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PREFACE

TO

THE FOURTH EDITION.

In this Fourth Edition I have taken the opportunity
of correcting the most serious errors in the earlier
editions which have been pointed out by various friends
in this country and abroad. To all of these gentle-
men I have to express my sincere thanks for their
kindness. |

ROBERT H. SCOTT.

METEOROLOGICAL OFFICE ¢
November, 1886.






PREFACHE.

—_———

AprrLICATION has been so trequently made to me to
recommend a simple text-book of Meteorology, that I
have been induced to compile the following pages in
the endeavour to supply the want.

This book lays but little claim to originality, and
in the first place my sincerest acknowledgments are
due to my friend Dr. Julius Hann, of Vienna, whose
recently published ¢Erdkunde’ has been freely used
in the preparation of Part II. Professor Mohn’s
¢ Grundziige der Meteorologie’ and Buchan’s ¢ Handy-
book of Meteorology’ have also been frequently laid
under contribution.

If, in any case, full credit has not been given to the
first discoverer of any principle, I must only beg him
to accept my apologies for the omission.

In conclusion, my warm thanks must be expressed
to several kind friends who have taken the trouble of
reading over the proof-sheets.

ROBERT H. SCOTT.

MaTEOROLOGICAL OFFICE:
December, 1882.
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ELEMENTARY METEOROLOGY.

— O

PART 1

CHAPTER I.

INTRODUCTORY.

MeTEOROLOGY is the science of the Atmosphere, of
Ta petéwpa, the things above the earth, as Aristotle
has it, and its interest to everyone scarcely needs to
be dwelt upon, for as without air we cannot live, any
knowledge which we can gain of its condition from
time to time, and of the changes which are taking
place in it, cannot fail to be of the very highest import-
ance to our health and comfort.

- Almost everyone imagines himself a born meteoro-
logist, and from the earliest times men have been
watching the weather and its changes and recording
their experience thereof ; in fact, the Book of Job, be-
lieved to be one of the earliest of the Biblical Canon,
coutains some sound meteorological knowledge, as true
now as it was some three thousand years ago.

Nevertheless, though men have studied meteorology
more or less systematically ever since the time of

B



2 ELEMENTARY METEOROLOGY.

Aristotle, who wrote the first treatise on the subject,
little progress was made in it until the invention of the
barometer and thermometer, about 200 years ago, and
we must admit that even yet it has hardly made good
its title to a place among the exact sciences.

The reason of this is easily explained. Firstly, we
live at the bottom of the atmospheric oceau, of which
the upper layers are practically inaccessible, and their
condition almost unknown to us. Secondly, the ob-
servations we make of the physical state of the air are
affected to such a degree by local accidents, such as
the elevation, contour, and slope of the ground, its
nearness to the sea, and even the character of the soil,
that we meet with considerable variations of meteoro-
logical circumstances even within the limits of a single
county.

In this respect meteorology affords a strong contrast
to astronomy. The objects of observation and study in
the latter science are at such a distance from the earth
that it is practically of minor importance whether they
be observed from Greenwich, Rome, or Washington.
The phenomena themselves are identical, and, other
things being equal, the difficulties of making the obser-
vation depend mainly on the meteorological conditions
of the locality. In fact, under favourable meteoro-
logical circumstances, the range of phenomena obser-
vable by an astronomer is limited solely by the horizon
of his station, and the power of bis telescope. Butin
meteorology itself the case is widely different; the
phenomena are not the same at two different points of
observation. To take a single element, the temperature
of the air in the streets of London differs appreciably
from that experienced at the same time in the middle



INTRODUCTORY. 3

of the parks, and a fortior: from that observed entirely
outside the city, as at Kew or Greenwich.

Hence we see the necessity of covering the country
with a network of independent meteorological stations,
as the observer at each place cannot do much more than
record the phenomena exhibited by the portion of the
atmosphere actually in contact with his instruments.

‘We may exemplify the difference between the two
sciences by an illustration taken from biology; the
astronomer may be compared to some of the more
highly organised among the mollusca, such as the
octopus, which is endowed with powers of locomotion
and can seek his food at a distance from his home;
while the meteorologist is like a mussel or an oyster,
anchored to one spot, and obliged to make the best of
such nutriment as may chance to be swept within his
reach.

Meteorology may be considered from many different
points of view. In the first instance, observations taken
systematically at one place give eventually information
as to the climate of that place, and when the results
obtained for one such station are combined with those
for other stations and compared with those taken in
other countries, deductions may be drawn bearing on
the relative fitness of different localities for the support
of animal and vegetable life, &c., &c.

From this climatological point of view, the subject
is immediately related to the science of physical geo-
graphy, and in a greater or less degree to sanitary
geience also, and it is in this connection that it has
been longest and most perseveringly studied.

Secondly, meteorology may be treated as the science
of wc;,gth)a': that is of the changes which are from time

B2



4 ELEMENTARY METEOROLOGY.

to time taking place in the physical condition of the
atmosphere and of the effects produced by such changes.
These effects find their expression in the temperature of
the air, the direction and motion of the wind, the
amount of moisture contained in the atmosphere, and
the balancing of the antagonistic forces of evaporation
and condensation, on which depend what is termed, in
common parlance, the fineness, or the contrary, of the
weather.

This branch of the subject has attracted much
attention of late years, owing to the development of
telegraphy and the facilities which are thereby afforded
for examining the conditions of weather existing simul-
taneously at different places. We cannot, however,
claim for the study of weather that it has as yet made
much practical progress in enabling us to foresee or
forecast its course for more than a few hours, and we
must admit that it has made next to no progress at all
in gaining an insight into the agencies which are at
work in producing the various phases of weather.

Thirdly, we have the highest object of meteorology,
if we consider it as a department of cosmical physics :
the investigation of the physical conditions of the
atmosphere, and their relations to the forces of light,
heat, electricity, and magnetism. We cannot doubt
that this department of meteorology, if thoroughly
followed up, will yield results of the highest interest
and importance, besides throwing light on many com-
mon phenomena, which are as yet entirely unexplained.

Here, however, we are at once staggered by the
difficulty to which allusion has already been made. We
live at the bottom of an ocean, and have no means of
testing its condition above the level at which we live,
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while the actual observations taken at the different
stations are affected to a most perplexing extent by the
peculiarities of local circumstances.

The aim of the present work is to set before the
reader the conditions requisite for the successful prose-
cution of the science from what we have defined as the
first point of view, and to show some of the results
which have been derived therefrom, without, however,
trenching too much on the domain of physical gec-
graphy. The subject of weather will be merely dealt
with in a passing way, as to a certain extent foreign
to the consideration of climatology ; while the third
department, that of cosmical meteorology, will not be
considered at all, as it would be out of place in a book
professedly elementary.

The plan of the work is as follows—In Part I.,
after a short preliminary notice of the earth itself
and its atmospbere, the various instruments and the
modes of using them will be described, for the entire
superstructure of reasoning in meteorology rests on the
foundation of accurate observation; and unless this-be
secured by careful and long-continued attention to a few
simple and obvious principles, the labour bestowed on
the most complete mathematical discussion of the
results will be thrown away.

In Part IL. a brief account will be given of the geo-
graphical distribution of the different phenomena, which
will serve as a general introduction to the science of
physical geography as explained in other text-books.
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CHAPTER II.
THE EARTH AND THE ATMOSPHERE.

BerorE proceeding to treat of the atmosphere which
‘envelopes the earth, it is well to state a few elementary
facts as to the earth itself, in its relation to the sun,
the great source whence, practically, all the heat which
comes to us is derived ; and as to the distribution of
land and water on the surface of the globe, for this
materially influences climate; all of which are impor-
tant factors in the production of the meteorological
phenomena which it is our object to discuss.

The form of the earth is that of an oblate spheroid,
of which the equatorial radius is 3963-3 miles and the
polar radius 8949-5 miles.!

In the solar system the earth is one of the six
known as the old planets, and of these it comes third
in order from the sun. These planets divide them-
selves into two groups. The four inner ones, Mercury,
Venus, the Earth, and Mars, are characterised by high
mean densities, comparatively slight ellipticities, slow
rotation on their axes (that is, days about 24 hours
long), and the rarity of satellites.

The two outer planets, Jupiter and Saturn, have
low mean densities, great ellipticities, rapid rotation on

' Beckett, Astronomy without Mathematics, p. 6.
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their axes (that is, days about 10 hours long), and abun-
dance of satellites, Jupiter possessing four, and Satura
no less than eight, besides his rings.

The limits of the outer group have been extended
within the last hundred years by the discovery of two
others, Uranus and Neptune, and these agree in their
characters with Saturn and Jupiter.

The space between the orbits of Mars and Jupiter is
occupied by the paths of numerous smaller planets or
asteroids, of which more than a hundred have been dis-
covered within the present century.

It is, however, exclusively with the relations be-
tween the sun and the earth that we have to deal.

Among the principles of planetary motion discovered
by Kepler, the famous German astronomer, and known
as Kepler’s Laws, the first is that the planets move in
ellipses, each ellipse having the sun in one of its foci.

In the case of the earth the ellipse does mnot differ
much from a circle. The mean distance of the earth
from the sun being 92,000,000 miles, its distance on
Jan. 1 is 90,436,000 miles, and on July 1, 93,564,000
miles.! We see, therefore, that the earth is nearer to
the sun in the northern winter than in its summer.

The length of the earth’s orbit is 578,052,560 miles,
and as that is passed over in a year, or in 365 days,
5 hours, 48 minutes, 47°6 seconds, the hourly rate of
motion through space is 65,941 miles. No percep-
tible effect of this motion on meteorological conditions
is observable, as the atmosphere is carried round with
the earth in its progress.

The rotation of the earth on its axis is, however, a
motion which exerts considerable influence on meteoro-

! Beckett, dstronomy without Mathematics, p. 80.

— e L



8 ELEMENTARY METEOROLOGY.

logical phenomena, by affecting the wind, as we shall see
further on. .

The earth rotates on its axis once in twenty-four
hours, and, as its equatorial circumference is 24,900
miles, a simple calculation shows that a point at the
equator must be carried round at the rate of 1,040
miles an hour. It is also evident that a point exactly
at either pole will not be carried round at all, and that
points intermediate between these two extremes will
be carried round at a less rate the nearer they are
to the pole. Thus in latitude 30° the motion will be -
900 miles an hour, and in latitude 60° it will be only
520 miles an hour, or one-half what it is at the equator.

It is, however, the apparent motion of the sun which
exerts the greatest influence in producing meteorological
changes. The axis of the earth changes its direction
in space very slowly, but in the course of a year the
apparent path of the sun in the sky describes a circle,
called the ecliptic; the plane of this circle cuts the -
plane of the equator, supposed to be extended to the
heavens, at the angle of 23° 27 44”, or, in round
numbers, 234°. These circles accordingly intersect
each other in two points diametrically opposite to each
other. The sun appears on the equator on March 21,
when he is going northwards, and on September 22,
when he is going southwards. On June 21 he is far-
thest from the equator on the northern side, when he
attains his greatest northern declination of 234°. On
December 22 he attains his greatest southern declina-
tion of 234° 8.

When the sun is on the equator he is above the
horizon for twelve hours, and below it for an equal’
time. This is expressed in common language by saying

—a B S - — B



THE EARTH AND THE ATMOSPHERE. 9

that the day and night are equal, and these epochs are
called the equinoxes. When the sun reaches his ex-
treme northern or southern declination, and commences
his return southwards or northwards, as the case may
be, he appears to stand still in the sky, and these
epochs are called the solstices. In the latitude of
London the length of the longest day, at the summer
solstice, is 16 hours 34 minutes, and of the shortest
day, at the winter solstice, 7 hours 47 minutes.

The proportion between the longest and shortest
days depends on the latitude, and this brings us to the
subject of the zones of geography: a division first pro-
posed by Parmenides, a friend and older contemporary
of Socrates, who lived about 450 B.c.

Parmenides divided the earth into three zones—
Torrid, Temperate, and Frigid, and taught that the
temperate zone was the only habitable region.

The modern definition of zones has reference to the
position of the sun in the ecliptic, in relation to the
successive parallels of latitude.

As the sun travels from 23%° N. to 231°S. it must
stand vertical, at some time or other, over every portion
of the globe which lies between these limits of latitude.
This belt, 47° in width, is called the Torrid Zone, and
the lines bounding it are called the Tropics.

Within the Torrid Zone there is always true day
and night, and the length of the days is reasonably
uniform throughout the year.

On either side of the Torrid Zone we have a Tem-
perate Zone, 43° in width, extending from either Tropic
to the corresponding Polar Circle, in 664° latitude.
These circles are called respectively Arctic and Ant-
arctic.
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In the Temperate Zones there is always true day
and night, but with differences in their length depend-
ing on the latitude, and attaining their greatest extent
at the respective solstices. As the sun is theoretically
visible for 90° from the horizon it is evident that, when
he is at the winter solstice, in 284° S. latitude, he will
be just on the horizon of an observer in 664° N. lati-
tude, while to an observer further north he would be
quite invisible, and that observer would have no true
day.

The two zones lying round the poles, and bounded
by the Arctic and Antarctic Circles respectively, are
called the Frigid Zones, and within them during part
of the year there is no day, and at the converse season,
no night. At the poles themselves, strictly speaking,
the day and night should be each of six months’ dura-
tion, if it were not for the effect of atmospheric refrac-
tion, for the sun should be entirely invisible when he
is south or north of the equator respectively.

Before we leave the subject of the zones we must
remark that the interval from the spring to the autumn
equinox is 186 days, while that from the autumn to the
spring equinox is only 179. In other words, the sun
remains seven days longer over the northern than over
the southern hemisphere. This ought to produce a
difference in the amount of heat received from the sun
in the respective hemispheres, but the compensation for
this inequality in the length of the summer is found in
the fact already explained, that, owing to the fact of
the earth’s orbit being an ellipse, not a circle, the sun
is actually nearer to the earth in the summer of the
southern hemisphere than in that of the northern, so
that within the same period more heat is received by
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the southern than by the northern hemisphere. With
the existing value of the eccentricity of the earth’s
orbit, the amount of heat received in perihelion (the
southern summer) is to that received in aphelion (the
northern summer) as 1:034 : 0-967.

There are two most important facts which must be
remembered when dealing with the influence of the
sun’s heat in raising the temperature of the earth.

. The first is, that, as water possesses a much higher

specific heat and lower radiating power than land, the
presence or absence of the sun’s rays produces much
less effect on the surface temperature of the oceans
than of the continents.

The second is that the distribution of land and
water on the globe is very uneven, and exhibits a
remarkable arrangement. The computed ratio of land
to water is generally stated at 1 : 3, but Lyell, in his
¢ Principles of Geology,” shows that the proportion of
1 : 4 is nearer the mark.

To exhibit the apparent capriciousness of the ar-
rangement of the land it need only be said that the
globe might be divided into two hemispheres, of which
one should be covered almost entirely with water, while
the other should contain more land than water. England
would be situated near the centre of this latter hemi-
sphere. If we mark on a globe all portions of land
which have land antipodal to them, it will be found
that they form only one twenty-seventh part of the
existing dry land.

As regards the portions of land lying outside the
tropics the ratio is also very remarkable, for there is
thirteen times as much land in the northern as in the
southern hemisphere.
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I shall have to return to these subjects at greater
length when treating of the distribution of temperature
on the globe in Chapters XII. and XVII., and must
now proceed to give some notice of the nature and
constitution of the atmosphere.

The Atmosphere is a gaseous body surrounding the
earth, and so distributed with regard to it as to form a
complete envelope, of which the outermost shell is sup-
posed to be similar to, and concentric with, the figure
of the eurth itself. The atmosphere, being material, is
of course subject to the action of gravity, and, being
gaseous, is endowed with the qualities of elasticity and
great sensitiveness to the effects of heat, &c. Its
condition, therefore, at any place is determined by the
balance between the various forces acting on it, but
necessarily it is much denser close to the earth than
above that level. As is well known, at such heights
as about seven miles, believed to have been attained by
Messrs. Coxwell and Glaisher in their memorable bal-
loon ascent from Wolverhampton, September 5, 1862,
the greatest elevation ever reached, the atmosphere
is so rarefied that great difficulty is experienced in
breathing.

We may therefore suppose that the height of about
seven miles is the limit at which mammals can exist,
although, perhaps, some birds can endure a somewhat
greater elevation. Such a height as even ten miles is,
of course, very small as compared with the diameter of
the earth, and utterly insignificant in relation to the
distance between the earth and even the moon, not to
speak of other heavenly bodies. In fact, on a globe
24 inches in diameter such a height would correspond
to a shell 004 irch in thickness. The atmosphere,
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however, extends far beyond the highest level at which
respiration can be sustained, but at a height of about
40 miles it is so rarefied as to be no longer capable of
refracting the sun’s rays, and its superior limit may,
for practical purposes, be assumed at about 200 miles
from the earth’s surface. These estimates have been
framed by M. Liais from observations on the phenomena
of twilight at Rio Janeiro.!

Atmospheric air is not a simple, or even a com-
pound, gas, but is essentially a mixture of the two
gases, oxygen and nitrogen, in nearly the following
proportions :—

By Volume By Weight

Nitrogen . - . . . 791 769
Oxygen . . . . . 209 231
1000 1000

The statement that the air is not a chemical com-
pound is proved by the following, among many other
considerations :—Firstly, the proportions just cited
bear no relation to the equivalent numbers of the
respective gases, as would be the case if they were
chemically combined ; secondly, there are no signs of
chemical action manifested when the gases are brought
together, for, while pure nitrogen will not support
combustion or respiration, as soon as about one-fourth
of its bulk of oxygen has been added to a quantity
of that gas, and the whole well shaken, the resulting
mixture will support both processes as perfectly as the
surrounding air of the atmosphere, while no indication

_of chemical action, such as the development of heat,
has been visible.

It is generally asserted that the air is identical in

V' Comptes Rendus, tome XLVIIL., p. 109.
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composition, whether it be taken from the surface of
the earth or from the tops of the highest mountains,
and for most practical purposes this may be assumed
to be true; but, when we come to look into the matter
more closely, we find that the assertion is only approxi-
mately correct, and that variations in the constitution of
the air exist, which affect our comfort and our health.

Dr. Angus Smith! gives the following variations in
the percentage amount of oxygen in specimens of air
taken in different localities -—

An open heath in Scotland . . . . 209990
Open places in London in summer . . . 20-9800
Court of Queen’s Bench, February 2, 1866 . . 206500
The worst specimen yet examined in & mine . . 182700

Dr. Smith goes on to say (p.9):—°Some people will
probably inquire why we should give so much attention
to such minute quantities—between 20-980 and 20-999
—thinking these small differences can in no way affect
us. A little more or less oxygen might not affect us,
but, supposing its place occupied by hurtful matter, we
must not look on the amount as too small. Subtracting
0-980 from 0999 we have a difference of 190 in a
million. In a gallon of water there are 70,000 grains;
let us put into it an impurity at the rate of 190 in
1:000,000 : it amounts to 133 grains in a gallon. This
amount would be considered enormous if it consisted of
putrefying matter, or any organic matter usually found
in waters. But we drink only a comparatively small
quantity of water, and the whole 18 grains would not
be swallowed in a day, whereas we take into our lungs -
from 1,000 to 2,000 gallons of air daily.’

v Auwr and Rain: the Begwmings of a Chemical Climatology. London:
Longmans. 1872.
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In addition to the two gases, oxygen and nitrogen,
the atmosphere contains other constituents which are
constartly present in it, but in varying, and always
very minute, proportions. The most important of these
are carbonic acid and aqueous vapour.

The first-named gas is notoriously deleterious to
animnal health. It is the product of the complete
oxidation of carbon, as effected in combustion, and
therefore in respiration, which is a slow combustion,
and it is absorbed by plants under the influence of
sunlight.

Its normal amount may be taken as 0-03 per cent.
An average of several specimens of London air, taken
in November 1869, gave Dr. Smith 0:04394 per cent.,
while examples taken in the tunnels of the Metropolitan
Railway, in the same year, gave 0°1452. Dr. Smith,
again, says : '—* We all avoid an atmosphere containing
01 of carbonic acid in crowded rooms; and the ex-
perience of civilised men is that it is not only odious
but unwholesome. When people speak of good ventila-
tion in dwelling-houses they mean, without knowing it,
air with less than 0:07 of carbonic acid.’

The proportions of oxygen and carbonic acid,
however, are not subjeets of ordinary meteorological
inquiry; but it is very different with the aqueous
vapour, which plays a most important part in all
meteorological changes, and the determination and
consideration of which will form the subject of special
chapters.

As to ozone, which is known to exist in the atmo-
sphere and which is only oxygen in what chemists call
an allotropic condition, its determination is deemed by

v dir and Rain, p. 56.
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some authorities to be of very high importance in con-
nection with sanitary meteorology; but the assertion
may safely be made that as yet no thoroughly un-
Juestionable mode has been proposed for its detection
and quantitative determination. To this subject, how-
ever, we shall return subsequently (Chapter X. p. 196).



CHAPTER III.
TEMPERATURE.

THE determination of the temperature of the air is
without doubt, the most important of meteorological
observations, for as Professor Angus Smith has pointed
out, in his work already quoted, ¢ Heat is a more press-
ing want than even pure air.’ If, however, the obser-
vation is important, and is apparently very easily made,
it is yet almost the most uncertain of all, if great
accuracy be required, owing to the nearly total impos-
sibility of securing a perfectly unexceptionable ex-
posure for the thermometers. The indications of these
instruments will vary more or less, with the pattern
and material of the stand in which they are placed,
with their height above the ground, their proximity to
trees or buildings, and even with the nature of the soil
and the character of the vegetation which covers it.
We must commence with some notice of the ther-
mometer itself, of which instrument a most interesting
history has been published by M. Renou in Paris,' and
we shall describe some of the principal forms of ther-
mometers at present in use. An ordinary thermo-
meter consists of a fine glass tube with a bulb blown
on one end, and is partly filled with some liquid.
usually mercury or spirit of wine. This liquid ex-
pands on being heated, and contracts again on being

' Annuaire de la Société Météorologique de France, 1876, p. 19.
o
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cooled. When it expands it passes up along the tube.
By the amount of this expansion the temperature is
measured by means of a scale marked off on the tube.
The mode of making and filling thermometers so as
to exclude all air from the bulb and tube is given
in text-books of physics, as in Balfour Stewart’s
‘Elementary Treatise on Heat’ (1866). Other con-
ditions being equal, the finer the tube in relation to
the bulb the more sensitive will the instrument be, for
the scale will be more open.

The actual inventor of the thermometer is unknown.
At the end of the seventeenth century two forms of in-
struments for measuring temperature were recognised
—Spirit -thermometers with closed tubes (Florentine
thermometers), and Air thermometers, in which the
open end of the tube was plunged in water (Dutch
thermometers). It is generally stated that Galileo
was the real inventor of the first-named form of ther-
mometer, but Robert Fludd, in a work published in
1638, expressly stated that he had found the instrument
described in a manuscript dating more than fifty years
back. This date is at least twenty years before Galileo
went to Florence, and began to publish, for his first
paper is dated circa 1609.

The great improvements in the instrument, which,
in its simplest form, corresponds in principle exactly
with the Florentine pattern, have been the substitution
of mercury for spirit as the thermometric liquid, and
the reference of the scale to the fixed points of boiling
water and melting ice. All three of these improve-
ments are placed by M. Renou to the credit of English-
men, the first two having been suggested by Halley in
the ¢ Philosophical Transactions’ for 1693 ; while the
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third, the proposal to use the freezing-point of water
ns the starting-point of the scale, was made by Robert
Hooke in 1667.

The advantages presented by the use of mercury as
a thermometric liquid are the great distance between
its melting-point and its boiling-point, amounting tc
about 700° on the Fahrenheit scale; the regularity of
its expansion for the greater part of that range; its
high conductivity and low specific heat,! which enable
it to indicate more rapidly than other substances would
the temperature to which it is for the time exposed.

The only conditions under which mercurial ther-
mometers cannot be employed in meteorology are those
of extreme cold, inasmuch as at the temperatures ex-
perienced in winter in very cold climates, such as those
of Canada or Siberia, mercury freezes, or at least is so
near its point of congelation that its expansion is not so
regular as is the case between the limits of temperature
met with in warmer climates.

Various plans have been proposed for the graduation
of thermometers ; of these three have come into exten-
sive use : those of Fahrenheit, Linnaus, and Réaumur.
In Fahrenheit’s thermowmeter, used at all British and
American stations, the interval between the freezing
and boiling points is divided into 180 degrees, the
freezing-point being 32° and the boiling-point 212°.

In the Centigrade thermometer, in general use in
Europe, which was invented by Linngeus,? not, as usually
stated, by Celsius, that interval is divided into 100
degrees, the freezing-point being 0°, and the boiling-
point 100°.

' Conductivity is the rapidity with which heat 18 communicated from
particle to particle of a substance. Specific keat is the amount of heat
required to raise 11b. of a substance one degree, in terms of that neces-
sary to raise 1 1b. of water one degree. 2 See note, p. 49.

c?2
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In Réaumur’s thermometer, formerly in use in Ger-
many and Russia, the same interval is divided into 80
parts, the freezing-point being 0° and the boiling-
point 80°.

In both the Centigrade and Réaumur’s scales the
degrees below the freezing-point are marked with a
minus sign (—), and hence arises the convenient, but
slovenly, way of speaking of ten or twenty degrees of
frost, as the case may be, instead of —10° or —20°,

In Fahrenheit’s scale, as the freezing-point is
82°% it is found that the minus sign is comparatively
rarely used, at least in these islands, as the tempera.-
ture hardly ever sinks as much as 32 degrees below the
freezing point.

Of these scales, Réaumur’s, which was formerly very
common, is now rapidly falling out of use, owing to the
very general adoption of the Centigrade system.

Inasmuch, however, as all three scales are in exis-
tence and occasionally met with, it is well to know the
following rules for converting readings according to
one into readings according to either of the others.

To convert Fahrenheit readings to Centigrade, sub-
tract 32 and multiply the remainder by §; e.g. 68° F.
when reduced becomes (68-32) §=20° C.

To convert Fahrenheit readings to Réaumur, sub-
tract 82 and multiply the remainder by 4; e.g. 68° F.
when reduced becomes (68-82) $4=16° R.

To convert Centigrade to Fahrenheit, multiply by
£ and add 32.

To convert Réaumur to Fahrenheit, multiply by ¢
and add 82.

To convert Centigrade to Réaumur, multiply by #.

To convert Réaumur to Centigrade, multiply by £.
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Tables for these conversions will be found in Ap-
pendix L, but in this work Fahrenheit’s scale will be
exclusively employed.

It will now be interesting to describe the graduation
of the instrument more minutely. In the first piace the ~
freezing-point is the temperature of pure water with
ice melting in it, or of melting snow. It is necessary
to state this, because the temperature at which water
freezes is not constant, as will be learnt from text-books
on physics, and under certain circumstances water may
be cooled several degrees below the freezing -point with-
out the formation of ice. v

The boiling-point requires further definition. The

_temperature at which water boils depends on the pres-
sure of the atmosphere at the time, as the less is that
pressure the easier is it for the vapour to liberate itself
from the liguid, and accordingly the lower is the tem-
perature at which ebullition occurs.

Hence we see how the observation of the boiling-
point of water may be employed to measure atmo-
spherical pressure. As we shall subsequently learn
(p. 65) that the pressure of the atmosphere is reduced
as we ascend above the level of the sea, and in fact
depends on the elevation we have reached, we can see
that any method of determining the pressure at any
station may be used to ascertain the height of that
station. The observation of the temperature at which
pure water boils is a method, though an indirect one, of
ascertaining the pressure, and as a boiling-point ther-
mometer, with a lamp attached, is an easily portable
apparatus, the method is a convenient one for esti-
mating the heights of mountains. Tables have been
calculated to show the height corresponding to any
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observed temperature at which water boils. The process
«8 a fairly accurate one. It is termed Hypsometry.

The standard pressure which is assumed for the
boiling-point in Fahrenheit’s thermometer is 29-905
ins. in the latitude of London ; and that adopted for
the boiling-point on the Centigrade scale is 760 milli-
métres in the latitude of Paris.! As this latter pressure
corresponds to 29-922 ins. it is evident that 212° F. and
100° C. do not indicate precisely the same temperature,
although the approximation is sufficiently close for
ordinary purposes.

To return then to Fahrenheit’s graduation; he
divided the distance between the freezing and boiling
points into 180 parts or degrees, corresponding to the
number of degrees in a semicircle, and he assumed as
the zero of his scale the temperature which resulted
from the mixture of snow and salt. This was 32
degrees of his scale below the freezing-point of pure
water. In these thermometers, therefore, the minus
sign (—) is only used for temperatures below 0° F.

In addition to the advantages presented by the
Fahrenheit’s scale, owing to the comparative rarity of
the use of the negative sign, the small size of its degrees
renders it very convenient.

The types of thermometers which are principally
employed in meteorological observations are ordinary
thermometers ; maximum thermometers; minimum
thermometers; and solar radiation thermometers
(which will be described in a subsequent chapter), of
which the three last-named types are ordinary ther-

! It is necessary to state the latitude, as the action of gravity depends

on the latitude, and so does consequentty the weight of the mercury required
to produce the requisite pressure.
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mometers arranged so as to be self-registering, that is
they are provided with an index to mark the extreme
of temperature which has been registered since the
instrument has last been set. In addition to the fore-
going, some observatories are provided with automa-
tically self-recording thermometers, which furnish a
continuous record of temperature, independently of eye
observations.

Ordinary Thermometers.—An ordinary thermometer
is mercurial, and it should have a small bulb, cylindrical
by preference, but for practical purposes spherical bulbs
will suit well enough. The tube should be fine enough
in proportion to the size of the bulb to allow of an
extended scale, and the graduation should be carried
out at least from the lowest to the highest temperature
to be expected to occur at the station. Thus, for these
islands, the range from —10° to 100° will suffice for
ordinary shade temperatures, as the temperature will
hardly ever sink below 0° or rise to 100° under the
ordinary conditions of observation.

Every thermometer should be verified at some re-
cognised establishment, such as Kew Observatory. A
Kew certificate will show the instrumental errors at
every ten degrees from 32° to 92°, or for a greater
range in special cases. The rule laid down by the
Meteorological Office is that no thermometer should
be used which has at any one point a larger error than
0°3, or in which any space of ten degrees is more than
0°8 wrong. Thus, if the correction at 52° is +0°2
and at 62° is —0°2, the instrument should be re-
jected. That these limits of accuracy are not too
stringent is shown by the fact that several of the
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London makers annually turn out hundreds of instru-
ments amply fulfilling the conditions stated.

There is, however, a source of inaccuracy in ther-
mometers against which special precautions must be
taken. This is called the ¢displacement of zero” When
glass has been fused, it does not at once return to the
precise conditions of demsity, &c., which it exhibited
before being heated. The bulb has a tendency to con-
tract, and this action of course causes it to hold less
mercury, and, by forcing a portion of its contents into
the tube, makes the instrument read too high. The
progress of this contraction is not perfectly regular,
and it may last over a considerable period. The best
method of obviating it is for the maker to anneal the
tubes as soon as they are filled and sealed, and then
to lay them aside, but not to graduate them until they
have been lying by for several years.

It is, however, comparatively easy to discover the
existence of this displacement of zero in an instrument
by testing it in ice or snow, and to correct it if it
exists. Each winter, when snow is on the ground, the
thermometer should be placed in melting snow and
entirely covered up, with the exception of a small
portion of the scale just above the freezing-point. Of
course pounded ice would do as well as snow, but the
latter is more easily manipulated. As soon as the
mercury has taken the temperature of the melting
snow, which will be shown by the reading remaining
constant, the precise position of the end of the column
should be noted. Any difference found between this
reading and 32° should be entered as the correction
for zero displacement. This correction is always sub-
tractive, and should be deducted from all the readings
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of the instrument, as the accuracy of graduation of
the tube is entirely independent of the capacity of the
bulb; so that any error in the estimation of the latter
will affect equally the whole range of the scale.

Self-registering Thermometers.—Self-registering ther-
mometers have already been defined to be instruments
furnished with some contrivance to mark the highest
or the lowest temperature to which they
have been exposed during a given inter-
val of time. Such thermometers are
usually read once a day at a definite
hour, and then set to agree with the
temperature at the time.

Fie. 1.

The oldest form of self-registering
thermometer is Six’s, invented in 1781.
It combines the registration of the
maximum and minimum temperatures
in one instrument. It is very com-
monly employed in greenhouses, &c., but
is mnever used for scientific observations,
except for ascertaining the temperature
of the deep sea. It is a spirit ther-
mometer, the tube of which is bent
parallel to itself, and a bulb is blown on
each end, one bulb being larger than the
other (fig. 1). The two bulbs are filled
with spirit, except that a bubble of air is
left in the smaller one. The bend of the Six's Thermometer
tube is occupied by a plug of mercury. The registra-
tion is effected by means of two indices, consisting of
steel pins, sealed in glass tubes, with hairs attached to
keep them in any position they may have reached by
being pushed by the mercury plug, or by the action of
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the magnet, which must be employed to set the in-
strument.

The setting consists in bringing down the indices,
by means of the magnet, to rest on the top of the mer-
cury plug, the maximum on the side of the smaller, the
minimum on that of the larger bulb. When the tem-
perature rises, the spirit in the large bulb expands, and
pushes the plug and index before it, the latter resting
at the highest point reached. When the temperature
falls, the spirit contracts, and the pressure of the air-
bubble in the small bulb drives the plug back, and
moves the minimum index in its turn as soon as the
temperature falls below that at which the instrument
was set. This index then marks the lowest point
reached.

The instrument is apparently very complete, but
it has serious defects. It must always be kept in a
vertical position, or else the spirit may creep past
the mercury at the bend of the tube, and then the
instrument must be sent to an optician to be set
right. Again, the mercury has a tendency to push
itself beyond the ends of the indices, so that small
quantities are retained by them. By this means the
length of the mercurial column is reduced, and the
instrument rendered incorrect. Practically, the maxi-
mum and minimum thermometers are now always dis-
tinct instruments, and Six’s thermometers are never
used at well-appointed stations. '

Mazimum Thermometers.— Of maximum thermo-
meters the two commonest patterns are Phillips’s and
Negretti’s, and there is not very much to choose between
them. In Phillips’s thermometers the index is formed
by a small portion of the mercurial column separated
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from the main thread by a bubble of air. This sepa-~
rated portion is pushed on before the column when it
advances, but does not return with it when it recedes,
so that the index rests at the extreme position which
the column has reached, and the end furthest from the
bulb registers the highest temperature which has been
attained. Thus the reading of the instrument shown
in fig. 2 is 78°.

The chief objection to this form of thermometer
is that the bubble of air is likely to become displaced by
passing back into the bulb if the temperature falls very

Fi6. 2.

Phillips’s Maximum Thermometer

low. When this happens the instrument loses its
registering properties, and becomes an ordinary ther-
mometer.

The plan of Negretti’s thermometer is simple, and
the instrument is rather less likely to get out of order
than the preceding, for which reason it may be con-
sidered preferable for ordinary use. The registration
is effected by the mercurial column itself in the follow-
ing manner. The bore of the tube close to the bulb is
reduced in section in such a way that while the expan-
sion of the mercury is sufficient to force the thread of
liquid past the obstruction, the cohesion of the metal
is insufficient to draw it back again when the tempera-
ture falls.

Accordingly the length of the thread of mercury
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above the contraction measures the highest tempera-
ture to which the instrument has been exposed since it
was last set. The thermometer should be held with
the bulb slightly inclined downwards, before reading,
to allow the separated portion of the column to flow
gently back to the contraction.

Both these thermometers are set in the same way.
The instrument is taken in the hand and swung briskly,
bulb downwards. This has the effect in Phillips’s
instrument of causing the index to come down till
stopped by the air-bubble resting on the continuous
portion of the thread. In Negretti’s instrument the
centrifugal force will enable the separated portion of
the column to pass the contraction and enter the bulb,
until the latter is quite full and the instrument indicates
the actual temperature of the air at the time.

The hands must be kept away from the bulb when
setting a maximum thermometer, for otherwise it will be
almost impossible to set the instrument so as to show
the true temperature of the air, especially in winter.

In making Negretti’s thermometer, great care is
requisite to ensure that the contraction shall be neither
too great nor too slight. If the former defect exists it
will be found difficult to set the instrument, while if the
tube is not contracted enough tbe indications may be
inexact, as some of the mercury may, by mechanical
adhesion, be drawn back past the contraction when the
temperature falls.

Precautions are required in placing any registering
thermometer on its stand. It ought to hang exactly
horizontal ; but some instruments, owing to slight de-
fects of construction, require to be sloped very stghily
to ensure their acting properly.
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Minimum Thermometers.— Of minimum thermo-
meters there are two classes, according as the instru-
ment is filled with mercury or spirit. Of the former
class Casella’s is that best known. It is an exceedingly
ingenious and beautiful instrument, but requires so
much care in its manipulation that it is practically but
seldom used. It will therefore not be described.

Rutherford’s pattern is that all but universally
adopted for spirit minimum thermometers. In it the
index is entirely enveloped in the liquid and moves
with a little difficulty in the tube. The action is as
follows :—The index is allowed to run down to the end

Fia. 8.

Rutherford’s Minimum Thermometer.

of the column by sloping the thermometer with the
bulb uppermost. When so set it is placed in a hori-
zontal position. If the temperature rises the spirit will
flow past the index without disturbing it, but if it falls
below the point which the thermometer marked when
set, the force of capillary attraction between the spirit
and the index is sufficient to preclude the index being
left dry, and accordingly this is drawn back with the
spirit until the lowest temperature is reached, its upper
end being always flush with the end of the column as
that recedes. The index will thus mark the greatest
degree of cold which has occurred, inasmuch as it will
remain unmoved when the spirit advances again, owing
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to any rise of temperature. The reading of the instru-
ment shown in fig. 8 is accordingly 17°.

The lowest temperature since last setting is of
course taken from the position of the index, but the
column of spirit itself will mark the temperature at any
time, and if the two readings are identical it is a sign
that the temperature is at its lowest and probably falling.

Rutherford’s thermometer is liable to a serious
defect : a portion of the spirit may evaporate from the
end of the column and condense in the upper part of the
tube. This arises from the presence of air in the spirit
used for filling the instrument. The quantity of liquid
so0 condensed sometimes amounts to six or eight degrees,
and of course the length of the continuous column, by
which the temperature is recorded, is curtailed to that
extent, and the readings lowered proportionably. It is
probably to this source of error in spirit thermometers
that most of the extraordinary discrepancies in reports
of severe cold are to be attributed. In fact, it may
safely be said that more than half the ordinary spirit
thermometers in use in gardens are to a greater or less
extent affected by this error. If a spirit thormometer
reads lower than a correct mercurial thermometer
placed beside it, there is reason to suspect the presence
of the defect just mentioned.

The spirit is also liable to become broken into several
detached portions, especially if the instrument is being
transported from place to place; or the index may be
shaken entirely out of the spirit into the upper part of
the tube. In all these cases the thermometer should
be swung briskly to and fro several times, holding it
bulb downwards, until all the liquid which may have
been visible at the upper end of the tube shall have
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been disiodged and the index brought down to the bulb
end of the bore.

The thermometer should then be placed in an up-
right position, bulb downwards, and left there for about
an hour. This treatment will usually have the effect
of restoring to the instrument its correctness of indi-
cation. If, however, it should fail to do so, the ther-
mometer should be held in the right hand about a
third of the way up from the bulb, and the upper end
of the tube gently tapped on the palm of the hand,
which will usually dislodge the spirit from that place,
and cause it to unite with the main column.

We have already mentioned the high conductivity
and low specific heat of mercury as qualities which
render it the most useful thermometric liquid, inasmuch
as they render it more sensitive to changes of tempera-
ture than spirit. The sluggishness on the part of the
latter liquid is obviated by the adoption of a different
mode of construction of the bulb. Of all the forms of
bulb, the sphere is the worst for the sensibility of the
thermometer, as that form presents the least amount of
surface for a given mass of liquid. The cylinder is far
preferable to the sphere, but for spirit minimum ther-
mometers this form will hardly suffice and severai
plans have been devised to render the instrument suffi-
ciently sensitive. One of these is to make the reservoir
forked in shape, another is to form it out of two pieces
of glass tubing of different diameters, placed one inside
the other and fused together at each end, so that when
the instrument is filled the liquid forms a thin sheet, of
which no portion is more than a tenth of an inch in
thickness. Any alteration in temperature will by this
means be simultaneously communicated to a large
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surface of spirit, and will speedily produce its effect on
the whole mass, so that the indications will be as
prompt as those of a mercurial instrument.

Self-recording Thermometers.—All the thermometers
which we have been considering hitherto require to be
read at frequent intervals; but as such a practice is
very troublesome, and at best cannot keep account of
all the changes of temperature which occur, various
methods have been adopted to obtain a record of tem-
perature independently of the constant attendance of
the observer.

Record at frequent intervals can be obtained by the
use of automatic instruments in which electricity is
employed, and which are termed electrical thermo-
graphs. In Theorell’s and van Rysselberghe’s, which
are amongst the best of these, the thermometer differs
from ordinary thermometers in that the tube is open at
the upper end, and a wire is introduced into it which,
by a clockwork arrangement, on the plan suggested
by Sir C. Wheatstone, is caused to descend at regular
intervals until it touches the surface of the mercury.
As soon as contact is established, an electric current is
set up and a record is obtained. The wire is then
raised again and the contact is broken. The record is
furnished by a mechanical contrivance which, whenever
contact is made, pricks a hole in paper, on which the
thermometer scale is marked, at the point correspond-
ing to the height of the mercurial column at the time.

A continuous record is furnished by the photo-
graphic thermograph, adopted by the Meteorological
Committee at their observatories. In this instrument
a bubble of air is introduced into the column of mer-
cury, which moves up and down with the temperature,
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for the bore of the tube is larger than in Phillips’s
maximum thermometer,in which the separated portion
does not return towards the bulb when the temperature
begins to fall. A lamp is placed before the instrument,
and a photograph of the space occupied by the air-
bubble is taken on prepared paper, stretched on a drum,
and caused to revolve at a fixed rate.

Another form of photographic thermograph, which
is that in use at Greenwich, furnishes a photograph of
the open space in the thermometer tube, above the
mercury, so that the length of the photographic im-
pression varies with the thermometric reading.

Thermometer Exzposure.—When we have got our
thermometers, the next question is how to place them
so as to give a correct indication of the temperature of
the atmosphere. This is a problem of the greatest
difficulty. In the first place, it is evident that an
instrument intended to give the temperature of the air
must be protected against radiation, so that it shall not
be possible for it to receive appreciable heat from bodies
hotter than the air or to give out appreciable heat to
bodies cooler than the air.

On the other hand, the air must have perfectly
unrestricted access to the bulb, and that air should be
the free air of an open space, not the confined air of a
narrow courtyard. This last condition is difficult of
fulfilment in certain places, for it virtually implies the
assertion that no observation of temperature taken in a
town is of any value at all. Moreover, if we demand
that the screen shall always be erected at a distance
from any building, we at once condemn not only the ex-
posure of all thermographs, but the observations taken

D
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at most of the stations on the continent ot Europe,
where the use of screens at windows is very generally
adopted.

Practically, a screen standing free over an open
grass-plot should be employed wherever possible; but if
the best exposure available be a wall, care should be
taken that it is a garden wall—not the wall of a house
which may be heated by fires inside—and that the
screen hangs at a distance of some inches from the wall
so as to admit of the free passage of the air behind it. The

Fie. 4. screen should face north
in the northern hemi-
sphere and be sheltered
from the sun at ail hours,
but it must be exposed to
a free circulation of air.

As to the pattern of

the screen, that most

usually employed in this

country has been devised

by Mr. Thomas Stevenson,

C.E., and is shown in fig.4.

It is made of wood, double

louvred, and is erected on

legs, so that the bulbs of

the thermometers when

suspended in it shall be

four feet above the ground.

Stevenson’s Thermometer Screen. Its external dimensions
are—length, 238 in.; breadth, 14 in.; height, 18 in.
This and all other screens should be painted white.
The objections to Stevenson’s screen are that it is
rather small, and that the louvres are too close to-
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gether to allow of a free access of the external air to
the bulbs.

Other forms of screen were formerly much in vogue,
such as Glaisher’s or James’s. These are perfectly
open on the side away from the sun, and their main
defects are that they require to be shifted once or
twice a-day to prevent the sun’s rays falling on the

Fi1G. b,

Thermometer Screen used on board Ship.

thermometers, and that in time of rain with a northery
wind it is impossible to keep the instruments dry.
Finally, these screens do not protect the thermometers
against radiation. For the last-mentioned reason the
maximum and minimum readings recorded in such
screens are frequently higher and lower respectively
than those registered in a closed screen.
p2
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Of wall screens, that used on board ship, fig. 5 (p. 85),
is very good, and its construction is extremely simple,
but when it is set up on a wall facing north, so as to keep
it in the shade, some additional protection is usually
required on the east or west sides or on both, to shelter
it from the rays of the sun at its rising and setting in
summer. It should be placed so that the thermometer
bulbs should be at a height of four feet above the
ground, and its back should be distant two or three
inches from the wall.

Sling Thermometer.—In order to meet the difficulty
of exposure, Arago, in 1880, proposed to determine
the temperature by means of a thermometer tied to a
string and swung round the head. An observation
taken under such conditions gives a very close approxi-
mation to the shade temperature at all times, and it is
a remarkable fact that the reading is scarcely affected
by the accident of its being taken in sunshine or in
shade. It is obvious that such a method of observing
obviates all the difficulties about the free circulation
of the air round the thermometers which have been
mentioned in connection with Stevenson’s screen. It is,
however, only suited for isolated observations.

We now come to the arithmetical treatment of the
observations. The results may be considered in two
directions: as to the changes of temperature firstly in
ttme, and secondly in space.

The question of the changes of temperature in time
brings with it the whole subject of its diurnal and
annual range: what are called its Periodic Variations.
Under the heading of the changes of temperature in
space, we have to deal with the great subject of climato-
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logy, and to consider not only how the average tem-
perature varies from place to place, but how the curves
of annual and diurnal range are modified with change
of geographical position. These latter subjects will be
dealt with in Chapters XII. and XVII.

Mean Temperature.—When we obtain by photo-
graphic or mechanical means a continuous record of
thermometric readings for any length of time, we find
that the temperature is constantly changing and that,

FiG. 6.
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Thermogram, Kew Observatory, August 8, 1877,

in fact, on a hot summer’s day, the curve is so con-
stantly showing sudden variations that it is often only
a chance whether or not two consecutive readings
taken within a short interval of each other will accord
within a degree or so.

The diagram (fig. 6) shows the continuous record
of temperature taken at Kew Observatory during a
summer day.
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The average temperature for the day ought to be
obtained by integrating, or determining the area en-
closed by, this irregular curve ;! but as it is very difficult
to integrate such curves as that given above, the ther-
mograms, as such curves are called, are measured at
every hour, and it has been generally agreed to take
the average of 24 such measurements, or of 24 hourly
observations, if attainable, as the true mean of the
day.

It is, however, impossible to obtain continuous
records from many stations, and far too troublesome
for any ordinary station to maintain hourly observa-
tions, and accordingly calculations have been made to
find the degree of approximation to the mean of the 24
hourly readings which is attainable by any combination
of less frequent observations. The following figures

§@am. |} mex + | 8@am | §(7am

Month 9am. 4% pm.) min.) ++1 g l};.;n) I 91 5$
January . 1% 0% 08 | —03 | —03
Kebruary . 10 09 — 04 - 02 - 02
March . - 01 07 - 07 0-1 - 01"
April - 15 04 -11 04 - 06
May . — 24 0-2 - 12 0-3 - 06
June - 25 02 — 08 03 - 09
July. - 22 03 - 10 04 - 08
August -19 04 -12 05 | —o06
September - 15 06 -1l 02 - 03
October — 04 06 - 08 - 01 - 03
November 02 08 01 - 02 - 03
December . 08 06 03 - 03 - 03
Year . — 08 06 — 06 01 - 04

! It is obvious that the area enclosed by any curve like that shown in
fig. 6, of which the absciss@, measured along the base, represent time, and
the ordinates represent values of any element, may be represented by a
rectangle on the same base, and of which the adjacent side is the ordinate
representing the mean value of the element for the time.
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show, for Greenwich, the corrections to be applied to
the ordinary combinations of hours of observation, in
use in Europe, in order to obtain true daily means.
The data on which this table has been based are given
in Table 1, p. 38, of the ¢ Reduction of the Greenwich
Meteorological Observations,” and extend to the range
of years 1849-1868. The correction for the maximum
and minimum readings is from a paper by Mr. W.
Marriott.!

In the table the figures are of course degrees and
tenths Fahrenheit.

The values marked with a minus sign (—) are
higher, those without a sign are lower, than the true
daily mean for the month.

These figures are, however, strictly speaking, only
applicable to the locality of Greenwich, and require
modification before they can be employed for observa-
tions taken elsewhere.

This pbrings us to a very important subject. It is
obvious that as the average of each combination of
hours of observation differs by a definite quantity from
the average of the day, so the average of any single
observation taken regularly at a fixed hour, as for
mstance that for 9 a.M. in the preceding table, must
differ by an ascertainable amount from the average of
the day. Once this amount was known, it would there-
fore be only necessary to observe once a day in order to
determine the temperature of the station. But the
corrections deduced from any one station are not ap-
plicable to other stations differently situated as to
their geographical positions and their heights above
the sea-level. The mean temperature deduced for &

t Q. J. Met. Soc. vol. iii. p. 402
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number of stations by such a method by means of a
table of corrections determined for one of them will
differ appreciably from the mean temperatures obtained
from a greater number of observations taken at the
stations themselves.

The subjoined curve (fig. 7) shows the range of
mean temperature at Greenwich during the day on the
average of the whole year, as derived from the twenty
years’ observations, 1849-1868. It will be seen from it
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Diurnal Range of Temperature at Greenwich.

that the highest temperature occurs at 2 p.u., and the
lowest at 4 a.m.

The course of this curve varies from month to
month, with the season, and even from day to day, with
the weather. As, however, the appearance of such a
curve as this ferms one of the most important charac-
teristics of the climate of a place, the subject of diurnal
range will be more fitly treated of when we come to deal
with the distribution of temperature in Chapter XIT.
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In the foregoing diagram, the line A B represents
the mean temperature of the year, 49°7.

It is a fortunate thing that reasonably close ap-
proximations to the mean temperature of a day are ob-
tained by taking the average of the observations at the
homonymous hours of 9 A.M. and 9 p.M., as shown by
the table on p. 88. The point p (49°1) in the diagram
shows the position of that average for Greenwich, being
the middle point of $he line ®r 8, joining the 9 a.M. and
9 p.M. values. This combination is reasonably convenient
for British observers, and has been adopted generally
in this country, by the Meteorological Office and the
Meteorological Society, for use at all stations of the
Second Order.!

On the Continent, at the corresponding stations,
more frequent observations are taken, and various com-
binations of hours have been adopted, usually three in
number. The Russian system demands observations at
7 A.M.,1 P.M.,and 9 P.M.; the Austrian at 6 A.M., 2 P.M.,
and 10 p.M.

The monthly values of the corrections for each of
these combinations are given in the table (p. 88), and
from these it appears that for Greerwich the series
6.2.10 gives the most accurate results.

1 At the first International Meteorological Congress at Vienna, 1873,
the following definitions of the different classes of stations were
adopted :— -

Stations of the First Order are observatories, in which meteorological
observations are conducted on an extensive scale, either by the use of self-
recording instruments, or by taking hourly readings.

Stations of the Second Order are those where complete regular obser-
vations of the usual meteorological elements, viz. pressure, temperature,
humidity, wind, cloud, rain, &c., are conducted.

Stations of the Third Order are those where only a portion of these
elements are observed.
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However, the simplest method of determining the
mean temperature is to take the average of the maxi-
mum and minimum temperatures for the twenty-four
hours. This is the poiut ¢ in the diagram, the middle
point of the line P Q joining the highest and lowest
readings.

The great convenience of this mode of determining
the mean temperature arises from the fact that the
maximum and minimum readings are registered auto-
matically, so that the instruments need only be visited
once a day.

A good deal depends on the hour at which
the maximum and minimum thermometers should be
set, and the period now fixed for this operation is
9 p.M., the latest observing hour of the day. The
reason of this arrangement is easily understood.
Theoretically these instruments ought to be set at
midnight, so as to show respectively the highest and
lowest temperatures reached during the civil day. This,
however, is not convenient, and so formerly the plan
was generally followed of setting them at the earliest
observing hour in the morning. Such a practice, how-
ever, produced much uncertainty ; for as, under ordinary
circumstances, the maximum temperature recorded in
the morning will have occurred during the afternoon
of the previous day, while the minimum will have
taken place about sunrise on the morning on which
the observation is read off, the two readings will really
have belonged to two different civil days. This gave
rise to the absurd practice of assuming that the two
readings always - referred to different days, whereas,
as a matter of fact, and in winter time especially,
the maximum or minimum may occur at any period



TEMPERATURE. 43

of the day, the extremes of temperature in cloudy
weather being regulated mainly by the changes of wind.

1f it were convenient to read the instruments at
midnight no uncertainty could possibly exist, as the
extreme temperatures recorded must have occurred
during the civil day, and the adoption of 9 p.:M. ren-
ders it at least far less likely that any doubt should
arise as to the day to which a given temperature be-
longs than would be the case f a morning hour were
selected.

Having calculated the mean temperature of the
day by any method, the next problem is to determine
the means for longer periods, and ultimately to arrive
at the mean temperature of the place.

The most obvious period, next to a day, is a week,
but as the weeks do not begin on the same days in
consecutive years, we cannot easily state what is the
true mean temperature of, say, the sixteenth week in
any year. _

The only really logical subdivision of the year is
that into 73 periods of 5 days each, for the number 365
is only divisible by 5 and 73, and a great deal of good
work has been done with these five-day means, which
are strictly the means of equal and corresponding in-
tervals, except in leap year, when thé time from Feb-
ruary 25 to March 1 embraces six days.

There is only one inconvenience in the use of five-
day means, and this arises from the fact that the five-
day intervals do not correspond with the monthly
periods, while common usage always comsiders the
month as the most natural subdivision of the year.
Monthly means are, therefore, always employed for
ordinary purposes, but in many respects this is an
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unsatisfactory mode of dealing with the question of
the march of temperature during the year.

The months are unequal in length, so that, e.g., the
mean for February is not strictly comparable with that
for either January or March, which are each of them
the average of thirty-one days’ observations, not of
twenty-eight. Moreover, the absclute mean monthly
temperatures do not fall on the middle days of the
months—but occur on other days, so that the curve
drawn from ordinates representing the twelve monthly
means does not coincide closely with that drawn from
the 75 five-day, and much less with that drawn from
the 865 daily, means.

However, in all such questions something must be
conceded to common usage, and so it has been agreed
among meteorologists to calculate means for civil days
beginning at midnight, instead of for astronomical days
beginning at noon; and for civil months; while as
the mean of the year, the average of the twelve monthly
is to be taken instead of the average of the 365 daily
means.

These mean monthly and annual results should then
be combined in periods of five years called lustra, the
periods being so chosen that the year with which they
end shall be a multiple of five. Thus the average should
be taken of the five years 1871-5 inclusive or 1876-80
inclusive, but not of 1872—6 or 1873-7.

It must be remembered, when we are speaking of
mean temperatures, that the annual mean of itself
gives us no information at all as to the extent to which
the individual monthly means respectively exceed or
fall short of the yearly average.

To give an example: the mean temperature of
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Dublin is given as 49°3, and that of New Haven, in
Connecticut, as 49>2, yet the climates of these two
places offer strong contrasts to each other. The tem-
perature of January in Dublin is 40°6, and in New
Haven 26°6, while the temperature of July in Dublin
is 59°7 and in New Haven 71°-6, so that the difference
between the hottest and coldest months is only 19°1
in Dublin as compared with 45° in New Haven.

It need hardly be said that, in general, equable
climates are more favourable to human life than those
which are subject to great diurnal or annual fluctuations,
and in this respect the United Kingdom possesses rare
advantages, as we shall see when we come to deal with
the question of Climate (Chapter XVIL.).

It will now be interesting to see how the changes
of temperature of which we have been speaking are
brought about. The only source of heat which we
practically need take into consideration is the sun.
Why he gives out so much heat, how long he has done
so, and will continue to do so, are questions which are
among the most interesting which cosmical science
presents to us, but they do not come under the head of
meteorology. It is enough for us to know that we
feel more heat when the sun is shining than when he
is not. The sun’s heat-rays, like those of light, come
to us in straight lines, if we neglect the effect of atmo-
spheric refraction, and strike on the hemisphere whick
faces the sun. If the earth and sun were both fixed,
half of the globe would be in sunshine and the other
half in shade, and the hottest part would be that
nearest the sun. But the earth turns on its axis,and at
certain times of the year, the equinoxes, the line joining
the centres of the earth and sun is perpendicular to
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the earth’s axis. At these times therefore every portion
of the earth’s surface is successively exposed to the
rays of the sun.

This is the case only twice a year, and as the earth
moves in her orbit the angle of inclination to the axis
of the earth of the line joining the centres of the sun
and the earth changes through 234° on each side of its
equinoctial value, as explained in Chapter II.

This apparent motion of the sun in the ecliptic is
the key to all our seasonal changes, which would be
simple enough were the surface of the earth uniform in
character. This is, however, far from being the case:
part of it is always solid, part always liquid, and part
solid and liquid by turns, being that portion of the
globe where water remains frozen during the winter.
We shall return to this subject in Chapter XII. p. 219.

The effects of these several conditions of the sur-
face in modifying the influence of heat are most im-
portant. Water is heated with great difficulty. and
gives up the heat, which it has once acquired, with equal
reluctance. Land is heated easily, and has a relatively
high radiating power. Ice is heated slowly, and the
effect of heat on it while it is being melted is scarcely
appreciable to the thermometer, owing to the absorption
of heat, which is rendered ‘latent’ in the process of
change of state from solid to liquid.

We see, therefore, that the temperature of land
rises quickly during the daytime and falls as rapidly
during the night, while water is much less sensitive
to the influences of absorption and radiation of heat.

We shall return to this subject in the next chapter,
when treating ot Radiation ; but, to show the height to
which the temperature of a dry sandy soil may rise
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under the action of the sun’s rays, it may be stated
that Sir John Herschel observed a superficial tempera-
ture of 159° in such soil at the Cape of Good Hope ;
and Sturt says that, on the Macquarie River in New
South Wales, ¢the ground was almost a molten surface,
and if a match fell upon it it immediately ignited.’

The theory of the movable equilibrium of heat is
that all bodies tend to place themselves in what is
called thermic equilibrium with surrounding bodies.
Heat is passing in all directions between all the objects,
say, in a room. If the heat received by any object
exceeds that given out by it its temperature rises; if
the contrary is the case its temperature falls. It is
only when the gain and the loss are exactly balanced
that the temperature remains constant.

These considerations enable us to trace the course
of events as regards heat on a sunny day. The
amount of heat received from the sun increases hour
by hour from his rising until noon, and then decreases
again till sunset, while all night long we receive no heat
at all from him. The radiating power increases almost |
part passu with the increasing heat, but cannot quite
keep pace with it, and so the day grows warmer as it
wears on. The heat received begins to decrease when
noon is passed, but the amount given off does not equal
that received for about two hours, and, accordingly, the
hottest part of the day is about 2 p.M. The coldest is
just before sunrise, because then the influence of solar
heat has been withdrawn for the longest possible
period, while the earth all the time has been radiating
heat out into space.

If we apply a similar train of reasoning to the
yearly period we shall understand how it is that the
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hottest month in these latitudes is not June, but July,
and the coldest not December, but January. The
common saying,
¢ As the day lengthens the cold strengthens,’

expresses this fact well.

The following diagram exhibits in a very concise
and intelligible way the entire march of temperature
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during the year. It is taken from Table L. of the
‘Reduction of the Greenwich Meteorological Observa-
tions’ (1878), which is also reproduced in the ¢ Quarterly
Journal of the Meteorological Society,’ vol. iii., p. 400.
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In this diagram, the principle of which was devised
by M. Léon Lalanne, and the construction of which
is explained in Appendix II., the horizontal lines are
hours of the day, and the vertical lines months of the
year. The curved lines are called chrono— iso—thermals
(time—equal—warmth). Those for 50° and above are
drawn full; those for degrees below 50° are broken
lines.

The diagram shows that the highest mean tem-
perature (70°) ouly occurs in the latter part of July,
and between one o’clock and half-past three p.M. The
lowest mean temperature (38°) is observed during the
night time from about January 5 to March 20, and in
the former month it endures from 11 p.M. to 9 A.M.,
while the next highest temperature line, that for 40°,
covers in January the time from half-past six in the
evening to ten next morning.

It is evident that an attentive study of the diagram
will show many interesting facts as to the climate of
London. Thus, the coldest time in summer is from
about three to five in the morning, while in winter
there is not much change between four in the afternoon
and eleven the next morning.

In winter the entire range does not exceed 5°, while
in summer it amounts to about 16°, and at the equinozxes,
in spring and autumn, to 10° or 12°

It will also be noticed how much colder the spring
equinox is than the autumnal, for on the first of April
the temperature ranges from 40° to 50°, while on the
1st of October the range is from 50° to 61°.

Note to page 19.—In Celsius’s thermometer the boiling-point was (°
and the freezing-point 100°. The papers of Linnseus, preserved at the
University of Upsals, prove that he was the first to propose the Centi
grade scale in its present form.

E
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CHAPTER IV.

RADIATION.

WE have hitherto been speaking of the temperature of
the air, but have not alluded to the source whence that
temperature is derived, or to any means of measuring
such an agency. The heat which affects our atmo-
sphere must be derived from one of three sources, the
earth itself, the stars, or the sun.

Although the earth possesses internal heat, as is
shown by the fact that its temperature increases with
the depth below the surface, at the rate of about one
degree for every fifty feet, we are justified in disregard-
ing this internal heat as an agency which may exert
influence on our climate, for the simple reason that the
earth is not growing appreciably colder. If the earth
gave out heat to the atmosphere around it to any
measurable extent, its own temperature must neces-
sarily fall, and if that fell the mass of the earth would
grow colder and would contract. Now the effect of
any contraction would be to make the earth revolve
more quickly on its axis, or to make the day shorter.
Astronomers, however, tell us that the day has cer-
tainly not become shorter within historic times; in
fact, that the tendency is for it to grow surely but very
slowly longer, owing to tne retarding action of the tides.
The earth’s temperature, therefore, cannot have been
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appreciably reduced within the last three thousand
years, and we may assume that the earth, as an inde-
pendent source of heat, may be practically disre-
garded.

The relation between the earth, considered as an
independent source of heat, and the sun, is thus
stated by Dr. Haughton:! ¢ The heat received from
the interior of the earth, at present, is sufficient to
melt a layer of ice one quarter of an inch in thickness
all over the surface of the globe ; while that received
from the sun would melt a layer forty-six feet in thick-
ness ; being thus 2,208 times greater than the heat
derived from the interior.”

It need scarcely be said that the amount of benefit
in the way of heat we receive from the stars is in-
finitesimal, for the heat which reaches us even from the
moon, which is much nearer than the stars, is so small
in amount as to be hardly measurable even by the most
delicate apparatus. '

‘We see, therefore, that we must regard the sun’s
rays as the sole source of the heat which renders the
earth habitable, and radiation from the earth into
space as the sole way in which the heat is again lost.

Solar Radiation.—Our first problem, therefore, is to
measure the amount of solar heat when it has arrived
within our atmosphere. For this purpose various plans
have been proposed, but none of them can be described
as thoroughly satisfactory. It is not sufficient to ex-
pose a thermometer to the rays of the sun, for, if the
bulb be bright, much of the heat which strikes it will
be radiated from it again.

It would go beyond the scope of this work to de-

V Six Lectures on Physical Geography, p. 77.
B2
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scribe particularly Pouillet’s Pyrheliometer, one of the
first instruments devised to measure solar radiation.
A more recent instrument for the same purpose is
Herschel’s Actinometer, which consists of a glass tube
furnished with a bulb, like a thermometer, but filled
with a highly-coloured blue liquid, an ammoniacal
solution of copper, of which the expansion affords a
measure of the sun’s action, and provided with an arbi-
trary scale. The instrument is placed inside a blackened
box, covered by a lid, removable when an observation is
to be taken. The front of the box is glazed, to protect
the bulb from being cooled by convection, as it would
be if the air had free access to the bulb. The instru-
ment is taken out and exposed in the sunshine for a
minute, and then in the shade for an equal interval.
These operations are repeated, and the mean of all the
indications is taken as the measure of the desired effect.
An arrangement is provided by which the column is
brought to the zero point before each observation' by
means of a screw. The instrument is very difficult to
manage, for it is so seunsitive that a very slight eleva-
tion of temperature fills the entire tube with liquid. It
is now rarely used.

One of the most recent forms of actinometers,
which has been found to yield good results, is that in-
vented by Professor Balfour Stewart, F.R.S., (‘ Nature,’
vol. xiii. p. 118). The arrangement adopted is to
enclose a large-bulb thermometer in a cubical cast-
iron chamber of such massive material that its tem
perature will remain constant for some time. The
sun’s rays are admitted to the thermometer bulb
through a hole in the chamber wall. The mode of
making the observation with this instrument is gene-
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rally similar to that employed with Herschel’s instru-
ment.

The use of a box, blackened inside and out and
provided with a glazed lid, to increase the effect of the
sun’s heat on an inclosed thermometer is a very old
device. The reason of its efficacy is that while tha
glass is diathermanous to the rays of heat coming from
the sunm, it is nearly athermanous® to rays coming from
a cooler body, such as the contained thermometer, and
it therefore does not allow the heat which enters the
box to escape with the same facility as it passed in.

A familiar illustration of this property of glass is
afforded by the use of glass fire-screens, which allow a
view of the fire while stopping its heat, whereas, as
everyone knows, the glass of a window stops compara-
tively little of the sun’s heat. The reason is that the
temperature of the fire is infinitely lower than that of the
sun’s surface, and accordingly the so-called ¢ dark ’ heat
rays from the fire cannot pass through the glass, while
those emanating from the sun are freely transmitted.

In such a box as has been described the tempeia
ture has been known to rise above the boiling-point of
water, but it is obvious that such a method of observa-
tion can lay but little claim to scientific accuracy.

The instrument generally adopted in this country
for measuring the intensity of solar radiation is termed
the Black Bulb Thermometer ¢» vacuo, and its construc-
tion was first suggested by Sir John Herschel. This
instrument in sunshine will show a temperature far
above that of an ordinary thermometer placed beside it.

It consists of a sensitive maximum thermometer

Y Diathermanous bodies are those which allow heat to pass through
tkem, dzhermanous those which do not.
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having the bulb and about an inch of the stem coated
with dull lamp-black.! The whole is then inclosed in
a glass tube, of which one end is blown out into
a bulb of about 2} ins. diameter, in the centre of
which the bulb of the thermometer is fixed. The glass
jacket, so constructed, is then exhausted of air by a
good air-pump, and permanently closed.

It is evident that as the action of this instrument
depends in some measure on the completeness of the
vacuum, it is not sufficient simply to test the ther-
mometer which is to be inclosed in the envelope. Itis
necessary to have some independent method of gauging

Fia. 9.

Black Bulb Thermometer in vacuo.

the amount of rarefaction which has been attained.
This may be done in various ways, some makers intro-
ducing a mercurial pressure gauge into the vacuum
chamber, while others test the state of the vacuum by
the passage of the electric light, by soldering platinum
wires into the tube, as shown in the figure.

The instrument is then freely exposed to the sun
and air by fixing it horizontally above the ground at
the same height as that at which the shade ther-
mometers are placed. This is usually four feet. It
must be at a distance from walls or trees, and from any

3 The object of coating part of the stem is to prevent the temperature

of the blackened bulb being lowered by contact with the cooler glass of the
unblackened stem,
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objects which may obstruct the full rays of the sun, or
reflect heat rays to the instrument. The bulb is
usually directed to the south-east in these islands.

The reading of such an instrument depends on the
degree of temperature at which equilibrium is estab-
lished between the heat produced by the direct rays
of the sun, and the cooling produced by the radiation
of heat from the bulb to the external jacket. This
latter has a temperature depending on, and differing
but slightly from, that of the air surrounding the in-
strument.

The ordinary rule for using the instrument is to
-observe the maximum temperature which it registers,
to subtract from this the maximum temperature given
by a thermometer in the shade, and to set down the
difference as the greatest amount of solar radiation in-
dicated during the day.

It has also been suggested to place alongside of the
black bulb 4n wacuo a thermometer similarly mounted,
and of precisely similar construction, except that its
bulb is left bright, and to register the difference in
reading between the black bulb and the bright bulb
as the amount of solar radiation—the black bulb, of
course, reading much the higher on account of its lamp-
black coating.

The great objection to the use of this black bulb
thermometer is that serious difficulty is experienced in
finding two thermometers which will be thoroughly
consistent in their indications. This seems to be due
to differences in the coating of the thermometer bulb,
in the glass of the outer jacket, or, finally, in the
perfection of the vacuum.

At best, however, this instrument only gives the
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highest temperature measured in the sun’s rays, with-
out any reference to the duration of sunshine during
the day, which latter element, however, may be deter-
mined as described, p. 58. _

It is hard to see what is the object of continuing
to enter the amount of solar radiation in the way
just described, for the epochs of the highest tem-
perature reached in sunshine and of the highest shade
temperature may be widely different, so that the figure
set down does not necessarily represent a physical con-
dition existing at any instant of the day.

The absence of any simple method of measuring
the total effect of the sun’s heat during the day is a
serious defect in meteorological observations, and the
invention of an instrument for the purpose, suitable for
use at ordinary stations, is highly desirable.

We frequently see in this country temperatures of
150° and upwards recorded by the black bulb ther-
mometer, while in very dry climates, such as that ot
Leh in Ladakh, to the north of Cashmere, at an eleva-
tion of 11,000 feet, the readings have gone up to 214°
and even higher. In fact, the amount of solar radia-
tion is influenced to a very large extent by the local
hygrometric condition of the atmosphere. Professor
Tyndall explains this fact on the principle that aqueous
vapour exercises a very strong absorbent action on
radiant heat, as will be explained in Chapter VI.

It is a well-known phenomenon that, at considerable
elevations above the sea-level, where the denser and
damper portion of the atmosphere is beneath us, the
direct effect of solar heat is quite disproportionate to
the temperature of the air. In such localities, as, for
instance, at Davos, in Switzerland, at the level of
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5,000 feet, you can sit in the sun comfortably without
a great-coat; while in the shade close by, the tempera-
ture is several degrees below the freezing-point.

In high latitudes the same paradox is observed,
where the extreme dryness of the atmosphere is due to
the intense cold. The observation is as old as the time
of Scoresby, that on board a whaler you may see the
pitch bubbling out of the seams of the ship where the
sun shines on them, while ice is forming on the side of
the ship which is in shade.

In the passage of the sun’s rays through the
atmosphere the loss of heat by absorption is more than
20 per cent. on a vertical, and almost all on a nearly
horizontal, beam. The direct action of the sun is
therefore greater at noon than in the morning or evening.
The difference is brought about by the greater distance
the ray has to travel through the dense, damp, lower
strata of the air at sunrise or sunset, than at mnoon,
when the sun has its greatest altitude.

On the whole, we may assume that about one
quarter of the heat which reaches the outer limit of
the atmosphere is lost before it arrives at the sea-level.
The most recent proof of this statement is found in the
experiments of M. Violle, of Grenoble, who gives the
following table for the amount of heat received from
the sun at different e¢levations above the sea, in
Europe, showing that u quarter of the heat disappears
in the lowest 15,000 feet : —

Altitude Heat received

Locality in Feet in Percentages
Limit of the atmosphere . . ? . 100
Summit of Mont Blane . . 15781 . 94
Grands Mulets . . . . 10007 . 89
Glacier des Bossons . . . 4000 . 79
Grenoble . . . . . 700 . 71

Level of Paris . . . . 200 . 68
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When we come to deal with the distribution of tem-
perature on the globe we shall return to this subject.

‘We have said that a measurement of the duration
of sunshine is very desirable, and a very simple method
of effecting this was devised by Mr. John F. Campbell,
F.G.8., and is now in use at about thirty stations in the
British Isles. It consists in the exposure to the sun’s
rays of a sphere of glass, which acts as a lens. The

Fic. 10.

Sunshine Recorder.

image of the sun formed by this sphere is received upon
a strip of mill-board stretched in a frame at the proper
focal distance. When the sun shines a hole is burnt in
the mill-board, and, as soon as the sun sets or is hidden
by a cloud, the record ceases. It is obvious that such
a method gives no measure of the intensity of solar
radiation, but merely records the length of time for
which the sun shone with sufficient intensity to burn
a sheet of mill-board. The apparatus is, however,
reagonably cheap and very easily managed. The form
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employed by the Meteorological Office, being that de-
vised by Professor G. G. Stokes, F.R.S.,is shown in the
figure.

Terrestrial Radiation.—We now come to the mea-
surement of the action converse to solar radiation, the
escape of heat from the earth to space. This action is
constantly going on, as may be shown by the following
experiment :—Place a thermometer with its bulb in the
focus of a concave mirror, which is deep enough to cut
off all view of the earth from it. If now the axis of
the mirror be directed to the blue sky, the thermometer,
if screened from the sun’s rays, will fall several degrees,
while if the axis be directed to a cloud or to any ter-
restrial object—even though that be,as Herschel proved,
the summit of a snow-clad mountain—the temperature
will rise. In the former case, so to speak, no heat is
transmitted to the thermometer from the clear sky,
while in the latter any, even the slightest, obstacle is
sufficient to reflect back the heat escaping from the
earth. Thus, for instance, von Buch says of Teneriffe
that at Santa Cruz and Funchal the temperature does
not fall much at night time, as these places are sur-
rounded by hills which check the free radiation, while
on the plain of Laguna, close by, the night temperature
in winter often falls below the freezing-point.

The instrument employed for the purpose of mea-
suring terrestrial radiation is a simple minimum ther-
mometer, of which the stem is generally inclosed in a
glass tube, for some slight security against accidental
fracture.

By some authorities it is recommended to use a black
bulb minimum thermometer for this observation, but the
precise utility of blackening the bulb is not apparent.
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It is, however, not at all an easy matter to ensure
that the observations of terrestrial radiation shall be
strictly comparable at all stations and at all seasons of
the year. The rule given is to place the thermometer -
on greensward with its bulb just on the level of the
tops of the grass. In many places, even in this
country, it is not easy to ensure that grass shall be
always available in winter, and that in summer it
shall not be allowed to grow too high.

‘When speaking of temperature I have said that the
effect of solar radiation varies with the nature of the
surface on which the rays fall, being least on ice or
water and greatest on a sandy soil, and instances of
the extraordinary temperatures attained under the last-
named conditions have been cited. In proportion as
the ground is covered with, or permeated by, water, is
the effect of solar radiation, in warming i, reduced, for
a large proportion of the heat which reaches it is
employed in evaporating some of the water, and is,
therefore, rendered latent.

The facility with which heat is radiated from the
earth into space is affected to a great extent by the
nature of the covering with which the earth is pro-
vided.

Grass and herbage are better radiators than earth
or gravel, because the heat they lose is not made
good by conduction, and so the temperature at night
will fall far lower over a meadow than over a road.
The action of trees is more energetic than that of
grass.

The indications of a thermometer placed just over
grass will, therefore, as a general rule, range, during
the night time, when radfation from the earth is most
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uctive, several degrees below those of a similar instru-
ment placed in a screen above the grass, and protected
from the action of radiation. As a general rule, the
grass minimum thermometer reads several degrees be-
low the ordinary minimum at the height of 4 feet
above the ground. In some instances, however, as,
e.g., during very wet fogs, it has been found that the
temperature on the grass has been higher than that in
the screen; but this phenomenon is very rare.

In order to secure a surface of uniform radiating
power in all climates and at all seasons, it has been
suggested to lay the thermometers on a piece of cloth
and dispense with the use of grass altogether. The
question of nocturnal radiation is, however, very com-
plicated, and requires much further investigation; we
shall see its importance when treating of dew and
hoar-frost in Chapter VII. A careful and elaborate
discussion of the subject will be found in a paper by
Mr. Jas. Glaisher, ¢ Phil. Trans.,” 1847.!

A very practical use of nocturnal radiation has been
made from time immemorial in India in the prepara-
tion of ice, and on such a scale that about 10 tons of
ice can be procured in a single night from twenty beds
of the dimensions about to be given, when the tem-
perature of the air is 15° or 20° above the freezing-
point. An account of the practice followed will be
found in a paper by Mr. T. A. Wise, given in ¢ Nature,’
vol. v., p. 189. The locality referred to is the im-
mediate neighbourhood of Calcutta. A rectangular
piece of ground is marked out, lying east and west, and

1 «On the Amount of the Radiation of Heat at Night from the Earth,
and from various bodies placed on or near the surface of the Earth.” By
Tas. Glaisher, Pkil. Trans. 1847, p. 119.
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measuring 120 by 20 feet. This is excavated to the
depth of two feet, and filled with rice straw, rather
loosely laid, to within six inches of the surface of the
ground. The ice is formed in shallow dishes of porous
earthenware, and the amount of water placed in each
is regulated by the amount of ice expected.

In the cold weather, when the temperature of the
air at the ice-fields is under 50° ice is formed in the
dishes. The freezing is most active with N.N.W.
airs, as these are the driest; it ceases entirely with
southerly or easterly airs, even though their tempera-
ture may be lower than that of the N.N.W. wind.

No ice is formed if the wind is sufficiently strong to
be called a breeze, for the air is not left long enough
at rest, above the bed, for its temperature to fall
sufficiently, by the action of radiation.

The rice straw, being kept loose and perfectly dry,
cuts off the access of heat from the surface of the
ground below it, and, when the sun goes down, the
temperature of the air in contact with the dishes is
reduced some 20° below that prevailing two or three
feet above them. The rapid evaporation of the water
into the dry air above creates also an active demand
for heat to be rendered latent in the formation of
steam, and the result of all these agencies is the
formation of ice, under favourable circumstances, on
the extensive scale above mentioned.
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CHAPTER V.
PRESSURE.

THE pressure of the atmosphere comes next in import-
ance to its temperature as the cause of many pheno-
mena of great consequence to human life.

This property of the atmosphere was first discovered
by Torricelli, a pupil of Galileo’s, who also devised the
means of measuring it. Galileo had noticed that
water would not rise in a pump over a certain height,
eighteen cubits (diciotto braccia), above the level of the
well ; and he endeavoured to explain this fact by com-
paring the column of water in the pump-bore to a
cylindrical rod held by its upper end, which by its own
weight lengthens itself and at last breaks.

Torricelli, in 1643, however, devised the following
experiment which decided the question. He took a
tube about 3 feet long, closed at one end, and filled it
with mercury. He then inverted this, and plunged its
lower end into a basin filled half with mercury and
half with water. When the open end of the tube was
immersed in the mercury, the level of the mercury in the
tube sank until the length of the column, measured
from the surface of the mercury in the basin, was about
30 inches, leaving the space in the tube above the
column empty. When, however, the open end of the
tube was raised above the level of the mercury, but so
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as to be still under the surtace of the water, the con-
tained mercury immediately fell out of the tube, and
its place was taken by the water, which rushed in with
great violence and entirely filled the tube. This ex-
periment proved that the height of the column of
liquid which would stand in any tube depended on the
specific gravity of the liquid of which the column was
composed.

The reason why a fluid stands at all in such a tube
is that the air presses downwards with a uniform force
on all parts of a free fluid surface. If, then, we
relieve a portion of that surface from the pressure by
inverting an exhausted tube over it, the fluid will be
forced up in a column over the space whence pressure
has been removed, <.e. into the tube, until the weight
of that column exercises a pressure equal to that of the
air outside.

This pressure is, speaking generally, about 14-7 lbs.
on each square inch, and as the specific gravity of
mercury is 13-59, and the weight of a cubic inch of
water is 252'5 grains, an easy calculation will show
that about 34 feet of water, or 30 inches of mercury,
will counterbalance the pressure of the atmosphere.

Use is made of the pressure of the atmosphere in
the construction of the pump. The air is drawn out of
the bore by the sucker, and the water rushes up after
it to fill the vacuum produced. In the case of the
barometer, we do not draw the air out of the tube, but
we fill the tube with mercury and invert it in a basin of
the same liquid, when, as above explained, the length
of the column supported in the tube will be about 30
inches.

I have said that the space left in the tube above the
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top of the column in Torricelli’s experiment, when
the mercury is used, is empty, and this space has been
called the Torricellian vacuum. If the tube be quite
dry, this space will contain nothing but a little of the
vapour of mercury, and up to very recent times it was
congidered the most perfect vacuum which could be
obtained.

The actual proof that Torricelli’s was the true
explanation of the principle of the barometer was
given by Pascal soon after the original discovery. It
struck him that if the height of the column was due to
the pressure of the air at the surface of the ground on
a plain, this height ought to be less at the top of a
mountain than at its foot, owing to the diminished
thickness of the stratum of air above the instrument
at the summit. His brother-in-law, Perrier, in 1648,
ascended the Puy de D6me in Auvergne, which rises
to a height of about 3,500 feet above the surrounding
country, and found that this idea was perfectly correct.
The barometer read nearly four inches lower on the
top of the mountain than in the garden at Clermont.
Soon after this experiment was carried out, Boyle pro-
posed for the instrument the name of ¢Barometer,’
which has since been universally adopted.

The simplest form of the instrument consists of a
tube of large bore standing vertically in a vessel of mer-
cury. The height of the column in the tube above the
level of the mercury in the cistern is measured by means
of a graduated scale placed beside it. If great accuracy
is required, this scale is read by means of a telescope at
a distance, fixed in a framework called a cathetometer
(a measurer of perpendicular height), which ensures
its perfect horizontality at all levels. This is the

F .
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form' of barometer used as the standard at Kew Ob-
servatory.

The glass tube must be fixed in a frame to protect

it from injury. In ordinary barometers the scale is
made a part of the instrument, being either marked on
the frame itself or on a rod attached to it. It is some-
times engraved on the glass tube.
" The divisions of the scale need not be carried out
along the whole length of the tube, for the readings at
sea-level will range between 26 and 82 inches. If,
however, the instrument be wanted for stations at high
levels, the engraved part of the scale must extend be-
low 26 inches. Mr. Glaisher, in the famous balloon
ascent mentioned (p. 12), actually recorded a reading
of 92 inches, at the height of above 29,000 feet, which
had been reached when he lost consciousness. The
balloon mounted higher, and Mr. Coxwell believed that
he himself noticed a reading of 7 inches before the
descent commenced. This would give a height of
37,000 feet.

In all considerations of the question of its expansion
or contraction by heat it is held that the scale consists
of the material of which the frame is made. In almost
all instruments used for scientific purposes this mate-
rial is brass, and, as the expansive co-efficient of brass
is well known, it is possible to calculate the effect of
heat in altering the length of such a scale—an element
which has to be taken into consideration in reducing
barometer readings to their equivalents at a fixed tem-
perature, as we shall see presently.

If the barometer be in a wooden frame, unless the
scale be on a rod, independent of the frame, it must be
considered to consist of wood, though the figures may
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be engraved on ivory, glass, or porcelain. A wooden
scale is seriously altered in length and shape by changes
in the dryness of the air, and wood is not a homogeneous
material. Of such alterations no account can be kept,
and therefore barometers in wooden frames are of no
use for delicate scientific observations.

This statement, of course, does not apply to baro-
meters in brass frames attached to wooden boards, o1
placed in outer glazed cases of wood.

Barometer Vernier.—In order to facilitate the taking
of accurate readings of the height of the barometer, a
small movable scale (fig. 11, p. 69), called a ¢ Vernier,’
from the name of its inventor,is attached to the instru-
ment.

The general principle of this device is that a given
length, containing = divisions of the fixed scale, is
divided into » * 1 divisions on the vernier. In most
barometers this number » is 24, and the distance occu-
pied by 24 spaces on the fixed scale is divided into 25
spaces on the vernier. Each space on the fixed scale
is 0-05 in. and each such space is larger than a space
on the vernier by the twenty-fifth part of 0-05 in., which
is 0°002 in., so that the vernier shows differences of two
thousandths of an inch.

The usual graduations of the scale and vernier for
English barometers are as follows :—

The scale is divided into inches, tenths, and five
hundredths of inches. The inches and half-inches are
marked by bolder lines after them.

Every long line on the barometer scale corresponds
to a tenth, 0-100, of an inch.

Every short line on the barometer scale corresponds
to five hundredths, 0:050, of an inch.

F2
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Every long line on the vernier scale corresponds
to one hundredth, 0:010, of an inch.

Every short line on the vernier scale corresponds to
two thousandths, 0:002, of an inch.

Reading the Barometer.—The vernier is moved by a
rack and pinion. The milled head of the pinion should
be turned so as to bring the lower edges of the vernier
exactly on a level with the top of the mercurial column,
which is usually more or less convex. When set
properly, the front edge of the vernier, the top of the
mercury, and the back edge of the vernier should be in
the line of sight, which will thus just touch the upper-
most point of the column. Great care should be taken
to acquire the habit of reading with the eye exactly on
a level with the top of the mercury. If the vernier be
brought down too far its edges will correspond with a
chord of the curve formed by the surface of the mercury,
instead of being a tangent to that curve; and the
reading will be too low.

A piece of white paper placed behind the tube, so as
to reflect the light, will be found useful in setting the
vernier; and at night a small bull’s-eye lantern, or a
candle, held at the side of the instrument so as to throw
the light on the paper, will enable the observer to take
a correct reading.

‘When an observation is being made, the barometer
should hang quite freely; it should not be held or
touched, for fear of its being moved out of the perpen-
dicular. The least inclination will cause the column
to rise in the tube.

Just before setting the vernier, one or two taps
should be given to the instrument by the hand, of suffi.
cient force to cause the top of the mercurial column to
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be agitated. This operation overcomes the tendency of
the mercury to adhere to the glass, and allows the
force of capillarity to exert its normal action. If ever
the difference of height thus caused is of any import-
ance it is when the pressure of the air is rapidly chang-
ing, and the barometer has been kept perfectly undis-
turbed for a time. A beginner should watch the effect
of tapping by a practised observer, in order to learn
the amount of force he may safely apply without risk
of damage to the instrument.

It may be useful to describe the actual mode of
reading off. In the following diagrams, AB represents
part of the scale, and op the ver- Fie.11a.  Fie. 115
nier, the lower edge of which, b, 31 3k
denotes the position of the top of
the mercurial column. The scale
is easily understood:—aB corre-
sponds to 29:000 ins.; the first [4
line above B, a short line, is
29:050 ins.; the second line, a
long line, is 29°100 ins. and so on.
The scale line, next below b, is
first noted by the observer, and
he then looks to see which line of
the vernier is in one and the same
straight line with a lme of the
scale.

In fig. llA, the lower edge of s
the vernier » is supposed to coin- 2 20/%
cide with the scale line 29'5. The  Setting of Vernier.
reading is therefore 29:500 ins. If we examine the
figure carefully we see that the vernier line a is
002 ins. below the next line z of the scale. If; there-
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fore, the vernier were moved so as to bring a in a line
with 2z, the edge D would read 29-502 ins. In like
manner it will be seen :
that b is -004 inch

» €5 006 ”»

» d » "008 »
and that 1 on the vernier is ‘010 in. below y on the
scale. If, therefore, 1 were removed into a line with v,
the edge » would read 29:510 ins. Thus the numbers,
1, 2, 8,4, 5, on the vernier indicate hundredths, and
the intermediate lines on the vernier indicate the even
thousandths of an inch.

If we now look to fig. 118 (p. 69), we find that the
scale-line next below » is 29:650 ins., and that the third
line above the figure 8 on the vernier coincides with a
line on the scale. The number 8 indicates ‘030 in.,
and the third subdivision *006 in., and thus we get

Reading on scale . . . . 29°650

away from the line on the
scale next above it,

. . ‘030
Reading on vernier . -006
Correct reading of barometer . . 29686 ins.

Sometimes two consecutive lines on the vernier will
appear to coincide with two lines on the scale; in this
case the intermediate thousandth of an inch should be
set down as the reading. Thus, if the reading appears
to be 29684 ins. or 29686 ins., the mean, 29685 ins.,
should be adopted as the true reading.

Attached Thermometer.—Every mercurial barometer
should have a thermometer attached to its case, the
bulb of which should be turned inwards, so as to be as
near as possible to the barometer tube. The thermo-
meter may also be placed in an open glass tube of the
same section as the barometer tube, attached to the
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case of the barometer and filled with mercury. The
attached thermometer is an indispensable adjunct to
the instrument, as no reading of the barometer is
complete without an observation of its temperature at
the same time ; and this observation should be taken
before the barometer itself is read, for the proximity of
the observer’s person may cause the attached ther-
mometer to rise so that it will not indicate the true
temperature of the mercurial column.

In handling barometers it should be remembered
that they are easily damaged by rough usage, and it is
not always easy to have them properly repaired. Ob-
servations from an instrument imperfectly repaired or
unverified after repair are useless for scientific pur-
poses. For travelling, the mercury should be caused
to rise to the top of the tube so as to fill it entirely
(the mode of effecting this differs with different classes
of instruments). The barometer should be carried
with the cistern end upwards; and if packed in a
box, care should be taken that the lid is screwed, not
nailed on, for the hammering may easily break the
tube.

The barometer may be placed in any convenient
room where it is not exposed to accidental injury from
blows of passers-by. It must be hung in a perfectly
vertical position and kept vertical by clamping screws,
It should be at such a height that the top of the
column can be easily read off by a person standing
by. It should be in a good light for observing,
but out of the reach of sunshine and (as much as
possible) out of the action of the direct heat of a
fire. It should not be exposed to sudden changes of
temperature which might affect the readings of the



i2 ELEMENTARY METEOROLOGY.

attached thermometer, and prevent it from indicating
the temperature of the mercurial column.

I shall now proceed to describe some
of the principal forms of barometer.

Standard Barometers.—We have already
spoken of barometers in which the scale is
marked off on the case. In the most per-
fect form of these instruments the starting-
point of the scale is formed by a pin of
ivory, and this, when a reading is being
taken, must be brought into exact contact
with the surface of the mercury in the
cistern, as the lower vessel is called. It
is obvious that if this adjustment be pro-
perly made, and the scale be properly laid
off from the ivory point, the only possible
sources of error in the resulting reading
will be those arising from the capillary
depression of the mercury in the tube, and
those produced by the temperature of the
mercurial column. The mode of correction
for these two errors will be explained sub-
sequently.

The adjustment of which we have
spoken is usually effected by screwing up
the leather bottom of the cistern until the
level of the contained mercury is raised so
that the actual ivory point and its image,
ag reflected in the bright surface of the
metal below, appear exactly to touch each
other.

Fortin's
Barometer. The instrument thus described is For-
tin’s Barometer (fig. 12), and its use involves two opera~
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vions ; one, the setting of the ivory point, the other the
reading of the top of the column. The adjustment of
the point necessitates the admission of light to the
surface of the cistern by means of a glazed aperture
cut in the cistern wall.

If this light were not admitted it would still be
possible to obtain an accurate reading, for if we knew
the so-called ¢ neutral point > of the scale, and also the
ratio of the sections of the tube and the cistern, we
could, by applying a ¢ capacity correction’ calculate
the true height of the mercury for any observed read-
ing, inasmuch as when the barometer falls any mercury
leaving the tube must enter the cistern, and wvice versd
when the barometer rises. However, we need not pursue
this subject further, for practically barometers requiring
the capacity correction are not now made in England.!

There are three ways of escaping the necessity for a
capacity correction, one being the adoption of Fortin’s
pattern for the instrument, which, however, as we have
seen, involves the making of a double setting. Another
avoids this difficulty, but renders the reading absolutely
dependent on the correctness of an artificial scale, with-
out affording the observer any means of directly testing
the accuracy of the instrument he is employing.

This pattern of instrument is that invented by Mr.
P. Adie in 1854, for use at sea, and commonly known
as the Kew Barometer. In it the extreme length of
the scale is marked on the instrument, but instead of
laying off true measurements on it the inches are
shortened from the upper part downwards in proportion
to the relative sizes of the diameters of the tube and
cistern. The highest point on the scale (say 32 inches)

! Kapeller’s station barometers,” which require this correction, are
much used at Austrian stations.
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being marked off correctly from a definite point on the
cistern side. As in the ordinary Kew barometers these
diameters measure about 0-25 in. and 1-25 in. re-

Fra. 13, spectively ; the inches of
the scale are shortened in
the proportion of 0:04 inch
to one inch.

The Kew barometer
(fig. 13) therefore only re-
quires one reading instead
of two in order to ascertain
the pressure; but, as has
been said above, its cor-
rectness depends on the ac-
curacy with which the scale
has been laid off. This
can only be ascertained by
actual experimental altera-~
tion of the pressure by
means of an air-pump, and
comparison with a standard
barometer under similar
circumstances of pressure.
Its error at each half-inch
can then be noted.

These barometers are
coming more and more into
use every day. In their

Marine Barometer. Kew Pattern.  original form they were in-
tended for use at sea. In Marine barometers, however,
the tube is contracted for the greater portion of its
length, in order to check the irregular oscillations of
the mercury, due to the motion of the ship, a defect




PRESSURE. 75

technically known as ‘pumping.” This contraction of
the tube renders the instrument somewhat sluggish,
but not sufficiently so to form a very serious objection
to its use at land stations.

In fact, from one point of view, this contraction is
- a great recommendation for these instruments, as if
renders the instrument much less liable to damage
transit, owing to there being comparatively
little mercury in it, and to the freedom of
motion of that mercury being much re-
stricted.

The third method of getting over the
necessity for a capacity correction is very
extensively employed aoroad, and it presents
some advantages, especially for travelling.
It consists in dispensing with the cistern al-
wgether, and using a U-shaped tube. This
is the Siphon Barometer (fig. 14), in which
the long leg is closed and the short leg open.
In this instrument as the mercury rises in
the long leg it must sink in the short, and
vice versd. The motion in each leg is exactly
one half of what takes place in a Fortin’s
barometer. There are always two readings .Siphon‘
to be taken of the respective heights of the Barometer.
mercury in the two legs of such an instrument. There
is, however, no need to apply a capillarity correction,
p. 84, to either reading, as the two legs are equal in
section and the action of capillarity is the same in
both. In the opinion of some meteorologists the siphon
is the best form of barometer, for in its use the two
observations taken are both of the same phenomenon,
the height of the mercury in a tube; whereas, in the
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Fortin, one is the adjustment of an ivory point to touch
the surface of mercury in a vessel, the other an obser-
vation of the mercurial level in a tube; two totally
distinct phenomena.

Another advantage attaching to the use of siphon
barometers is that if an observer has a tendency to read
too high or too low, the error will affect both readings,
which will therefore compensate each other. This form
of instrument, from its lightness and portability, is the
only form of mercurial barometer which can be used
for mountain ascents’; but the inconvenience entailed
in ordinary use on the observer by the double reading
has effectually displaced it, at least in these islands,
from public favour, as compared with the Fortin and
Kew barometers.

Siphon barometers are prepared for removal by
sloping them. This causes the mercury in the long leg
to rise to the top, and that in the short leg passes be-
yond the bend in the tube, so that no air can possibly
get up as long as the instrument is carried with the
bend uppermost.

The ordinary wheel barometers, so commonly used,
are constructed in the following way. A float is placed
on the mercury in the open leg of a siphon barometer,
and this rises or falls as the column in the tube falls or
rises. The motion is transferred, by means of a string
and block, to a hand like that of a clock, and the scale
of the instrument can be thus magnified to any extent
that may be wished.

The motion of a float may be also employed to
give an automatic record of the height of the mer-
cury, by attaching to the string a pencil, which makes
a mark on ruled paper, moved by clockwork. The
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mark may be made either at regular intervals or con-
tinuously. :

Such an automatically registering instrument is
termed a barograph. The principle of registration
generally adopted in this country for the better class of
barographs is photographic, not mechanical.

There is this objection to all photographic baro-
graphs, that the record is invisible until it is developed,
so that it is impossible to see what changes in pressure
are in progress at any time when a phenomenon of
interest, such as a heavy squall, may be experienced.

In the barograph in use at Greenwich, devised by
the late Mr. Charles Brooke, F.R.S., the barometer is
of the siphon pattern, and an arrangement is provided
by which a continuous record of the varying position
of the float is obtained by photography on a sheet of
paper moved by clockwork.

In the barograph employed at the observatories in
connection with the Meteorological Office, which was
devised by the late Sir F. Ronalds, the barometer is of
the ordinary pattern, and the light is admitted through
the Torricellian vacuum, so that the actual height of the
mercury itself is photographed, without the interven-
tion of any mechanical contrivance.

As a fact all instruments which are provided with
a mechanical contrivance for registration must neces-
sarily be more or less sluggish in their action as com-
pared with the simple instrument, for the mercury has
not only to move in accordance with the changes of pres-
sure, bul to do the mechanical work of moving the float.

The most satisfactory mechanical siphon barograph
as yet invented is that of Redier, in Paris, described
in the ¢ Quarterly Journal of the Meteorological Society’
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(vol. ii. p. 412). In this instrument, the inventor says,
¢ the apparatus is so arranged that the work is done by
a powerful clock movement, and the barometer has
only to direct the action of the clockwork.’

The most perfect form of barograph, yielding, by
means of a pencil, a continuous record on which,
therefore, the changes of pressure can be observed as
they take place, is that of King, which has long been
employed at the Bidston Observatory, at Liverpool.
The principle of this instrument entirely differs from
that of any barometers hitherto mentioned. It is fully
described in Mr. Hartnup’s ‘Report to the Mersey
Docks Board for 1865.

It is evident that the column of mercury in a baro-
meter tube has a certain weight, and this weight is
increased when the column rises, and decreased when
it falls. If the tube be suspended from the arm of a
balance with its open end immersed in a cistern of
mercury, and exactly counterpoised, then if its weight
increases, the tube will sink until the height of the
column left above the mercury in the cistern is so
reduced that its weight is exactly equal to that of the
given counterpoise; and, vice versd, if its weight de-
creases, the tube will rise. This motion of the tube
furnishes abundant mechanical force to move a pencil
and register the changes of level produced by the altera-
tions in pressure. There is no necessity for any tem-
perature correction in this barograph, for the weight
of mercury required to counterbalance the pressure of
the atmosphere does not depend on the temperature of
the column. It is evident that the scale of such an
instrument may be increased almost at will, so that the
minutest oscillations of pressure may be recorded.
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Before leaving the subject of the measurement of
pressure we must not omit to mention the aneroid
barometer, which has come into very extensive use,
owing to its convenient size and portability. In this
instrument atmospherical pressure is measured by its
effect in altering the shape of a small, hermetically
sealed, metallic box, from which almost all the air has
been withdrawn. When the atmospherical pressure
rises above the amount which was recorded when the
instrument was made, the top is forced inwards; and,

Fic. 15.

Construction of the Aneroid Barometer.

vice versd, when pressure sinks below that amount the
top is pushed outwards by a spring. ‘

The instrument (fig. 15) consists of the vacuum
chamber, A, composed of two discs of corrugated German
silver, soldered together and forming a box. This is
attached by a pin to the base plate of the instrument, s,
and by another to a strong spring, 8, which is borne by
the frame, F. The spring acts in opposition to the
motion of the vacuum chamber. The lever, c, attached
to the spring is composed of iron and brass, and is
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intended to compensate for the effects of temperature.
It is connected, by means of the bent lever at p, to a
chain, g, which is wound round the arbor, 0. The spiral
spring, P, keeps the chain wound round the barrel free
from slackness while the pressure is decreasing, and
the band moves to the left over the dial. When the
pressure is increasing the lever pulls upon the chain,
and the hand moves to the right over the dial. The
hand is attached to the arbor and moved by its rota-
tion.

The principle of Bourdon’s metallic barometer is
somewhat similar to that just described.

It is evident that these instruments must be gra-
duated experimentally, as they cannot measure pres-
sure absolutely, but only afford indications relatively to
a mercurial barometer. Almost all aneroids are com-
pensated for temperature, and so the readings of the
mercurial barometers which are to be compared with
them must be reduced to 32° (p. 85).

Aneroids are very sensitive, but they do not pre-
serve their accuracy, owing either to imperfection of
workmanship, to rust or corrosion, or to the alteration
of force in the springs used in their construction, amd
unfortunately the instrument itself may give no indi-
cations of being out of order till it is compared with a
mercurial barometer. Accordingly, if on a journey or
a mountain ascent an aneroid meets with accidental
rough usage, all subsequent readings made with it may
be quite erroneous, while the instrument shows no
signs of having sustained any injury.

Even without any rough usage it will often be
found that when a table of corrections has been deter-
mined for an aneroid, the instrument may in the course
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of time have undergone some change, and the values of
the corrections will require alteration. Constant re-
comparisons of aneroids with standard barometers are
therefore desirable.

The consequence is that the aneroid can never be
employed for scientific observations requiring great
accuracy, though it is very convenient for use-as a -
weather-glass.

The Sympiezometer (from odv miélw pérpov, a
measurer of compression) is an instrument invented by
Adie of Edinburgh, and was formerly much used at
sea, as being more sensitive than the mercurial baro-
meter. It consists of a short inverted siphon tube,
with a bulb blown on the end of the longer limb, while
the shorter limb is widened in a cylindrical form, and
left open, except when closed with a cork for the pur-
pose of travelling. A small thermometer is also at-
tached, and forms an essential part of the apparatus.

The bulb is filled with air, and the lower part of the
tube and the cylinder with glycerine.

If atmospheric pressure remains unchanged, the in-
strument will act as an air thermometer, the contained
air being expanded by heat, and contracting when
cooled. If the temperature remains unchanged the air
in the bulb will be compressed when pressure increases,
and will expand when pressure decreases. The instru-
ment will therefore measure pressure.

Hence we see that in employing the instrument
regard must be had to the temperature. In fact, the
scale must on each occasion be set for the tempera-
ture, before the indication of pressure is read off.

It is found that sympiezometers are very liable to
get out of order, and they are now hardly ever used.

(e}



82 ELEMENTARY METEOROLOGY.

Returning to mercurial barometers, we must now
mention some of their most common defects. Of these,
that which causes the greatest trouble is the presence
of air or moisture in the tube of the instrument. It
has already been explained that if the tube has been
properly filled, the space at the top should contain
nothing but a trace of the vapour of mercury, the ten-
sion of which, at ordinary temperatures, is so slight as
to make no appreciable difference in the height of the
column. If, however, the tube has not been perfectly
cleaned and dried, before being filled with mercury, any
moisture left in it will ascend to the top, and more-
over small quantities of air will have a tendency to
creep up between the mercury and the inner walls of
the tube. The presence of any gaseous substance in
the vacuum depresses the mercury, as its elastic force
tends to counterbalance a portion of the pressure of the
atmosphere outside. If moisture be present, besides the
effect of its vapour, it causes the mercury to adhere to the
glass, and so makes the instrument sluggish in its action. -

If, therefore, a barometer reads too low, or appears
to be sluggish, or if the mercury adheres to the glass,
the presence of air or moisture may be suspected, and
the instrument should be sent to the maker to be set to
rights.

It is usual, when a tube bhas been filled with mer-
cury, to heat it up to the boiling-point of the metal in
order to expel the last traces of air and moisture. To
ascertain if a tube bas been properly ¢boiled,” it is
generally sufficient to examine it carefully with a lens,
when, if no small specks or air-bubbles be detected,
it may be assumed that the boiling process has been
carried out.
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In order to test if there be air or moisture in the
tube, it is sometimes recommended to incline it, and
allow the mercury to flow suddenly to the top. If then
the vacuum be perfect, a sharp click will be audible ;
whereas if air should be present, the sound will be dull.
Great caution is requisite in making this experiment,
as, if the barometer be inverted too quickly, the weight
of the mercury falling suddenly is very likely to
break out the end of the tube. Fis.

In order to prevent the access of air or mois-
ture to the vacuum, it is the practice to insert a
small funnel, or pipette, into the tube somewhere
between the scale part of the column and the |
vistern. This arrangement is called Gay-Lus- |
sac’s pipette, as he first suggested it, and its [
effect is to check the ascent of any air, &e., into
the vacuum. Any such bubbles will lodge in the
shoulder A, as represented by the white space
(fig. 16). Experience shows that this arrange-
ment tends to preserve the instrument for a long |
time. When a barometer is provided with it,
air can only get up into the vacuum when the
lower end of the pipette is uncovered by mer-
cury, either by so much air having accumulated .
as to fill the entire space from A to B, or by the Firette.
end B being left uncovered by mercury when the in-
strument is laid flat in its box.

Sometimes a particle of dirt may lodge in the
pipette, or in the contracted tube of a marine baro-
meter, and completely check the action of the instru-
ment.

If therefore a barometer remains steady when the
mercury ought to exhibit motion, some defects of this

G2
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character may be suspected. In such a case the in--
strument should be taken down and inverted, and then
laid aside for some' time, cistern uppermost. This
treatment will probably have the effect of removing the
obstruction. If not, the instrument must be sent to
the maker to be set to rights.

Barometer Corrections.—We now come to the subject
of the correction of barometrical observations. Every
observation of the barometer must be corrected in order
to make it comparable with other observations taken
at other times and at other places, and therefore pro-
bably under conditions which are more or less dif-
ferent.

Some of these ¢ corrections’ have reference to the
individual instrument, others are applicable to all read-
ings of any instrument.

Of the former class there are three: the correc-
tions for A. Index Error; B. Capacity; C. Capillarity.

A. Correction for Index FError.—This is discovered
when the instrument is verified at an establishment
like Kew Observatory. It is, in fact, the error made
by the workman who laid off the scale of the instrument.

B. Correction for Capacity is only requisite in old-
fashioned barometers, as explained at p. 78. Its
amount depends on the proportion borne by the sec-
tional area of the tube to that of the cistern. At one
point on the scale the reading is correct, and the cor-
rection to be applied for capacity is additive when the
mercury is above, and subtractive when it is below that
point.

C. Correction for Capillarity.—The capillary action
between glass and mercury has a tendency to depress
the column, the amount depending on the size of the
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tube, and being greater the smaller the tube. It is
also greater in an ‘unboiled’ than in a ‘boiled’
tube.

All certificates from Kew Observatory, for Kew
pattern barometers, give a correction at each half-inch,
embracing the three corrections above named.

The corrections which are independent of the special
instrument are three in number: D. for Temperature;
E. for Altitude ; and F. for Gravity (see App. IVA.)

D. Correction for Temperature.—All bodies are
affected in their dimensions by heat, and it is there-
fore necessary to reduce the mercurial column to some
uniform temperature in order to make readings mutually
comparable. The temperature universally selected for
this purpose is 82°F., and so the correction for tem- -
perature is commonly called the reduction to 32°
Under ordinary circumstances, in this country, the re-
duction to 82° makes the readings lower, as the tem-
perature of the room where the instrument is placed
is generally above that point. A condensed extract from
the best reduction tables will be found in Appendix ITL

E. Correction for Altitude—We have seen at p. 65
that the fact that the barometer reads lower on the top
of a hill than at its foot has been known for two cen-
turies. It is therefore obvious that readings at dif-
ferent stations must be reduced to their equivalents at
the same level. For this the Mean Sea-level (i.e. for
Great Britain the mean half-tide level at Liverpool) is
always taken, and so this correction is called the reduc-
tion to sea-level. In most parts of these islands the
height of any station may be found by applying to the
Ordnance Survey Office at Southampton, and esti-
mating, if it be not possible actually to measure, the
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height above or below the nearest point of which the
elevation has been accurately determined by the Survey.

The problem of reduction to sea-level is, however,
not quite so simple as might be imagined. What is
required is to find the weight of the vertical column
of air which would extend from the level of the upper
station to that of the sea. This weight must depend
on the temperature of the air, for when the tempera-
ture is high a longer column is required to make the
same weight than when it is low, and this temperature
is different at the levels intermediate between the two
stations, and may be affected by other conditions, as
explained in the preceding chapter. It is, therefore,
not a simple matter to determine the true average tem-
perature of the column. However, for every-day ob-
servations and for moderate heights, such as, for the
most part, are met with in these islands, the tempera-
ture is assumed to be that of the external air at the
station where the barometer is placed.

Tables for the correction of readings for heights up
to 1,500 feet, and at various temperatures, are given in
the Instructions already mentioned, and an extract from
these will be found in Appendix IV. The reduction to
sea-level for stations above that elevation must be made
by special calculations from the formula there given.

A simple, and approximately accurate, rule for as-
certaining the relative elevation of two stations is to
multiply by 9 the difference in barometrical readings
between them, taken in hundredths of an inch. The
result will give the difference in feet between the sta-
tions. This rule is sufficient for the ordinary problems
as to elevations which occur, e.g., during a walking
tour, when the height is roughly measured by means
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of aneroid readings. This convenient plan was first
suggested by Mr. R. Strachan. It depends on the
principle that the difference of height corresponding
to a difference in barometrical readings of 0-1 inch is
approximately 90 feet. For instance, for the change
of level from 200 to 290 feet, the difference in baro-
metrical readings (the sea-level reading being 30 inches)
is *101 inch at 40°, and 098 at 50°.

The barometrical determination of heights in the
interior of continents, or at places distant from the sea,
is more or less uncertain. In such cases it is hardly
possible to take readings at the upper and lower station
which shall be exactly simultaneous, and so we are
obliged to have recourse to the mean of a series of
readings at each station. Now, as we shall presently
learn, the mean pressure varies at different parts of
the earth’s surface; thus, within the limited area of
these islands, on the average of the ten years 1866-75, -
it ranges from 29-808 inches at Nairn, to 29-965 inches
at Plymouth. This difference would correspond to a
difference in level of more than 150 feet.

If we were to take a station, say in Auvergne in
Central France, it would make a great difference in the
correction to be applied whether we took the sea-level
station on the coast of the Mediterranean, of the Bay
of Biscay, or of the English Channel.

On this account, and from the difficulty of as-
certaining correctly the distribution of temperature,
some meteorologists object in foto to employing baro-
metrical readings reduced to sea-level, and prefer to
use them simply corrected for temperaturo, and to
‘take the differences of the individual readings from
their normal values as a truer indication of the con-
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dition of the atmosphere than a series of reduced ob-
servations.

The discussion of barometrical observations is, of
course, conducted on the same principles as that of
observations of the thermometer, but in the case of the
barometer we are perforce driven to take, as the mean
for the day, some combination of observations taken at
fixed hours, and have no short method of arriving at
the desired result by taking the arithmetical mean of
the highest and lowest readings during the day, as we
possess when investigating temperature.

The curve of diurnal variation of the barometer is
fortunately of much less importance than the corre-
sponding curve for the thermometer, and although a
regular oscillation does exist, its appearance in these
latitudes is rarely perceptible on the trace of a baro-
graph for a single day, unless in very calm weather.
In fact, as the changes of pressure due to this cause
only amount in these islands on the mean of the year
to about 0°02 in., while the change of level produced by
the passage of a storm sometimes exceeds an inch in a
day, the former motion is generally masked by the latter.
In scientific language, the periodical variations are con-
cealed by the non-periodical variations, the oscillations
due to the passage of storms.

The curves of daily variation are, however, a strik-
ing feature of the meteorology of the torrid zone, inso-
much that any interruption to, or irregularity in, their
course is an unfailing sign of a storm of some sort. It
is indeed said that in those latitudes you can tell the
time of day, within twenty minutes, by an accurate
barometrical reading.
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The ordinary type of curve exhibits two maxima,
which occur at about 9 A.M. and 9 P.M., and two minima,
which occur at about 3 A.M. and 8 p.M., but these
epochs are not the same at all stations (fig. 17). At
Calcutta, which will serve as a good specimen of a
tropical station, the maxima and minima fall respec-
tively an hour later than, for instance, at Greenwich.

As a general rule, the morning maximum and the

F1a. 17.

Diurnal Range of Pressure.

Calcutta (January).

————— Greenwich (January).

~— --- —--- — Nertschinsk (May).
Boothia Felix (J:

—_— y

afternoon minimum differ respectively more from the
mean than the other oscillations; or, in other words,
the movement of the barometer is greater by day than
it is by night. The difference between the extreme
oscillations is termed the diurnal range, and this
exceeds a tenth of an inch between the tropics, being
0°116 inch, on the mean of the year, at Calcutta, while
in high latitudes its amount is far less, as appears
fiom the curve for Boothia Felix. As Herschel says
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(‘ Meteorology,” p. 168), ¢ The diurnal oscillation is a
phenomenon which invariably makes its appearance in
every part of the world where the alternation of day and
night ewists. . . . Within the Arctic circle, however,
the diurnal oscillation dies out, or rather merges in
the annual.” These curves of variation can only be
determined accurately by a long series of hourly or
two-hourly observations, and accordingly they are only
known for a comparatively small number of stations,
so that it is hardly to be wondered at that the pheno-
menon has never been satisfactorily explained. About
fifty years ago Dove proposed the subtraction, from the
total barometrical pressure, of the tension of aqueous
vapour (p. 110), as he found that by such separation of
the total pressure into its two constituent parts—dry
air pressure and vapour tension—the curve of the daily
variation of the dry air was far simpler than the origi-
nal curve, especially at continental stations. It will
be seen from fig. 17 (p. 89) that at Nertschinsk in
Siberia, where the air is very dry, the lesser maximum
and minimum almost entirely disappear in May. This
principle of separation is, however, not generally ac-
cepted at present, and we have not yet arrived at the
interpretation of this regular barometrical motion.

Of late, however, a line of inquiry has been taken up
which bids fair to throw some light on the cause of the
phenomenon. Mr. Buchan and Mr. H. S. Eaton have
independently investigated the problem of diurnal range
in connection withthe geographical position of the station
where it is observed. Mr. Eaton has calculated the
curves for the seven observatories in the British Isles
for a year, and has shown how the continental character
gradually imprints itself on the curves as we travel from
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the Atlantic coast towards the more continental sta-
tions (fig. 18). He has also shown that the difference in
the barometrical curves is related to the daily range of
temperature. Where the latter is small, as at Valencia
or Falmouth, we have the minimum at 3 A.M. more
marked than that at 3 p.M., while at Kew, where the
thermometric range is comparatively great, the reverse
is the case, and the afternoon minimum is the more
important. Falmouth, however, as will be seen, ex-
Fic. 18.

Diurnal Range of Pressure and Temperature (1876).
The temperature curves are those showing a single oscillation.

hibits curves of pressure and temperature which are
intermediate in character between those of Valencia
and Kew. When we go to a really continental station
like Nertschinsk, as has just been said, we find the
morning minimum almost entirely obliterated in some
months, and the curve apparently exhibiting a single
oscillation.

Mr. Buchan’s inquiry has been on a much more
extensive scale than Mr. Eaton’s, and he has not con-
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fined his discussions to stations for which the complete
range-values have been calculated. Indeed, if he had,
material would have failed him. In part of his investi-
gations he has taken the simple difference between the
forenoon maximum and the afternoon minimum, and
he finds that the amount of daily amplitude so given is
modified by proximity to the sea, or even to sheets of
water like the great lakes of North America. This
shows us that the amount of vapour present in the air
is a factor which we must not disregard when dealing
with this question, and yet our knowledge of the dis-
tribution of vapour in the atmosphere is very imperfect,
as we shall learn in the next chapter.

In fact, when we begin to study the barometrical
curves closely, we find that we want curves of equally
minute accuracy for all the other elements for each
station, before we can attempt to offer an explanation
of the phenomenon.

In order to throw light on the geographical distri-
bution of barometrical range, Mr. G. Harvey Simmonds
calculated its elements for every station for which he
could find a sufficiently continuous series of observations,
taken at two-hourly intervals at least. The results
were published by Mr. R. Strachan in the ¢ Quarterly
Journal of the Meteorological Society,” vol. vi. p. 42.
The list of stations in the table is, as might be expected,
but small, only numbering thirty in all, but they cover
a wide extent of latitude, from Hobarton in 42° 52’ S. to
St. Petersburg in 59°57' N. The results, as far as they
go, furnish evidence in support of Herschel’s idea that
diurnal range disappears in very high latitudes.

Fig. 19 exhibits the annual curve of pressure for
London, for the equatorial part of the Atlantic, and
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for Central Siberia. It will be seen that, while the two
former curves do not vary much from month to month,
that for Barnaoul shows a very extensive reduction of
pressure of more than 0-8 in. from winter to summer.
Barometrical pressure has a yearly as well as a
daily range, and this annual curve presents a totally
different appearance at continental stations from that
which it exhibits, for instance, in these islands. All
these changes are, however, connected with climate,

Fic. 19.

Annual Range of Pressure.

Iﬂndghn part of Atlanti
_______ ua [ C.
Barnaoul,

and with the seasonal changes in the distribution of
the various meteorological elements. An examination
of the charts of barometrical pressure for January and
July, Plates VI. and VIL.,, Chapter XIII., will give the
reader a general idea of the regions where the baro-
meter is highest and lowest respectively in each of
these months, and of the extent of the annual change
in different parts of the earth.
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CHAPTER VI.
THE MOISTURE OF THE ATMOSPHERE.

Wz have already said in Chapter II. that aqueous
vapour is the most abundant element in the composi-
tion of the atmosphere, next to its principal con-
stituents, nitrogen and oxygen. It is, moreover, the
most important of all, meteorologically, inasmuch as it
is that which, by its sensitiveness to the action of heat,
and by its liability to change of condition from gaseous
to liquid and solid, and vice versd, is capable of exerting
a great influence on almost all meteorological processes.
The subject of this and the next chapter will be the
determination of the amount of water passing into
the atmosphere, present in it in the vaporous state,
and finally passing out of it in a liquid or solid con-
dition.

The subject, therefore, divides itself into three
heads :—

1. Atmometry, or the determination of the amount
of water passing into the air by evaporation.

2. Hygrometry, or the determination of the amount
of water present in the air in a vaporous form.

3. Hyetometry, or the determination of the amount
of water condensed out of the atmosphere in the form
of rain, hail, or snow.

George Stephenson’s saying that ¢it is the sun
which works railways,” is well known, and is perfectly
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true. It is equally true to say that it is the sun which
gives us rain and all the good which rain brings us.
Dove has said long ago that the atmosphere is a vast
still, of which the sun is the furnace, and the sea the
boiler, while the cool air of the upper atmosphere and
of the temperate zones plays the part of the condenser;
and we, on a wet day, catch some of the liquid which
distils over.

1. Atmometry (or, more -correctly, atmidometry,
from arpls, ¢ vapour ’), has, unfortunately, been far less
studied than either of the other heads of the subject
which we have mentioned ; but, as we shall see, this is
mainly due to the intrinsic difficulty of the observations
to be made.

In order to explain the broad principles which
govern the behaviour of the atmosphere with regard to
moisture, we must state some general facts as to the
mutual relation of gases and vapours.

A gas obeys the same laws, as to alteration of its
volume according to changes of pressure and tempera-
ture, as hold good in the case of atmospheric air. A
vapour obeys these laws within certain Uimits; but if
these limits be overpast—7.e. if the pressure becomes
too great or the temperature falls too low—a portion
of the vapour will pass into the state of liquid. Under
any circumstances of pressure and temperature, a given
space can only contain a given quantity of vapour.

This is as true of vapour mixed with air as of
vapour by itself. A given mass of air, under given
conditions of temperature and pressure, can only
contain a given quantity of water in the form of
vapour ; and if we attempt to reduce the temperature,
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or to increase the pressure, when the air is charged
with vapour, a certain quantity of that vapour will be
condensed and will pass into the liquid or solid form.

On the other hand, if a mass of air be not charged
with vapour, and water be introduced into it in greater
quantity than is required to saturate it, this water will
evaporate until the amount present in the atmosphere
in a vaporous condition is the greatest amount possible
under the circumstances; or in other words, until the
mass of air is charged with vapour.

Vapour which is just ready to be condensed is said
to be at its maximum density, because any increase of
density will produce condensation, and the air contain-
ing vapour in this condition is said to be saturated. If
air be not saturated, as we have already said, it will
continue to absorb moisture, or to cause evaporation,
from any free water surface until it is saturated.

Moreover, vapour is given off from ice or snow
as well as from water. If, during a hard frost, we
counterbalance a piece of ice in a pair of scales, we
shall see the scale containing the ice gradually rise,
owing to the evaporation from the ice. We have all of
us noticed the gradual disappearance of snow during
frost, without any perceptible thaw taking place. In
fact, in this case the water passes as rapidly from the
liquid to the gaseous state as it has done from the solid
to the liquid.

This process of water passing into the state of
vapour is evaporation, and the converse process, of
vapour passing into the state of water, is condensa-
tion. It is therefore pretty clear that, as these two
processes are constantly going on, the amount of vapour
actually present in the air is constantly changing.

/
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The immediate effect of evaporation is to lower the
temperature of all bodies in the immediate vicinity of
the spot where the process is taking place. The reason
of this is that as a large quantity of heat (the latent
heat of evaporation) is required to convert the water
into vapour, it is necessary that this heat should be
available, and the only possible sources for it are the
surrounding bodies. @~ We therefore learn the reason
why in summer wet cloths are wrapped round articles
we wish to cool, such as bottles of wine. The evapora-
tion of the water lowers the temperature of the bottle
and its contents. Similarly, as we shall shortly see, the
evaporation from the coating of the wet-bulb ther-
mometer lowers the temperature of that thermometer.
The loss of temperature over a given surface is of course
proportional to the amount of water evaporated over
that surface, so that the drier the soil the less is the
fall of temperature produced by evaporation from it
because the less is the amount of water present in it,
and available for evaporation.

The measurement of evaporation is a very uncertain
observation, for since vapour behaves as a gas it is per-
fectly elastic and diffuses itself in all directions. If]
therefore, we make an artificial pool of water, say in a
perfectly dry field, the vapour rising from that pool
will tend to diffuse itself through the surrounding
atmosphere, and the rate at which that atmosphere
will become saturated will depend on the extent of
water surface supplying it with vapour. Hence we see
that if we measure the evaporation by a vessel of
manageable size, we can never be sure that these indi-
cations bear any direct relation to the rate at whick
evaporation takes place from a lake or a pond, or from

H
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the surface of the ground itself, which is always more
" or less moist. .

Again, if we freely expose a vessel, say a flat dish, to
the air for any considerable time, it will receive rain,
so that we must ascertain how much rain has been caught
in the dish in order to be able to calculate how much
water it has lost by evaporation.

If we want to avoid this source of complication we
must put the atmometer under a cover, say in an open
shed, but then we do not secure a free exposure of the
instrument to the sun and air.

Lastly, the mnanagement of the apparatus requires
special care. If the evaporating surface be large the
action of the wind may cause ripples, and thereby
splashing and loss of water. If the surface be small
the level of the liquid must be kept, as nearly as pos-
sible, flush with the rim of the dish, for the least
depression below that rim produces a serious diminu-
tion in the amount of water vaporised, for the reason
shortly to be explained.

Supposing the air to be quite dry, the amount of
evaporation from a water surface exposed to it is vegu-
lated (a) by the temperature—for the higher the tem-
perature rises, the more rapidly is the water converted
into vapour, the more vapour will the air contain; and
(b) by the wind—for the more promptly the air in con-
tact with the water is changed, the more quickly will
that water give off vapour to it, because the vapour
is removed as fast as it is formed.

Hence we can at once see that if the level of the
water in an evaporating pan sinks below the rim of
the dish, there will be a layer of still air beneath that
rim, resting on the water, which will not be re-
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moved by the wind as easily as the layer flush with
the rim. _ ,

It will be seen from what has already been stated,
that the difficulties of the observation are serious,
but to give some idea of its practical importance to
hydraulic engineers, irrespective of its purely scientific
interest, we may add that it has been calculated by
Mr. A. R. Binnie that from a reservoir at Nagpoor, in
India, during the dry season of 240 days, as much as
four feet of water, or one-fifth of an inch per day, were
evaporated, and the entire loss due to this cause was 54
per cent., or more than one-half of the annual supply
to the tank. 'We shall see presently that this result is
not at all extraordinary for the locality where it was
obtained. :

Another very important practical application of
atmometry is to the determination of the rate of drying
of the soil, for this is a process which exerts a most
important influence on the growth of plants. Here,
however, the nature of the crop has to be taken into
consideration. It has been proved by Sir J. B. Lawes
and Dr. Gilbert at Rothamsted, that a deep-rooted crop,
like wheat, will thoroughly dry the ground to a depth
at which, in similar circumstances of weather, the
store of water under a grass meadow would be unim-
paired. '

There is another remark which presents some
practical interest to those who have to deal with plan-
tations and pleasure grounds. It is evident that the
rate of evaporation from bare ground is much more -
rapid than from earth covered with leaves, &c. If,
then, the leaves be removed in autumn, we not only
deprive the soil of the salts which should be restored to

H 2
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it by the gradual decay of the foliage which it has
borne throughout the summer, but we also abstract
from it much of the moisture which otherwise would
have rested about the roots in winter time. These are,
however, digressions, and merely indicate some of the
uses to which a.knowledge of evaporation may be
applied.

We have already explained that few atmometers
give really satisfactory results. Those of small size are
usually exposed in ther-
mometer screens, and
therefore more or less
sheltered from the action
of the sun and air.

Professor von La-
mont’s apparatus, which
may serve as an example
of smaller instruments, is
shown in fig.20. It con-
sists of a pan P, connected
by a pipe with a cylinder
o in which a piston
plunger R, carrying a
scale 8, is moved up and
down by a screw. The
scale is set at zero, and
then water is poured into the pan until it stands ex-
actly flush with the opening of the outflow pipe o.
The piston is then screwed down till the level of the
water is raised to the rim of the pan, and the appa-
ratus is left to itself. When the time of observation
comes, the piston is screwed up again till the level of
the water sinks to the opening of the outflow pipe, and

Fie. 20.

™

Von Lamont’s Atmometer.
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the reading on the scale, showing the change of level
of the piston, shows the amount of evaporation.

Other instruments, which may also be employed for
the measurement of evaporation from earth as well as
from a free water surface, are made on the principle of
a balance, and measure the loss of weight in a given time.

As regards the results of evaporation experiments,
such is the discordance in the results obtained, as
already pointed out, that Schmid, in his ¢ Lehrbuch
der Meteorologie > (1860), says at page 600, ¢ The final
result of all the observations on evaporation, and these
are very few, can be easily given in the statement that
it is utterly impossible to estimate, even approximately,
the quantity of water which passes into the atmosphere
at a given place and in a given time.’

This is rather disheartening, but since the date of
Schmid’s book attempts have been made to determine,
with some success, the amount of evaporation from a
free water surface exposed to the sun and wind.

The most.complete discussion of this subject as yet
accessible will be found in Haughton’s ¢ Six Lectures
on Physical Geography’ (Longmans, 1880), p. 165.
For the torrid zone and its immediate vicinity the
following data exist:- --

Locality Latitude Evaporation
Madras . . . . 13° N. . . 91-25 inches.
St. Helena . . . 17° 8. . . 8378 ,,
Nagpoor. . e e 29° N. . . 7315

The evaporation at the equator is deduced from
these values by the formula

a=e sec A,

where e is the evaporation at a station at the latitude A,
and a that at the equator.
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This formula gives the mean evaporation at the
equator as 88:23 in. Now, as only three-fourths of
the surface of the globe at the equator is covered by
water, we may reduce this amount by one-fourth, and it
becomes 6615 in. for the total evaporation, while the
average amount of rainfall for the equator is estimated
by Dr. Haughton at 66:84 inches.

The following observations for French stations,
given by Collin in ¢ Atmidométrie’ (Orléans, 1866), lead
to a similar result :—

Locality Rainfall Evaporation

St. Jean de Loane, sur la Sadne . 308 . . 259 inches.
Dijon . . . 277 . . 262 ,,
Pouilly . . . . 304 . . 224
Montbard . . . . 272 . . 232
Laroche-sur-Yonne . . . 22:4 . . 217,

For these islands, Mr. C. Greaves, C.E.,! found for
London, on the average of fourteen years, 1860-1873, the
rainfall 25:721 in., and the evaporation 20613 inches.
In only three years did the evaporation exceed the
rainfall.

Lastly, Dr. Haughton himself found for Dublin on
the average of two years that the evaporation fell short
of the rainfall by 1-08 inch.

These figures therefore show that probably, in nearly
all parts of the globe, situated reasonably near the
coast, the rainfall is about equal to the evaporation
from a free water surface, and that there can be no
great transference of vapour from the torrid to the
temperate zones. At times the balance may incline one
way and at times the other: the rainfall may exceed
the evaporation for a lengthened period, and again for

' Minutes of Proceedings of Inst. C.E., vol. xlv.
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months together not a drop of rain may fall; but the
general result on the whole year is as given above.

2. Hygrometry (from drypos, ‘moist’) is the deter-
mination of the amount of moisture present in the air
in a vaporous form. Of hygrometers there are two
principal divisions— Direct aud Indirect; and these latter
are further subdivided into two classes—Organic and
Inorganie.

Direct Hygrometers.—The simplest of all hygro-
metrical experiments is made in summer, whenever a
glass of cold water is brought into a warm room and
drops of water appear on the outside of the glass. The
reason of this is, that if the water is at a temperature
below that corresponding to the tension of the vapour
present in the atmosphere of the room, moisture will
be condensed on the vessel containing it. As soon,
however, as the water rises above that temperature
this process of condensation ceases.

Of direct hygrometers, one of the oldestis Daniell’s,
and among the most modern and simplest is Dines’s.
They all depend on the principle that the moment the
temperature of any object falls below the temperature
corresponding to the maximum tension of the vapour
present in the atmosphere at the time, there will be a
deposition of moisture upon it, which will at once be
visible if the surface be of polished metal or of glass. The
temperature at which this deposition takes place is called
the Dew-point, as we shall see in the next chapter.

In Daniell’s instrument we have two bulbs con.
nected by a tube bent twice at right angles. One bulb
is of black glass, the other is of ordinary glass, but is
coated with linean. A thermometer is enclosed iu the
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instrument, with its reservoir in the black bulb, of which
it therefore shows the temperature. A certain quan-
tity of ether is contained in the instrument. The mode
of using the apparatus is to drop a little ether on the
linen coating of the clear bulb. This by its evapora-
tion makes the temperature of that bulb to fall, and
causes the ether inside the instrument to distil over
from the black bulb, which in its turn falls in tem-
perature, owing to the evaporation of the contained
ether, and eventually becomes coated with moisture.
The instant at which the moisture first appears on the
surface of the black bulb is that at which the tempera-
ture of the enclosed thermometer should be read. This
temperature is of course the dew-point.

It is not an easy matter to make an observation
with this instrument, and the necessity of employ-
ing ether is a serious inconvenience. It is practically
never used in meteorological observations in recent
times. Regnault’s hygrometer is an improvement on
Daniell’s, as regards facility of manipulation and cer-
tainty of observation; in it the deposition of moisture
takes place on a bright silver cup, which betrays
the slightest trace of dulness, and the ether vapour
is withdrawn as fast as.it is formed, by the use of an
air pump, or of an aspirator, so that the evaporation is
accelerated.

Dines’s instrument is very simple (figs. 214 and 218),
consisting of a vase A fitted with a pipe at the bottom,
which is conducted close under a plate of black glass,
where it also envelops the bulb of a thermometer o; a
cock B is fitted at the base of the vase. Very cold water,
or ice and water, is put into the vase, and the cock is
opened; the glass speedily becomes dulled, and the
thermometer is read. The cock is then closed again,
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the water in the tube soon rises in temperature and
the cloud disappears, the moment of its disappearance
heing that when the dew-point is again reached.

Fig. 21 aA.

Dines’s Hygrometer.

The operation may be repeated as long as the
water in the vase remains at a temperature below the
dew-point. "This form of hygrometer is very well
suited for use in any rooms where it is required to re-
gulate the dampness of the air very carefully.

Fi6. 21 B.

Dines’s Hygrometer.

Indirect Hygrometers.—We shall first treat of those
which are organic. These all depend on the well-
known property of organic bodies to alter their mole-
cular arrangement or their appearance according to
their hygrometrical condition. We all know that
ropes become shortened by wet, but hair is affected in
the opposite way, and grows longer when it grows
damp. Saussure was the first to adapt this principle
to scientific uses.

The essential part of his instrument—the Hair
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Hygrometer—is a human hair which has never been
oiled or roughly handled. Such a hair stretches as it
grows damp and contracts as it dries. It is kept fixed
at one end and stretched by a light weight at the other,
the cord of connection passing round the sheaf of a
block, to which is attached an arm moving on a
graduated arc. The position of the arm on the are,
therefore, depends on the length of the hair from its
point of suspension above.

It is obvious that, though such an arrangement can
be made to indicate the amount of moisture in the air,
it cannot afford an absolute measure of that moisture,
inasmuch as the normal length which the hair possesses,
when the atmosphere is charged with moisture, must be
determined for each hair individually. This is effected
by observing the instrument at a time of perfect
saturation of the air, produced either naturally or
artificially, and moving the upper screw till the index
is brought exactly to 100—the point of perfect satura-
tion. The instrument is then fit for use.

[ have explained the principle of the hair hygro-
meter at some length, as, although it is seldom used in
this country, it affords practically the most satisfactory
means of determining the hygrometrical condition of
the air at temperatures close to and below the freezing-
point, under which circumstances the dry-and-wet-bulb
hygrometer fails. .

Numerous other attempts have been made to utilise
organic substances for hygrometrical observations, but
none of them have resulted in the production of a
useful scientific instrument. As an instance we may
cite the use of seaweed, which, owing to the hygro-
scopic properties of the salts which it contains, grows
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damp in wet weather and dries when the weather
clears up. The well-known weather-house toy, in which
a woman comes out when the air is dry and a man
when it is damp, depends on the expansion and con-
traction of a piece of catgut, according to the hygro-
metrical condition of the atmosphere.

Of Indirect Inorganic Hygrometers the only one to be
noticed is the dry-and-wet-bulb hygrometer, first pro-
posed by Hutton in Edinburgh,’ and subsequently by
Mason in this country. This is the apparatus almost
universally employed at present, and con-
sists of two thermometers, of which one.
has its bulb coated with muslin (fig. 22)
and kept moistened with water. The
principle of the instrument is that as
long as the atmosphere is not saturated
with moisture evaporation will take place
from any damp surface exposed to it, such
as the moist coating of the wet bulb.
If the air be saturated no evaporation is
possible, and the two thermometers will
read alike; but if it be not saturated the
temperature of the coated bulb will fall
until it reaches a certain point intermediate
between the temperature of the dry-bulb
thermometer and of the dew-point. Once that limit is

Fic. 22.

Wet Bulb
Mounting.

' Trams. R. 8. Edin., vol. v. pt. 3, ‘History of the Society.’ Life of
Hutton, by Playfair, p. 67. ¢ To one who considers meteorology with atten-
tion, the want of an accurate hygrometer can never fail to be a subject of
regret. The way of supplying this deficiency which Dr. Hutton practised
was by moistening the ball of a thermometer, and observing the degree of
cold produced by the evaporation of the moisture. The degree of cold,
ceteris paribus, will be proportional to the dryness of the air, and affords,
of course, a measure of that dryness. The same contrivance, but without
any communication whatsoever, occurred afterwards to Mr. Leslie’ (Sir
John Leslie).
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reached, if the supply of water be kept constant, the
wet bulb will not change its indication unless the actual
amount of moisture in the air varies.

The supply of water to the wet bulb is effected
either by moistening it with a wet brush, or, for con-
tinuous observations, by wrapping a few threads round
the neck of the b