fig. 7. Instrumcut Shoiter with Door Open and Instruments m Place. Courtesy,
U. S. Weather Bureau.
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roof with open air space between. All four sides are louvered to
permit free movement of air through it while protecting the instru-
ments from sunshine, rain, and snow. The bottom is nearly closed
but permits some movement of air through it. It is preferably
mounted over sod, about four feet above the ground, to get above
the influence of the surface temperature and into a layer of air that
is moving freely. Shelters embodying the same principles are used in
meteorological services throughout the world.

Uses of temperature observations. Standardized observations of
temperature have been made in some places in Europe for more
than 100 years, and in the United States for more than 60 years.
Many stations in each state have records longer than 35 years. For
stations having sufficient length of record, normal annual, monthly,
and daily values may be obtained; also, the mean maximum and
minimum temperatures and the actual extremes of highest and low-
est temperatures are determined. Monthly and annual temperature
normals based on 10 years of record are frequently used, but 30 to
40 years give more trustworthy normals. Hourly values may be ob-
served and recorded by an observer or, more frequently, read from
the thermograph sheets in stations equipped with this instrument
(Fig. 8). The mean temperature for a given day may be obtained
by taking the mean of the 24 hourly readings, but the sum of the
maximum and minimum divided by 2 is generally used instead. The
mean temperature of a given month is the mean of the average
maximum and average minimum temperatures for that month. The
annual mean temperature is the average of the 12 monthly means.

From the hourly values, or the thermograph record, the daily
march of temperature may be learned, by which we mean the regu-
lar progress of temperature between low and high points during the
day. On the average, the highest temperature for the day occurs,
not at noon, but in mid-afternoon, between 2 and 5 p.m. Most heat is
received from the sun at noon, but during a portion of the afternoon,
the earth and the air near it continue to receive more heat than they
lose, and hence the temperature continues to rise until a balance
between incoming and outgoing heat is reached. This delay in the
occurrence of the maximum until a few hours after noon is known
as the retardation, or lag, of the maximum. From the time of the
maximum, the temperature usually falls rather rapidly until about 8
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to 10 p.m., and then more slowly until additional heat is again re-
ceived from the sun. The time of the minimum is therefore just be-
fore sunrise. These are average conditions; on any one day there
may be irregular fluctuations which upset this regular march of tem-
perature. The difference between the highest and lowest tempera-
tures for any day is called the daily range of temperature. Different
daily ranges indicate important climatic differences. For example,
the average daily range at Key West, Florida, is about 10°F., and at
Wennemucca, Nevada, about 30°F., indicating that Key West, Flor-
ida, has little change in temperature from day to night, and Winne-
mucca, a large change.

The annual march of temperature in most parts of the Northern
Hemisphere makes January the coldest month and July the warm-
est. The reverse is true in the Southern Hemisphere. In the interior
of the United States, daily normals of temperature reach a maximum
about July 15-25 and a minimum about January 15-25, but the most
heat is received on June 21-22 and the least on December 21-22.
There is thus a retardation of both maxima and minima of about
one month (Fig. 9). Where temperatures are influenced by large.
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Fig. 9. Typical Curves Showing Annual March and Annual Range of Temperature.

bodies of water, the retardation is often greater than one month. In
middle latitudes, individual years are marked by great irregularity
in the march of temperature; that is, by irregularly alternating spells
of warm and cool weather of unequal length, so that in a given year
June or August may be warmer than July, and December or Febru-
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ary colder than January. The annual range of temperature means the
difference between the mean temperature of the warmest and the
coldest month.

Pressure Observations

The pressure of the air at a given place is a force exerted in all
directions in consequence of the weight of all the air above it. As
aresult of the air’s constant and complex movements and the changes
in its temperature and its water-vapor content, the weight of air
above a fixed point is continually changing. The pressure, therefore,
like the temperature, is never constant for long; but, unlike tem-
perature changes, variations in pressure are not ordinarily percep-
tible to human senses. They are, nevertheless, an important feature
of the weather by reason of their relations to other weather changes.

Mercurial barometers. The instrument used to measure the at-
mospheric pressure accurately is the mercurial barometer. When a
glass tube about three feet long is filled with mercury and then in-
verted and the open end immersed in a cup of mercury, the mer-
cury will flow out of the tube into the cup until the weight of the
column in the tube (above the surface of the mercury in the cup) is
balanced by the pressure of the air upon an equal cross section of
the liquid surface (Fig. 10). The length of the column of mercury

thus becomes a measure of the

f\HACWM pressure o.f the air. This iS.the.iI.l-
strument invented by Torricelli in

1643. The instruments in use today

are only mechanical refingements of

the original barometer. It becomes

obvious that fixed gradations on the

tube for measurement of the col-

umn height would not be satisfac-

MERCURY tory unless a method were devised
to keep the height of the mercury
in the cup, or cistern, at a constant
level. In the Fortin type of mer-

Fig. 10. A Simple Mercurial cury barometer, the cistern has a

Barometer. flexible bottom to which is at-
tached an adjusting screw by which the level of the mercury in
the cistern is set at a fixed point before each reading (Fig. 11).
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Fig. 11. Mercurial Barometers Mounted in Case. From left to right, Fortin type
with screw to adjust level of mercury in cistern, fixed-cistern type, and a barometer
combining principles of the other two. Courtesy, U. S. Weather Bureau.

A thermometer is attached to the frame of the barometer for rea-
sons to be explained later.
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Units of pressure measurement. In this country, the barometer
scale is usually graduated in inches. In countries where the metric
system is in use, the scale is marked in millimeters. When we say
that the barometer reads 29.92 inches or 760 millimeters, we mean
that the pressure of the air supports a column of mercury of that
length. This value, 29.92 inches or 760 millimeters, is taken as the
normal value of the pressure at sea level at latitude 45°, and is called
the normal atmosphere, or simply one atmosphere. There has now
come into general use another unit of atmospheric pressure, called
the bar, which is not a measure of length but a direct statement of
force per unit area, that is, of pressure. Barometer scales are fre-
quently marked in millibars (mb)—thousandths of a bar. The bar is
equal to 1 megadyne (1,000,000 dynes) per square centimeter.
Under standard conditions of temperature and gravity, a pressure
of 29.53 inches = 1 bar = 1,000 millibars. The millibar, as a unit of
measure of atmospheric pressure, is in widespread use among the
weather services today, and pressures are seldom converted to inches
of mercury except for public uses. A comparison of the three scales
for measuring atmospheric pressure is made in Fig. 12. Note that
1013.2 mb = 29.92 in. = 760 mm.

Barometer corrections. The length of a mercury column which
a given pressure of air will support depends upon the density of the
mercury, and this changes with the temperature. Therefore, to make
an accurate pressure reading, we must take into account the tem-
perature of the mercury; and to compare readings at different times
or places, we must make a temperature correction. For this purpose
a thermometer is attached to the barometer, and all readings are cor-
rected to what they would be at a standard temperature. The stand-
ard in use for the temperature of the mercury is 32°F. The force of
gravity varies over the earth’s surface, decreasing from the poles to
the equator. This is so because the earth is not a perfect sphere, but
a spheroid whose equatorial diameter is about 27 miles (43 km)
greater than the polar diameter. Hence, the same actual pressure
would raise the mercury higher at the equator than at the poles, be-
cause at the equator it weighs less; and it is necessary to make a cor-
rection for gravity depending on the latitude of the barometer.

Each barometer, before being put into use, should be compared
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with a standard precision instrument. Each is usually found to have
certain divergences due to scale inaccuracies and capillarity, and
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Barometer Scales

Compared.

these are grouped together under the
name of instrumental errors. In a well-
made instrument, the instrument errors
are less than 0.01 inch. When these cor-
rections are applied to the observed
barometer reading, the result is the sta-
tion pressure, that is, the pressure at a
definite place and time. A correction, or
adjustment, for the altitude of the ba-
rometer above mean sea level is usually
made by the observing station so that
the pressures of stations at different ele-
vations may be comparable.

Aneroid barometers. Another instru-
ment in general use for the measurement
of pressure is the aneroid barometer. It
consists essentially of a flexible metal
box, or chamber, which is hermetically
sealed after being nearly exhausted of
air, and is kept from collapsing by a
spring within it. The flexible chamber
then responds sensitively to pressure
changes, and the resulting movements
are communicated to an index hand mov-
ing over a dial (Fig. 13a). Aneroid ba-
rometers are compensated for tempera-
ture and require no gravity correction;
the station pressure is read directly from
the dial. Instrumental errors, however,
are considerable and variable, and these
instruments are less reliable than are
mercury barometers and should be

checked frequently with them. Aneroids are light and easily car-
ried without injury, if not subjected to severe jarring, and are there-
fore useful for travelers and explorers and on vessels at sea (Fig,

13b).
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Fig. 13a. Schematic Drawing of an Ancroid Barometer.
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Fig. 13b. Navy Type Aneroid Barometer Calibrated in Inches and Millibars.
Courtesy, Friex Instrument Division, Bendix Aviation Corp.

28
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A barograph is an aneroid barometer that makes a continuous rec-
ord of the pressure. It consists of several metallic chambers, one on
top of the other. The combined motion of these is communicated to
a lever, terminating in a pen. The pen writes a record of the pressure
upon a ruled sheet of paper wound around a drum while the drum
is being rotated slowly by a clock within it (Fig. 14). The continu-
ous records of pressure thus obtained are valuable in showing the
march of pressure, the extremes, and how the pressure is varying at
any time. The barometric tendency, meaning the change in pressure
during a given period of time (usually, the three hours preceding
an observation) is of importance in forecasting the weather.

Fig. 14. Barograph. The fleaible, metallic chambers, A, are partially exhausted
of air and a system of internal springs are balanced against the outside wur pressure.
Changing air pressure results in compression or expansion which causes a vertical
movement of the pen. Courtesy, Friez Instrument Division, Bendix Aviation Corp.

Variation of pressure with height. As we rise above sea level, we
get above some of the weight of the air, and the pressure falls rather
rapidly at first in the dense lower air, and then more slowly as the
air becomes thinner. As a first approximation, we may say that the
pressure decreases 1/30th of its value at any given moderate alti-
tude with an increase of 900 feet in height (275 m). Starting with
a pressure of 30 inches at sea level, at 900 feet above sea level it will
have fallen to 29 inches; during the next 900-foot rise to 1,800 feet
elevation, it will have fallen 1/30th of 29 inches to 28.03 inches; con-
tinuing at this geometric ratio for each successive change of 900
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feet. But the density and weight of the air depend upon its tempera-
ture and, to a lesser extent, upon the proportion of water vapor in
it and the force of gravity. Hence, no accurate correction for alti-
tude can be made without a consideration of these factors, espe-
cially the temperature.

Reduction to sea level. In studying the distribution of pressure
over the earth, it is necessary, then, to take account of the differing
altitudes of the places at which the pressure was measured. In doing
this, all readings are customarily “reduced to sea level.” For places
above sea level, this means adding to the station pressure an amount
assumed to represent the weight of the air in a vertical column ex-
tending from the point of observation to sea level. Since no such
column exists beneath a land station, assumptions as to its tempera-
ture, density, and moisture content are fictitious, and the results are
only approximations. When the altitudes are considerable, as in the
Rocky Mountain region, the reductions thus made are subject to con-
siderable error.

The various corrections to be applied in reducing pressures to sea
level, or conversely, in determining heights by the barometer, are
published in detail in the Smithsonian Meteorological Tables. By ap-
plying these corrections, the difference in altitude between two near-
by places may be determined with considerable accuracy if simul-
taneous observations of pressure, temperature, and humidity are ob-
tained at the two stations.

Altimeter.  The relation of pressure to height above sea level has
long been used by travelers, explorers, and surveyors in making esti-
mates of altitudes and differences in altitude, and now has a wide
application in connection with aviation. The pressure altimeter, car-
ried by all airplanes, is an aneroid barometer graduated to read
directly in heights instead of pressures. The rate of decrease of pres-
sure with height varies with the temperature of the air column and
to a lesser degree with the pressure distribution and the humidity of
the air. The elevations indicated by such an altimeter are correct
only under the assumed standard conditions. If the air is colder than
the standard atmosphere, the instrument indicates too high an alti-
tude; if the air is warmer than the standard, the reading is too low.
Another source of error lies in the fact that the pressure differs widely
from time to time at the same place, and also differs from place to
place at the same height above sea level.
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Before taking off on a flight, the pilot adjusts his altimeter to an
altimeter sctting, which is the pressure at the airport reduced to sea
level by assuming standard atmospheric conditions, not by using
current temperatures. His instrument will then read the correct alti-
tude of the airplane at that moment. As the time since the altimeter
was set increases, and as the plane gets farther from the place where
it was set, the probability of serious error in the indicated altitude
increases. The error may amount to several hundred feet. Obviously,
it is wise to check the altimeter setting frequently with points along
the flight route, and especially to adjust the instrument to the cor-
rect altimeter setting at the destination before landing. An instru-
ment developed during World War II, using the radar principle, is
called the radio altimeter. 1t is installed on all of the larger aircraft
today and enables the pilot to make a direct determination of his
true elevation above the ground and is therefore an absolute alti-
meter.

Results of pressure observations. Pressure observations began in
Italy about the middle of the seventeenth century and have been
carried on more or less continuously in various parts of the world
from that time to the present. Especially during the past hundred
years, observations have been numerous and widely distributed.
Yearly, monthly, daily, and hourly normals have thus been estab-
lished, more or less definitely, throughout the world. The normal
annual pressure is found to differ in different parts of the world, and
the monthly normals at any one place change with the seasons. Out-
side the tropics, there are also comparatively large irregular varia-
tions from day to day, independent of seasonal changes but more
marked in winter than in summer.

Diurnal variations. Finally, there are regular daily variations of
small amounts, resulting in two maxima and two minima each day.
The maxima occur about 10 a.M. and 10 p.m. local time, and the
minima about 4 A.M. and 4 .M., varying somewhat with the season
of the year. These diurnal variations are greatest in equatorial re-
gions, where they amount to about 0.1 inch (3 mb), and grow stead-
ily less toward the poles. In higher latitudes, they are practically
masked by the larger irregular variations and may not be apparent
except in the averages of a long period. A complete physical ex-
planation of these daily changes is difficult, but they seem to be long
atmospheric waves similar to the ocean tides, which move around



32 TEMPERATURE, PRESSURE, AND WIND

the earth about two hours in advance of the sun and are in a com-
plex way associated with the gravitational attraction of the sun and
the daily changes in temperature.

Wind Observations

Wind is air in horizontal motion. Vertical movements in the air
are commonly called currents. Winds are of fundamental importance
in making our weather what it is. In the first place, the motion it-
self is a weather factor of importance—a quiet winter’s day may be
pleasant and a windy day may be disagreeable. In the second place,
the physical condition of the air is largely a function of its source
and horizontal movement. Winds become moist when moving over
large water areas, and they carry this moisture to the land. Air be-
comes cold over frozen or snow-covered regions and moves, as wind,
to warmer regions. Similarly, warm air is transported to normally
cold regions. To describe the movement itself without reference to
the condition of the moving air, two facts about the wind must be
observed, namely, its direction and its speed.

Wind direction. Wind vanes have been in use since ancient times
as indicators of the direction of the wind. A wind is named for the
direction from which it comes, that is, the direction toward which
the arrow of the wind vane points (Fig. 15). Winds are said to veer
when they change in a clockwise direction, such as east to south
or west to north, and are said to back when they change in the op-
posite order.

In order to secure a sensitiveness of response and at the same time
a comparative steadiness in gusty winds, a wind vane about 30 inches
in length may be used, mounted on roller bearings and having a tail
of two pieces, each 8 inches wide and 12 inches long, making an
angle of 22° with each other. An automatic record of the wind di-
rection at intervals of one minute may be obtained by attaching a
cam collar to this vane and connecting it by electrical circuits to a
recording device actuated by clockwork. A recording instrument in
common use is the meteorograph or triple register. It records not
only wind direction, but also wind speed, sunshine, and rainfall, as
will be noted later. Hence the name “triple register,” because it re-
cords three weather elements.

Other devices are in use, called ancmoscopes, which give a con-
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Fig. 15. Wind Instruments. These instruments arc mounted on the tower support
on top of the observatory of the central office of the U. S. Weather Bureau, Wash-
ington, D.C. From left to right, Dines (pressure tube) anemometer, thunderstorm
indicator (generating voltmeters), 4-foot wind vane, and 3-cup anemometer. The
anemometer is whirling quite rapidly so that the cups are not discernible. Courtesy,
U. S. Weather Bureau and L. E. Johnson.
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tinuous record of wind direction. There are also wind-direction in-
dicators showing exact directions at any instant by a pointer on a
dial. Both surface winds and winds aloft are observed according to
36 points of the compass, or to the nearest ten degrees (Fig. 16).

Fig. 16. Wind Directions.

Wind direction is plotted on a weather map by means of a wind
shaft drawn toward the station from the direction of the wind. A
surface wind is plotted as W, WNW, NW, NNW, and so forth, and
velocity is shown by feathers on the shaft (Fig. 17). Winds aloft are
represented in the same manner with accuracy to 36 points of the
compass.

Wind speed. Moving air exerts a force or pressure against ob-
jects in its path, and that force is proportional to the square of its
velocity.* This may be expressed by the equation: P = KV*, where P
is the pressure exerted by the wind, V is its velocity, and the value
of K depends upon the units used. If pressure is expressed in pounds

2 In strict usage, velocity is a vector quantity and equals speed in a particular di-
rection. In common usage and as ordinarily tabulated, wind velocity refers to speed
of motion without reference to direction.
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per square foot and velocity in knots,® then P = 0.0053V?, approxi-
mately, for a flat surface normal to the wind, where pressure includes
also the suction on the rear of the surface. (When velocity is ex-
pressed in miles per hour, the formula becomes P = 0.004V=,) By rea-
son of this force exerted by the wind, its veloctiy can be estimated
without instruments by its effect on surrounding objects. For this
purpose a scale has been developed, known as the Beaufort scale.
Originally developed by Admiral Beaufort of the British Navy in
1805, this scale was at first expressed in terms of the effect of the
wind on the sails of a ship but has since been adapted for both land
and sea use (Fig. 17).

—l;mufort Miles Per .ﬁkl.;)v.;"gnnbnl_ I;.‘j\‘))hmulur;;_§~
Number Knots Hour (Northeast Wind) Title
0 Less than Less than
1 1 ® Calin
1 1-3 1-3 / Light Air
2 4-6 4-7 /— Light Breeze
3 7-10 8-12 Vel Gentle Breeze
/
4 11-16 13-18 /: Moderate Breeze
5 17-21 19-21 /E Fresh Breeze
6 j 22-27 25-31 /—Cﬁ Strong Breeze
7 | 28-33 32-38 /5 Moderate Gale
8 [ 34440 39-16 /g== Fresh Gale
9 ‘ A1-47 47-54 /5 Strong Gale
| 44
10 | 1855 55-63 /5 Whole Gale
11 : 56-65 64-75 /5 Storm
12 Above Above = Hurricane
B i 65 75

Fig. 17. Beaufort Wind Scale. A simplified scale rapidly gaining popularity is one
where each half-feather represents five knots of wind and fifty knots are represented
by a triangular pennant,

For a mechanical measurement of wind velocity, several types of
anemometers have been developed. A simple deflection anemometer
consists of a board, hinged at the top and swinging in the wind, hav-
ing an attached arc to indicate the angular amount of its deflection

3 The knot, one nautical mile (8,080.20 feet) per hour, has become the standard
unit of wind velocity in the United States. The term originated at sea from divisions
in the log line arranged to measure a ship’s speed through the water.



36 TEMPERATURE, PRESSURE, AND WIND

from the vertical. From this deflection the velocity may be calcu-
lated. A pressure tube anemometer consists of a U-shaped tube con-
taining a liquid and having one of the open ends directed toward
the wind. The difference in level of the liquid in the parts of the
tube is a measure of the pressure of the wind and hence of its
velocity.

Robinson cup anemometer. For meteorological purposes, the
Robinson cup anemometer has long been in general use in this coun-
try. In this type of instrument, a set of hemispherical cups is mounted
on a vertical axis attached to a spindle which actuates a dial (Fig.
18). As the cups revolve in the wind, distances are indicated on the
dial in knots or miles per hour. In making such an instrument it is
necessary to use a fixed ratio between the speed of the cups and the
distance indicated on the dial. In fact, however, the ratio of the
speed of the cups to the true velocity of the wind varies, making the
readings of the anemometer too small at low velocities and too great
at high velocities. This has been determined by careful calibration
of such anemometers in a wind tunnel, where the movement of the
air is known accurately by other means. The corrections so deter-
mined are applied to the indicated velocities before publication.

By fitting the dial with posts that
press against a spring and thus
close an electric circuit for each
mile, an automatic record of the
wind movement is obtained on the
meteorograph on the same sheet
with the record of the direction.
Both the anemometer and the wind
vane may also be connected elec-
trically with an indicator located in
an office at some distance in such
a manner as to enable the observer

Fig. 18. Robuwon 3-cup Anemom-  t5 determine the direction and
eter. Totalizing dials mdicate the total . . .
miles ot wind, and electrical contacts speed of the wind at any time with-
operate a spf-od indicator and recorder.  guit visiting the instrument.
Courtesy, Friez Instrument Division,

Bendix Aviation Corp. Aerovane. A recent develop-

ment is the Bendix-Friez aerovane
wind transmitter, a combined anemometer and wind vane. It uses a
three-bladed propeller for measuring the speed of the wind, and a
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Fig. 19. Aerovane. Instantaneous direction and speed of the wind may be read
remotely from the dials connected to this instrument. Courtesy, Frtez Instrument
Division, Bendix Aviation Corp.
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streamlined vane for direction (Fig. 19). The propeller rotates at a
rate proportional to the wind speed. The vane performs two func-
tions: it indicates the wind direction, and it keeps the propeller axis
pointed into the wind (Fig. 18). Both are connected with indicat-
ing or recording instruments.

Gustiness of winds. The record made by a cup anemometer
gives the time between successive miles of wind, but a pressure tube
anemometer may be arranged to give a continuous graph of the
fluctuations of the wind. Other types of instruments to indicate the
gustiness and instantaneous speed of the wind have been devised.
One of the simpler and more practical of these is the Gurley electric
anemometer, a three-cup anemometer in connection with a high-
frequency oscillator. A recording mechanism may be attached for
making a continuous, permanent graphic record. The records ob-
tained by such instruments show that the flow of air near the surface
of the carth is never steady. It is not a streamline flow, but a move-
ment in successive gusts and lulls of a few seconds’ duration (Fig.
20). This turbulence is greater the higher the wind velocity; it is
greater over land than over ocean surfaces, and greater over forests
and cities than over bare, level ground. Evidently, the turbulent
motion is caused, in part at least, by surface irregularities and
friction.

Fig. 20. Ancmoscope Record, Showimg Gustiness of the: Wind. Courtesy U, S.
\Weather Burcau.

Friction at the earth’s surface induces gustiness by checking the
flow of the lowest layer, letting the layers above it break over it like
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the waves along a sloping seacoast. Surface obstacles turn the air
out of its course and into numerous cross currents. Eddies around
buildings and through city streets are familiar examples of turbulent
motion, but all the trees and shrubs and all the little irregularities
of the land cause similar eddies in relation to their size, changing
both the speed and the direction of the wind in their vicinity. The
effect of such obstructions extends to five or six times their altitudes.
These effects are, therefore, local and confined to the air near the
earth’s surface, unless other forces aid in causing unsteady motion.

Effect of altitude. The average velocity of the wind increases
with height above the ground. There is a marked increase in the first
100 feet (30 m). In general, the velocity at the height of 33 feet is
about twice that at 1'4 feet, and the velocity at 100 feet is 1.2 times
that at 33 feet. This reduced velocity near the surface is evidence of
the “frictional drag” of the earth. Notwithstanding the increased
velocity, there is less turbulence as we rise into the free air, but some
effects of surface eddies are felt to heights of 6,000 to 9,000 feet
(1800-2700 m). Turbulence also sometimes originates in the upper
air through the contact and resulting friction of winds of different
directions or velocities and different densities.

Exposure of wind vane and anemometer. Considering the cffects
of surface turbulence and surface drag, it is evident that, in order to
get records truly representative of the general conditions in a region,
the place of exposure of the wind instruments must be carefully se-
lected. They should be placed where they are as free as possible of
interference from local irregularities, that is, as far as possible from
adjacent high objects and as much as possible above them. Often
they are placed on the roofs of buildings at varying distances from
other buildings of comparable height, and are raised on steel sup-
ports from 15 to 25 feet above the roof, thus making the elevation
above ground 50 feet (15 m) or more, and sometimes 200 or 300
feet. Exposure of anemometers on the roofs of buildings and at vary-
ing elevations in different localities is unsatisfactory for comparative
purposes. It would be better if all could be exposed on towers in
the open and at standard heights above the ground. Exposures at
airports are generally more satisfactory than at city offices. Valleys,
even shallow ones, affect the direction at the surface markedly and
the speed to a less extent, and the wind records obtained in moun-
tainous regions are seldom representative of large areas.
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Results of wind observations. The records obtained by continued
observations of the wind afford valuable information which may be
summarized in various ways. Official records in the United States
give the prevailing direction and the average velocity for each day,
month, and year, and the monthly and annual normals; also, the
maximum velocities by months, and the number of days when veloci-
ties of 32 miles per hour (16 mps) or more occurred. Also calculated
are the percentages of the time that the wind blew from each of the
principal directions and the percentages of the total movement from
each direction. Wind data may be graphically presented by means
of a wind rose, in which the relative lengths of the radiating lines in-
dicate the relative frequency of the winds from the different direc-
tions (Fig. 21).

NW Annual variations. The accu-
mulated observations show that

N NE there is an annual change in both

the direction and the speed of the

wind in most parts of the world.

The velocity is greater, on the aver-

w E  age, in winter and spring than in
summer and autumn. The reason
for this is the greater contrast in

SE temperature between high and low
)} g
sw latitudes in winter and spring sea-
s sons, as will be noted later. Usually
9 L 18 24 arch is i ;
} TR v March is the month of highest

. . average velocity and August the
Fig. 21. Wind Rose for New York .
City. Average annual percentage of month of the lowest; but in a large
winds from eight directions. part of the Mississippi and Mis-
souri valleys, April is windier than
March. In Rocky Mountain and Pacific Coast regions and in the
vicinity of the Great Lakes, there is considerable local variation in
the months of highest and lowest average velocity. The prevailing
direction of the wind also frequently changes with the seasons,
owing to changing temperature contrasts between land and ocean
areas.
Diurnal variations. The velocity of the wind is generally greater
by day than by night over land surfaces, especially in summer and



TEMPERATURE, PRESSURE, AND WIND 41

on clear days. The highest average occurs from 1 to 3 .M., and the
lowest about sunrise. These diurnal variations are caused by the
heating and rising of the surface air by day and the descent of cooler
air from aloft. This explanation is confirmed by the fact that at sea,
where the surface does not become diurnally heated, there is little
difference between day and night velocities. The conditions under
which vertical interchanges of air take place are discussed in Chap-
ter 5. In most coastal regions, there is a daily change in wind direc-
tion, which will be considered in more detail in Chapter 7.

Irregular variations.  Although the annual and daily variations of
the wind movement recur with more or less regularity, they are sub-
ject to continual interruption by irregular changes due to special
causes. Sometimes these erratic variations occur as squalls—sudden
marked increases in velocity, like gusts but lasting much longer. At
other times, the wind may shift radically in both direction and speed
and may continue from the new direction for several hours or even
days. An explanation of these irregular wind variations must be de-
layed for later discussion.

Problems

1. Express the following Fahrenheit temperatures in the centigrade
scale: 86°; 447; 23°;, —13°,

2. Change the following centigrade temperatures to Fahrenheit: 35°;
23°; 10°; —10°; —20°.

3. The following barometer readings are given in inches: 28.75; 29.54;
30.15; 30.36. Express them in millimeters and in millibars.

4. What is the approximate barometric pressure in inches and in milli-
bars at the following clevations: 1,800 feet; 2,700 feet; 1 mile?

5. What is the pressure in pounds per square inch at the clevations in
problem 4? (A cubic inch of mercury weighs 0.49 pound.)

6. Calculate in round numbers the total weight (pressure at the sur-
face) of the earth’s atmosphere.

7. From data given in Table V, Appendix 3, draw graphs of the an-
nual march of temperature at Honolulu, London, Moscow, Freetown,
Melbourne, and note variations in annual range and in retardation of
maximum and minimum. Compare with Fig. 9.

8. What pressure does the wind exert against a wall, 60 by 140 feet, if
it is blowing at the rate of 12 knots? 24 knots? 50 knots?



CHAPTER

3

OBSERVING MOISTURE, SUNSHINE, VISIBILITY,
AND UPPER-AIR CONDITIONS

Water vapor is the most variable of the gases of the atmosphere,
ranging from almost zero to a maximum of about four per cent by
volume. It is extremely important to man’s existence on the earth
and constitutes one of the primary elements of weather. It not only
contributes to the heating and cooling of the earth’s surface but is
directly related to the distribution and extent of precipitation over
the carth.

Humidity Observations

Some of the molecules at the surface of a liquid are continually
escaping and entering the air as gaseous molecules, thereby reduc-
ing the volume of the liquid. For any surface of a given liquid, such
as water, the number of molecules that escape in a period of time
depends solely upon the speed at which they are moving, that is,
upon the temperature of the surface of the liquid. Raising the tem-
perature increases the velocity of the molecules and the rate at which
they break free from the liquid surface. In this way, water vapor en-
ters the air from water surfaces, moist soil, and growing plants. The
process is called evaporation, and it occurs in all liquids. Ice and
snow sometimes change directly from the solid to the gaseous state.
This process is called sublimation. In breaking away from the attrac-
tion of the other molecules, the escaping molecules use heat energy
at the expense of the immediate environment. The heat energy so
lost does not warm the gas but is used solely in effecting the change
of state, and is called latent heat of vaporization, or latent heat of

42
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sublimation, as the case may be. This latent heat is again returned
to the environment upon condensation of the water vapor. The wide
use of evaporative cooling units throughout the western half of the
United States is evidence that cooling by evaporation contributes
much to the temperature characteristics of the atmosphere.

Vapor pressure and saturated vapor. When water vapor escapes
into space and mixes with the other gases of the air, it exerts a pres-
sure in all directions, as do the other gases. This is known in mete-
orology as the vapor pressure of the air. It is independent of the
pressure of the other gases, exerting the same pressure when mixed
with the other gases of the air as it would alone. The force exerted
depends upon the concentration of the vapor, that is, upon the num-
ber of molecules per unit volume. It is commonly expressed in the
same units as the total air pressure, either in millibars or in inches
or millimeters of mercury, referring to the length of the barometer
column which the partial pressure due to the water vapor would
sustain.

Considering an open water surface, we find not only an escape of
molecules from the liquid to the air, but also some return of the
gaseous molecules to the liquid. At first the number escaping will
be greater than the number returning, and we say that evaporation
is occurring. But as the number of molecules of vapor in the air in-
crease, there is an increase in the vapor pressure and in the number
returning to the liquid, until a point is reached when the number re-
turning is just equal to the number escaping. The net evaporation
is then zero, and the air is said to be saturated; that is, the space can
hold no more water vapor under the existing conditions. If we now
raise the temperature of the air, the tendency of the water vapor to
return to a liquid state is decreased, and we must add more vapor
to keep the space saturated. At any given temperature, the satura-
tion vapor pressure has a definite, fixed value, but the value changes
rapidly with change of temperature, as may be seen in Table I, page
48. For example: at 0°F. the saturated vapor pressure is 0.038 inch;
at 50°F., 0.360 inch; and at 100°F., 1.916 inches. These values have
been determined by careful experiment.

Dew point and condensation. The dew point of a given mass of
air is the temperature at which saturation occurs when the air is
cooled at constant pressure without the addition or removal of water
vapor. The dew point is always expressed in degrees of temperature
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and is frequently compared with the temperature of the free air to
determine humidity conditions. The dew point is determined by the
vapor pressure of the air, however, and is entirely independent of
the actual temperature.

If the air is cooled below its dew point, some of the water vapor
becomes liquid. This process of changing from a gas to a liquid is
called condensation. As heat is transformed into work in the process
of evaporation, resulting in cooling the liquid, so, in condensation, an
equal amount of energy is transformed into heat, called latent heat
of condensation, which results in adding heat to the air. Ordinarily
condensation begins as soon as the dew point is passed; but under
certain conditions condensation is delayed until the vapor is cooled
considerably below its dew point. In that condition the air is said
to be supersaturated. .

Absolute humidity. In dealing with the moisture in the air, one
quantity that may be measured is the actual mass of water vapor in
a given sample of air. It may be expressed, for example, as the num-
ber of grains’ weight in a cubic foot of air, or the number of grams
in a cubic centimeter. We thus obtain the absolute humidity, which
is defined as the mass of water vapor per unit volume of air.

Specific humidity, Another measure of humidity which has come
into general use in meteorological studies, especially in connection
with upper-air observations, is called specific humidity, defined as the
weight of water vapor per unit weight of air (including the water
vapor). Notice that absolute humidity is the relation of the weight
of vapor to the volume occupied, and specific humidity is the rela-
tion of weight of vapor to weight of air. Again, since the pressures
exerted by gases are proportional to their masses, specific humidity
may be obtained by dividing the partial pressure due to the water
vapor by the total pressure of the air. Thus we have the equations:

Weight of vapor  pressure of vapor (¢) Ke
Sp. Hum. (q) = = =

2

Weight of air _total air pressure (p) p

where e and p are expressed in barometric units, such as millibars
or inches, and K is a constant depending on the unit of specific
humidity. Specific humidity is usually expressed in grams of water
vapor per kilogram of air, and the equation becomes: ¢ = 622 e/p.
When a quantity of air expands or is compressed, the total pressure
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and the vapor pressure change in the same ratio, so that the value
of e/p remains the same. Hence, the specific humidity is constant
under these conditions; it does not change unless water is added or
removed.

Mixing ratio. The mixing ratio is defined as the weight of water
vapor per unit weight of completely dry air. It is the ratio of the
water vapor to the remainder of the air. It thus differs from specific
humidity only in using the pressure of the dry air instead of the total
pressure of the air. Therefore, using w for mixing ratio, the equation
becomes:

e
w = 622

p—e

in grams per kilogram. Since e is small as compared with p, the
numerical values of mixing ratio differ little from those of specific
humidity. *

Relative humidity. Relative humidity is another manner of ex-
pressing water-vapor content of the air. It may be defined as the ratio
between the amount of water vapor present and the amount required
for saturation under fixed temperature and pressure conditions. Rela-
tive humidity is always expressed as a percentage or ratio. The
amount of water vapor present in a unit volume of air is, by defini-
tion, the absolute humidity; hence, the relative humidity equals the
absolute humidity divided by what would be the absolute humidity
if the air were saturated. Since vapor pressure, absolute humidity,
specific humidity, and mixing ratio are different ways of expressing
the same thing, relative humidity may be expressed in each case as
the ratio between the existing condition and the saturated condi-
tion. A common algebraic expression for relative humidity is:

e

€s

where f is the relative humidity, e is the vapor pressure, and e, is the
saturation vapor pressure,

Relative humidity and dew point are widely used by the layman
to express water-vapor characteristics of the atmosphere, while
vapor pressure, mixing ratio, absolute humidity, and specific humid-
ity are commonly used only in scientific study of the atmosphere.



46 MOISTURE, SUNSHINE, VISIBILITY

Measurement of humidity. The dew point may be determined
directly by a simple laboratory experiment. When water is placed in
a thin-walled, brightly polished silver cup and kept well stirred, the
temperature of the liquid and the cup will be the same. When suf-
ficient ice is added to cool the water and the cup below the dew
point of the surrounding air, the outer polished surface of the cup
will be visibly clouded by beads of water. The temperature of the
water (thoroughly stirred) at the time this clouding begins is the
dew point of the surrounding air to a close approximation. An in-
strument of this kind is called a dew-point hygrometer.

The absolute humidity may be measured by passing a known
volume of air through a chemical which absorbs the moisture, and
noting the resulting increase in weight of the absorbing substance.
By more elaborate instrumental means, the saturation vapor pres-
sures at different temperatures have been experimentally determined
with great care. From such laboratory determinations, and from the
known physical relations between the various humidity factors,
tables of humidity values have been prepared and published. The
authoritative publications in this country are Smithsonian Meteoro-
logical Tables, published by the Smithsonian Institution, and tables
published by the United States Weather Bureau.

Psychrometers. In meteorological practice, a psychrometer is
commonly used for humidity measurements. The whirled psychrom-
eter consists of two mercury thermometers with cylindrical bulbs,
mounted vertically within the instrument shelter upon a frame that
can be turned rapidly. The two thermometers are alike, but one has
a thin piece of clean muslin tied around the bulb. This bulb is dipped
in water, and the two are whirled. After a minute or two of whirl-
ing, the two thermometers are read. The reading of the thermom-
eter with the dry bulb is the current temperature of the air; the
wet-bulb thermometer will ordinarily be found to have a lower read-
ing. The whirling is repeated until no further reduction in the
reading of the wet-bulb thermometer can be obtained. This read-
ing is called the wet-bulb temperature. It remains constant as long
as the covering remains wet and the whirling is continued, provided
the air retains the same temperature and the same moisture content.
The cooling of the mercury is due to the evaporation of the moisture
around it and is directly proportional to the dryness of the air. The
difference in temperature between the dry-bulb and the wet-balb
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Fig. 22. Wlurled Psychrometer. For humidity observations, a wct mushn sleeve is
fitted over the bulb of onc of the thermometers, which are then whirled rapidly by

turning the crank. Courtesy, Friez Instrument Division, Bendix Aviation Corp.

thermometers, therefore, gives a measure of the moisture of the air.
Given this difference, which is called the depression of the wet bulb,
it is possible to read the dew point, vapor pressure, and relative hu-
midity from the Smithsonian Meteorological Tables. A sling psy-
chrometer is a similar instrument except that the two thermometers
are mounted together on a metal back and are whirled by hand by
means of an attached cord or chain. The aspiration psychrometer
has the two thermometers enclosed in a tube through which air is

drawn by a fan.
A humidity-measuring device recently developed is called the
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telepsychrometer. As the name implies, it shows the wet-bulb and
dry-bulb readings on an indicator dial mounted in the weather office
while the measuring instrument is favorably exposed to the free at-
mosphere some distance away. The telepsychrometer permits the
observer, by means of electric controls, to perform the necessary
operations for a reading without leaving the office. A heater element
is incorporated to permit the telepsychrometer to function at tem-
peratures below freezing.

In Table I, condensed from Psychrometric Tables of the United
States Weather Bureau, will be found the saturation vapor pressures
for various temperatures, and also a table for obtaining dew points
from psychrometric observations. Differences between the readings
of the wet-bulb and dry-bulb thermometers are given at the head of
the columns 1 to 30. The dew point corresponding to a given air
temperature and a given depression of the wet-bulb thermometer is
found in the body of the table. For example, when the temperature
is 50° and the depression is 6°, the dew point is 37°; also, when the
temperature is 65° and the depression 14°, the dew point is 37°.
Similarly, Table II gives the relative humidity in terms of the air
temperature and the cooling of the wet thermometer. It will be
seen, for example, that the relative humidity is 55 per cent when
the temperature is 20° and the depression 3° and again with a tem-
perature of 70° and a depression of 10°.

Hygrometers. The hair hygrometer is an instrument which gives
a direct reading of the relative humidity. The oils are removed from
a strand of human hair, which is then attached so that its changes
in length actuate a pen moving over a dial. In the hair hygrograph,
the pen moves over a cylinder and makes a continuous record of
the relative humidity. The hairs change their length in proportion
to the changes in relative humidity, getting longer as the humidity
increases. In using psychrometers or hygrometers, it must be re-
membered that maintaining an active movement of air past the in-
strument is essential to obtaining a correct reading.

The psychrometer is rather inaccurate at temperatures below
freezing, because ice forms on the bulb. The hair hygrometer needs
frequent calibration and is slow in responding to humidity changes.
The time lag increases as the temperature decreases, and is so great
as to make the instrument practically useless at temperatures a lit-
tle below zero F. These defects make the hair hygrometer unsatis-
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factory for use on airplanes or for other upper-air measurements be-
cause of the low temperatures and rapid changes in humidity en-
countered. An electric hygrometer has recently been developed to
replace the hair hygrometer, especially on airplanes and radiosondes.
It makes use of the fact that the resistance through an electrical con-
ductor coated with a moisture-absorbing material varies as the rela-
tive humidity varies.

Humidity records. From readings of the psychrometer, one ob-
tains the dew point, relative humidity, and vapor pressure. Many
stations also obtain a continuous record of the relative humidity by
means of the hair hygrograph (Fig. 23). The relative humidity
shows both a diurnal and an annual variation; it is, on the average,
greatest during the coolest part of the day and of the year, and least
during the warmest portions.

Vapor-pressure and dew-point data are used in many meteorolog-
ical studies, in the forecasting of weather conditions, and in many
practical applications. Variations in relative humidity have a direct
effect on human comfort and health, as will be noted later, and also
affect many of man’s occupations. For example, maintenance of the
correct relative humidity is important in keeping fruits, eggs, and
other perishable products in good condition in cold storage. Such
products as silks and cigars can best be manufactured where the hu-
midity is rather high, but sun-dried fruits require a dry atmosphere.

Evaporation Observations

Evaporation is of primary interest in meteorology as the source of
the water vapor of the air. It is also important in its effect on soil
moisture and plant growth.

Amount of evaporation. The depth of water evaporated from a
given water surface in a given time depends in the main upon the
following factors:

1. Vapor pressure of the water surface This is directly related
to the temperature of the water surface. Increasing the temperature
increases the vapor pressure and the evaporation, if other conditions
remain unchanged.

2. Vapor pressure of the air. The rate of evaporation varies di-
rectly as the difference between the saturation vapor pressure at the
temperature of the water surface and the existing vapor pressure in
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Nebraska, are shown. Occasional showers fell from 6 P.M. of the 24th to 1 A.M. of the 26th.
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the air. The latter varies directly with the relative humidity of the
air.

3. Wind movement. Wind removes the moist air in direct con-
tact with the water and replaces it with drier air. Hence, evapora-
tion increases with wind velocity.

4. Salinity. The presence of dissolved minerals or salts in the
water retards evaporation. Evaporation from sea water is about five
per cent less than from fresh water, other conditions being the same.

Measurement of evaporation. The evaporation from a water sur-
face is often measured by use of a shallow circular pan, 4 to 6 feet
in diameter and 10 to 12 inches deep. This pan is filled with water
nearly to the top and the decrease in depth is measured carefully
every 24 hours by a hook gage (Fig. 24). The loss of water from
such a pan will depend not only on the general factors mentioned
in the preceding paragraph, but also on the size of the pan and its
methods of exposure—whether it is burjed in the ground, resting on
the surface of the ground, or raised above ground with air circulat-
ing beneath. All of these factors affect the temperature of the water.
The evaporation from such a pan is not the same as from a lake
under similar weather conditions, partly because the lake water
takes on a different temperature, and partly because the moisture
content of the air is increased in moving across a considerable body
of water.

Evaporation from plant and soil surfaces is great, and the rate is
affected by other factors in addition to those applying to a water
surface. In the case of the soil, evaporation is influenced by the
texture and tilth of the soil and by its water content. In the case of
plants, it varies for each species and, in the same species, with the
leaf surface and the growing condition of the individual plant. No
satisfactory formulas have been developed to connect the measured
evaporation from a pan with the loss from larger bodies of water or
from plants and soil, as the relations are complex in all cases. How-
ever, records made in different localities with the same kind of pan,
similarly exposed, give valuable comparative results, showing the
relative amounts of evaporation in different climates.

Another method of measuring evaporation has been developed by
Thornthwaite and Holzman.! They mounted two small instrument

1 C. W. Thomthwaite and B. Holzman, “The Determination of Evaporation from
Land and Water Surfaces,” Monthly Weather Review, Vol. 67, 1939, pp. 4-11.
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Fig. 24. Class A Evaporation Station From left to nght the istruments and equip-
ment are an instrument shelter, weighing rain gage, evaporation pan with stillwell and
anemometer, and a standard 8-inch rain gage. Courtesy. U. S. Weather Bureau.

shelters on a tower, one near the surface and one several feet di-
rectly above the other. Recording instruments within these shelters
give a continuous record of pressure, temperature, and relative hu-
midity. From these data the specific humidities of the air at the two
shelters, and the density of the air, are calculated. Continuous rec-
ords of the wind velocity at the two points are also obtained. The
differences between the specific humidities and between the wind
speeds at the upper and lower points, taken together with the density
of the air, give a measure of the vertical flow of water vapor. That
is, they determine the mass of water moving upward in a given time,
and hence the loss by evaporation from the surface, including the
transpiration from plants. The method can be used over either land
or water surfaces.

In the greater part of the western half of the United States, where
precipitation is light, the annual evaporation from a water surface
is greater than the annual rainfall. In parts of Arizona it has been
found to be more than nine times the 1amfall. In spite of difficul-
ties in the application of evaporation data to specific problems, such
data are of much practical value; for example, to hydraulic en-
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gineers, in the planning of storage reservoirs and irrigation systems;
and to plant scientists, in the study of the relations of plants to their
environment.

Cloud Observations

Clouds are condensed moisture, consisting of droplets of water or
crystals of ice, having diameters varying from 0.001 to 0.004 inch.
They are easily sustained and transported by air movements as slow
as one-tenth of a mile per hour.

Cloud classification. Although clouds are prominent and often
spectacular features of the sky in nearly all parts of the world, there
seems to have been no attempt to name and classify them until an
Englishman, Luke Howard, in 1803, suggested the classification
which has become the basis of all later cloud nomenclature. How-
ard’s system was based on the appearance of the clouds to the ob-
server on the earth, but has been modified from time to time to
conform to increasing knowledge of the physical processes in the
formation of clouds of different types. The classification now in use
throughout the world is known as the international classification
and is sponsored by the International Meteorological Committee,
representing the official meteorological services of the world. It was
first published in 1896 and has been revised at intervals. The latest
revision defines and describes ten types of clouds, retaining the
three main type forms: cirrus, stratus, and cumulus, first named by
Howard. The other names are derived by combinations of these
three words and by the use of alto, meaning high, and nimbus, mean-
ing rain cloud (Fig. 25). In addition, there are numerous subtypes
or varieties.

International cloud forms. The ten forms now given official in-
ternational names and descriptions are as follows (the abbreviations
are also in international use ):

1. Cirrus (Ci.). Detached clouds of delicate and ﬁbrous appear-
ance, without shading, generally white in color, often of a silky ap-
pearance, of varied forms, such as tufts and featherlike plumes, and
often arranged in bands. Clouds of the cirrus family are composed
of ice crystals. Light rays from the sun or the moon frequently cause
a halo to be visible. Because of their great altitude, these clouds
often reflect beautiful hues of red or yellow before sunrise and after
sunset.
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2. Cirrocumulus (Cc.). A group of small white flakes or very
small globular masses, without shadows, associated with cirrus or
cirrostratus, often arranged in rows; rather rare.

3. Cirrostratus (Cs.). A thin, whitish veil which does not blur
the outline of the sun or moon but gives rise to halos; sometimes it
merely gives the sky a milky look, sometimes shows a fibrous struc-
ture with disordered filaments.

4. Altocumulus (Ac.). A layer or patches composed of flattened,
globular masses with or without shadows. The globules frequently
have definite dark shading. Sometimes they occur in a regular pat-
tern or lines or waves, producing what is called a mackerel sky. Some
varieties are closely packed, approaching altostratus, and some have
a vertical development, suggesting cumulus clouds.

5. Altostratus (As.). Striated or fibrous veil of ground-glass ap-
pearance, more or less gray or bluish in color, like thick cirrostratus
but without halo phenomena; the sun or moon shows vaguely or is
completely hidden. Rain or snow may fall from altostratus, and
from any of the following forms.

6. Stratocumulus (Sc.). A layer or patches of flakes or globular
masses; the smallest of the regularly arranged elements are fairly
large; they are soft and gray with darker parts, arranged in groups,
lines, or rolls. Often the rolls are so close that their edges join
together; when they cover the whole sky, they have a wavy appear-
ance.

7. Stratus (St.). A uniform layer of cloud, resembling fog, but
not resting on the ground. When this low layer is broken up into
shreds, it is designated fractostratus (Fs.).

8. Nimbostratus (Ns.). A low, amorphous, rainy layer of dark-
gray color and nearly uniform. When it gives precipitation, con-
tinuous rain or snow results; but it should be called nimbostratus
even when no rain or snow falls.

9. Cumulus (Cu.). Thick clouds with vertical development; the
upper surface is dome-shaped and exhibits protuberances, while the
base is nearly horizontal. When the light comes from the side, the
clouds exhibit strong contrasts of light and shade; against the sun,
they look dark with a bright edge. A broken cloud resembling a
ragged cumulus in which the different parts show constant change
and are without well-defined upper and lower limits is called frac-
tocumulus (Fc.). Two distinct types of cumulus are recognized.
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Cumaulus humilus, or cumulus of fair weather, have limited vertical
development. Bases and tops are clearly defined and tend to persist
in a fairly constant state. Cumulus congestus, or towering cumulus,
shows marked vertical development. They may have well-defined
bases, but their tops often “boil,” showing evidence of atmospheric
instability and strong vertical air currents. Cumulus congestus may
develop into cumulonimbus.

10. Cumulonimbus (Cb.). Heavy masses of cloud with great
vertical development, whose summits rise in the form of mountains
or towers, the upper parts having a fibrous texture and often spread-
ing out in the shape of an anvil; generally producing showers of rain,
snow, or hail. The base often has a layer of low, ragged, fractostratus
or fractocumulus clouds below it. Masses of cumulus clouds, how-
ever heavy they may be, should not be classed as cumulonimbi un-
less the whole or a part of their tops is transformed, or is in process
of transformation into a cirrus mass.

Height and grouping of cloud forms. The elevation of clouds
varies greatly among the different types and also in the same type
on different occasions and in different latitudes. The ten forms are
classified into four groups, or families, as follows:

High clouds. Cirrus, cirrocumulus, cirrostratus; average height,
4-7 miles (6-11 km).

Middle clouds. Altocumulus, altostratus; average height, 14
miles (2-6 km).

Low clouds. Stratocumulus, stratus, nimbostratus; average
height, 300 to 6500 feet (0.1-2 km).

Clouds with vertical development. Cumulus, cumulonimbus;
average height, 1600 feet at base to 4 miles at top (0.5-6 km).

The three cirrus forms and the cirriform tops of cumulonimbus
are composed of ice crystals; the other clouds are made up of water
droplets but may contain some ice crystals.

Cirrus, cirrocumulus, altocumulus, and cumulus clouds occur in
detached masses, usually covering only a part of the sky, and may be
called fair weather clouds, since rain normally does not fall from
these forms. The remaining types, cirrostratus, altostratus, strato-
cumulus, stratus, nimbostratus, and cumulonimbus, form more or
less continuous layers and often cover the entire sky. Precipitation
may occur from any of these except cirrostratus. Cumulus and cumu-
lonimbus are of great vertical depth, the tops of cumulonimbus
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Fig. 25. A Generalized Vertical Arrangement of Cloud Types. From ATMOSPHERE
AND WEATHER CHARTS, courtesy, A. ]. Nystrom and Company.
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Fig. 28. Cirrus. Delicate cirms, composed of irregularly arranged filaments orfented
in various directions; showmg at lower left a tendency to fuse together into cir-
rostratus. Photo by H Florcen,

Fig. 27. Cirrocumulus. Closely packed, small globular masses or flakes, arranged
in lines or ripples; associated with cirrostratus at lower right. U. S. Army, Photo
Section, Lake Charles, La., Flying School.
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Fig 28. Cirrostratus. A thin veil at upper left, and hbrous structure with parallel
bands at left center, patches ot altocumulus and lenticular altostratus below. Photo
by H. Floreon

Fig. 29. Altocunmlus. A layer of altocumulus at one level composed of sott, Hat
rounded masses with a structure in two directions, thick enough to be rather heavily
shaded in places, but with interstices where the blue sky appears. Photo by H. Floreen.
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Fig. 30. Altocumulns m Patches, with Stratocumulus Below and Altostiatus at Upper
Right. Photo by H. Florcen.

Fig. 31. Altocumulus. Bands of altocumulus advancing from left to right across the
sky. Courtesy, U. S. Weather Bureau and Willard Wood.
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Fig. 32. Altostratus Vil covering Entire Sky. Two well-defined masses of lenticular
altocumulus are at the center. Photo by H. Floreen.

Fig. 33. Altostratus. Well defined altostratus layer above stratocumulus and fog in
the valley below. Courtesy U. S. Weather Bureau.
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Fig. 34. Stratocumulus Layer. Light and shade contrasts are apparent near the semth
and a roll structure near the horizon Photo hy H. Floreen.

Fig. 35. Stratocumulus in a Broken Layer. Masses are arranged in rolls and lines;
dark shadows indicate considerable thickness of the clouds. Courtesy, U. S. Weather
Bureau and Ansco.
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Fag. 36 Stuatus . Low stratus clonds moving over a small, rocky island. These
clonds move mat very low altitudes over the West Coast to form fog. Courtesy, U. S.
Weather Burcau, Agfa and Ansco.

Fig. 37. Nimbostratus  The under side of mimbostratus (louds during the passage
of a cold front. Light \uow w i talling but because of the use of infra-red film it is
not shown and the viibilits v <hown greater than it actually was. Courtesy, U. S.
Weather Bureau and john Q. Ward.
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Fig. 38. Cumulus of Fine Weather Scattered masses with a flat and deflated ap-
pearance, the horizontal extension hemg greater than the vortical Only hight <hadows
are apparent showing that the thichness is not great Photo by 1 Floreen

Fig. 39. Cumulonimbus. Cumulonimbus clond with bulging top though without o)
dence of cirroform parts. Courtesy, U. S. Weather Bureau and 11 | lorcen.
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Fig. 40. Cumulonnbus with Anvil Top. An acerial view of the cumulonimbus anvil
which s fraved ont mto cirrus forms having a structure very different from the
rounded comulus forms below. Photo by H. Floreen.

often extending 2 to 5 miles (3-8 km) above their bases. The other
torins are more Tike Ly s or sheets, comparatively thin but of great
hovizontal extent. These general characteristics help to identify the
various tors, but it should be remembered that there are all man-
ner of gadations between them. and in some cases one form merges
imperceptibly into another. Frequently it is not possible to identify
clouds wath certamty, unless one has watched their evolution or can
wterpret the physical processes that are producing them.
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Records of clouds and cloudiness. When a weather observation
is being made, the kinds of clouds visible should be recorded, the
amount of each kind, and the direction from which each is moving.
The amount is estimated in tenths of the sky covered. Such observa-
tions give information with regard to the direction, velocity, and
turbulence of the wind at different elevations, and are often of direct
aid in foreseeing weather changes. The Weather Bureau records
each day as clear, partly cloudy, or cloudy, according to the aver-
age cloudiness during the time between sunrise and sunset; clear, if
the average cloudiness is three-tenths or less; partly cloudy, if be-
tween four- and seven-tenths; and cloudy, if eight-tenths or more.
Sky conditions at the time of making an observation are reported in
greater detail, as described later.

Precipitation Observations

Precipitation, in meteorology, means either the falling of moisture
to the earth in any form, or the quantity of water so deposited, ex-
pressed in depth of water. Precipitation takes various forms, such as
rain, snow, hail, and other special formations, which are discussed
in more detail in the chapter on condensation; but dew, frost, and
fog are not regarded as precipitation. Amount of precipitation al-
ways means the liquid content. The word rainfall is often used as
synonymous with precipitation, meaning the amount of water in
whatever form it may have fallen.

Rain gages. The object of a rainfall measurement is to obtain
the thickness of the layer of water that has fallen, assuming it to be
evenly distributed over the surface in the vicinity of the measure-
ment. Any open vessel of the same cross section throughout and ex-
posed vertically will serve as a rain gage. A cylindrical vessel is
preferable. The accuracy of measurement can be increased by meas-
uring the catch in a vessel smaller than that in which it is received,
if the ratio of the cross sections of the two vessels is accurately
known.

The 8-inch rain gage. The 8-inch rain gage is a cylindrical re-
ceiver exactly 8 inches in diameter, provided with a funnel-shaped
bottom (Fig. 41). This funnel conducts the rain caught by the re-
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ceiver into a cylindrical meas-
uring tube 20 inches long and
one-tenth of the cross-sectional
area of the receiver. The depth
of the rainfall is, accordingly,
magnified just 10 times. For 1
inch of rain, the water is 10
inches deep in the measuring
tube. Thus, the amounts can
casily be measured with great
precision. The depth is meas-
ured by a small rule or measur-
ing stick, graduated in inches
and tenths. The rcceiving fun-
nel fits over an outer tube,
8 inches in diameter, which
serves to support the receiving
funnel and also to hold excess
water when more than 2 inches
of rain falls, as the inner meas-
uring tube, which is 20 inches

Fig. 41. Rain Gage. Standard 8-inch long, consequently overflows.

pattern, with measuring stick. Courtesy, The funnel and the outer tube
Friez Instrument Division, Bendix Avia-

tion Corp. protect the water caught in the
inner tube from appreciable
evaporation.

Recording gages. The tipping-bucket recording rain gage has a
10-inch receiving funnel, at the mouth of which is a bucket of two
compartments, so mounted that one or the other receives the water
coming from the funnel. As one compartment fills, it tips, thereby
emptying its water and presenting the other compartment to the
mouth of the funnel. The compartments are of such size with ref-
erence to the receiving funnel that each tip represents 0.01 inch.
As the bucket tips, it closes an electric circuit connected with the
meteorograph. A permanent record is thus obtained of the time of
occurrence of each 0.01 inch of rain, and consequently the amount
of the fall in any given period.

The Fergusson weighing rain and snow gage is also in common
use. In this instrument the accumulating weight of the water or
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snow caught in an 8-inch cylinder moves a platform supported by a
spring balance. This movement is communicated to a pen, which
then writes a continuous record on a drum driven by a clock (Fig.
42). The record reads directly in inches of precipitation rather than
in units of weight. It indicates the rate of fall for any desired interval
in addition to total fall since the previous reading. There are other
devices for obtaining continuous records of rainfall, one of which
is a method of recording the movement of a float that rises as water
accumulates in the gage.
Exposure of rain gage. To
obtain a correct catch of rain
with any gage, the gage should
be exposed on the ground in
an open, level space at least
as far from trees, buildings, or
other high objects as they are
high, in order that rain fall-
ing obliquely may not be inter-
cepted. Windbreaks at a dis-
tance greater than their height
are desirable as a means of
checking the velocity of the
wind. If the gage is placed
much above the ground, the
higher wind velocities carry
more of the water around and
Fig. 42. Fergusson Weighing Rain Gage.

over it. An eftposure' on the Outside cover has been removed; makes a
edge of a roof is espemally bad  permanent, continuous record of the rate

because of eddies of wind and amount of rainfall. Courtesy, U. S.
Weather Bureau.

around the gage in that loca-

tion.

Measurement of snow. Two quantities are desired in the meas-
urement of snowfall, namely, the actual depth of the snow and its
water equivalent. Both measurements present some difficulty in
practice. Snow does not ordinarily lie at a uniform depth over the
ground, but drifts, even in moderate winds. Hence, measurements
of the depth should be made at several different places, apparently
representative, and the average of these measurements taken as the
depth of the snow and recorded in inches and tenths.
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To obtain the amount of precipitation from snow, that is, its water
equivalent, the snow may be melted and measured as rain, or it may
be weighed. Since snow readily blows around the top of a gage in-
stead of falling into it, the amount caught by the gage is ordinarily
considerably less than the actual fall. Gages with windshields around
the cylinder, intended to break up the eddies and insure a more
nearly correct catch, have been devised and are widely used, espe-
cially in mountain regions. To obtain a representative sample for
melting, the outer, overflow tube of the 8-inch gage may be forced
downward through a layer of snow, representing the average depth
of fall, and the section thus cut out may be lifted up by placing a
thin board or sheet of metal underneath it. This sample should be
melted and poured into the measuring tube and the depth deter-
mined as in the case of rain. The best way to melt snow without
loss is to add a measured quantity of warm water to it. The Fergus-
son weighing gage may be used for snow as for rain, but the amount
caught is subject to error.

The amount of water in a given volume of snow varies greatly, ac-
cording to the texture of the snow and the closeness with which it
is packed. The texture of snow changes with its temperature from
dry and feathery to moist. The closeness of packing depends not
only on the texture as it falls but also on the depth of fall, the length
of time it has lain on the ground, and the temperatures to which it
has been subjected since falling. In moist, newly fallen snow, 6
inches of snow may make 1 inch of water, while in small amounts of
dry, fluffy snow, the ratio may be as high as 30 to 1. In the absence
of definite information, the ratio of 10 inches of snow to 1 inch of
water is frequently used as an average. In large drifts which have
accumulated all winter and are melting in the spring, 2 inches of
snow may be equivalent to 1 inch of water.

Precipitation records. A daily precipitation record should include
the kind and amount of precipitation, and the time of beginning
and ending. A record is made of the depth of snowfall since the last
observation and also of the total depth on the ground. From the re-
cording rain gage, the amounts of rain in 5, 10, 15, and 30 minutes
and in 1, 2, and 24 hours should be tabulated. When excessive rain-
fall occurs, the accumulated amounts in successive 3- or 10-minute
periods may be tabulated. Rainfall is considered excessive when it
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falls at the rate of 0.25 inch in 5 minutes, 1 inch in 1 hour, or 2.50
inches in 24 hours.

From a long series of such records at a fixed point, normal daily,
monthly, and yearly values may be determined; also, the greatest
and least yearly and monthly amounts, and the greatest amounts in
short periods of from 5 minutes to 48 hours. The record should also
show the number of rainy days by months and by years, and their
averages over the period of record. A rainy day is a day on which
0.01 inch or more of precipitation occurs; that is, a day on which
only traces of rain fall is not counted as a rainy day in this country.
Unusually long periods without rain, known as droughts, should also
be noted because of their great economic significance.

Sunshine Obsorvatiﬁns

The sun is the source of energy that evaporates water and causes
wind to blow. By its direct rays, it causes some regions of the earth
to be hot, and the lack of solar radiation leaves some regions very
cold. Thus the sun is directly or indirectly responsible for the dis-
tribution of rainfall and temperature over the earth. Nearly all plant
and animal life require some exposure to sunlight if they are to en-
joy good health or even to survive. Sunshine, therefore, is an impor-
tant element of the weather.

Sunshine recorders. The electric sunshine recorder, or sunshine
switch, in common use has the form of a straight glass tube with cy-
lindrical bulbs at each end, one bulb being smoothly coated on the
outside with lampblack (Fig. 43). The air in the bulbs is separated
by a small quantity of mercury and alcohol. This tube is protected
from the influence of the air temperature by being sealed within an
outer glass tube, the space between the two tubes being exhausted of
air. Two wires with ends a short distance apart are sealed in the inner
tube midway between the bulbs and.are connected with the mete-
orograph, which, as we have seen, also records wind direction, wind
velocity, and rainfall. When the sun shines on this instrument, the
black bulb absorbs radiant energy, and the mercury is warmed and
expands to surround the ends of the two tubes, permitting an electric
current to pass from one to the other. The circuit passes through the
meteorograph, where it is closed each minute by a rotating contact
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point on the clock. The completing of the circuit results in a move-
ment of the pen on the cylinder. A mark on the register sheet is thus
made cach minute when the sun is shining. When the sun is not
shining, the bulb cools by radiation, the mercury drops below the
contact point, the circuit is broken, and the pen moves across the
sheet in a straight line.

Fig. 43. Electrical Sunshine Recorder. Courtesy, Friez Instrument Division, Bendix
Aciation Corp.

The use of this instrument depends upon the fact that lampblack
becomes warmer than clear glass, under direct sunshine. The in-
strument gives a record of the number of minutes of sunshine, with
some lag at the beginning and ending of the sunshine, but no rec-
ord of the varying intensity of the sun’s rays. It is usually adjusted
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to record whenever the sun is bright enough to cast a visible shadow,
except for the half-hour or more after sunrise and before sunset. At
these times, the sun’s rays are too weak, that is, are received at the
instrument with too little energy, to operate it. The Campbell-Stokes
recorder, used in many other countries and at some stations in the
United States, consists of a glass globe which focuses the sun’s rays
and thus chars a track on a graduated card. The sun itself thus
writes with fair accuracy an original record of the duration of sun-
shine.

Sunshine records. From such instruments records are obtained
of the duration of sunshine each day. The percentage obtained by
dividing the actual sunshine by the possible sunshine for the day is
usually calculated and recorded. For the month and the year, the
total number of hours of sunshine and the percentage of the possible
are important data.

)

Observations of Visibility and Ceiling

The advent of air navigation at great speed has given increased
importance to the clearness of the atmosphere as a weather element,
meaning the distance at which objects can be seen, and the height
of the clouds. Information on these matters is obtained by observ-
ing visibility and height of ceiling.

Visibility. As officially defined for purposes of observation and
record, visibility is the greatest distance toward the horizon at which
prominent objects, such as mountains, buildings, towers, lights, and
so forth, can be seen and identified by the unaided eye. This dis-
tance depends upon the clearness of the air, and is modified by the
turbulence of the air and by the presence of haze, dust, smoke, fog,
rain, and snow. Visibility records are made by eye observations of
stationary objects at known distances from the observer, and may be
expressed either in miles or in fractions of miles, or mdlrectly ac-
cording to an arbitrary scale of numbers.

The problem of measuring visibility is complex, for several rea-
sons. First, there is a human error possible because all people do not
see alike. Also, objects vary in their ability to cast a distinct visible
outline, a fact which leads to errors in estimation. The distance at
which an object can be seen depends in part on its color and to a
greater degree on the direction of lighting. Finally, visibility is meas-
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ured horizontally, while haze or other obstruction to vision may
affect vertical visibility in a very different way.

Ceiling. The word ceiling came into meteorological use, with the
development of aviation, to designate the height of the base of an
extensive cloud layer that prevents an observer on the ground from
seeing above the layer and prevents the pilot aloft from seeing the
ground. It is always expressed in feet above the ground. For pur-
poses of observation and record at airways stations, “ceiling” is now
defined as the height ascribed to the lowest layer of clouds or other
obscuration phenomenon that is classed as broken, overcast, or obscu-
ration and not classed as “thin” or “partial.” In the case of obscura-
tion phenomenon, such as blowing dust, this height represents actual
vertical visibility entering the obscuration rather than the base of
the phenomenon. Ceiling is unlimited at all other times.

The height of the ceiling may be determined by day by the use
of ceiling balloons. These are small rubber balloons inflated to rise
at a definite rate. This rate multiplied by the time elapsed between
release of the balloon and its disappearance in the cloud equals the
height of the base of the cloud. The ceiling balloon may be used at
night also, if a small light is attached to it. More common, at night,
is the use of a ceiling light. A beam of light is projected vertically
on the base of the clouds, and the height is measured trigonometri-
cally by measuring the angular elevation of the top of the beam
along a known base line (Fig. 44).
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Fig. 44. Measuring Ceiling Height with a Ceiling Light. Drawing by Gary Stewart.
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The better-equipped airports of the United States began using the
ceilometer as soon as it became available after World War II. This
instrument uses the triangulation principle of the ceiling light, but is
completely automatic in operation. The height of the vertical beam
is determined by a very sensitive photoelectric scanner. Ceilings up
to 10,000 feet (3 km) may be accurately measured by this method,
either day or night. A timed graphing device is attached to give a
continuous record of ceiling heights at the station.

Upper-Air Observations

The conditions existing in the free air above the earth’s surface
are important to theoretical studies of the atmosphere and also form
one of the basic tools for weather forecasting. The development of
aviation has greatly accelerated the search for knowledge of the
upper atmosphere. '

Obtaining upper-air data. In Europe and America, mountain
observations have been made regularly since 1870. These observa-
tions have given valuable information, but the conditions on moun-
taintops are not representative of free-air conditions at the same
altitudes. At various times during the nineteenth and twentieth cen-
turies, free or captive balloons manned by one or more passengers
and equipped with meteorological instruments were released to ex-
plore the upper air. These flights produced interesting and valuable
data, but it became evident that a more complete and regular cov-
erage of upper-air conditions was desirable. Free balloons bearing
recording instruments and an offer of reward to the finder for their
return also proved less than satisfactory.

From 1898 to 1933, the United States Weather Bureau maintained
kite-flying stations at which systematic upper-air records were ob-
tained. Box kites carrying light recording instruments sometimes
reached a height of four miles, but no flight could be made when
the surface wind was not strong enough to launch the kite. This
operation was replaced in 1933 by regular airplane flights from sev-
eral points over the United States. These flights were synchronized
and ascended over their respective stations as nearly vertically as
practical to an elevation of about 17,000 feet (5.2 km). Such flights
were expensive and required about 14 hours for completion, and
the records were not available until the flight was compléted. Since
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1938, airplanes have been replaced by radiosondes in the regular
network of upper-air observations in the United States. In addition
to the radiosonde, other types of upper-air data are currently ob-
tained by pilot balloons, rawins, aircraft reconnaissance, and rocket
research. These methods will be discussed in greater detail.

Pilot balloons. When fully inflated with helium or hydrogen,
the pilot balloon is about 30 inches in diameter. It floats freely in the
air but carries no instruments. The course of the balloon is watched
and plotted from the ground by the use of a telescopic theodolite. If
two theodolites at a known distance apart are used, the height and
position of the balloon at the end of each minute can be computed
accurately. If only one theodolite is used, it is necessary to assume
a certain rate of ascent, and for this an empirical formula is used.
From such observations, the direction and speed of the wind at vari-
ous levels and the height of the clouds can be quickly determined.
Regular flights of pilot balloons every 6 hours are made at a large
number of weather stations throughout the United States, particu-
larly along and near the main air routes. The soundings thus ob-
tained are called pibals.

Radiosondes. Since 1938, the use of radiosondes throughout the
world has been increasing rapidly. The device consists of a small box
containing temperature, humidity, and pressure instruments and a
miniature radio-sending station. It is carried aloft by a large gas-
filled balloon which is also equipped with a parachute to lower the
instruments harmlessly to the ground after the balloon bursts (Fig.
45). The balloons are of good quality and frequently rise to a height
of 15 or 20 miles (24-32 km) before bursting. In a systematic fash-
ion, the three weather elements are measured and transmitted by
radio to a receiving station on the ground. The records become avail-
able for immediate use while the radiosonde is still in flight. Eleva-
tions corresponding to the reported pressure levels can be computed
very accurately when the temperature and humidity characteristics
of the air column are known. Records from the radiosonde are
known as raobs. They provide some of the most extensive and reli-
able data available on upper-air conditions. Severe thunderstorms
and heavy rains may cause instrument failure or interfere with radio
reception, but otherwise the radiosonde may be used in all kinds of
weather.
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Fig. 45. Radiosonde mm Flight. Courtesy, Friez Instrument Division, Bendix Aviation
Corp.
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Rawinsondes. Although the pilot balloon is an inexpensive and
fairly accurate source of upper-air wind data, it disappears from
sight when there are clouds, or it soon drifts beyond the range of
the theodolite with strong winds. The development of radar and
radio-directional receiving techniques during World War II made
the rawinsonde (rawin) possible. This instrument consists of a track-
ing device at the station which measures the direction and angular
elevation of an ascending balloon. It is usually used with the radio-
sonde and no extra balloon is necessary. By combining this observa-
tion with the radiosonde record, wind direction and speed at all de-
sired elevations or pressure levels can be easily determined. About
200 radiosonde and rawin stations are operated in the United States
by the Weather Bureau, the Air Force, and the Navy.

Aircraft weather reconnaissance. With the development and ex-
pansion of aviation and the increased need for complete weather
information in the military operation of aircraft, the use of airplanes
in the collection of upper-air data has been resumed and expanded
under the name of weather reconnaissance. Airplanes are dispatched
to learn of sky conditions over a selected target and along the route
to the target, or to keep watch on the weather over a considerable
area and make radio reports of existing conditions. As a part of the
peacetime activities of the United States Air Force, flights by air-
craft carrying meteorologists and specially designed meteorological
instruments are scheduled at regular intervals along chosen patterns
for the purpose of obtaining complete records of atmospheric con-
ditions in areas where raobs and other upper-air reports are missing.
In other words, the airplane becomes a flying weather station that
covers not only a large area, but a changing area that may be chosen
on each flight as most likely to provide important information. Radio-
sondes are sometimes dropped from these planes, transmitting re-
ports of weather conditions as they descend by parachute. Such in-
struments are called dropsondes.

One of the most important and exciting aspects of aircraft weather
reconnaissance is locating and tracking hurricanes and typhoons.
These severe tropical cyclones originate over the oceans, in regions
of little data at low latitudes, and have caused great property dam-
age and loss of life upon arriving unannounced at a populated coast-
line. Aircraft reconnaissance has become the principal source of
weather data useful in reducing the destruction by these storms.
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Planes fly around and into the storm centers to determine their exact
location, size, and intensity. Although progress has been made to-
ward forecasting tropical cyclones, the surest way to avoid unneces-
sary losses to their fury is to examine them at regular intervals by
reconnaissance aircraft.

Rocket-sonde research. A very new aspect of upper-air research
has been introduced through the use of rocket-borne instruments.
Most of this work has been accomplished under government spon-
sorship since World War II at White Sands, New Mexico.? Rockets
opened new possibilities for exploring the upper air, for, where bal-
loons have on a few occasions reached a maximum height of about
25 miles (40 km), some rockets have reached 10 times that figure.
As a result of rocket research, the scientists’ concept of temperature
and wind distribution at high altitudes has been radically revised.
These data are especially valuable to the theoretical meteorologist,
and they may also be shown to have direct bearing on the weather
at the earth’s surface.

A standard weather observation. In making a complete weather

observation, the observer determines and records the following
values and conditions:

Clouds. Amount, kind, and direction of movement, as estimated
by the observer from eye observation. Cloud height is given in
hundreds of feet, estimated or obtained by ceiling balloon or ceilom-
eter.

Ceiling. Expressed to hundreds of feet.

Visibility. By eye observation, expressed in miles or fractions.

Present weather. Clear, partly cloudy, cloudy, overcast, raining,
snowing, and various special conditions.

Past weather. Weather conditions since previous observation.

Dry-bulb thermometer. Air temperature at time of observation.

Wet-bulb thermometer. Wet-bulb temperature at time of obser-
vation; gives means of calculating dew point, relative humidity, and
vapor pressure. .

Maximum thermometer. Highest temperature since previous ob-
servation.

Minimum thermometer. Lowest temperature since previous ob-
servation.

2 Homer E. Newell, Jr., High Altitude Research. New York: Academic Press Inc.,
1953, pp. v-vii.
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Precipitation. Amount since previous observation. If in the form
of rain, the amount is determined by stick measurement of the water
in the measuring tube of the rain gage and checked with the rec-
ord on the register sheet. Depth and water equivalent of snow are
measured, as has been explained. The character of all precipitation
and the times of its beginnings and endings are also recorded.

Wind direction. Obtained by observing the wind vane; con-
firmed by reference to triple register or wind indicator.

Wind velocity. From indicating or recording anemometers.

Maximum velocity. For a five-minute period since last observa-
tion; from recording anemometer.

Station pressure. Barometer reading corrected for temperature.

Reduced pressure. Station pressure reduced to sea level by cor-
rection for altitude.

Pressure tendency and change. During the past three hours;
from barograph record.

All the observed and calculated values should be entered on a
large form, which constitutes a permanent original record of the
weather. They are the fundamental data for studies of weather and
climate, and they have many specific, practical applications. When
simultaneous observations from many stations are collected by tele-
type and the data entered on an outline map, a daily picture of
weather conditions is obtained. Such a map is called a synoptic
weather map and is a principal basis of weather forecasting.

Problems

1. Find dew point, relative humidity, and vapor pressure when the
dry bulb thermometer reads 60° and the wet bulb thermometer reads 52°.

2. Find dew point and vapor pressure when the temperature is 73°
and the relative humidity 28 per cent.

3. Find relative humidity and vapor pressure when the temperature
is 35° and the dew point 21°,

4. Outside air at a temperature of 25° and a relative humidity of 62
per cent is taken into a room and warmed to a temperature of 75° with-
out the addition or loss of moisture. What is its new relative humidity?

S. Air having a temperature of 50° and a relative humidity of 49 per
cent cools during the night to a temperature of 32°. What does its rela-
tive humidity become?

6. If the total pressure of the air at a given time and place is 29.620
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inches, and the partial pressure due to the water vapor is 0.250 inch, what
is the specific humidity of the air in grams per kilogram?

7. A fall of one inch of rain amounts to how many tons of water per
acre? Per square mile? (A cubic foot of water weighs 62.4 pounds.)

8. The area of North Carolina is 54,426 square miles, and its average
July rainfall is 5.78 inches. What is the weight of the water that falls?

9. What is the diameter of the cylindrical measuring tube used with
the 8-inch rain gage?

10. Make a list of all the ways that direction and speed of winds above
the ground may be determined. If you knew the height of a cloud, how
could you measure the wind velocity at cloud level?



CHAPTER

4

SOLAR RADIATION

In observing and measuring the weather and its changes, we have
noted how extraordinarily variable is the temperature of the air.
It is now necessary to examine more closely the way the air is heated
and cooled, and into some of the physical effects of its variations in
temperature, for most of the phenomena of the weather have their
origin in temperature changes.

Radiant Energy

If you stand before a fireplace, the heat that reaches you from the
burning coals is said to travel through the intervening space as radi-
ant energy. It would reach you in the same way if there were no
air in the space. The fuel loses the energy which is thus sent out
through space in a form having many of the characteristics of trans-
verse waves. These are known as electromagnetic waves, and the
energy thus transferred is called radiant energy or radiation.

Radiation. Radiation refers both to the radial emission of energy
from an object and to the energy so transferred. The movement of
energy through “empty space” in a manner suggesting waves, but
without the agency of any material medium, is mysterious. But
there is complete evidence that waves of energy do travel in this way
and that every object in the universe, whether hot or cold, has the
faculty of thus emitting some of its energy. For example, the earth
loses some of its heat to space continuously day and night, and is
said to “cool by radiation.” Of course, when the sun is shining
clearly, the illuminated side of the earth is gaining more energy from
the sun than it is losing to space. The rate of radiation increases as

82
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the fourth power of the temperature expressed in the absolute scale;
doubling the absolute temperature of a body results in its sending
out radiant energy 16 times as fast.

Characteristics of radiant energy. All electromagnetic waves
travel through space at the approximate speed of 186,000 miles per
second. This is generally called the speed of light. The length of a
wave is the distance between two adjacent crests or pulses. The fre-
quency is the number of crests that pass a given point per second.
It follows that the product of the wave length and the wave fre-
quency is constant, or that the two quantities are inversely propor-
tional.

The properties of the various electromagnetic waves are related to
their lengths and frequencies. When arranged according to their
lengths, they form a continuous arrangement known as the electro-
magnetic spectrum (Fig. 46). At the left end are the extremely short
waves known as cosmic rays, gamma rays, and x-rays; next in order
with increasing wave length come the ultraviolet rays, the visible
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Fig. 46. Diagrammatic Representation of the Electromagnetic Spectrum. The
figure needs to be greatly elongated to represent the correct ratios of the wave lengths,
which vary between 10-10 and 1010 centimeters.

light rays, and the infrared or so-called heat rays; and finally come
the Hertzian electric waves, including those used in radio transmis-
sion. The visible rays of light have a length extending from about
3.8 to 7.6 ten-millionths of a meter; the waves used in radio broad-
casting may vary from less than 10 to more than 30,000 meters.
The waves received from the sun and those sent out by the earth
are those with which we are particularly concerned in meteorology.
The sun’s rays include not only the visible light rays, but extend
from the ultraviolet far into the infrared. Radiation from the earth
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is always in long heat waves. The use of the expression heat waves,
as applied to the long-wave radiation emitted by warm or hot bodies,
is misleading, since all electromagnetic waves produce heating ef-
fects when absorbed.

Transmission, absorption, and reflection. Not only does radiant
energy travel through space without the presence of any material
substance, but portions of it also pass through certain kinds of mat-
ter. Light rays, for example, travel through air, water, and glass, and
x-rays and other short waves through denser substances opaque to
visible light. In these cases the radiation is said to be transmitted; it
is not itself affected and has no effect on the matter through which
it passes. Most substances show a selective transmission; that is,
some of the wave lengths get through but others do not. For exam-
ple, window glass admits the light from the sun, but it does not
transmit outward the long heat waves originating in the room. Dif-
ferent substances select different wave lengths for transmission.

That portion of the radiant energy which enters a substance but
is not transmitted through it is said to be absorbed. It thereby ceases
to be radiant energy and is changed into some other form of energy,
often into heat, but sometimes into the energy used in evaporation or
in chemical changes. Only the radiation that is absorbed has any ef-
fect on the object with which it comes in contact. Selective transmis-
sion implies selective absorption; those wave lengths not selected for
transmission are absorbed. A radio receiving set illustrates the selec-
tive transmission and absorption of electromagnetic waves. It has a
device by which certain wave lengths are selected for amplification
and others are “tuned out.” Some of the waves reaching a material
surface may be reflected, that is to say, turned back without enter-
ing the substance. The only result is to change the direction of mo-
tion of the waves. The reflection may be regular, as from a mirror
or other smooth surface, or diffuse, like that from the surface of
the ground. Objects are made visible by reflection; those that reflect
no light cannot be seen, unless they themselves are emitting light
waves.

Incoming Solar Radiation

The heat of the atmosphere and of the surface of the earth is de-
rived almost wholly from the sun. The amounts received from the
moon, planets, stars, and the earth’s interior are negligible in com-
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parison, as is evident when we remember how the temperature
ordinarily rises by day under the influence of sunshine and falls by
night, when these other factors are equally as effective as by day.
That part of the incoming solar radiation that reaches the earth’s
surface is given the special name of insolation.!

Solar constant. Although the earth receives but a minute por-
tion of the total radiation emitted by the sun (approximately
1/2,000,000,000), owing to the small angle subtended by the earth
as seen from the sun, the amount received is great. A quantity of
heat is measured in calories, a calorie being the heat required to
raise one gram of water from 15°C. to 16°C. The average intensity
of the solar radiation is found to be about 1.94 calories per square
centimeter per minute, at the average distance of the earth from
the sun, when measured on a surface perpendicular to the solar
beam, and after making allowance for the loss in passing through
the atmosphere. This is called the solar constant, so named when
the intensity was assumed to be invariable within the errors of meas-
urement. Later investigations indicate that there are slight varia-
tions in short periods of a few days. There is more conclusive evi-
dence that there are variations, amounting to about 3 per cent, in
periods of a few years. The variations are associated with changes
in sunspot activity. If we assume that in the course of a year, half of
the energy expressed in the solar constant reaches the earth at lati-
tude 40°, the energy received amounts to more than 5 million kilo-
watt hours per acre.

The observations fixing the average value of the solar constant
and its variations have mostly been made and are being continued
by the Smithsonian Institution. They are made on mountains in arid
regions in the southwestern United States and in Chile and Sinai.
These sites were chosen in order to avoid as much of the dust and
moisture of the lower atmosphere as possible. Furthermore, meth-
ods have been devised by which the remaining errors introduced by
variable losses in the atmosphere can be largely eliminated. These
observations have been made since 1918 and disclose a probable
range in the solar constant of not more than 5 per cent. The variation
is found to be in the blue, violet, and especially the ultraviolet por-
tion of the spectrum, rather than in the greater wave lengths.

1 The word insolation is sometimes used more technically to mean the rate at which
direct solar energy is received at the earth on a horizontal surface.
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Solar radiation measurements. Continuous records of two values
in connection with solar radiation are now obtained at a number of
places in various parts of the United States and in other countries.
One quantity measured is the intensity of direct solar radiation at
normal incidence, that is, on a surface kept at right angles to the sun’s
rays; the other is the total radiation received on a horizontal sur-
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Fig. 47. Pyrheliometer. Two circular rings of equal area, one black and the other
white, are connected by thermocouple to produce an electromotive force proportional
to the intensity of solar radiation. Courtesy, Eppley Laboratory, Inc., Newport, R.I.



SOLAR RADIATION 87

face, including radiation reflected from sky and clouds as well as that
coming in a direct line from the sun. The instrument used to measure
solar radiation is called a pyrheliometer, and is based on the thermo-
electric effect—differential heating produces an electromotive force
that is closely proportional to the amount of radiation received. (Fig.
47). The resulting current is recorded by a potentiometer. The data
obtained by the use of these instruments are used by architects and
illuminating engineers and in various industries. They are also of im-
portance to botanists and agriculturists, for the growth of plants is
closely correlated with the amount of solar radiation received.

Amount of Insolation Received at a Fixed Location

It is evident that the energy received from the sun at the surface
of the earth differs from the solar constant and averages consider-
ably less. The actual amount received at any point depends on the
following factors:

Solar constant; atmospheric absorption and reflection. The
amount of insolation received changes as the solar constant varies,
that is, as the actual energy emitted by the sun changes, but the per-
centage change in the solar constant is small at most. Of much
greater importance in determining the amount received by the earth
is the fact that this varies as the amount absorbed and reflected by
the atmosphere varies. Changing conditions of cloudiness, dustiness,
and humidity of the atmosphere are continually altering the amount
of radiant energy transmitted to the earth. A large and variable
amount is reflected back to space by clouds. The most important
absorbing constituent of the atmosphere is water vapor.

Distance of earth from sun. Since radiation spreads out spheri-
cally from its source, the amount intercepted by a given area varies
inversely as the square of its distance from the source. The distance
of the earth from the sun averages about 93,000,000 miles (150,000,
000 km) but varies somewhat during the year because the earth
moves in a slightly elliptical orbit. The earth is about 3,000,000 miles
nearer the sun on January 1 than on July 1. In consequence, the
total solar energy reaching the entire earth’s atmosphere is about 7
per cent greater in January than in July, although it is evident that
we of the Northern Hemisphere receive more heat in July than in
January. The distance factor would lead one to believe that the



88 SOLAR RADIATION

Southern Hemisphere should experience hotter summers and colder
winters than the Northern Hemisphere. This is not true. Examina-
tion of a globe will reveal that a much larger portion of the land
area of the earth is north of the equator. Land heats and cools more
rapidly than the oceans and thus renders the seasonal variation in
distance of the earth from the sun of little consequence. Of much
greater importance in determining the amount of insolation received
at a fixed location are two other influences next to be considered.

Length of day and angle of incidence. As the earth moves about
the sun, its axis maintains a nearly constant direction in space, mak-
ing an angle of 68%° with the plane of its orbit. In consequence,
the angle at which the sun’s rays strike a point on the earth changes
with the changing position of the earth relative to the sun. On June
21, the sun is vertically overhead at noon at the tropic of Cancer and
has its greatest noon elevation at all latitudes north of the tropic
and its least elevation at all points in the Southern Hemisphere. Six
months later, on December 21, the relative positions of the hemi-
spheres are reversed and the noon sun is directly overhead at the
tropic of Capricorn (Fig. 48). These dates are the summer solstice
and the winter solstice, respectively, in the Northern Hemisphere.
The time of winter and summer are reversed for the Southern Hemi-
sphere.

As time progresses from December 21, the vertical rays of the
noonday sun move northward, and are directly overhead at the equa-
tor on March 21. They continue northward to the tropic of Cancer,
arriving there on June 21, and return to the equator about Septem-
ber 22. These dates are called the vernal equinox, summer solstice,
and autumnal equinox, respectively. At equinox, days and nights are
of equal length throughout the world. At other times of the year,
days and nights are not of equal length except on the equator. The
dates of equinoxes and solstices vary at times by one day or so be-
cause our calendar is not an exact representation of the length of a
solar year.

The variations in the angular elevation of the sun produce changes
in the amount of insolation received. A given surface receives most
rays when they fall perpendicularly upon it. The same amount of
incoming radiation is represented by the two lines, A, in Fig. 49.
When the rays are perpendicular, they cover an area one of whose
sides is A, but when the elevation of the sun is represented by the
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Fig. 48. Earth’s Orbit About the Sun.

angle x, they cover the greater area whose side is A 4 B. The same
amount of insolation is thus spread over a greater surface, and the
energy received per unit area is less in the ratio of A to A + B. The
angle of incidence is defined as the angle which the sun’s rays make
with the perpendicular. In the case of vertical rays, the angle is zero;
in the case of the slanting rays in Fig. 49, the angle of incidence is
90 — x. The angle of incidence at solar noon for any place on the
earth can be determined by the following rule: The number of de-
grees in the angle of incidence is equal to the number of degrees of
latitude between the observer and the latitude where the sun's rays
are vertical. As the angle of incidence increases, the amount of in-
solation decreases if other variables do not interfere.
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Fig. 49. Effect of Angle of Incidence on Insolation. Disregarding atmospheric ab-
sorption, the intensity of insolation when the sun has an angular elevation of x, com-
pared with the intensity when the sun is vertical, is the ratio A to A + B, which is sin
z. The length of path when the sun is vertical, compared with the length when the
sun'’s elevation is x, is tho ratio C to D, which is also sin x.

There is also a secondary effect of the angle of incidence on the
amount of radiation received at the earth’s surface. As the inclina-
tion of the rays from the vertical increases, the length of their path
through the air increases, in the ratio of C to D, which is the same
ratio as A to A + B. The longer the path through the air, the greater
is the absorption and scattering by the air, especially the lower air.
Hence, when the sun is near the horizon, its effect is weakened not
only by the spreading out of the rays but also by the loss of heat in
passing through much moist and dusty air. Whether the losses due
to absorption are more important than those due to inclination de-
pends upon the condition of the atmosphere. It has been found that
at Montpelier, France, 71 per cent of the incoming solar radiation
reaches the earth in December, and only 48 per cent in the summer
months. There the increased amount of moisture (specific humidity)
in the summer air reduces the seasonal temperature several degrees.

Not only is the angular elevation of the sun greater in summer
than in winter, but the duration of sunshine is greater, the days are
longer, and the nights shorter. It is evident that, other factors being
equal, the amount of insolation received is directly proportional to
the length of time during which it is being received. This fact has
a very important effect in increasing summer insolation in the mid-
dle and higher latitudes. The effect increases toward the poles, where
the sun is continually above the horizon in the summer, and de-
creases toward the equator, where the days and nights are always
of the same length. See Table III. At latitude 40° there are about 15
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hours of possible sunshine in midsummer as compared with about 9
in midwinter. On June 21, the North Pole receives more energy from
the sun than does a point on the equator on the same date, but the
total amount received during a year at either pole is only about 41
per cent of that at an equatorial location. This statement considers
only the effect of position on the earth with respect to the axis of
rotation. Actually, lines of equal insolation do not follow the circles
of latitude exactly because of many local influences, such as prevail-
ing cloudiness, to be discussed later. An important practical result,
however, of the long summer days in high latitudes is that wheat
and other crops can be grown far poleward, in spite of a very short
summer, because of the great amount of sunshine during the brief
growing season.

TanLe 1
LENGTH OF DAY AT EACH TEN DECGREES OF LATITUDE

Read down for the Northern Ih'm{sphen'

—— )

Latitude March 21 ]mw 21 Smn 23 | Dec. 21
0° 12 hrs. 12 hrs 0 miu. 12 hm. 12 hu. 0 min.
10° 12 hrs. 12 hrs. 35 min. 12 hrs. 11 hrs. 25 min.
20° 12 hrs. 13 brs. 12 min. 12 hrs. 10 hrs. 48 min,
30° 12 hrs. 13 hrs. 56 min. 12 hry, 10 hrs. 4 min.
40° ! 12 hrs. 14 hrs. 52 min. 12 hrs. ) hrs. 8 min.
50)° 12 hrs. 16 hrs. 18 min. 12 hrs. 7 hrs. 42 min,
60° 12 hrs. 18 hrs. 27 min. 12 hrs. 5 hrs. 33 min.
70° 12 hrs. 2 months 12 hrs. 0 hrs. 0 min.
80° 12 hrs. 4 months 12 hrs. Ohrs. O min.
90° 12 hrs. 6 months 12 hrs. 0 hrs. 0 min.

Latitude Sept. 23 Dec. 21 Mar( h 21 ]wm 21

Read up Ior Suulhcm llcmlxphere

Direct Effects of Solar Radiation

The energy coming to the earth from the sun in the form of solar
radiation is either absorbed or reflected or scattered. Varying con-
ditions over the face of the earth and in the atmosphere cause the
distribution of energy received to vary with time and with geo-
graphical location.
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The ratio at which light rays are reflected from a surface in com-
parison to the total rays striking the surface is called the albedo of
that body. The reflectivity of the earth’s surface, assuming average
cloud cover and other atmospheric conditions, increases from the
equator to the poles and averages approximately 34 per cent.! The
earth is then said to have an albedo of 0.34. Clouds have greater
albedo than land surfaces, averaging about 0.55 and 0.10, respec-
tively. In addition to those solar rays which are reflected, some are
scattered by dust particles and other impurities in the atmosphere,
some are absorbed by the atmosphere, and the remainder are ab-
sorbed by the carth’s surface. About 19 per cent of solar radiation is
absorbed in the atmosphere and about 47 per cent is absorbed at
the carth’s surface (Fig. 50). Assuming that the carth and the sur-
rounding atmosphere become neither warmer nor colder over a long
period of time, all of the heat absorbed must eventually be reradi-
ated back to space.

Effect on air. Most of the reflection from the atmosphere is from
the upper surface of clouds. Clouds have a high reflective power
which varies with their thickness and the amount of liquid water
they contain. Clouds of ordinary thickness and density probably re-
flect from 75 to 80 per cent of the incident radiation. The greater
part of this reflection is directed outward and so is lost to us, but a
part of the reflection is from the upper surface of one cloud to the
lower surface of a higher cloud, and thence to the earth. Some of the
heat and light we receive on partly cloudy days consists of this re-
flected radiation. The earth and lower air cool less rapidly on a
cloudy night than on a clear night, not because radiation from the
earth is less rapid, but because much radiation is reradiated from
the clouds to the earth. If the air were free of dust and moisture,
only a small fraction of solar radiation would be absorbed; nearly all
would be transmitted to the earth without alteration. Such air would
hardly be perceptibly heated by sunshine, for it is only absorbed
radiation that increases temperature.

Oxygen and nitrogen are practically transparent to the sun’s radia-
tion, and such absorption as occurs in air, except by dust and mois-
ture, is accounted for largely by carbon dioxide in the long-wave
“heat rays” of the infrared, and by ozone in both the ultraviolet and

! Henry G. Houghton, “On the Annual Heat Balance of the Northern Hemisphere,”
Journal of Meteorology, Vol. 11 (1954), pp. 1-9.
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Fig. 50. Diagrammatic Representation of the Distribution of Solar Radiation. (After
H. G. Houghton.) Of the incoming radiation, some is absorbed by the atmosphere,
some is reflected back to space, and the remainder is absorbed by the earth, The heat
balance is maintained by the carth loosing its heat back to space through long-wave
radiation, latent heat, and sensible heat.
the infrared waves. Much the greater part of the absorption by the
gases of the air is by water vapor, which absorbs most of the long-
wave radiation. Since the radiation emitted by the earth is all long-
wave, the water vapor absorbs a much greater proportion of earth
radiation than of solar radiation, and thus acts as a trap to conserve
the energy received from the sun. Coincident with these absorption
processes, reradiation from the atmosphere is active and continuous.

Solid particles of dust and smoke in the air, and liquid or solid
particles of water in the air, absorb and reflect considerable, but ex-
tremely variable, amounts of solar radiation. The dry air of deserts,
if it is not filled with dust, absorbs little radiation, and hence the
sun has an intense heating effect on solid objects. Elevated regions
are above much of the dust and moisture of the air, and conse-
quently there is little absorption by the air above them. Hence the
air remains cold, and the sun’s rays have much energy left to be ab-
sorbed by objects at the surface. That is why one is often warm on
winter days in the mountain sunshine, but cold in the shade, the
difference between sunshine and shade being much greater than in
lowlands.
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Effect on land surfaces. Of the radiation that gets through the
atmosphere and reaches the surface of the earth, a part is reflected
back into the atmosphere and the remainder is ahsorbed at the sur-
face. The proportion that is reflected by land surfaces varies greatly
with the condition and color of the surface. If the land is covered
with grass or trees, or is black, cultivated soil, the reflection may be
in the neighborhood of 10 per cent. A bare, hard, sandy soil may
reflect 20 per cent, and freshly fallen snow 70 to 80 per cent of the
incident radiation.

The remaining percentage of the radiation that reaches the earth
is there absorbed and changed into other forms of energy. It is thus
that the soil is warmed. Land surfaces are good absorbers and there-
fore heat rapidly when the sun is shining on them. Moreover, heat
does not penetrate deeply into the soil but remains in a thin surface
layer. For this reason also the surface heats rapidly. The daily varia-
tion is small below 4 inches, but a slight daily change may occur to
a depth of about 3 feet.

A good absorber is a good radiator, and the land surface that
warms rapidly by day cools rapidly by night. Thus a large part of
the heat received is soon returned to space. A sandy desert soil exem-
plifies the maximum of rapid changes in a thin layer. Under such
conditions, a change of 49°F. from day to night has been observed
in the surface layer of soil, whereas the change was only 1°F. at a
depth of 16 inches. Moist soil does not heat so rapidly as dry soil
because some of the energy received is used in evaporating the
water, and because it takes more energy to heat water than soil.

Snow reflects much solar radiation. It absorbs the remainder and
also absorbs or reflects downward the radiation from the soil. A good
snow cover protects the land from large daily changes and often
prevents its freezing through severe weather. In the spring when the
snow disappears, after having persisted for a considerable period,
it is often found that the ground beneath is unfrozen, even where
near-by bare ground is still frozen hard. In such cases the snow acts
as a blanket; heat is conducted from lower ground levels to the
surface, but it cannot escape to the air and therefore keeps the sur-
face layer of soil warm.

With the increased insolation of summer, outside the tropics, not
all the heat stored by day is lost in the short nights, and the soil
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becomes progressively warmer. In winter more heat may be lost by
radiation through the long nights than is received by day. A land
surface therefore becomes ho