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PREFACE

Tuis translation was undertaken primarily in order that it might
serve as a text-book in the course in General Climatology in
Harvard University. At the same time, the publication of an English
edition of the standard work on climate, will, it is hoped, lead to the
extension and improvement of the teaching of scientific climatology in
the United States, as well as in Great Britain and her colonies.

The first edition of Professor Hann's Handbuch der Klimatologic
appeared in 1883, in the * Bibliothek Geographischer Handbiicher,”
edited by Professor Friedrich Ratzel. The second edition, in three
volumes, was published in 1897. The first volume of the second
German edition is the only one included in the present translation.
This concerns General Climatology, and is a finished piece of work by
itself. The last two volumes, which deal with Special Climatology, it
has been found impracticable to translate.

This translation, as it stands, essentially reproduces the original.
Numerous references, especially such as will be most useful to English
and American students, have been added, and changes have been made
in the text in order to bring the discussion down to date. A natural
temptation to expand the original has been yielded to in very few cases
only. Practically all of the important publications which have been
issued since the completion of the second German edition are referred
to. Some new examples of different climatic phenomena have been
added, chiefly from the United States. Most of the examples given,
however, necessarily still relate to Europe, because the climatology of
that continent has been studied more critically than that of any other
region. A few cuts have been made where the discussion concerned
matters of special interest to European students only. Most of the
paragraph headings are new, and the arrangement by parts, sections
and chapters is somewhat different from that in the original. These


















CONTENTS xi

CHAPTER XI. PAGE
IsrLuvERcE oF Forests ox CLIMATE, - - - . . . . 192

Influence of forests on temperature.—Influence of forests on
humidity. — Influence of forests on rainfall. —The protection
afforded by forests against strong winds. '

CHAPTER XII.

Meax TEMPERATURES OF PARALLEIS oF LATITUDE AXD OF THE
HEMISFHERES, - . - . - : : . . L g 198

Mean temperatures of parallels of latitude.—Position of heat
equator.—Temperatures of northern and southern hemispheres.—
Mean temperatures of the earth as a whole in different months, —
Mean temperatures of the hemispheres.—MAean temperatures of
meridians. —The mean temperatures of all oceans and continents
between latitudes 90° N, and 50° 8.—Mean temperatures of land
and water hemispheres.—Polar temperatures of land and water
hemispheres.—Zenker's normal temperatures of land and water
hemispheres.—A comparison of the marine climates of the northern
and sonthern hemispheres., —Zenker's measure of *‘continentality.”
—Distribution of pressure, rainfall and cloudiness along parallels
of latitude.—Appendix : Forbes's formula for the distribution of
temperature over the earth’s surface.

B. MOUNTAIN CLIMATE.

CHAPTER XIIIL

PRESSURE A¥D SoLar Rapratios, - - - - - - . - L

Mountain climate.—The decrease of pressure with altitude.—
Physiological effects of diminizhed pressure.—Altitudes reached
by balloons, —Symptoms of mountain sickness.—Causes and conse-
quences of mountain sickness.— Pressure changes on mountains. —
Increase in intensity of insolation with increase of altitude.—
Temperatures in sunshine and in shade at different altitudes:
Frankland.—Violle’s results for Mont Blanc and the Bossons
Glacier.—Eifect of water vapour on atmospheric absorption of
solar radiation.—A marked increase in the intensity of the ultra-
violet rays at great altitudes,—The increase in the chemical effects
of sunlight with increasing altitude.—Surface temperatures on
mountains, —Nocturnal radiation on mountains.—Importance of
exposure in controlling surface temperature in mountain climates, —
Soil temperatures under different exposures.

CHAPTER XIV.
Amr TEMPERATURE, - - - - - - - - - - . 243

Vertical decrease of temperature.—Effect of topography and of
exposure upon the vertical decrease of temperature.—Seasonal


















1 i, ¥ E 3
N ¥ 1 HERs L R + 2 i
| i HETER L A H E el &
] ] M 1 'y ':' '_ - | R
0] : 5 & 2er1phIo) [ ae g 1 2
¥ 1 1 |- ~
L L1 LAk ) i =
1 [ i r that th Wi
e 1 e | A 4
3 il ! HEH ! 11l
| [ E { (%] N 14k
1 il .' 1 1 ]
| 1 ] 11 B of the atimoe
: - 1 ' EHme v nes the wan
e I ] | CrEF Y D MAKe U=
1 | L4 1y 18 the TOSNeTe 1 [l
A ¥ V 'y G I} T 15T | 18 | 111 -.-.I..
" . " amands tha s deserin
- ' Vi : ¥ L 1 I = o i e ;:







CLIMATOLOGY : ITS MEANING, AIMS, AND METHODS. 3

called elimatic elements or factors. They are temperature, humidity,
rain or snow, velocity and direction of the wind, ete. Seientific elima-
tology must endeavour to find numerical expressions for all the climatic
elements. Actual measurements are necessary if we are to have state-
ments which shall be strictly comparable, and if we are to gain distinct
conceptions of the different meteorological conditions. Instead of such
vague statements as “the winter climate of the place is severe”; or,
‘‘the summer is windy and changeable,” we should have the recorded
temperatures and wind velocities, as well as the amount of their
variations. Such short, comprehensive, verbal descriptions are admis-
sible only when the numerical values of the climatic elements are also
given. Accuracy, and the possibility of comparison, are the first
requirements in the description of any climate. These are fulfilled
when the numerical values of the individual climatic elements included
in such an acecount were obtained with similar instruments, and
according to the same method.
Climatic deseriptions gain decidedly in clearness if a certain unifor-
mity of treatment is always adhered to. This is accomplished by
disenssing the separate climatic elements in a systematic order, hased
on their relative importance. But as soon as we attempt to distinguish
hetween these elements on the basis of their relative importance in the
description of a climate, another difference hecomes apparent between
the standpoint taken by climatology and by meteorology in their view
of atmespheric phenomena. In meteorology, the greatest importance
is attached to those phenomena upon which a considerable number of
other atmospheric processes depend, and which may therefore be re-
garded as primary phenomena. In climatology, taken in its restricted
~sense, those meteorological phenomena become the most prominent
which have the greatest influence upon organic life. The importance
of the different climatic elements is therefore determined from an out-
“side standpoint.

Definition of climate.—Climatology is thus seen to be a branch of
knowledge which is in part subordinate to other sciences and to
practical ends. As a matter of fact, this idea is usually incorporated
into the first definition of climate, “as the sum total of the meteoro-
logical conditions in so far as they affect animal or vegetable life.”
Humboldt gives the following definition:! “The term climafe, in its
broadest sense, implies all the changes in the atmosphere which sensibly
affect one’s physical condition.” This point should be borne in mind
when we treat climatology as a science auxiliary to geography.

! Kosmos, Vol 1., 340.
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TEMPERATURE. il

Mean daily temperature: how obtained.—The hours at which
observations of temperature are made must be properly distributed
throughout the day if we wish to obtain the true diurnal tempera-
ture, which corresponds to the mean of 24 hourly observations.
From such a series of hourly observations we also learn what the
highest and lowest temperatures are, although those can evidently
be much more easily obtained from the readings of the maximum
and minimum thermometers. If the mean is derived from frequent
observations made during the daytime only, as is still often the
case, the resulting mean is too high, because the temperatures
of the cooler portion of the 24 hours do not enter into the
result at all. A station whose mean is obtained in this way seems
much warmer with reference to other stations than it really is, and
erroneous conclusions are therefore drawn concerning its climate.
Thus, the mean annual temperature of Rome was given as 16'4° by a
seemingly trustworthy Italian authority, while it is really 1557 and
the mean temperature of Madrid was stated by Secchi to be 15 while
it is actually only 13-5°. The other case, which occurs when a station
is reported to have a temperature lower than its actual one, is found
much less frequently.

Hours of observation.—It is best to read the thermometer three
times daily, namely, early in the morning, in the afternoon, and in the
evening. A knowledge of the morning and afternoon temperatures is
very important in most climatological investigations, and even an
accurate mean temperature cannot replace the lack of this information.
The following groups of hours are recommended for observations of
temperature: 6 am., 2 and 10 pm.; 7 am, 2 and 9 pm.; 7 am,, ]
and 9 pm.; 7 am, 1 or 2 pm., and 10 pm. The morning observa-
tions should not be made later than 7 am. The combination, 8 a.m.,

2 and 8 p.m., which has unfortunately been quite generally adopted,
' is not satisfactory, because the mean of (8 + 2 + 8) + 3 is much too high
in summer. The mean derived from observations at 7 a.m., 2 and
9 p.m., is also somewhat too high; but the formula (7T am. + 2 pm. +
9 p.m. + 9 pam.) = 4 gives an excellent mean which differs in summer
by only + 0:1° to + 0-2° from the true mean, hased upon the twenty-
four hourly observations. The means derived from the daily extremes
(that is, from the readings of the maximum and minimum ther-
mometers) also give values which are somewhat too high, the
difference being about 0-4° in the majority of climates throughout
the year. The combination (sunrise + 2 pan. +9 p.m.) gives a fairly
accurate mean temperature, if the first observation is really made
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exactly at sunrise throughout the year. This combination of hours is,
liowever, not an especially desirable one, for the reason that the time
of the morning ohservation varies from day to day. Observation hours
which do not vary are always much to he preferred. In the case of
stations at which maximnm and minimum thermometers are used, and
where, furthermore, the readings of the ordinary thermometer have
been made at unfavourable hours (e.g., 9 a.m., 9 p.m., or sometimes even
at 3 pam., as has often been done in accordance with an old set of
instructions published in England), the most aceurate means are
obtained by the formula }(min. + 3 p.m.), or }(min. + max. + 9 a.m.
+9 pm.). The formula }(min + max. + 8 am. +8 pm.) gives
means which can be used if necessary. In this last grouping, the
errors resulting from the combination of (max.+ min.) alone, or of
(3 a.m. + 8 p.m.) alone, are brought together, and, to some extent,
neutralise one another. Sometimes the observations are made at
hours which render it impossible to derive comparable means directly
from the readings. In such cases, means may still be obtained if
a series of hourly observations extending through several years is
available for some neighbouring station. These put us in a position to
know how far the temperatures at the special hours in question depart
from the true diurnal mean at this neighbouring station. It then only
remains for us to correct the temperatures at the station whose mean
we wish to obtain by the amount of these departures., This method of
correcting a mean, however, becomes the more uncertain the greater
the necessary correction, for it assumes an absolutely similar diurnal
variation of temperature at both stations. This assumption becomes
the more arbitrary the greater the differences hetween the remaining
elimatic conditions of the two stations.?

1For further information concerning the derivation of true daily mean tempera-
tures, and the corrections which are necessary in individual cases, the reader
is referred to the following :—Schinid: Lekrbuch der Meteorologie, Leipzig,
1860, 269 ef sgq.; H. W. Dove: “Ueber die tiglichen Verinderungen der
Temperatur der Atmosphiire,” Abhandl. Berlin. Akad., 1846 and 1856; H.
Wild: Die Temperturverhiltnisse des Russischen Reiches, St. Petersburg,
1877, L-LXVIIL ; Jelinek : “Die tiglichen Aenderungen der Temperatur,”
D.W.A., XXVII, 1867: W. Koppen: *Tafeln zur Ableitung der Mittel-
temperatur,” Repertoriwm fiir Meteorologie, 111, No. 7, 1873 ; G. Hellmann : Dye
tiglichen Verdnderungen der Temperatur in Novddeutschland, Berlin, 1875; F.
Erk : “* Die Bestimmung wahrer Tagesmittel der Temperatur,” Abhandl. Miinchen.
Akad,, 11. K1, XIV., Part II., 1883; A. M‘Adie: Mean Temperatures and
their Corrections in the United States, prepared under the direction of A. W.
Greely, Washington, D.C., 1891, 4to, 45 pp.; W. Ellis: *“On the Difference
produced in the Mean Temperature derived from Daily Maxima and Minima as
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The mean annual temperature expresses most briefly the tempera-
ture conditions of the air at any given place. This is really the mean
derived from the 365 successive daily means; but, as the mean
temperatures of each month are needed in any case, it is agreed that
the mean annual temperature shall be derived from the twelve monthly
means. The difference hetween the results obtained in these two ways,
which is due to the inequalities in the lengths of the months, amounts
to tenths of a degree (C.) only, even in the most severe climates, where
the range between summer and winter is greatest. In central Europe,
this difference is one of hundredths of a degree (C.) only. As the
annual temperature at the same station varies in different years, the
observations must be continued for a period of greater or less length if
we wish to obtain a mean annual temperature accurate within some
definite limit. The length of this period naturally depends upon the
amount of the variation in temperature from year to year. If, for
example, we wish to obtain a mean annual temperature which shall be
aceurate within 0-1°, we need about forty years of observations in
central Europe, and about sixty years of observations in northeastern
Europe. On the other hand, in an equatorial climate, such as that of
Batavia, two years of records would (theoretically) suffice.

Mean monthly temperatures.—The annual temperature alone, how-
ever, does not suffice to characterise the average temperature conditions
of the atmosphere at a given station, because, in most climates, these
conditions vary considerably during the year. These annual periodic
variations are expressed in the mean monthly temperatures (p. 33,
columns 1z and 15). No attempt should be made to express the normal
annual march of temperature by the mean temperatures of
successive ten-day or five-day periods, unless, in exceptional cases,
there is a very long series of observations for the same station. The
monthly means are much less accurate than the annual means. In
fact, even when observations which have been made with the greatest
care and aceuracy are available, it cannot be expected that the monthly
means of most places will be known within 0-1°. The mean tempera-
tures of the same month frequently vary very much from year to year.
Thus, the means for December, 1879, and December, 1880, in south-
western Germany, differed by 15°. At Washington, D.C., the mean
temperature of January, 1880, was 55°; that for January, 1881, 24",

dependent on the Time at which the Thermometers arve read,” Quart. Jowrn. Roy.
Met., Soe., XVI., 1890, 213-218. See also Indian Met. Memoirs, V., 1802-1895,
525, and IX., 1895-1807, 638, on the diurnal variation of atmospheric conditions
in India.
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mean temperature of —1-5°; the warmest month (July) has a mean
temperature of 19-8°. The mean annual range of temperature is there-
fore 21-:3°. At Thorshaven, in the Faroe Islands, March is the coldest
month, with a mean of 3°; July, with a mean of 10-9° is the warmest.
The annual range at Thorshaven is therefore only 7-9°. Batavia has
a mean temperature of 26:4° in May, and 25-3° in January, which
gives a mean annual range of 1-1°. Quito has a January mean of
13:8°; a July mean of 13-3°; an annual range of 0-5°. The mean
January temperature of San Diego, Cal., is 12-1°; that of August,
20-6° ; the range is therefore 8-5°. The mean January temperature of
St. Paul, Minn., is -~ 11'5°; that of July, 22:2°; which gives an annual
range of 33:7°. In Canada, the mean January temperature at Esqui-
mault, B.C., is 3:7°; that of July, 15:6° ; which gives a range of 119"
At Edmonton the range is 31:9°, the January mean being —16-1°, and
the July mean 15-8°. At Halifax, on the eastern coast, the range
decreases again, being 23-2°; the .January mean is —55"; and the
July mean, 17-7°. At Valencia, Ireland, the mean temperature of
January, as determined by the 30 years’ record, 1871-1900, is 697;
and that of August is 15:3° ; which gives a range of 84°. At Aber-
deen, Scotland, the January mean is 3-1°; and the July mean, 14-1°;
which gives a range of 11-0°. At Yarmouth, England, on the eastern
coast, the January mean is 2:9°; and the July and August means are
15-9° ; which gives an annual range of 13:0°. The amount of this annual
range of temperature is made the hasis of a classification of climates
into those of great ranges, or severe climates, and those of small ranges,
or temperate climates. Examples of these classes will be given later,

Supan, in 1880, published the first accurate and detailed chart of
the annual ranges of temperature over the earth’s surface,! using lines
of equal annual range of temperature, to which he gave the name
“isotalantous.”*

1 Zeitschrift fiir wissensehaftliche Geographie, 1., 1880, 141-156,

2The first to construct a chart of this sort was probably F. W. C. Krecke, in
Utrecht (Prov. Utr. Gencotsch. v. Kunsten en Wetenschappen, 1865). He called
the lines * isoparallagae,” and his chart shows their course over the northern
hemisphere, on the polar projection. Keith Johnston, in 1869, also published a
chart, on a very small scale, showing lines of equal annual range of temperature
(Proc. Roy. Soc., Edin., V1., 1866-69, 561-579). Finally, Buys-Ballot constructed
two large charts showing the positions of the *‘isoparallagae™ in both
northern and southern hemispheres, taking the difference between January and
July as everywhere indicating the amount of the annual range ( Verdeeling der
Warmte over de Aarde, Amsterdam, 18588). This was a step which Supan had

already justly censured Johnston for taking, because the extremes of the mean
temperatures do not everywhere come in these months.
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temperature, or the diurnal amplitude of temperature, is a very note-
worthy climatic element, and should be included in every account of a
climate which aims to be at all complete. This element is expressed
by the difference between the mean temperatures of the warmest and
the coldest hours of the day, and is then called the periodic amplitude ;
or, it is expressed by the difference hetween the mean minima and the
mean maxima of the month, obtained from the readings of a maximum
and minimum thermometer, or from hourly observations. The latter,
known as the non-periodic amplitude, is always greater than the former,
or periodic amplitude, especially in winter. It is therefore desirable to
use only one of the two forms of expression when comparing one
climate with another, although, when the requisite observations are
available, it is of course advisable to include both forms (see Table,
p- 33, columns 5 and 6). As a matter of fact, only the non-periodic
amplitude is known for most places, because observations made with
maximum and minimum thermometers are very much more common
than those made every hour during the twenty-four.

It is a well-known fact that the normal variation of temperature during each
day has a minimum about sunrise and a maximum about 2 p.m., or, in the
summer, somewhat later. In some places, especially on sea coasts, the maximum
comes earlier, namely, soon after noon. The periodic diurnal range of temperature,
therefore, at the equinoxes, and on the average for the year, for instance, is the
difference of temperature between 6 a.m. and 2 p.m. It is, however, perfectly
clear that the dinrnal march of temperature is not by any means always dependent
upon the altitude of the sun. Wind, rain, and clouds caunse irregular, non-
periodic fluctuations, and the maximum and the minimum temperatures often
come at times differing greatly from those which would be determined by the
sun alone. The maximum and minimum thermometers register the highest and
the lowest temperatures which actually occur from day to day, and the mean of
the minima thus recorded is the mean of all the lowest temperatures which have
ocenrred at various times. A similar statement is true with respect to the
maximum temperatures. When, however, the mean temperatures of the different
hours are calculated on the basis of hourly observations made throughout each
month, the irregular rises and falls of temperature which may have occurred
during any given hour are almost entirely neutralised. Consequently, the lowest
temperature is found to come about sunrise, and the highest, shortly after noon.
This march of temperature is known as the normal or periodic march. It is also
clear that the difference between the mean temperatures at sunrise and in the after-
noon (i.e. the periodic amplitude) cannot be as great as that between the mean
extremes (i.e the non-periodic amplitude). Especially is this true of the winter
of the temperate and the frigid zones, where the irregulur changes in the winds
from warm to cold, and wice versa, cause very comsiderable irregularities in the
normal march of temperature. In Vienna, for example, the coldest hour of the
day in December is 7 a.m., with a mean temperature of —1+6°; the warmest hour
is 2 p.m., with a mean of 0°6°. The periodic diurnal amplitude is therefore 2-2°,
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being the direct effect of solar radiation, which is a very important
element in the former climate.

Irregular variations of temperature. Variability of the monthly
means.—The mean temperatures, and the periodic annual and diurnal
ranges obtained from them, are insufficient, by themselves, to give an
adequate idea of the temperature conditions of any given place. These
mean values indicate only the average state of the atmosphere, and it is
important, for many reasons, that we should know what departures
may be expected in individual cases. When, for example, we find
that the mean (normal) January temperature, at Vienna, is — 1-7°, we
learn also that this may generally be expected as the mean January
temperature in future years. As a matter of fact, of 100 Januaries in
Vienna, 33 had a temperature which differed from the mean by 1°, at
the most ; departures of 1°-2° occurred 28 times; of 2°-3°, 18 times
of 3°-4°, 10 times; of 4°-5°, 8 times; and of 5°-6°, 3 times. In other
words, in 33 per cent. of the cases, the January mean was between
=27 and —0°7°; in 61 per cent. it was between —3:7° and +0-3°;
and in 79 per cent. it was between — 4'7° and +1'3°. The decrease in
the frequency of these departures with the inerease in their amount
follows the same law! in large climatic districts. It is therefore
possible to use the mean itself as a hasis for determining the frequency
of other mean temperatures which differ more or less from this one.

This fact does not, however, make it unnecessary to give also the
highest and lowest mean temperatures of any month during a long
interval of time. Indeed, these data are extremely desirable. Thus,
for example, in the case of Vienna, the temperature of January kept
within the limits of -83° and +50° during an interval of 100
years ; while that of July varied between 17:4° and 24'6°, At St.
Petersburg, during 118 years, these limits were —21-5° and — 16" for
January [mean temperature —94°]; and 14:1° and 23-2° for July
[mean temperature 17-7°]. These ranges are much smaller in the
case of the mean annual temperatures. Thus, at Vienna, the range
in 100 years was between 7'4° and 11-8° ; and at St. Petersburg, in 118
years, it was between 1-3° and 6-5°. Tt will be noticed that, during the
winter, the lowest temperatures fall farther helow the mean than the
highest rise above it. The reverse is true in summer. It is a
peculiarity of European climates, that, as a general rule, higher mean
temperatures are more common than the lower in winter, and vice versi

'In the case of means based on many years of observations, this may be
determined by the laws of probability, when the means of the departures from the
normal of the given climate are known.
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TEMPERATURE. 23

mean monthly and the mean annual extremes, although they are less
essential than the latter.

Frequency of occurrence of certain special temperatures,—A state-
ment concerning the frequency of occurrence of certain groups of
temperatures (e.¢., for every degree or two), is of great value in giving
a clear idea of the temperature conditions of any locality. In view,
however, of the considerable expenditure of time necessary in making
this caleulation, and of the amount of space occupied by the tables
setting forth the results, such an investigation can be carried out
only in single cases, in special monographs on the climate of a given
locality. Caleulations of this sort, concerning the frequency of
certain temperature-groups, have been made by Hugo Meyer, Sprung,
Perlewitz, and lately, also by Mazelle.!

The theoretical considerations involved in these studies are of special
interest, and particularly the explanation of the relation between the
data as to frequency and the mean temperature. This matter can be
only briefly referred to here. It should, however, be pointed out that
these studies make it perfectly clear that the mean temperature does
not by any means always coineide with the temperature which is of
most frequent oceurrence. The mean temperature is therefore not at
the same time the most probable temperature (i.e., the temperature
which is most likely to oceur), although the two do not differ very
much. This results from the fact that the departures of the observed
temperatures from the mean are not symmetrically distributed on both
sides of the mean, the negative departures, for example, being much
greater than the positive in the climate of central Europe in winter.
A similar fact has already been noted in the case of the departures
of the means of the individual months from the corresponding means
based on a long series of observations. In summer, the observed

1H. Meyer: ** Ueber die Hiufigkeit des Vorkommens gegebener Temperatur-
gruppen in Norddeutschland,” M.Z., IV., 1887, 428-442; A, Sprung: * Ueber
die Hiinfigkeit beobachteter Luittemperaturen in ihrer Beziehung zum Mittel-
werthe derselben,” M.Z., V., 1888, 141-145; P. Perlewitz: * Hiufigkeit
bestimmter Temperaturen in Berlin,” M. 2., V., 1888, 230; E. Mazelle : ** Bezie-
hungen zwischen den mittleren und wahrscheinlichsten Werten der Luft-
temperatur,” D.W.A., LXIL, 1895, 57-94; * Beitrag zar Bestimmung des
tiglichen Ganges der Verinderlichkeit der Lufttemperatur,” 8. W.4., CIV.,
1895, 1015.1082. (This concerns the frequency of the mean daily temperatures
and of the mean hourly temperatures in the different months, at Triest and
Pola, and also the relation to variability of temperature.) See also C. Chambers :
The Meteovology of the Bombay Presidency, London, 1878, 47; and J. Hann :
“ Scheitelwerth und Mittelwerth im tropischen Klima,” M. Z,, X V1., 1809, 314-315.
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laws which shall express the relations between the temperature of the
air and the development of plants. He hegins with the assumption
that the critical temperature herein concerned is that of 6°; that
the only temperatures which have any influence upon the different
stages of development of plants are those above this point; and that
temperatures below 6° play no part. Every plant needs a certain
temperature in order to reach its stages of bearing leaves, blossoms,
and fruit. This temperature naturally varies in different plants, but it
must be made up of daily means over 6°. The mean daily temperatures
obtained in the usual way cannot therefore be directly employed for
this purpose. A discussion of the numerous critical examinations which
have been made of the actual value of these sums-total of temperature
is out of place here, but it certainly cannot be denied that these
temperatures are of some importance in the relations between climate
and vegetation. The London Meteorological Office has, since 1884,
regularly published these accumulated temperatures for the different
wheat-producing and grazing distriets of England for each week, as
well as the whole accumulated temperature (above 6°) since the
beginning of the year.!

On the basis of such sums-total of temperature, Dr. C. Hart Merriam
has shown that the geographical distribution of plants and animals in
the United States is determined by the temperature conditions. e
concludes that the northward distribution of animals and plants of
warmer zones is controlled by the total quantity of heat, i.e., the sum
of the daily mean temperatures above 6° (42:8°F.), while the south-
ward distribution of the boreal species is determined by the mean
temperature of the hottest part of the year. The latter is expressed,
in a general way, by the mean temperature of the six hottest weeks of
the year.?

Merriam has caleulated these sums of temperature for many places,

1 Weekly Weather Report. Strachey has proposed certain rules which are
designed to facilitate the caleulation of these accumulated temperatures, especially
with a view to their being obtained directly from the pentad, or weekly, means
of the daily maxima and minima. (Meteorological Qffice, Quarterly Weather Report
for 1878, Appendix IL, ¢ On the Computation of the Quantity of Heat in Kxcess
of any fixed Base Temperature.”) See also ‘Cumulative Temperature,” by
B. H. Scott, International Health Exhibition, London, 1880; Svo, 16 pp. ;
W. Clowes & Son, London.

20, H. Merriam : ** Laws of Temperature Control of the Geographic Distribu-
tion of Terrestrial Animals and Plants,” Nat. Geogr. Mag., V1., 1804, 229-238.
Also: * Life Zones and Crop Zones of the United States,” U/.8. Department of
Agriculture, Division of Biological Survey, Bulletin 10, 1808,
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the reduced 50-year mean for December, at Krems, the value — 06,
This method of reduction gives results of great accuracy, and makes it
easy to obtain monthly means comparable within +0-1°. Such accuracy
is necessary in studies of local climates. The variability of synchronous
differences of temperature is about ten times smaller than that of the
mean temperatures themselves. Therefore, by the laws of prob-
ability, the mean difference of temperature between two places which
are not very far apart, when based on ten corresponding years of
ohservations, is just as accurate as a 100-year average, based on the
mean temperature of these stations.

Radiant heat.—Meteorology is concerned with air temperature alone,
and not with radiant heat, except in so far as the temperature of the
air is thereby modified. In climatology, on the other hand, radiant heat
is of the greatest importance, quite independently of the temperature
of the air. In the problems with which meteorology has to deal, such
as the causes and the effects of atmospheric movements, the tempera-
ture of the air alone plays a part. On this account, our thermometers
are protected, so far as possible, from the effects of radiation, because
the latter prevents our ascertaining the true air temperature. Direct
solar radiation is, however, just as important as the temperature of the
air for organic life on the earth’s surface, and even for some of the
changes which take place in inorganic bodies. It would, therefore, he
of the highest importance in climatology if there were available regular
and continuous measurements of the energy and the amount of the
solar radiation which actually reaches the earth’s surface in different
climates. Unfortunately, there are as yet no such measurements. In
fact, we hardly have the means, at the present time, for undertaking
them.

Nature and effects of solar radiation.—The energy of the direct
solar rays can be measured only by their effects. These are chiefly
of three kinds, namely, optical, thermal, and chemical. For this
reason, we speak of light-rays, heat-rays, and chemical, or aclinicrays,
but it must not be forgotten that these different effects are not the
result of corresponding differences in the quality of the rays them-
selves, but are dependent on the nature of the surface upon which
they fall. It is true that solar radiation is of a composite character,
but the components differ from one another only in their wave-length,
or their period of undulation. These differences can be easily seen in
the varying degrees of refraction, depending upon their different wave-
lengths, which the solar rays suffer when a beam of them is split in
passing through a prism. The “light-waves,” using the word light to
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express radiant energy in general, which are sent out by the sun, are a
vibration of the ether.'

The different sets of rays possess different degrees of energy, but
are otherwise similar in their nature. Their effects, whether they
cause an inerease in temperature, or bring about chemical decomposi-
tion, depend solely upon the nature of the substances which absorb the
rays. The rays must encounter some obstruction which interferes with
their movement before they can appear in one or another of these
three ways. The work which is done by the active energy of the
waves in the ether, becomes apparent either as heat, which is molecular
motion, or as chemical action, in which the motion has brought ahout
a rearrangement of the atoms. There are no rays which can produce
only heat, and there are none which can canse only chemical action.
The same ray which, falling upon a thermometer, or upon a sensitive
thermopile, demonstrates its existence by the evolution of heat, will, if
it falls upon another substance of a certain composition, reveal itself in
chemical rearrangements. When we speak of “radiant heat,” or of
“ ghemical,” or “actinic ” rays, we are confusing cause and effect, for we
are then putting something into the nature of these rays which does
not actually appear until they come in contact with a surface of some
particular kind. It is therefore best, in order to avoid misunderstand-
ing, to speak only of radiant enerqgy.

The fact that rays of a given wave-length produce unusually active
chemical changes in bodies of certain compositions, is not in contra-
diction to the statement just made. It is this very fact that has led to
the use of the term chemical rays. Nevertheless, when these very same
rays fall upon a sensitive thermopile, or upon the bolometer, they
produce heat, and therefore appear as “heat” rays. It must also be
noted that recent investigations made with diffraction spectra, instead
of with prismatic spectra produced by refraction, have shown that the
maximum heating effect in the spectrum lies between the Fraunhofer
lines D and E, and not in the infra-reds, as was formerly supposed.
The maximum energy of solar radiation is in the yellow ; the maximum
light effect and the maximum thermal action coincide.

Effect of different rays upon vegetation.—Kecent investigations have
also shown that the components of radiation which are of most im-
portance in the growth and development of plants are not at the blue
and violet end of the spectrum, but toward the red end of the visible

1The energy, or the active force, of a wave of given wave-length and intensity
is proportional to the quotient of the square of the amplitude divided hy the
square of the wave-length.
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Importance of diffuse daylight for vegetation.—The important part
played by diffuse daylight in relation to plants has recently heen
clearly pointed out by Wiesner. All vegetation which is growing
well or luxuriantly is, above all else, dependent upon diffuse light, as
well as upon sunlight the intensity of which has been somewhat
diminished. The exposure of the leaves is usually determined by the
strongest diffuse light at the spot where the leaves are. It is the
diffuse light which pours over all portions of the plant equally, and
which benefits them all. Wiesner has also made careful measurements
of the intensity of this diffuse light in the shadows of different plants
and trees. It is interesting to note the discovery that plants need
less light as the temperature rises, and more light as it falls. This is
true not only for changes of temperature with latitude, but also for
those due to differences of altitude. Thus, for example, the minimum
of light necessary for pos annua at the beginning of March at Cairo
produces about 53 calories; while at Vienna it gives 109. The mean
temperatures are 15-5° and 2°, respectively (3-5° at noon). When the
altitude of the sun is the same at Cairo and at Vienna, 53-3° at noon,’
the minimum of light at Vienna gives 92 calories, and the air tempera-
ture is 104°, Even when the sun stands at the same altitude, pon
annua needs more light in Vienna than in Cairo, because the corre-
sponding air temperature is lower in Vienna.*

Photometric and other related observations.—There are certain
additional data which would be most important contributions toward
giving us a more complete knowledge of the chief climatic elements.
These are measurements of the strength of the sunlight, i.e., photo-
metric measurements, and of the heating effects of direct solar radia-
tion, which should be supplemented by measurements of the chemical
activity of this radiation. In the sections on solar climate, reference
will be made to the few measurements of this kind which are now
available. Further than that we can but emphasise once more the
importance of these climatic elements which have thus far been so
sadly neglected. It is to be hoped that when the seriousness of this
deficiency becomes known, the difficulties that still stand in the way
of such measurements will speedily be overcome.

Measurements of radiant heat: Actinometry.—In determining the

Spectrum on Root-Absorption and on the Growth of Plants,” Proc. Roy. Soc.,
Edin., XIV., 1686-87, 125-129.

1 March 3, at Cairo ; April 20, at Vienna.

2 J, Wiesner : “* Photometrische Untersuchungen auf pflanzen-physiologischem
Gebiete,” 8.W. 4., CIL, 1, 1893, 201-350 ; and CIV., 1, 1885, 605-711.
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The Arago-Davy actinometer consists of a black-bulb thermometer of this sort,
and of a second thermometer, similarly adjusted, whose bulb is left bright.
These instruments give only relative values, and their readings cannot be used
for the determination of the absolute value of the intensity of solar radiation.!
Crova’s actinograph is a valuable instrument for the registration of direct solar
radiation, and Angstrim’s electrical compensation pyrheliometer leaves little to
be desired for absolute measurements of the same quantity.

“ PTemperatures in the sun.”—The readings of insolated thermo-
meters in a vacuum are, nevertheless, far preferable to the very vague
data obtained when an ordinary, or even a blackened, thermometer
is freely exposed to the sun. Temperatures obtained by this latter
method, and spoken of as ““temperatures in the sun,” have no scientifie
value whatever ; they cannot be compared with one another, nor can
they be used in climatologieal investigations.

Even with the same intensity of solar radiation, ** temperatures in the sun ™
differing widely from one another, will be obtained with different thermometers,
although the instruments are all simnltaneously affected by the various, and never
wholly avoidable, influences of radiation from surrounding objects. Lamont has
already shown that a thermometer with a small bulb, freely exposed to the sun,
indicates the air temperature very closely. Therefore it must lose enough heat by
reflection and radiation to give it the same temperature as that recorded by a
thermometer in the shade. Professor Kunze, of Tharandt, has recently published
some similar results, althongh he obtained greater differences.®

The * temperature in the sun,” as contrasted with the shade temperature, is,
furthermore, a very indefinite factor, because it depends upon the nature of the
body which is exposed to the sun’s rays. The temperature of a body which is
exposed to radiant heat is determined by its power to absorb the rays which fall
upon it. ‘This power of absorption, again, varies according as the upper surface
of the body is rough or smooth ; a thin covering of some foreign material may
alter it completely. As soon as the temperature of a body under the influence of
radiation rises above that of neighbouring bodies, it loses heat again by conduc-
tion and radiation, and a stationary temperature is reached when the amount of

1 See what Ferrell says on this subject in his papers, *“On the Conditions deter-
mining Temperature,” Bull., Philosoph. Soc., Washington, V., 1883, 91-97, and on
~ “Temperature of the Atmosphere and Earth’s Surfuce,” Professional Papers of

the U.8. Signal Service, No. XIIL, 1884, [Z.f. M., XIX., 1884, 500-501.] Also,
Maurer: © Zur Theorie des Actinometers Arago-Davy,” Z. /.M., XX., 1885, 18-20,
and C. Abbe : ** Temperature in the Sunshine,” Monthly Weather fev., XXVIL,
1599, 310-311.

2 M. Kunze: “* Temperaturangaben eines im Freien aufgehiingten Thermometers,”
Z.f.M., XVIL, 1882, 201 ; W. Kippen : * Studien uber die Bestimmung der Luft-
temperatur und des Luftdrucks; 1. Abhandlung: Untersuchungen iiber die
Bestimmung der Lufttemperatur,” Aus dem Archiv der deutschen Seewarte, X.,
1887, No. 2, Hambuarg, 1888 ; (M. Z., VIL, 1800 [33-35]). See also H. A. Hazen :
¢ Thermometer Exposure,” Professional Papers of the Signal Service, No. XVI1IL. ;
¢ Thermometer Exposure,” Amer. Met. Jowrn., I11., 1886-87, 82-02.






- TEMPERATURE. 41

" The reflected portion is thus seen to play the chief part when the sun
is low, d.e, in the morning and in the winter of high latitudes, A
southern exposure at a considerable height above an extended surface
of water, or even of snow, gains the greatest advantage from this
secondary source of heat, and is therefore the most highly to be
recommended for house sites.

Frankland publishes the following observations upon the effect of
heat reflected from surrounding objects.! The thermometer exposed
to the rays was put upon a background of white paper. An observa-
tion at Pontresina gave the following results: 10 feet from a white
wall, 38:7°; over an adjoining meadow, 27-7° or 11° less. At Alum
Ba}', Isle of Wight, under the influence of the direct radiation
and of the radiation reflected from the water, 31:2°; direct
radiation only, 25-7°; Lake of Zurich, temperature in direct and
reflected radiation, 34°; one mile from the lake, in direct radiation
only, 315°. As our feeling of warmth and our comfort, when we are
out of doors, depend upon the combined effect of direct and reflected
radiation, it is clear how important is the influence which the
surroundings of a place of residence have upon what might be called
the *climatic temperature.”

Terrestrial radiation: Nocturnal cooling.—There is another, and a
contrasted effect of the loss of heat by radiation which is of great
importance eclimatically, and may be directly observed with much
greater ease. This is the nocturnal cooling of the free surfaces of bodies
to a temperature below that of the air. On clear nights the temperature
of the surface of the earth, or of plants, often falls considerably below
that of the air at some distance above the earth’s surface. The
temperature of the air being that of which we wish to obtain a record,
thermometers are protected from the effects of nocturnal radiation by
means of shelters. This is necessary because thermometers, like almost
all other bodies, are much better radiators than the air itself, which
cools but slightly by radiation. Different bodies eool, as the result of
nocturnal radiation, by different amounts, as is shown by the varying
quantities of dew which form upon their surfaces. For climatological
purposes the intensity of nocturnal radiation is best measured by means
of a minimum thermometer laid directly upon a surface of short grass,
and by means of a thermometer laid on the bare ground and lightly
covered with earth.®

1E. Frankland, * Climate in Town and Country,” Natwre, XXVL., 1882,
380-383.
2Tn elimates where snow falls in winter, the thermometers should be laid
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extending through a whole year are not to be expected in the near
future, the determination of the temperature of the soil at depths of
from ten to twenty meters will, if the percolation of water is prevented,
serve fairly well as a means of estimating the mean annual temperature.
At stations near the equator the depths need be but one meter or more,
As the daily variations in temperature hardly extend one meter into
the ground, one observation a day at greater depths than this suffices
to give good means. The annual means of soil temperatures at a depth
of one meter are about 1° higher than those of the air temperature in
middle and higher latitudes. From that point on, the temperature
increases, as a rule, regularly toward the interior of the earth, on the
average about 1° in 30 meters.!

Sensible temperatures.—Before leaving the subject of temperature
as a climatic element some mention should be made of the conditions
upon which our sensation of heat and cold depends.? The temperature
which we actually experience does not depend solely upon the air
temperature, i.e., the reading of the dry-bulb thermometer, but also to
a considerable extent upon other meteorological conditions which
prevail at the same time, especially upon the amount of air movement.
Everyone knows that severe cold may be easily endured if the air is
calm, but may become unbearable when there is more movement of the
air.  On bright, cold, winter days, the springing up of a gentle breeze
is sufficient at once to change a temperature which seemed agreeable
before into one which is decidedly chilly, and yet the thermometer
reading shows no change whatever. Furthermore, insolation and the
humidity of the air have a considerable influence upon the temperature
which we feel.®

'The results of eight years’ observations of underground temperatures at
Oxford, England, are given in Results of Meteorofogical Observations made at the
Radeliffe Observatory, Oxford, in the Eight Years 189299 (Oxford, 1901). An
interesting case of the slow penetration into the ground of the high temperatures
of a hot wave in South Australia iz noted in Sir Charles Todd’s Rainfall in
South Australic and the Northern Territory during 1897 (Adelaide, 1900). See
Science, N.8., Vol. XII., 1900, 851-852,

2Bee also W. J. van Bebber: Hygienizehe Meteorologie, Stuttgart, 1895, 124-145.

*Vincent undertook an extended series of investigations in order to show the
relation between the temperature of the exposed surface of the skin (77) ; the air
temperature (f); the excess of the temperature as indicated by the actinometer
over that of the air, in degrees (d); and the velocity of the wind in meters per
second (v). (J. Vincent : La Détermination de le Tempéraiure climatologique,
Bruxelles, 1890. Reprinted from Annuaire de {'Observatoire royal pour 1890).
The observations of air temperature between 6° and 26°, and in calms, showed
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In hot climates, and also in the summer of middle and higher latitudes,
when the body is usually covered with perspiration, the temperature
which is actually felt depends to a great extent upon the dryness of the
air, or, to put it more plainly, upon the reading of the wet-bulb ther-
mometer, The evaporation of perspiration results in a cooling of the
surface of the body which may he of very considerable amount;
and this cooling is indicated hy the wet-bulb thermometer. For this
reason, the surface of the skin has been compared with a wet-bulb
thermometer, and the temperatures indicated by the latter are taken as
representing the temperatures which are actually experienced.!

that the quotient of body temperature minus air temperature, divided by skin
temperature minus air temperature, is practically constant, and amounts to 14,
The equation is :

(37:6-8)=(7"-¢)=1'4; hence, T'=26-5+03¢;
therefore, the skin temperature at 0°=26'53°, at 20°=265"+6=32'5°, assuming
that the air is calm.

The influence of the veloeity of the wind in lowering the temperature of the skin
was reckoned by Vincent, on the basis of his observations, as 12° x v, and the
influence of insolation as 0-2° d, where d represents the excess of temperature
registered by the actinometer over that of the air (¢). Thus he comes to the

expression :
Temperature of the skin=26-5"4+03" t+02° d-1-2"n.

These figures natorally represent only a first attempt to determine the tempera-
ture of an exposed surface of the skin by using the air temperature, the temperature
in the sun, and the wind velocity. Nevertheless, they should be included in a
text-book of climatology. The temperature in the sun is probably the most
difficult to define. Vincent took the readings of a black-bulb thermometer in a
vacuum enclosed by a glass bulb.

I N. P. Schierbeck has recently shown that the rate of evaporation is propor-
tional to the square root of the wind velocity, as de Heen had previously assumed.
If » denotes the volume of water vapour (at 0° C., and at a pressure of 760 mm.]
formed in o unit of time; e the vapour tension in the air; ¢ the maximum vapour
tension at the temperature of the evaporating water ; L a constant : W the velo-
city of the wind, then (if 7" is the so-called absolute temperature, i.e., Ty=273)

v=kie' — ey W(T+ T,).
According to Trabert's view, this formula, which is based upon Dalton’s assump-
tion that v is proportional to the difference e - e, probably best expresses the
requirements of theory as well as the facts of observation. Ase'—ein the psy-
chrometer formula is proportional to the differerice between the dry and wet
bulb readings, the rate of evaporation is likewize proportional to the latter. The
difference between the temperaturves of the dry and wet bulb thermometers is
therefore also an approximate measure of the rate of evaporation. For this
reason, the reading of the wet-bulb thermometer, or the difference between wet
and dry bulb thermometers, attains added importance. A relative humidity of 40
per cent., which is often noted in heated rooms in winter, is easily borne indoors,
whereas the same humidity out of doors would be disagreeable, If W=4 meters

R il
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It is well known that very high temperatures can easily be endured
when the air is dry ; on the other hand, when the air is moist, the con-
ditions are favourable for sunstroke. Sunstroke is by no means un-
common in the eastern United States in summer; but it is almost
unknown in the dry West, e.g., in Arizona and Southern Colorado,
although the temperatures are much higher in the latter regions. The
inhabitants of the eastern coast, says General Greely, are amazed at
the temperatures of 45° to 50°, which occur in the West without
interfering to any considerable extent with the ordinary occupations in
city or country. In one of the hottest places in the world, namely,
Death Valley, California, the observers of the Weather Bureau experi-
enced five days in the summer of 1891, on which the maxima were 50°.
The wet-bulb thermometer meanwhile indicated only 23° —25° ; so that
the temperature actually felt by anyone who was in a favourable
location, that is, protected against heating by radiation, was almost as
low as that of an ordinary summer afternoon. On August 4 and 5, the
maxima were 47°7° and 45°5%, but the dew-point was - 1° and — 2-8°;
and the reading of the wet-bulb thermometer was 21° and 19-4°. It
was therefore relatively eool.!

Harrington has called the temperatures indicated by the wet-bulb
thermometer sensible femperatures, and he emphasises their importance
in climatology.? He has drawn a chart of the July sensible tempera-
tures for the whole of the United States, and another which shows the
reduction of the temperature of the air by evaporation in the same
month. On the latter chart the line of 2:8° encloses the eastern
and southern United States, while in the interior of the West there
18 a considerable area which is enclosed by the line of 11°-12°
that being the amount by which the air temperature is reduced by
evaporation. The mean sensible July temperature in the eastern
United States is 18:3° at Boston, to 24-4° at Savannah ; while in the
hot West, where the July isotherms are 30° - 347 the July sensible

per second, a relative humidity of 64 per cent. out of doors corresponds to 40 per
cent. in the calm air of a room. When the wind velocity is 137 meters per
zecond, then 80 per eent. outdoors eorresponds to 40 per cent. indoors (** Ueber die
Geschwindigkeit der Verdampfung vom speziellen Gesichtspunkt der physiolo-
gischen Beziehungen.” Oversight K. Dansk. Vid. Kab. Selsk. Forh., 1896, No. L).
See also W, Trabert: Neuere Beobachtungen ueber die Verdampfungsgesch-
windigkeit. A Z., XIII., 1896, 261-263.

' M. W. Harrington : *‘Climate and Meteorology of Death Valley, California.”
U.8. Dept. of Agriculture, Weather Burean, Bulletin No. 1., 1892,

*M. W. Harrington : *‘Sensible Temperatures,” Iinternationa! Medical Magazine,
Auvgust, 1804,
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The vapour pressure therefore also gives an expression, which is of
sufficient accuracy for most purposes, for the weight of the water
vapour in a eubiec meter of air.

Vapour pressure, or the weight of the water vapour, is also known
as the absolute humidity. :

Relative humidity, ‘Saturation-deficit.” —In contrast with this is
the relative humidity, i, the degree of saturation of the air with
water vapour, or the ratio between the observed vapour pressure and the
vapour pressure at saturation under existing conditions of temperature.

It has recently been urged by several investigators that atmospherie
humidity can, for most practical purposes, be much better expressed
by the difference between the observed vapour pressure and the maxi-
mum vapour pressure possible at the temperature then prevailing. This
difference is known as the saturafion-deficit,

Dew-point. —In addition to the data which have already been men-
tioned as expressions for the humidity of the atmosphere, namely, the
absolute and the relative humidity, and the safuration-deficit, there is
one more gquantity * which may also be regarded as a measure, although

Anlsitung zu meteorologischen Beobachtungen, Pars I1., 4th Edition {Leipzig, 1895),
p- Z3. The following condensed table will serve for most purposes :—
Temperature . —10° 0° 5  10° 15° 20° 25  30°
Factor, . . 1100 1060 1-040 14022 1005 0987 0971 0955
The observed vapour pressure, e, is to be multiplied by these factors in order to
give p.

! The discussion by H. Meyer (** Untersuchungen ueber das Sittigungsdefizit,”
M. Z., IV., 1887, 113-124), is worthy of special attention from a practical climato-
logical standpoint. The writers who have recommended the use of this new
expression are Fluegge ( Lefirbuch der hygienischen Untersuchungsmethoden, Leipzig,
1881); T. Denecke ( Zeitschrift fitr Hygiene, Vol. 1.), and Meyer, (M. 2., IL., 1885,
153-162, and IV., 1887, 113-124). If E denotes the vapour pressure at saturation,
¢ the observed vapour pressure, the relative humidity is the quotient of &< K, and
the saturation-deficit, the difference E —e. The saturation-deficit is therefore equal
to (1 -relative humidity) E. Thus it is evident that with the same relative
humidity the safuration-deficit increases with the temperature. This increase is,
furthermore, very rapid, because E increases very rapidly with the temperature.
Denecke and Meyer, in their writings above referred to, have given tables by
means of which the saturation-deficit can be derived from the air temperature
and from the relative humidity by a still simpler method,

* The physicist Jamin has, it is true, made the suggestion, which is an im-
practical one, that climatic tables should, in place of the relative humidity, include
the quotient e+ (b —¢), in which b is the height of the barometer, and ¢ the vapour
pressure. This is the ratio between the weight of the water vapour and the weight

of the air, the volumes being equal. The ratio is always a very small quantity,
I
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the saturation-deficit, 47 mm. ; the dew-point, —0-2°; the wind, light,
from E.N.E. That is typical desert dryness, in which finger nails
split and the skin peels off. Yet the absolute amount of water
vapour in the air was still equal to that of the damp winter air
of Western Europe, although, in the latter case, the relative humidity
is 80-90 per cent.

Since air breathed into the body is warmed by the lungs to the temperature of
the body, and iz breathed out again filled with water vapour, it has
been maintained by some that absolute humidity plays a more important part
as a climatic factor than relative humidity. When the air is perfectly dry, the
body loses more than 430 grams of water through the process of respiration
every day. This corresponds to saturation at 37" and 10 cubic meters of air per
day. Yet air of this degree of dryness is breathed out of doors all winter long in
Eastern Siberia and in Arctic districts; for even in saturated air the vapour
pressure at - 30°, —40°% and - 50° is only (4, 0°1, and 0-04 mm. respectively. The
air is almost absolutely dry, and yet no complaints are heard about the dryness of
the air, and there is no mention of its effects.

An able physicist and naturalist, Ermann, travelled during the winter
through all Western and Eastern Siberia, as far as Ochotsk, experiencing
temperatures of —40° to — 50" and below. He describes the effects of the cold, but
makes no mention of the effects of the absolute dryness of the air. The same
thing is true of von Middendoril and others. Payer alone speaks of ** torturing
thirst,” but it must be remembered in this connection that Payer and his
companions themselves dragged the sledges with their supplies, etc,, and that
their thirst was therefore the result of their great physical exertions.! At the
same point in his narrative, Payer does, however, speak of the feeling of
penetrating dampness, which is all the more noticeable when the temperature is
very low. This statement of Payer’s had reference to Franz Joseph Land,
where the relative humidity was very high, owing to the proximity of bodies of
open water. This proves clearly enough that even a considerable amount of
water may be given off to the air in respiration while the loss is hardly perceptible
to the body. It would, however, be interesting in this connection to examine
medical reports from places in Siberia, where the mean winter temperatures are
between —20° and - 50°,

The case appears to be different when the air which iz breathed in already
contains so much water vapour that the loss of water from the lungs is checked.
This seems to affect the body much more acutely, but there is nowhere, under
natural conditions in the atmosphere, relatively dry air which contains so
large an amount of water vapour. When air with the same abgolute humidity is
nearly saturated (that is, when the relative humidity is also high), then
evaporation from the surface of the skin is also checked, and the air seems
extremely mugey. It is impossible, under these conditions, to tell how much of
the effect is due to the reduced loss of water from the lungs, and how much to

! Every one has nndoubtedly noticed, in his own case, that the feeling of thirst
out of doors is not nearly so great in winter, with temperatures of —10°, or
~20°, as it is in summer with a temperature of 30°.
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the reduced loss from the skin. Dr. Fleischer believes that sultry air has its
dew-point at 19°,

For purely climatological purposes the relative humidity is, un-
questionably, the most convenient expression for the amount of water
vapour in the air. When we describe the air as being damp, or dry,
we are usually speaking quite unconsciously of the relative humidity.
The air is moist in our climate in winter, notwithstanding the small
amount of water vapour which it then contains ; while the air is dry in
summer, although it then contains two or three times as much vapour
as in winter. The relative humidity, next to the temperature,
determines the need which is felt by organisms for water, and also
controls evaporation.®

The relative humidity is, furthermore, by no means an expression
which is used only in computations. It is a perfectly definite climatic
factor, as can be seen from the fact that it is directly indicated by
organic substances. All organic substances are more or less hygro-
scopic, and their condition, so far as it depends upon the humidity of the
air, is determined by the relative, and not by the absolute, humidity.®
Thus it happens that organic substances, such as membranes or hairs,
furnish us with excellent means for the direct measurement of the
relative humidity of the air. All other measurements of humidity are
indirect, and involve a somewhat difficult calculation, the results of
which are in certain respects less accurate than those obtained by means
of the hair hygrometer. The readings of the psychrometer below
freezing are a case in point. The relative humidity is therefore
the most natural expression for the humidity of the air as a climatic
factor, for it reacts directly upon organie substances.!

! Gesunde Luft, Gittingen. See also A, Lancaster:; * De la Maniére d'utiliser
les Observations hygrométriques,” Rapport (u aw V¢ Congrés International
d Hydrologie, de Climatologie et de Geologie Medicales de Liége, 1898, and the
results of observations by Rubner and von Lewaschew (Archiv fiir Hygiene, XXIX.,
1897, 1), [M.Z., XV., 1898, 148-149.]

2, (. Ravenstein has recently considered the geographical distribution of
relative humidity (Rept. Brit. Assn. Adv. Sci., 1900, 817-818).

5Tn this connection see A. J. Henry : * Report on the Relative Humidity of
Sonthern New England and Other Localities,” U.S Dept. of Agriculture,
Weather Bureau, Bulletin No. 19, 8vo, Washington, D.C., 1896, pp. 23, pls. IV.

4 Sresnewsky has recently proposed a mathematical theory of the hair hygro-
meter. He shows that the tension of the fluid in the pores of the hair is directly
proportional to the natural logarithms of the relative humidities. He gives a
formula which expresses the relation between the relative humidity and the
changes in the length of the hair (Dorpat, 1895).



THE MOISTURE OF THE ATMOSPHERE. H3

As the relative humidity usually varies greatly during the day, it is
necessary, in climatic tables, to give not only the mean for the day, but
also the means for the different observation hours by themselves, that
is, for morning, afternoon, and evening. (See Table, page 81, columns
1-5.) It is also important to include the minima of the humidity.
From a hygienic point of view it would further be of great interest to
have the variability of the relative humidity from day to day, asshown
by the daily means, or, better still, by the afternoon means, also included
in descriptions of the climates of health resorts. The absolute humidity
has so slight a daily range that the monthly means obtained from the
three observation hours suffice.

Relative humidity and saturation-deficit compared.—Objection has
lately been made to the use of the relative humidity, on the ground
that it does not properly express the influence of atmospheric humidity
upon the body, and it has been proposed that the saturation-defieit
should be substituted. It is perfectly true that the rapidity of
evaporation is much more nearly proportional to the saturation-
deficit than to the relative humidity, while it has been objected
to the use of the relative humidity that the same percentage
of relative humidity has very different meanings when the tem-
peratures differ. Thus, for example, a humidity of 30°/, when the
temperature is 25° is not the same as a humidity of 30°/ when
the temperature is —10°; and the effeets upon the body are also
different in the two cases. The saturation-deficit, on the other hand,
is independent of the temperature. It is further urged that, in order
to have a given percentage of relative humidity really mean what it
should, it is always necessary also to take into account the temperature
prevailing at the time, which is not the case in relation to the
saturation-defieit.

It may be admitted that the introduction of the saturation-deficit
into climatic tables would not be altogether undesirable, in view of the
fact that its practical importance might thereby be determined. It
might then be possible to decide the question whether the satura-
tion-deficit really should be preferred to the relative humidity. The
psychrometer tables in ordinary use give directly only the vapour
pressure and the relative humidity. It is, however, a simple matter to
obtain from these same tables the vapour pressure when the air is
saturated at the temperature indicated by the dry-bulb thermometer,
(i.e., B), and to subtract from this the prevailing vapour pressure, which
gives E - ¢, the saturation-deficit. Furthermore, the means of the air
temperature and of the vapour pressure, and even of the relative
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humidity, serve as a basis for determining the saturation-defieit, and,
although the values of the latter when thus obtained are not ahsolutely
accurate, they are sufficiently so for practical purposes. Some writers
have even gone so far as to say that the relative humidity is of no
practical importance, and have proposed to omit it altogether from
climatic tables, It therefore seems necessary to enter a protest
against this hasty judgment, and to point out that there are very
excellent reasons against giving the values of the saturation-deficit
alone, and that in most cases the relative humidity gives a better idea
of the “climatic humidity ” than does the saturation-deficit. In the
first place, the saturation-deficit does not indicate the * climatie
humidity ” when the air temperature is not given, and hence it
does not follow that therein lies the great advantage of the saturation-
deficit over the relative humidity. In the case of the former element,
as in that of the latter, the same reading has values which vary greatly
with different temperatures. This can readily be proved. Our bright
winter days, with sharp frost and brisk northerly or easterly ! winds,
are properly to be called dry from the point of view of their physio-
logical effects. The air then has an enlivening, stimulating quality ;
in short, it has the characteristic effects of dryness. It is hardly
necessary to point out that this is not alone due to the low tempera-
ture, hecause, when the temperature is the same, but the air is damp,
the effects are quite different. Yet the saturation-deficit is then much
smaller than it is in summer, when the temperature is high and the
atmosphere is very muggy and oppressive. Every attentive observer
is aware of the drying qualities and the peculiarly injurious influences
of the dry air on some of our spring days. Yet the saturation-deficit
may then be smaller than that of the hot, damp air of the tropics.
In the latter, iron rusts quickly ; mould soon forms on leather, and the
Northerner is exposed to all the injurious effects of a warm atmosphere
nearly saturated with water vapour. In such cases the relative humidity
is a much better indication of these effects than is the saturation-deficit.

In the Arctic regions the air may be very dry in winter, although the satura-
tion-deficit must always remain very small on account of the low temperature ;
for, at a temperature of —20°, the vaponr pressure at saturation is only 09 mm.,
and at —30° it is only 0-4 mm. Notwithstanding this fact, we read concerning
sastern Greenland, where the winter temperature is - 20°: “The air was very
dry (in winter). The breath did not appear as for even in the most severe cold,
although this phenomenon usually oceurs at temperatures above freezing in our
damp climate ” (Second German North Polar Expedition, 11., 533).

On the other hand, Payer complains of penetrating cold in Franz Joseph

1In Europe.
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Land, and adds, “ The feeling of dampness was less uncomfortable during our
sledge journeys in Greenland becaunse of the lower percentage of relative humidity
in the latter case.” FEastern Greenland has strong prevailing winds from N. and
N.W., which are relatively dry, while Franz Joseph Land has relatively damp
winds from the ocean. The saturation-deficit was undoubtedly smaller in Frans
Joseph Land, on account of the lower temperature [winter mean, - 28%), but the
humidity was nevertheless greater. As Payer says, ** The breath comes steam-
ing out of the mouth, and surrounds the traveller with a clond of fine ice-
needles.’

Von Middendorff gives a very striking description of the dryness of the winter
air in Eastern Siberin. He also says that it would probably be impossible for
man, with his nomadic habits of life there, to endure the extreme cold of Eastern
Siberia unless he were helped by the dryness of the air. Fur clothing which has
become damp during the day through the evaporation from the body, is laid
inside out on the snow during the night, and in the morning it is completely dry.!
This happens with a saturation-deficit of 00 mm. !

In Batavia the conditions on January 23, 1882, at 2 p.m., were as follows :
Temperature, 29°8° ; saturation-deficit, 10-9 mm. ; relative humidity, 65 per cent.
These conditions indicate an atmosphere which is damp and oppressive, at least
for Europeans and Amervicans. The author looked through the Batavian observa.
tions, and found that during the excessively damp rainy season, which occurs
there from December to February, there is often a saturation-deficit of 6 -8 mm.
when the air is very muggy, i.e., when the temperature and the relative
humidity are high. January, which is both hot and damp, and which has a
rainfall of 400 mm., has a relative humidity of 88 per cent., and a saturation-
deficit of 30 mm., with a mean temperature of 25-3° ; while April, in Vienna,
which has a dry atmosphere, with a mean temperature of 977, and a relative
humidity of 66 per cent., has almost the same saturation-deficit, namely, 31 mm.
The humidity in Batavia in the middle of the rainy season, when expressed by
the saturation-deficit, is the same as it is in Vienna in spring. At this time,
according to Junghuhn, the air is so damp in Batavia that people are at a loss
to know how to keep their things from being ruined by the dampness, even
indoors ? It is thus very clear that the saturation-deficit cannot express the
conditions of a hot and damp tropical climate, nor the mugginess of our summer

days.

G. Schott also comes to the conclusion that the saturation-deficit
often gives a very false impression of the atmospheric humidity.®
Of the examples which he gives in support of his view we shall cite

! Reise vm dussersien Novden und Osten Sibiviens, IV., 393, et sqq.

2The reader is further referred to the eloquent description of the sufferings of
Europeans during the rainy season in Senegambia, especially in St. Louis, given
by Surgeon-General of the Navy, I). A. Borius (Les Maladies du Senégal, Paris,
1882, 124, ef 5gq.). The mean temperature is then 27°6°, and hardly goes above
31°; the mean saturation-deficit is 5'5 mm., as in central Europe in May and
June ; but the relative humidity is nearly 80 per cent.

3 4 Wigsenschaftliche Ergebnisse einer Forschungsreise zur See.” Pet. Mitt.,
Erginzungsheft 109, 1893, 121-124.
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would be a necessary element in a complete description of a climate
with reference to its relation to health. The less-diluted blood of dry
climates operates as a stimulant upon, and increases the functions of,
the nervous system. The consequences are excitement and sleepless-
ness. This effect, which manifests itself in a certain restlessness, is also
seen in the case of persons who are in perfect health soon after they
come into a dry climate, or a mountain climate. Mountain climates,
even when they have a higher relative humidity, can in this respect be
placed on a par with the dry climates of places at a lower altitude,
because the diminished pressure at high altitudes increases evaporation.

Damp air, and inereased pressure, have the following physiological
effects :—nervous depression ; quiet sleep; inereased elimination of
carbon dioxide ; slower cireulation of the blood. Dry air, and decreased
pressure, on the other hand, have these effects . —Nervous exeite-
ment ; sleeplessness ; quickened pulse ; a drier skin, and a decreased
temperature.!

The physiological effects of changes in temperature vary according to
the relative dampness or dryness of the air. When the relative
humidity is high, a slight cooling is very noticeable and may also he
injurious, while the reverse is the case when the air is dry.2 The in-
habitants of deserts and of dry regions in general endure, without the
slightest discomfort, great changes of temperature which would be very
harmful in damper climates. As regards their physiological effects,
therefore, changes of temperature are not alike in different climates.

Travellers through the Sahara, especially Nachtigal, have given us
very striking examples of the effects of the relative humidity upon the
physical and mental characteristics of man, in the difference which
exists between the inhabitants of the desert and those of the moist
Soudan. In this case there is, to be sure, also a considerable difference
between the absolute humidity in the desert and in the Soudan ; but
other examples indicate clearly enough that the relative humidity is
the chief factor in the matter.

Rainfall data, including rain, snow, hail, dew and frost.—(See
Table, page 81, columns 6 and 7.) The amount of precipitation is in
some respects the climatic element of most importance after tempera-
ture. The rainfall determines the productiveness of a ecountry,
Temperature and rainfall together are one of the most important
natural resources of a country. Wills gives the following table to

1Thomas: * Beitriige zur Allgem. Klimatologie.” FErlangen, 1872,
2(;. von Liebig: * Ventilation und Erwirmung in pneumatischen Kammern.”

Mumnich, 1869,
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numbers at Paris. The number of hours with rain per rainy day is
the same in both places, namely, 3'8. In general, it may be assumed
that a rainy day in the Mediterranean climates means a smaller number
of hours of rain than in central Europe.

Mean frequency of days with precipitation of a certain amount.—
Great interest also attaches to the mean frequency of days with precipitation
of a certain amount, as, for instance, 5, 10, 20, 30, 50 mm., and so on. It
has been suggested that in countries which use the metric system, the
special value of 256 mm. (=1 inch) be used, as well as the even numbers,
10, 20, 30, 40 mm. etc., because comparisons with the data given in
English tables could then be made. It is still hetter to enumerate the
days with given amounts of rainfall according to groups, as, for instance,
those with 1-5, 5, 1-10 mm., etc. In this way Hoppe has conveniently
distinguished between days with light (up to 1 mm.), moderate
(1:1-5 mm.), heavy (5-1-10 mm.), and very heavy (over 10 mm.) rain.
Such summaries, and the means based upon them, certainly serve to
give a very accurate idea of the rainfall of any district, and are of
practical importance.!

Hinrichs? gives a good illustration of the value of such data for the
case of Jowa. The rainfall of the year 1890 in that State was much
more favourable to agriculture than that of the year 1899, although the
annual amount in the two cases was about the same. The character
of the rainfall of the two years, as analysed in the following table,
explains this difference. .

ANALYSIS OF RAINFALL AT IOWA CITY
IN 15889 AND 1380,

1589, 1500,
Total rainfall, . ; . | 724 mm. | 687 mm,
Washing and flooding rains, . | 330 ,, | 149
Insignificant rains, ; S | 29 .,
Total utilisable rains, . . |88 ,, | 500

Probability of rainy days.—By dividing the average number of
rainy days in a month, or in a shorter period, by the total number of
days in that period, we obtain an expression for the probabilily of rain
during the interval in question. Thus, Vienna has, on the average,

1Cf. Meyer : Anfeitung, p. 132, et syq.
24 Rainfall Laws deduced from Twenty Years of Observation,” U.S. Weather
Burean, 8vo, Washington, D.C., 1893, 15.
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1899, inclusive. A dry spell is considered to be one in which not more
than 0401 inch of rain falls. Thirty-five such spells, of from 20 to 46
days’ duration, are enumerated during the months from August to
December ; 21 cases, of from 20 to 58 days each, during the months
from November to February; 10 cases, of from 20 to 28 days each,
during the spring months, from February to May; and 5 cases, “of
from 24 to 50 days each, during the summer, from May to September.

The number of days with snow shonld be noted, besides the number of
rainy days, and also the depth of snow. Further, the duration of the snow
covering and the average dafes of first and last snowfall are desirable
climatic data. The number of days with hail and the number of days with
thunderstorms should also be mentioned here. It has been agreed that
the number of days with thunderstorms, and not the number of
thunderstorms, shall be recorded. Although these latter statisties are
not an important climatic element, they help to make the picture of a
climate more complete.

Cloudiness.—The portion of the sky covered by clouds is an
important datum. This is expressed in tenths or hundredths of the
whole sky, so that a cloudiness of 63, or 63, for instance, indicates that
63 per cent. of the whole sky was covered by clouds (see Table, page 81,
column 8). A simple statement as to the number of clear, clondy and
overcast days only, which is still quite a common method of indicating
cloudiness, does not seem to be a sufficiently precise expression for so
important a climatic element. As long as we have no direct measure-
ments of the intensity of insolation, the record of the mean cloudiness

_ in the different months is the only clue we have to the direct optical

and thermal effects of solar radiation in any climate. The portion of
sky covered with clouds, i, the cloudiness, usually shows a con-
siderable diurnal variation, and for this reason it is advisable to deseribe
this element fully by giving also the monthly means of cloudiness for
the different hours of observation, at least for a morning, an afternoon,
and an evening hour. In addition to these data, the number of clear
days (mean cloudiness 0 to 2}, and of cloudy days (mean cloudiness over
8), should also always be given.

The direct registration of the duration of sunshine has been begun with-
in the last few years by the use of the Campbell-Stokes and other sunshine
recorders. This marks a decided advance in the measurement of one of
the most important climatic elements. Since all stations do not have a
sufficiently free horizon, and sinee the records when the sun is low are
not so trustworthy for purposes of comparison as could be desired, it
would be advisable to make a separate entry of the frequency of
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of Montpellier, where the average annual amount of dew as determined by three
years' observations is 80 mm. The mean daily amount of dew deposited at
Montpellier is about 008 mm. (M.Z., XV., 1898, 72). Homén, as the result of
his investigations in Finland, calculates the total depth of water deposited by a
heavy dew upon a grass-covered surface as between 0-1 mm. and 0°2 mm. Dines,
in England, puts it at barely 0-1 mm., and the total annual amount of dew at
26 mm. Wollny, in Munich, puts the total at 30 mm. (E. Wollny : * Unter-
suchungen iiber die Bildung und Menge des Thaues,” Forschungen auf dem
Gebiete der Agrikulturphysik, XV., 1802, IIL, 151. (M.Z., IX., 1892, [93]
[94]). In mountains, and on coasts and islands within the tropics, the amount of
dew is equal to that of a considerable rainfall. Pechuel Lische estimates the
amount of dew deposited during a favourable night on the Loango coast at 3 mm. ;
and there are many such nights during the dry season. Large puddles sometimes
formed before midnight on the table which was used in these experiments, and which
had been painted with green oil colours. (** Die Loango Expedition,” 1873-76,
IIT., 1882, 72.) Griiffe, writing of the Samoan Islands, says that the deposit of
dew is 80 heavy during the dry season that it often results in a light rainfall in
the woods, which wets the traveller to the skin in the early morning. (Z./. M., IX.,
1874, 134-136.) A similar experience may also be met with in the Alps. The view
which is now so generally held, that dew is of no benefit to vegetation, is probably as
far from the truth as was the exaggerated view formerly held as to its importance,
According to experiments made by Burt, the leaves of growing plants absorh
water during the night, when they are damp, and are in a damp atmosphere ;
that is, when the conditions are those in which dew forms (E. A. Burt : Do the
Leaves of our ordinary Land-Plants absorb Water ? ™ Seience, XXI1., 1893, 51.52.)

Dew often protects vegetation from freezing at night. The temper-
ature of the leaves cannot fall below the dew-point of the air, because
when the dew-point is reached, dew begins to form and further cooling
is retarded by the resulting liberation of latent heat. The temperature
falls lower, the drier the air ; not because dry air is more diathermanous,
but because its dew-point is lower.

Professor Willis L. Moore, Chief of the United States Weather

- Bureau, notes some interesting cases from Wisconsin which illustrate

this point.! Horticulturists and growers of tobaceo realise the great
benefit which may be derived from the frost warnings of the Weather
Burean. As a result of investigation in connection with frost predic-
tions, it appears that the conditions of soil-moisture must be taken into
account, as well as the fall of temperature. When an area of high
pressure approaches from the west, attended by clearer and colder
weather, the most important element to be considered in determining
the likelihood of occurrence of a frost that will injure the growing crops
is whether or not rain has recently fallen.  If the soil is dry, frost will

1% Relations of the Weather Bureau to the Science and Industry of the

X {hmth.“ SE-‘I.?‘FIH, N{-E{-j IE.-'. I.Hg-:h Efﬁ-m.
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Frequency of different wind directions.——The different wind directions
must also be considered, from the point of view of their frequency, and
of their special peculiarities, which often vary greatly. Thus the
frequency of winds from the different divections hecomes an important
climatic factor. In most cases it suffices to record the frequency of
winds from the eight prineipal points of the compass, for the results are
then definite and can easily be compared. If it happens that a wind of
one of the intermediate directions is particularly noticeable by reason
of its constancy, or becanse of any special peculiarities, a record can be
made of this, outside of the regular table reserved for wind ohserva-
tions. .

The frequency of the different winds is most conveniently expressed
in percentages of the total number of observations. Or else the
number of observations of each wind is divided by the number of
observations made each day, and thus is obtained the number
of days that each wind has blown. These data should he given
for every month, and not for the whole year only, because in most
climates there is a more or less marked annual period of wind
direction.!

In many localities, as on coasts and in valleys, the wind changes very
regularly according to the time of day ; and the direction of the wind
in the morning is different from that in the afternoon. For this reason
it is necessary, in such cases, to give the frequency of the winds for each
hour of observation. In most cases, however, it suffices if this be given
for longer periods than a month ; namely, for a period of six months,
or even of a year, for example, because the diurnal period does not vary
essentially from month to month.

Wind roses.—The study of the influences of the varying frequencies
of the different wind directions upon the climate of any place further
necessitates some indication as to the meteorological peculiarities of the
principal winds. This is accomplished by means of the so-called wind
voses. The determination of the average temperature, humidity,

and July for the United States,” Ibid., XII., 1895-96, 75-89 ; ** Synchronons or
Simultaneous Geographical Distribution of Hourly Wind Velocities in the United
States,” Ibid., 145-151 ; ** Wind as a Motive Power in the United States,” Review
of Reviews, New York, XIL., 1895, 200-302,

8. P. Fergusson : ** Anemometer Comparisons,” Annals Astron. Obs. Hare, Coll.,
XL., Part IV., Appendix G, 4to, Cambridge, Mass., pp. 33, pls. 3. R. H.
Curtis: * An Attempt to Determine the Velocity Equivalents of Wind Forces
estimated by Beaufort's Scale,” Quart. Jowrn. Roy. Met, Soe., XXIII., 1897,
24-41 [M. 2., XIV., 1897, (51)-(533).]

1The wind table for Vienna has been omitted for lack of space.
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known with sufficient accuracy when the altitude of the station above
sea-level is given. Indeed, the pressure can be obtained with greater
aceuracy by caleulation than by derivation from barometric observations
which are carelessly made. The pressure on the fourth floor of a city
house is about 2 mm. less than on the ground floor, and there are much
greater differences of pressure in many cities which are built
on uneven ground, without there being any noticeable differences of
climate in consequence. Hence it may be inferred that, in a simple
description of a climate, the pressure need not be known within
less than a centimeter.

The variations in pressure at the same place likewise hardly need to
be considered in climatology. Their influence is, to say the least,
easily over-estimated. In most places the variations in pressure are
much too slight to have any influence upon organic life. ~ Changes
in pressure of 20 mm. in 24 hours seldom oceur, and then
only in certain regions. The effects of such a change upon the
human body can be imagined when we reflect that we should
experience the same change if we were very gradually carried from
the bottom to the top of a hill only 200 meters high during a day.
It is hardly to be supposed that this could have any noticeable
physiological effect.!

Relation of pressure to evaporation.—From a climatological point of
view the pressure which prevails at any place is considered not as
pressure only, but also because it is an indication of the rarity of the
air, and especially because of its influence upon evaporation.  As is well
known, the decrease of atmospherie pressure increases evaporation,
temperature, air movement, and relative humidity remaining the same.”
For this reason evaporation is, in general, considerably greater in lofty
valleys and on mountains than over lowlands.

An appmxlmate knowledge of the pressure is all that is necessary
in the various relations thus far considered. When, however, we
study the interrelations of different climatic districts as controlled
by the winds, an accurate knowledge of the pressure becomes necessary.

1 Changes in pressure have no injurious effects upon health. In experiments
with pneumatie chambers, pressure changes amounting to 300 mm. a day have
been produced without cansing any notable injurious effects upon the sick persons
concerned in these experiments (Thomas : Beitdge zur Allgemeinen Klimatologie,
Erlangen, 1872).

% According to Stefan, the rate of evaporation is proportional to the logarithm
of a fraction whose numerator is the air pressure, and whose denominator is the
air pressure diminished by the maximum vapour-tension. :
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Water vapour and respiration.—Dr. Ucke has calculated the effect of
the amount of water vapour in the atmosphere in different climates upon the
absorption of oxygen during the process of vespiration in man. Water vapour
acts as a dilater of the air. Ucke finds that in normal, average respiration, a
man in the damp tropical climate of Madras takes in 807 kg of oxygen
every month. In London and Brussels, on the other hand, the amount is
873 kg. ; and in the still drier climate of St. Petersburg and Barnaul, it is
904 to 90-7 kg. In the extremely cold winter air of Barnaul this amount
may even increase to 992 kg in January. It must, however, be added that
even a slight increase in the altitude of a station above sea level, with the
accompanying decrease in pressure, has the same effect in this respect as the
greatest humidity of the air in the tropics. Thus Ucke finds that the amount
of oxygen breathed in on the Peissenberg in Bavaria, at an altitude of 1000 m.
above sea level, is 792 kg., which is still less than in Madras. No important
climatic influence can therefore be claimed for this effect of water vapour.

Carbon dioxide.—The amount of carbon dioxide in the atmosphere in
different climates has frequently been determined. In central Lurope,
the recent analyses of the air, which have been regularly and frequently
made, show that the carbon dioxide amounts to 003 per cent., by
volume, while it was formerly assumed, on the basis of older analyses,
that the amount was 0-04 per cent. Saussure, in the case of the Alps,
and especially the Brothers Schlagintweit in the case of the Alps and of
the Himalayas, believed that they could prove an increase in the
proportion of earbon dioxide with increasing altitude. The accurate
analyses of Miintz and Aubin, however, showed but 0028 per cent. at
a height of 2877 m. on the Pic du Midi, which is the same amount as
at 600 m. at the base of the mountain. Further recent analyses of
air from Grands Mulets (3050 m.) show a very slight decrease in the
proportion of CO, with increasing altitude.! The analyses of samples
of air collected at great heights by the aid of balloons show no change
in the amount of CO, in the air with increasing altitude.”

An analysis of a sample of air obtained at an altitude of 15,500
meters, during the ascent of the ballon-sonde * L' Aerophile ™ on Feb. 15,
1897, gave, according to Miintz, 0°033 per cent. of CO,."

recently been discovered in atmospheric air are not taken into consideration
here. Argon is a gas which is very much like nitrogen, and somewhat heavier.
It has only recently become possible to separate the argon from the nitrogen
See Rayleigh and Ramsay; ‘‘ Argon, a new Constituent of the Atmosphere,”
Bmiths. Contr. to Knowl., 1033, fol., Wash., D.C., 15896, pp. 43. W. Ramsay:
The Gases of the Atmosphere: The History of their Discovery, Svo, London,
1896, pp. viii. + 240,

1 Comptes Rendus, CXXIX., 1899, 315 (M. Z,, XVIL., 190, 87-88).

2. Z., XIIL, 1886, 144-145.

3 Comples Rendus, CXXIV., 1897, 486-488 (M. Z., XIV., 1897, 155-1456).
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smoke need consideration from a climatic point of view. Dust is found
very generally in the air, especially in the dry interiors of Asia,
Africa, and Australia. Smoke oceurs only occasionally. Forest or
prairie fires produce smoke, and smoke also plays a part in
the formation of “city fogs.” The pollution of the atmosphere by
the smoke over large cities, and the formation of fog, which goes hand
in hand with it, have gradually come to be a more and more serious
injury to people who live in cities. The unwholesomeness of the smoky
atmosphere of cities is due not only to the diminished intensity of day-
light, and to the shutting out of the health-giving sunshine, which acts
as a disinfectant by destroying most of the harmful germs: it is due
also to the actual pollution of the air by means of the sulphurous gases
and organic substances which accumulate within the foggy strata. The
air in the town hall of Manchester, England, was found to contain 93
mg. of sulphuric acid (SO;) in every 100 cubic feet in winter, and 28
mg. in summer. The maxima, in December and March, were 21 and
27 mg. W. J. Russell has investigated the impurities in the air of
London, and also the origin and effects of city fogs.! He gives the
analyses made of fog deposits which occurred in February, 1891, in and
near the city of London. The deposits were obtained from the
previously washed glass roofs of the plant-houses at Kew and from some
orchid-houses at Chelsea. At Kew, 20 square yards of roof yielded 30
grams of deposit, and at Chelsea the same area gave 40 grams, which
represents 22 lhs. to the acre, or 6 tons to the square mile. The
composition of the deposits was as follows:—

Chelsea. Kew.

TPer cont. Per cent.
Carbon, ! F - b : : 300 425
Hydrocarbons, s : - : : 2 12373 48
Organic bases (pyridines, ete.), . . : 20/
Sulphuric acid (80,) . ; ; : : 43 40
Hydrochloric acid (HCL), . - : : 14 08
Ammonia, . - B : : : : 14 141
Metallic iron and magnetic oxide of iron, . 26\ 415
Mineral matter (chiefly silica and ferric oxide),  31°2J
Water, not determined (say difference), - 58 53

- — -

1000 1000

1 ¢ Impurities in London Air,” Monthly Weather FReeord, August, 1885, Also,
¥. A. B. Russell : ** Smoke in Relation to Fogs in London,” Nature, XXXIX., 1888-
1889, 34.36 (M.Z., VI, 1889, 33-35); W. J. Russell : ** Town Fogs and their
Effects,” Nature, XLV ., 1891-92, 10-16 (M. 2., IX.,1802, 12-21) ; F. J. Brodie : ** Omn
the Prevalence of Fog in London during the Twenty years 1871 to 1890, Quart,
Jour. Roy. Met. Soc., XVIIL, 1892, 40-43; J. B. Cohen, * The Air of Towns,”
Smithsonian Miscelianeons Coll., 1073, 8vo, Washington, D.C., 1396, pp. 41, pls. 21.
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Micro-organisms.— There are also other impurities in the atmosphere
which are of a much more subtile character ; these are not perceptible
by the senses, and their presence cannot be detected even by chemical
analyses. Nevertheless, these very impurities are of the greatest
climatic importance because of their injurious effects upon the human
body.! These disease-bringing impurities, which are mostly confined
to the lower strata of the atmosphere, were formerly known as miasmas,
These miasmas were supposed to be noxious gases, but they have
recently been shown to be organic germs which, when taken into the
body, may further develop and increase in number, causing sickness,
and even death. Malaria is the greatest scourge of warm and hot
climates, and also occurs sporadically in cooler climates, although pro-
gress in the cultivation and draining of the soil, as well as improved
dwellings and conditions of life, have very markedly narrowed its limits
within the cooler elimates. Malaria is not found in dry climates, nor
in deserts and on steppes. High latitudes, and high altitudes upon
mountaing, even within the tropics, are free from malaria.

In 1879, Tommassi-Crudeli and Klebs discovered, in the air and in the soil of
the malarial districts of Italy, a bacillus which they called Schizomyretes bacillaris,
and which, after being isolated and cultivated, produced marked symptoms of
malaria in animals into whose blood it was introduced. Laveran was the first to
find the malaria bacillus in the blood of persons ill with malarial fever. Recent
investigations by Manson, Koch, Ross and others, have led to the belief that
malaria is carried by a certain genus of mosquito (anopheles), and that infection
results from the bite of mosquitoes which have previously been infected.

Pure air, especially such as is notably free from organic impurities,
is found over the ocean, and on sea coasts when the wind is blowing off
the water. Oecean air contains some salt? and traces of iodine, which
may be detected even by their odour. Desert air, also, is pure and
wholesome, as is the air of elevated mountainous distriets. The latter is
at the same time rarer, by reason of the altitude. Rain cleans the air;
it removes the impurities for a time, at least, and brings down air
which is fresh and pure from the upper strata of the atmosphere. The

reprints of some of these papers will be found in Nafure, XXXVIL., 1857.85,
498-430 : XLI., 1889.90, 394-306; XLIV., 1891, 279; XLV., 1802, 209-301 ;
582-584 ; XLIX., 1803-04, 544-546.

See also J. R. Plumandon : Les Poussitres atmosphéviques. Lewr Circulation
dans U'Atmosphére et leur Influence sur la Santé, 8vo, Paris, 1897, pp. 130

i D. H. Bergey: *““ Methods for the Determination of Organic Matter in the
Air,” Smiths. Contr. to Knowledge, 1037, 8vo, Washington, D.C., 1896, pp. 25.

® Verhaege found 0-2 grams of salt in 2000 liters of sea air.
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* mildness,” * softness,” * exhilarating,” *‘stimulating,” “invigorating,” *‘op-
pression,” ‘‘weakening,” ‘‘cheerfulness.” This suggestion was likewise made
by J. W. Osborne, who proposed a definite scale to be used in such observa-
tions. This scale is as follows :—20, Intolerably hot ; 19, excessively hot ; 18,
very hot; 17, tolerably hot; 16, very warm; 15, decidedly warm; 14, agree-
ably warm; 13, mild and soft; 12, mild and fresh; 11, quite fresh ; 10, very
fresh; 9, decidedly cool; 8§, very conl; 7, moderately cool; 6, cold and fine ;
3, cold and sharp; 4, very cold; 3, bitterly cold; 2, painfully cold; 1, un-
bearably cold. Observations made according to this plan were to be recorded
four times a day, and were to be sent in every week on a postal card. Tt was
believed that the results would be of service to biologists and physiologists in
studies of the effects of different temperatures.! Unfortunately, it would be
somewhat difficult to have the observations made according to any such seale
at all comparable. The uncertainty as to the meanings of the different terms,
and the influence of the observer's personal feelings in deciding among them,
would be serious obstacles in the way of carrying ont this proposal, which is
otherwise certainly very worthy of attention.

Abbe also lays great weight upon the determination of the number of storm
centres that pass over a given locality, or the storm frequency, and upon the
direction of movements of these storms. We fully agree with Abbe in believ-
ing that charts of the tracks of barometric minima, and of their frequency of
occurrence upon these tracks, are a valuable aid in descriptive climatology.?
Such charts furmish direct evidence concerning the changeableness and the
peculiarities of the weather at any definite place. Charts showing the dis-
tribution of storm frequency are therefore also of importance in determining
the boundaries between climates, The frequency of weather changes from hot
to cold and from cold to hot, as well as those from wet to dry, and wvice
versw, is an important climatic factor. Abbe also recommends notes on the
appearance of the sky; whether it is clear and deep blue, or pale and dull.
This is especially important in the tropics, where so much light and heat are
distributed by diffusion that probably one-half of the total radiation of light
and heat becomes effective in this way.

LJ. W. Osborne : * Determinations of Subjective Temperature,” Proe. Adm.
Assoc. Adv. 8ei., XXV., 1876, 66-74.

®A chart of this kind for the United States, prepared by Abbe, was pub-
lished in the Statistical Atlas, Ninth Census, Washington, I.C., 1874, Kippen
and van Bebber have charted the cyclonic tracks in Western Europe, See
W. Kippen: * Erlinterungen zur Karte der Hiufigkeit und der mittleren
Zugstrassen barometrischer Minima zwischen Felsengebirge und Ural,” Z. £ 0.,
XWVIL., 1882, 257-267. W. J. van Bebber: “ Die Zugstrassen der barometrischen
Minima,"” M.Z,, VIIL, 1891, 361-366. Also Bartholomew’s dtlas of Meteorology,
pl. 28,
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vations, which are so readily made without the use of instruments,
and with the expenditure of but little time, may at least serve as
indications of existing climatic differences where regular meteorological
observations are not to be expected. This is especially the case in
mountainous distriets, where considerable differences oceur within a
restricted area, and where the varying exposures of the mountain
sides with reference to sunshine and warm winds play so important
a part. The author entirely agrees with the following words of
Professor Drude:—!

“In spite of the capacity for acclimatisation, there still remains
a considerable difference in the time at which a given stage of
growth is entered upon by a plant in different climates. With
increasing latitude and altitude, there is always a retardation of the
stages of development in the same plant. This retardation, when
stated in days, may express the climatic differences of two places
which are being compared more elearly than do the mean temperatures
of these places, especially as agriculture in its different phases is
associated with certain critical stages in the development of the
wild plants, and not with certain temperatures. Observations of
the time at which the same stages in the development of given
plants occur at different places within small areas may give a clear
and intelligible indication concerning the availability of the soil for
cultivation.”

It cannot be denied that the results of phenological observations do
characterise differences in climate in a way which is easily understood.

By means of data of this sort we learn, for example, that the time of
blossoming in early spring comes 20 to 25 days earlier in Triest, Giirz, and
Villa Carlotta than in Vienna; in Paris it comes 9 days earlier, while it is
16 days later in Lemberg, and 21 days later in Zlozow. We learn further
that on the plateau of the Erz Mountains the retardation is just as great as
at Moscow (34 days), and that the retardation in the Alps, in latitude 46" 30
N., and at 1700 meters above sea level, is 45 days, which is as great as at
St. Petersburg. In order to emphasise existing climatic differences, especially
within small areas, it is well to use the results of phenological observations,
and not, by any means, to discard them. The results here referred to are the
average dates upon which certain varieties of plants enter upon certain stages
in their development.

Results of phenological observations.—Students of phenology have
been especially occupied with the question as to the amount, and
1é Anleitung zun phytophinologischen Beobachtungen in der Flora von SBachsen,”

Abhandl, Natwrwiss, Gesellsch. fsis, Dresden, 1881, 3-24. These instructions are
to be highly recommended to those who wish to undertake such observations.
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also the duration, of the heat which different plants need in order
to attain certain stages in their development. At first a simple
caleulation was made which gave the total temperature that had
accumulated from the beginning of the year up to the time of
development of the special stage of growth in question. Temperatures
below freezing were omitted in this consideration, because these
correspond to a stagnation in the life of the plant, and therefore should
not be taken into account in obtaining the final result. This method
was chiefly employed by Fritsch, who used the greatest care in
determining the phenological constants of temperature. It was,
however, discovered that the accumulated temperature for the same
stage of development of the same variety of plant varies a good
deal from one year to the next. Hoffmann thought it better to
take account, not of the shade temperatures, but of the maximum
temperatures in the sun, and to deal with these latter in the same
manner. He helieved that these accumulated maximum temperatures
would show more agreement. The “temperatures in the sun,” it
will be remembered, hold only for a given thermometer, with a given
exposure, and a comparison of these temperatures is probably out of
the question.

Besides the problem whether shade temperatures or temperatures in
the sun should be employed, came the further question, whether the
same starting-point in adding up the temperatures should be adopted
for all plants. De Candolle held that the starting-point should be the
temperature of germination in each plant. Thus, in the case of harley,
it would be 5°: in that of wheat, 6°, and all temperatures below this
eritical point! should be disregarded in obtaining the accumulated
temperatures.

The question as to what critical temperature should be assumed for
given plants has been made the subject of an ingenious investigation
by Arthur von Oettingen. If the accumulated temperatures are
caleulated on the basis of different probable critical temperatures, that
value will prove to be the most constant, i.e., will show the minimum
mean departure from year to year, which has been obtained by starting
with the true eritical temperature. Thus, for example, the accumulated
temperatures for the first blossom of prunus padus showed the following
mean departures in seven years:—Critical temperature, 0°; accumulated
temperature, 334°; mean departure, £13° Critical temperature, . o
accumulated temperature, 234° ; mean departure, +5°. Critical tempera-
ture, 4°; accumulated temperature, 162°; mean departure, +6° Critical

1The word ** temperaturschwelle ” cannot be translated literally.
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i‘.empara.t.ure, 6°; accumulated temperature, 111°; mean departure, +£7°.
In short, the accumulated temperature which was based on the critical
temperature of 2° proves to be the most constant in the different years,
and therefore gives the best values for use in comparisons. Further,
the probable error in the date of the beginning of blossoming is the
least for this same critical temperature. The method advocated by
von Oettingen seems, on account of its many details, not to have been
subjected to careful proof by others. In general, there is a tendency in
recent years not to attribute so much importance to the phenological
aceumulated temperatures as was once done. Nevertheless, when they
are subjected to adequate eriticism, and when regard is had to their
conditional meaning, these accumulated temperatures should not be
wholly discarded if we wish to indicate the heat which different plants,
especially the cultivated varieties, need. As the matter cannot be
further discussed here, the reader is referred to the following recent
publications on phenology :—

Bibliography.—8. Giinther : Die Phdnologie, Miinster, 1885—a short, concise
account of researches in this field. O. Drude : Handbuch der Pfanzengeographie,
Stuttgart, 1890, pp. 17-48 ; and Deutschiand's Planzengeographie, Part L., Stutt-
gart, 1896 ; Section V., Die Periodische Entwickelung des Fanzeniehens im An-
schiuss an das mittelenropdische Klima. A. von Oettingen : Phinologie der Dorpater
Lignosen. Ein Beitrag zur Kritik phanologischer Beobachtungs- und Berechnungs-
methoden, Dorpat, 1879, H. Hoffmann : Phinologische Untersuchungen, Giessen,
1887, R. Hult: * Récherches sur les phénoménes périodiques des Plantes,” Nova
Acta R, Soc. Sc. Upsalae, Series IIL., 1881. E. Ihne: ** Phiinologische Jahres-
zeiten,” Potonié Naturw. Wochenschrift, X., No. 4, 1895; also, ** Karte der Anf-
blihzeit von Syringa vulgaris in Europa,” Bot. Zentralblatt, 1885, Vol. XXI., 3-5,
H. Hoffmann ; ““Vergleichende phiinologische Karte von Mitteleuropa,” Peferm.
Mitt,, XXVIL, 1881, 19-26. M. Staub : * Phinologische Karte von Ungarn, " ibid.
XXVIIL, 1882, 335.339. Very instructive phenological charts were published
by A. Angot in his paper entitled “Résumé des Etudes sur la Marche des
Phénoménes de Végétation et de la Migration des Oiseaux pendant les dix Années
1881-90," in the Ann. Bur. Centr. mef, de France, 1892, 1. Mémoires, Paris, 1804,
B159-B210; also, Angot's great work ** Etude sur les Vendanges en France,"ibid. ,
1883, I. Mémoires, Paris, 1885, B29.B120, which is important in the study of
changes in climate as well. The numerous works of Fritsch, Linsser, etc., bear-
ing earlier dates, cannot be referred to here. The Annual Reports on Phenological
Observations in the British Isles by E. Mawley are published in the Quarterly
Journal of the Royal Meteorological Society for recent years. See also C. Abbe,
in Maryland Weather Service, Vol. 1., 1899, 267-278. Professor Abbe has
prepared an unpablished report of great value (officially known as No. 5119, Sig.
91) on **The Relations between Climates and Crops,” dealing with the physio-
logical and experimental work which has been carried on in laboratories, and also
with the results of experience in the open air under natural climatic conditions.
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petually cloudless and vapourless atmosphere can also be approximately
deduced from the foregoing data. As a matter of fact, however, the
direct radiation from the sun which falls upon the earth’s surface is
decidedly affected by the widely varying degrees of clearness and vapour
contents of the atmosphere, both in time and place, i.e., by the differ-
ences in its transmissive quality. Furthermore, the temperature of the
air at any given place does not depend solely upon the amount of
absorption and of radiation at that place, but also upon the interchange
of heat which goes on by means of air and ocean currents between
places of different temperatures. It results from this that, as is well
known, the temperature of the air is no longer the same everywhere
along the same parallel of latitude, especially not in higher latitudes,
and that even the amount of direct solar radiation at the earth’s
surface is no longer the same along the same parallel. Nevertheless,
solar climate must furnish the basis for the description of the existing
distribution of temperature on the earth’s surface, for all the phenomena
upon the earth which are connected with temperature depend upon the
solar rays, and the simplest laws of the distribution of solar radiation
are likewise the laws which chiefly control the distribution of tempera-
ture. Not only so, but the value of insolation on clear days, i.e., its
maximum value, is determined for every place by the solar climate of
that place, for the state of the sky may lessen the amount of radiant
energy received, but cannot increase it.!

Ptolemy's climatic zones.—Ptolemy and the ancient geographers
classified their climatic zones solely with reference to the conditions of
illumination which these several zones receive. The word elimate (from
kAlverr, fo incline) still recalls the fact that it was meant to describe
only the differences in insolation which are due to the inclination of the
earth’s axis. The climates of Ptolemy were zones in which the length
of the longest day increased successively by half an hour between the
equator and the Arvetic ecirele. The zones were therefore of very
different widths. The first climate embraced B} degrees of latitude;
the fifteenth, but one degree (from 61° to 627), and the twenty-fourth,
but three minutes.

The laws governing the changes in the intensity and amount of
insolation with changes in latitude have been investigated by Halley,
Lambert, Meech, and Wiener.*

I'This statement needs a slight qualification, which will be noted later.

tMeech: ““On the Relative Intensity of the Heat and Light of the Sun,”
Smithsonian Contributions, Vol. IX., Washington, 1857 ; Chr. Wiener : Ueber die
Seivle der Bestrahlung der Evde durch die Sonne in ihren verschiedenen Breilen
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intensities of the insolation are entered at the right-hand margin of the
figure,

It appears from this figure that on June 21 the maxima of insolation
are at latitude 43° 30° and at the pole. There is a slight minimum of
insolation at latitude 62°, but still the insolation at this point is
considerably greater than the amount at the equator, at the same time.
From latitude 43° 30° N. the amount of insolation decreases con-
tinuously till it reaches zero on the Antarctic Circle. If we call the
total daily insolation received at the equator on March 20, 1000, the
relative distribution of the daily amounts of insolation at the most
critical latitudes on June 21 will be expressed by the following

figures :—1
North Pole 62° 431 Equator 661° S,
1203 1092 1109 ulad | 0

The insolation at the north pole on June 21 is therefore more than
20 per cent. in excess of the largest amount which the equator ever
receives, and 18 36 per cent. in excess of that received at the equator on
June 21. Furthermore, during 28 days before and after the turn of
the sun, i.e.,, during 56 days, the insolation at the pole which is having
its summer is stronger than that at any other place on the earth’s
surface, and during 84 days it is greater than the amount at the
equator at the same time." For the north pole, this latter period lasts
from May 10 to August 3.

The intensity of insolation during the summer of the southern
hemisphere is somewhat greater than that in the northern. In
winter, the conditions are reversed. This results from the fact
that the earth is nearer the sun during the summer of the
southern hemisphere, while it is farther from the sun during the
summer of the northern hemisphere. The difference in the intensity
of solar radiation, at the extreme points, namely on January 1

11f we choose as our unit the amount of heat needed to raise the tem-
perature of one gram of water 1°, the above figures will also represent the
daily amounts of heat received on a surface of one square centimeter in area,
with the possibility of error due to the uncertainty which still exists as to
the absolute value of solar radiation. The figures could therefore be regarded
as absolute units of heat, and would then correspond to a solar constant of
216 units of heat per square centimeter a minute. Langley's value of about
3 calories for the solar constant, which was determined by meanz of very in-
genious observations, continued for many years, is now generally accepted as
the most likely one. If Langley's value be used, the foregoing figures must
be increased in the proportion of 3:2:16=1-39, or, roughly, 40 per cent.
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(perihelion), and on July 3 (aphelion), amounts to about 1/15 of the
total insolation.!

This difference is sufficiently large to be noticeable. According to
Dove, the marked change in the temperature which is felt in stepping
from the shade into the sunlight during the summer of the southern
hemisphere surprises immigrants into Australia and New Zealand.
The heating of the soil, and the temperature maxima, are greater in
Australia and South Africa than in corresponding latitudes in the
northern hemisphere, notwithstanding the fact that the mean tem-
perature of summer in the southern hemisphere is, for other reasons,
notably lower.

The intensities of insolation at different points on the earth’s orbit
are inversely proportional to the squares of the sun’s distances, or,
directly proportional to the squares of the sun’s apparent radius. If,
for example, we wish to know the amount of insolation at the south
pole on December 21, the result is reached by means of a simple
calculation depending upon the sun’s apparent radius, which can be
obtained from any astronomical almanac. The radius of the sun’s
disc subtends an angle of 946" on June 21, and an angle of 978"
on December 21. We have, therefore, as an expression for the in-
solation at the south pole on December 21,

978

1203 (’9«1’5)2 — 1286.

|

Thus the south pole receives at this time 83 more radiation units
than the north pole receives on June 21.  As a result of the changes in
the distance between the earth and the sun, the annual march of
insolation becomes unsymmetrical in the two halves of the year;
in low latitudes, where the annual variation is slight, the whole form of
the annual curve is thereby very decidedly modified.

The following table gives the amounts of insolation received on

11f the eccentricity be designated by e, the distance when the sun is nearest
is 1-¢; and when the sun is farthest, 1+e The intensities are inversely
proportional to the squares of the distances ; hence the intensity at perihelion is

2 ¥
G'H) if the intensity at aphelion is 1. The result is, approximately, 1+ de.

-
As ¢ is at present about 1/60, the fraction given in the text is obtained. If,
following Laplace, we take as the maximum of the eccentricity 0-07775, i.e.,
about 113, the intensity of insolation at perihelion would equal aphelion
{1+4/13). Thus the warming, when the earth is near the sun, would be almost
1/3 greater than at aphelion, and the differences between the extremes would
become very great.
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Annual amounts of insolation.—The direct computation of the total
yearly insolation at different latitudes is much more difficult than the
computation of the daily insolation, for the reason that no simple
formula can be derived which will lead directly to the determination
of these annual amounts by any convenient method.! We ean, how-
ever, by an indirect method, and without the use of elaborate
mathematical caleunlations, gain some knowledge of these annual
amounts of insolation, or of the amounts during single parts of the
vear, in the following way. The intensities of insolation for half-
months, or better still, for ten-day periods, are determined by means
of the formula given in the Appendix to this Chapter (see p. 124).
The annual variation of insolation is then represented graphically
by entering the amounts thus determined successively at equal
intervals as ordinates above a horizontal axis of abscissae. If
the ends of these ordinates are joined by a free hand curve,
a diagram is constructed whose area is proportional to the total
yvearly insolation. The total yearly insolation may be obtained as
follows : Measure, by means of a planimeter, the surface area of this
figure, and divide by the area of the rectangle, one of whose
sides is the length of the year, according to the scale which has
been adopted, and the other of which (the ordinate) is the unit
of insolation. By an analogous method, the same figure may be
used to give the amounts of insolation for the months and for
the seasons. The annual curve, as well as the rectangle above
mentioned, may also be drawn, on a larger scale, upon heavy
paper of uniform thickness, and then cut out. The surfaces may

! An approximate formula by means of which the annual amounts of insolation
(W) may be calculated for every degree of latitude as far as the Arctic and
Antarctic Circles is here given. It is the formula of Haughton, with some
rearrangement of terms and some abbreviation.

W=0C cos ¢ (1+0-04366 tan®p + 000049 tanie).
0 is the annual amount of insolation received at the equator, i.e., 160,552 A ;
in which A is the solar constant (see Appendix) and ¢ is the latitude. The
formula does not hold for latitudes at which the sun can remain above the horizon
for 24 hours. For the latitude of Vienuna, for example, we obtain (¢ =45" 12),

W =107,034 A (1 +00436 tan®p + (-00049 tan's),
which gives 112,960 A. If the sun were fixed in the equator, and if therefore the
amount of insolation decreased simply as the cosine of the latitude, the annual
amount at the latitude of Vienna would be only 107,034 A calories. The obliquity
of the ecliptic increases this total amount to the extent of 5,926 A calories, or
54 per cent. If we adopt Langley’s value, A=3, the anmual amount for Vienna
becomes 338,880 calories.
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inversely as the square of the earth’s distance from the sun, ie, in
precisely the same ratio as the intensity of the insolation. The amount
of heat received during any given period of time varies at every point
of the orbit in precisely the same ratio as that by which the earth’s
longitude increases during that time. Thus, equal angles deseribed by
the radius vector always correspond to equal amounts of insolation. If
a line be drawn from any point on the earth’s orbit through the sun to
the opposite point, the orbit will be divided into two portions which
receive equal amounts of insolation. The inequality in the intensity of
insolation over the two portions is exactly counterbalanced by the
compensating inequality in the length of time which the earth takes to
pass over these two portions. Thus it happens that the northern hemi-
sphere, in its summer half-year, receives the same total insolation as the
southern hemisphere in its summer half-year. This likewise holds
true for the winter half-years, and for the astronomical and the
meteorological gquarters.

The mean intensity of insolation for the whole torrid zone as far as the
tropies, is, according to Meech, 356-2 thermal days; that for the temperate
zone is 2764 ; and that for the frigid zone, 166:0 days. The average
for the whole earth is 299 days, or $ths of the insolation at the equator.

Measurement of the intensity of solar radiation: Solar constant.'-
Among the results which the efforts to measure the absolute intensity
of solar radiation have thus far given, those obtained by Langley seem,
at present, to be the most trustworthy. Langley found that the value
of solar radiation at the upper limit of the atmosphere is 3 units of heat
per square centimeter per minute.’

The cross-section of the pencil of rays which reaches the earth has
the same surface area as a great circle of the earth, i.e., one-quarter of
the earth’s surface. The sum-total of heat developed by radiation on
the earth in one year is therefore:

3 x 60 x 24 x 3652 x B?r=2011 x 10*! calories,

1 A gummary of the older attempts to measure the intensity of solar radiation
may be found in Schmid’s Lefbuch der Meteorologie, 123-134.  An excellent
account of similar investigations to the year 1875 is given by Radau in his
Actinométrie and his Les Radiations chimiques du Soleil, Paris, 1877. A compre-
hensive snmmary of the whole matter is contained in 0. Chwolson’s ** Ueber den
gegenwiirtigen Zustand der Aktinometrie,” Repert. F. Me., XV., No. 1, 8t
Petersburg, 1892, See also Violle’s Report on Solar Radiation, presented at the
International Congress of Meteorology, Paris, 1900.

28, P. Langley : ** Researches on Solar Heat and its Absorption by the Earth's
Atmosphere,” Washington, D.C., 1884, Professional Papers of the Signal Service,
No. XV. (M. Z., IIL, 1886, 193.207).
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therefore assume a fairly clear atmosphere and a low degree of
humidity. As a general rule, the average coefficient of transmission
when the rays fall vertical is taken as only 0-75, or even 0-72. Very
believes that with a moist atmosphere the coefficient of transmission
is as small as *50. It follows from the foregoing table that, as the
result of the interposition of the atmosphere, the intensity of direct
solar radiation depends upon the sun’s altitude to a much greater
extent than was formerly assumed.! Therefore latitude is now seen
to play a more important part, and the higher latitudes are evidently
more unfavourably situated, than would appear from the older tables
of the intensities of solar radiation, except at those seasons when they
enjoy an exceptionally transmissive atmosphere.

The variations in the intensity of light and heat with the variations
in latitude, already noted, therefore suffer considerable modifications at
the earth’s surface. Assuming 0-7 as the coefficient of transmission,
we obtain, for example, the following table (after Angot):—

VALUES OF TOTAL DAILY SOLAR RADIATION AT THE UPPER
LIMIT OF EARTH'S ATMOSPHERE AND AT SEA LEVEL.

[ ]
Latitude, - - | Equator. l 40° | N. Pole. | Equator. | 40° | N. Pole.
Upper Limit of Atmosphere. Earth's Surface.
Winter Holstice, - D48 360 0 552 124 0
Equinoxes, - - 1000 | 773 0 12 411 0
Summer Solstice, - 888 | 1115 | 1210 517 660 494
1 |

!The dependence of the intensity of solar radiation upon the thickness of the
atmospheric strata through which the sun’s rays have to pass, is, in general,
expressed by the following equation, in which g is the coefficient of transmission,
d, the thickness of the atmospheric strata, and [, the intensity of insolation at the
upper limit of the atmosphere :

I'=1q"=Ig"",

If the zenith distance of the sun is expressed by z, then d=secz is approxi-
mately true. If every stratum transmits the gth portion of the solar radiation,
the second stratum receives only gf. This second stratum lets only the gth part
throngh, therefore the third stratum receives only gqf, i.e., g2 ; the fourth, ¢*7,
and only the Ig'th part goes through the fourth stratum. If we imagine the
whole atmosphere divided into n such strata, n also represents the thickness of
the atmosphere, and we have as an expression for the transmitted solar radiation
Ig™ or Iq®, as given above. This simple formula, however, takes no account of
the actual complexity of the absorbent process, and especially of the complete
disappearance of certain regions of the infra-red spectrum through the selective
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It is a difficult matter to make a direct caleulation of the total
amount of radiant energy absorbed as heat between sunrise and sunset
at different latitudes. Pouillet estimated this amount at 0-3 to 04 of
the total radiation ; but Angot was the first to complete the laborious
computations.

The following observations, made by Crova, at Montpellier, show that
Pouillet’s estimate is correct if we limit the radiation to the remnant
which has escaped band absorption, and their results, as determined
by the present author, are the basis of the data given above for the
earth’s surface. By means of hourly observations on two perfectly
clear days at opposite seasons of the year, Crova determined, with
the greatest possible aceuracy, the amount of heat which was
received upon a horizontal surface during these days. For purposes
of eomparison, we have determined the total quantity of heat received
from the sun at the latitude of Montpellier (43° 36°) on these two days,
using for the solar constant the value 2'24, which was obtained as the
result of Crova’s own observations, but which must be taken as an
estimate of the above-mentioned remmant. From these data, the
quantity of heat which was absorbed by the atmosphere during the
whole day in both these cases can at once be seen.

QUANTITY OF SOLAR RADIATION TRANSMITTED BY THE
ATMOSPHERE AT MONTPELLIER.

| January 4. July 11.
Solar radiation observed, - . - - | 1612 4741 calories.
¥ * caleulated, - - . - 5223 11220 -
Transmission ratio, - - - . - | 050 051 5

Notwithstanding the great difference in the length of the day
(8 h. 52 m. and 15 h. 2 m.) and in the sun's altitude, almost exactly
one-half of the radiation from the sun was in both cases absorbed
by the atmosphere in the course of the day. The amount of heat
reaching a surface kept always normal to the rays, was 535:0 and
8764 on the two days, according to Crova’s observations. The
quantities of heat, calculated on the basis of the length of the
day, are 1191'6 and 2020'5. The corresponding ratios are therefore
045 and 0:43. It is thus seen that in the case of a body normal

absorption by agqueous vapour, as will be shown more fully in discussing the
qualitative effect of atmospheric absorption.
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regularly carried on for a number of years. Since 1883, the intensity
of solar radiation at Montpellier has been measured, about noon on
every clear day, by Crova and Houdaille. The diurnal variation of the
intensity was determined, first, by hourly observations, and later, by self-
recording instruments. As, furthermore, records of the duration of
bright sunshine at Montpellier are also available, all the elements are
at hand for the determination of the actual amount of solar radiation
which reaches the earth’s surface throughout the year at that place.
On the basis of 11 years’ observations, the mean intensity of solar
radiation at noon has been found to be 1-08 calories; the maximum,
1:16, comes in April and May, and the minimum, 0-98, in December.
The absolute maximum was 1'6 calories. The annual value of direct
solar radiation, in calories, without eonsidering the diffuse radiation, is
71,924. On an average July day, the mean value is 325 ; on an average
December day, the mean value is but 61 gram-calories. Montpellier
thus receives only about 20 per cent. of the solar radiation which
theoretically belongs to its latitude (43° 36°). The average duration
of sunshine is 50 per eent. of the possible duration. The coefficient of
apparent transmission is greatest in winter (December, 0-71), and
smallest in summer (0-48). In the mean for the year, the value is about
061

At Kiev, according to Savelief,” on the basis of three years’ observa-
tions, the annual value of divect solar radiation is 60,745. On an
average July day, the mean value is 328 ; and on an average December
day, the mean is 13. If all the days were clear, Kiev would receive, on
every sq. em. of horizontal surface, 1235 large calories from the sun.
At the upper limit of the atmosphere, it receives 337-9. Thus it is seen
that 63:5 per cent. of the total are absorbed, and only 36:5 per cent.
reach the surface on wholly elear days. Asa matter of fact, only 18 per
cent. actually reach the surface.

Actinometrical observations at Pawlowsk and Katharinenburg.—
Careful absolute measurements of the intensity of solar radiation have also been
made by Schukewitsch at Pawlowsk, and Miller at Katharinenlmrg.® The direct
intensity of radiatiop at Katharinenburg at noon attains a maximum of 144

1Cf, M. 2., V., 1888, 198-199; M. Z., IX,, 1892, 203 ; M.Z., XIL, 1895, 184 ;
M.Z, XV., 1888, 72.
. 2 Comptes rendus des Obs. actinomet. faites en Kieff en 1891 ef 1892, St. Peters.
burg, 1893.

3 Repert. J. Met., XVIL, No. 5, St. Petersburg, 1894. A discussion of the
observations at Pawlowsk by Schukewitsch and Muller will be found in Bulf. St.
Petershurg Akad., V. Ser., XI1., No. 2, Sept., 1599.
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light, when the sun’s altitude is 23}°, the former would amount to
367 units of heat at the north pole on June 21. Under these con-
ditions, the total radiation at the earth’s surface would amount to 951
calories, as against 1202 at the upper limit of the atmosphere, a
horizontal surface being assumed in both cases.

We are indebted to Maurer and Pernter for absolute measurements of atmos-
pherie radiation at night. Maurer found the nocturnal radiation at Ziirich,
on a clear night in June, equal to 0°13 gram-calories per sq. em. a minute.
According to Stefan’s law of vadiation, the copper plate at a temperature
of 15° would have had to lose by radiation a quantity of heat equal to
050 calories, if there had been no return radiation from the atmosphere. This
return radiation amounted to 0-37 gram-calories (0°50 - 0-13=037); i.e, more
than one-tenth of the solar radiation at the upper limit of the atmosphere, and
this at night. Pernter’s observations, at the summit of the Sonmblick (3100 m.},
on a February night with a temperature of — 127, gave a radiation of 0-20 calories,
and a return radiation from the atmosphere of 0°12 calories per sq. cm. a minute.
Homén has recently made a study of the comparative values of the total radiation
from sun and sky, and the radiation from the carth’s surface.!

Even scattered clouds, or light clouds, are effective as reflectors of
solar radiation, and hence the amount of cloud, as determined by the
usual method of estimating cloudiness (i.e., by its extent and not by its
thiekness), does not weaken insolation so much as is generally supposed.
Indeed, it has actually been observed that, when the clouds are favour-
ably distributed opposite the sun, the cloudiness may increase the
intensity of radiation above the amount which would be possible if
the sky were perfectly clear. As has bheen pointed out by Radau,
the actinometrical measurements made at Montsouris show that the
monthly means of estimated cloudiness are always larger than the
caleulated means based on observations with the actinometer. This
is notably the case in the warmer half of the year. In summer, the
cloudiness, as observed, is 5°6; and as calculated, it is 3-6. For the
mean of the year, the results are : observed, 6-9 ; caleulated, 5-0.

Relative values of direct and diffused sunlight. —According to
Clausius, when the altitude of the sun is 40°, the diffused light amounts
to about one-quartdr of the direct sunlight upon a surface at right
angles to the sun’s rays. In the case of a horizontal surface, the ratio
is two-fifths : and the smaller the coefficient of transmission, the larger
is the ratio of diffuse light to direct sunlight.* The ratio of sunlight

1Th, Homén : Der tdgliche Wirmeumsatz im Boden und die Wirmestralilung
zwigchen Himmel und Erde, Leipzig, 1807,

2 With 0-60 as the coefficient of transmission, and with the sun at an altitude of
30°, the direct illumination of a horizontal surface would be less than the illumina-
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Leonhard Weber has, for a number of years, carried on a series of measurements
of daylight at Kiel.! He has determined the noon illumination of a horizontal
surface on the basis of a unit of light (i.e., the quantity of light from a normal eandle
at the distance of 1 m.). This he has done for the green and the red rays, because
white daylight cannot, from a physical standpoint, be strictly compared with
candle-light. The mean of three years' observations showed that, taking the
average of all the days, including clear, cloudy, and rainy, the daylight at noon was
at a minimum in December. The values found were, for the red (in thousands of
normal candles at the distance of 1 m.) 25, and for green, 9:0. The maximum
noon daylight came in May and July, with 27-8 and 263 for the red, and 985
and 1004 for the green, respectively. The mean cloudiness was 7'8, 60 and
71; the daily number of hours of bright sunshine 60, 7°9 and 7°1. The annual
means are 16°3 for red and 59-4 for green. The total local illumination resulting
from direct sunlight alone, on clear days, is reckoned by Weber at 34 in
December for red and 54 for green ; in May, 27'5 red, and 64°0 green ; in July,
2%-4 red, and 666 green. In the red, the total daylight is nearly equal to the
computed values of direct sunlight alone. Cloudiness therefore does not change
the value. In the green, the total daylight exceeds the direct sunlight. On days
with white, bright clouds the amount of diffuse light can be very much increased.
On June 5, 1892, the observed luminous intensity in green (284,000 normal candles
at 1 m. distance) was four times as great as the daylight resulting from the
divect sun's rays alone. On this day, three-quarters of the light were due to the
diffuse light and one-gquarter to direct sunlight. The clondiness was estimated at
0-7, but the sun itself was not obscured.®

The annual march of the total radiant heat received from sun and
sky on a body freely exposed in the air at Paris is shown by the
following figures. The possible amounts of heat which can be received
at the latitude of Paris are also entered in the table. It appears from
these data that the heat radiation in July is more than 15 times as
large as in December, and that, for the mean of the year, Paris has but
little more than one-half of the amount of radiation to which it is
entitled by reason of its latitude. In winter, this proportion is but
one-third. It is interesting to compare with the foregoing data the
anmual march of the chemical intensity of radiation, and therefore
there have been included in the table the monthly means of this

! Sehriften des naturw! Vereins fiir Schleswig-Holstein, Vol. X. ; also L. Weber :
¢4 Intensititsmessungen des diffusen Tageslichtes,” M. Z., 1L, 1885, 163-172, 219-
224, 451.455,

2 Spe also H. W. Vogel: ** Messung der Helligkeit des Tageslichtes,” Annalen
der Physik und Chemie, LXL., 408 [M.Z., XIV., 1897, 200-301]. Chr. Jensen :
“* Beitrige zur Photometrie des Himmels,” Schrift. nofurwiss. Ver. fiir Schleswtg-
Holstein, X1., No. 2, 1899, 282-346 (Extract printed in M. Z., XVIL., 1899, 447-456,
488.499). C. Wiener: *“Die Helligkeit des klaren Himmels und die Beleuch-
tung durch Sonne, Himmel und Ruckstrahlung,” Abh. Kais. Leop.-Carol. Alad.

d. Naturf., Nova Acta, LXXIIL, No, 1, 1900 (M.Z., XVIIL, 1901, 43-47).
H
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element as determined by Marchand, on the basis of four years
measurements, for a station in the neighbourhood of Paris. At
Fécamp, as at Kew, the chemical intensity of radiation is about
ten times as great at the summer solstice as it is at the winter solstice.
It is to be noted that all the data given in the table are to be con-
sidered as relative values only. The total chemical intensity of
radiation from the sun and sky upon a horizontal surface at Fécamp,
at the summer solstice, was equivalent to the production of 35 eu.
em. of CO,.  Of this amount, 23 cu. em. were due to the sun alone and
12 cu. em. to the diffuse skylight. A thin veil of cloud may increase
fourfold the effect of the skylight.! Thanks to the measurements
prompted by Bunsen and Roscoe, we now have considerable material
for the determination of the chemieal intensity of radiation in different
climates, although the data at hand are still far from complete. With
the sun’s altitude nearly the same (53°) in all cases, the measurements
gave the following relative chemical intensities of the total radiation
from sun and sky : Manchester (53:5° N.), 183 ; Heidelberg (49°4° N.),
437 ; Para (1'5° 8.), T24. :

The mean chemical intensities of radiation at Kew were as follows
November—January, 11-0 ; February—April, 459 ; May—July, 915 ;
Aungust—October, 74:0 ; mean for the year, 55'3. Daily measurements
of the total chemical intensity of daylight at St. Petersburg, at 1 P,
gave a similar relation between winter and summer ; the mean of the
months November—February, was 0:03; and that of the months
May—June, 0-26.%

Simultaneous measurements on three days in April, 1866, at Kew,
near London, and at Para, gave a chemical intensity of radiation nearly
twenty times greater at the latter station than at the former. If a

! For information concerning the photometer used by Marchand, see M. 2., XIV.,
1879, 258-259.

*The Arago-Davy actinometer used in Paris allows only the measurement of
the solar rays of shorter wave-length than 3u, the invisible portion of the
spectrum through a large part of the infra-red being almost entirely excluded by
the glass enclosure. This fact also appears in the value of the coefficient of
absorption based upon the resilts obtained with this actinometer. This value
was found to be 0:875, which is larger than Bouguer found it to be in the case
of light. See also J. Wiesner: * Untersuchungen iber das photochemische
Klima von Wien, Cairo, und DBuitenzorg (Java),” D.W.A., LXIV., 1897, 73
166 [Rev. M.Z., XIV., 1897 (24)-(27)];: °* Beitriige zur Kenntniss des photo-
chemischen Klimas im arktischen Gebiete,” ibid., LXVIL, 1899, 643-676 [Rer.
M.Z., XVI., 1899, 525-526], and * Untersuchungen iiber den Lichtgenuss der
Pflanzen im arktischen Gebiete,” §. W. 4., CIX., 1900, 371-439.
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direct solar radiation. This emphasises very clearly the important
part played by the atmosphere in regulating the distribution of the
total radiation, by lessening the great differences in direct radiation
at different latitudes. Heidelberg, for example, would receive from the
sun alone but about one-third, and St. Petersburg less than onefifth,
of the directly received and chemically active radiation at the equator.
As the result of the dispersive power of the atmosphere, however,
this ratio is increased to more than one-half, and more than one-third,
respectively.!

Thermal, optical, and chemical climatic zones.— Bunsen and HRoscoe
call attention to the important fact that the photochemical, as well
as the optical eclimatic belts differ essentially from the thermal
climatic regions in that the actual distribution of the former must he
governed by a much simpler law than that of the latter. The tempera-
ture of the air, which is primarily due to insolation, is irregularly
distributed over the earth's surface by aerial and oceanic currents,
because the heat produced at any place may be carried elsewhere by
econvectional currents, as also in the form of the latent heat of water
vapour. This, however, is not the case with the chemical activity of
the sun's rays, since this effect of solar radiation must remain exactly
where the direct sun's rays fall. The optical, chemical, and, we may
add, the heating effects of direct radiation, as contrasted with air
temperature, are limited in their distribution by parallels of latitude.
There can then be no doubt that direct solar radiation is one of the most
important climatic factors. For this reason, the study of the distri-
bution of the total intensity of solar radiation is of much more con-
sequence in climatology than is generally supposed. We must therefore
agree that the climatic zones which were adopted by the ancient
geographers are of value, in so far as they represent the principle of
classifying climatic districts according to latitude.”

I Ed. Stelling: *“ Photochemische Beobachtungen der Intensitiit des gesammten
Tageslichtes in St. Fetersburg,” Repertorium fiir Meteorologie, VI., No. G, and
Z. 1. M., XIV., 1879, 41-48. See also J.M. Pernter : ** Resultate der bisherigen
photochemischen Messungen des Sonnenlichtes,” Z. £ M., XIV., 1879, 401-426.

2The early studies of solar radiation, up to the year 1875, are admirably
compiled and discussed by R. Radan: La Lumiére ef les Climats,  Les
Radiations chimigues du Soleil. Actinométrie. These were all published in 1877
by Ganthier Villars, in Paris. See also P. Houdaille: Métdorologie agricole.
Le Soleil et UAgricultenr. Masson, Paris, 1893. The following may also be
found of interest :—M. Andresen: ‘‘Influence de la Pression Barométrigue sur
PAction Chimigque de la Lumiére directe du Soleil,” Ann. Obs, Met, Mont Blase,
Iv., 1900, 1-17.
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Selective absorption by the atmosphere, and its relation to tem-
peratures on the earth’s surface.!—If we would understand, and
appreciate, the important part played by the atmosphere in the thermal
economy of the earth, we must, in conclusion, consider at somewhat
greater length the relation of the earth’s atmosphere to solar radiation,
in the light of the most recent studies. As the result of a long series
of very careful determinations of the absorption of the different
solar rays, Langley has found that the relative absorption decreases
from the blue end of the spectrum towards the red end. Hence the
so-called “chemical ” rays, and also the luminous rays, suffer a greater
relative loss in their passage through the earth’s atmosphere than
do the red and the shorter infra-red rays. Langley has thus shown
that the view which was formerly very commonly held, that the

atmosphere is, like glass, almost impassable by the totality of the infra-

red rays, is an erroneous one.? The extreme infra-red rays beyond 5u
are, however, almost totally absorbed as far as 8u, and other extensive
gaps exist. '

With inereasing altitude of the sun, and hence a decreasing path
throngh the atmosphere, the sunlight becomes muech richer in blue,
short-waved, more refrangible rays. The maximum intensity of
radiation in the spectrum is between red and orange (wave-length 07
microns) when the sun is low; in the middle of the yellow (A=06)

when the sun is high ; and probably between green and blue (A=05)

at the upper limit of the atmosphere.

The theoretical studies of Lord Rayleigh have made clear the nature
of this effect which the atmosphere has upon the radiant energy of the
sun. Rayleigh has shown that solar radiation, made up, as it is, of many
different waves, in passing through a turbid medium like our atmosphere,
undergoes diffuse reflection and scattering, and is thereby weakened in
such a way that the short-wave rays are most, and the long-wave rays
are least affected by the process.” This agrees with the fact discovered
by Langley, above referred to, that there is a decreasing coefficient of

15¢e¢ S. P. Langley : ** Researches on Solar Heat and its Absorption by the
Earth's Atmosphere,” Professional Papers of the Signal Service, No, XV,
4to, Washington, 1.C., 1854, pp. 242; C. G. Abbot: *‘ The Relation of the Euu—
spot Cyele to Meteorology,” Monthly Weather Review, XXX., 1902, 178-181.

? According to Langley, the coefficients of transmission, when the sun is high,
are 0-35 for rays at the violet end ; 0°88 for those in the middle of the }'Elluw
and 095 for those at the red end of the spectrum.

* The amount of diffuse reflection is inversely proportional to the fourth power
of the wave-length.

{
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transmission from the red towards the blue end of the spectrum.
Abney was afterwards able to show by direct observation that the law
deduced by Rayleigh, as to the diffuse reflection from fine particles
suspended in a medium, suffices to explain the observed weakening of
the transmitted sunlight. Very has further recently published an
important paper on atmospheric radiation! in which radiation by the
atmosphere, and by other gases, especially carbon dioxide and water
vapour, as well as the absorption of radiation by these substances, are
discnssed.

The incoming solar radiation has suffered depletion by the absorbent action of
varions atmospheric constitnents, as well as by a selective diffuse =eattering of
the shorter waves by the air molecules, and by the fine suspended dust and water
particles of the lowerair. The absorption by carbon dioxide diminishes the solar
radiation by about 1}, or at most 2 per cent. This loss is sensibly constant, at
least for ordinary elevations above sea level, since the amount of the gas in the
atmosphere, although small, is always more than sufficient to produce almest
total repression of those special radiations which are the only ones capable of
being cut off by this substance.

The absorption exercised by aqueous vapour varies both with the absolute and
the relative humidity, and is very local in its action through a large part of the
infra-red spectrum, producing a series of bands and groups of fine lines, which
eulminate between the wave-lengths of 5 and 8 microns. Abney and Festing*
find that, over the fine telluric lines produced in the solar spectrum by water
vapour, there are saperimposed other diffuse bands of great intensity, when the
air iz nearly saturated with moisture. Very? attributes the diffuse bands to
complex agueous molecules which form in the air as saturation approaches, and
which greatly increase the absorptive power of the nearly saturated vapour.
If 7 is the tension of agueous vapour in mm., and A, the fraction expressing
relative humidity, W, the absorption of solar radiation by water vapour, is
approximately given by the empirical formula :*

i 0-999...

1 +log (1 +7 k)1
The band absorption (B) and the depletion by selective scattering from fine
particles must be treated separately. Very finds it convenient to divide the

latter into scattering by air moleenles (transmission factor R), and scattering
by dust (transmission factor D), so that if ¢ and 4’ are the paths through the

log W=

1F. W. Very: ** Atmospheric Radiation,” U.8. Dept. of Agriculture, Weather
Bureau, Bulletin G, 4to, Washington, D.C., 1900, pp. 134.

2 Abney and Festing : * Atmospherie Abaurpt;i-:m in the Infra-red of the Solar
Spectrum,” Proc. . 8. London, XXXV, 1883, 80-84.

F, W, Very: ‘* Atmospheric Radiation,” pp. 110-103,

1F. W. Very: “The Solar Constant,” U.5. Weather Burean, No. 254,
1901, pp. 29. :
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analogy. It is therefore admissible to compare the atmospheric
envelope of the earth with the glass windows of a hot-house.

Beside the effect of the atmosphere upon the solar radiation passing
through ity which has been discussed above under the term diffuse
reflection, there is still another effect. The atmosphere wholly absorbs
certain groups of rays, with the result that they appear in the
spectrum as dark bands, comparable to the Fraunhofer lines of the
sun’s atmosphere. There are certain broad, cold bands, especially in the
infra-red portion of the spectrum, which prove that these missing waves
have been entirely absorbed hy the earth’s atmosphere, and that the
atmosphere must therefore have hecome warmed at the expense of
these rays. As these broad, cold bands are found chiefly in the infra-
red portion of the spectrum, the atmosphere does present some analogy
with glass. From this point of view, therefore, the effect of the
atmosphere upon temperatures at the earth’s surface, may perfectly
well be compared with the effect of the glass windows of the hot-house.
Special rays of long wave-length, emanating from the earth’s surface
which has been warmed by the luminous solar rays, are very largely
absorbed and held back by the atmosphere. Thus heat is stored in
the atmosphere, as it is behind the glass windows of a hot-house.

The absorption of the invisible rays by the atmosphere has been
ghown by Angstrom and Paschen to be due chiefly to the water vapour
and earbon dioxide in the air. Oxygen and nitrogen show searcely any
such effect. Notwithstanding the small proportion of earbon dioxide in
the atmosphere, its effect upon the heating of the air cannot be
disregarded.!

1 Lecher has stated that a stratum of CO,, one meter in thickness, absorbs 13
per cent. of the radiation from the sun. In view of this absorption, Knut
Angstrim was formerly inclined to assume a higher value for the solar constant
than that given by Langley, placing it as high as 4 calories (Wiedemann’s
Annalen, XXXIX., 1890, 267, 204). Very has pointed out that Angstrim’s
method implies that 60 per cent. of the original solar radiation is included within
the limits of the CO, bands, but actually only a small fraction is contained
within these limits, whence the value of 4 calories for the solar constant is in-
admissible on these grounds (Atmospheric Radiation, 105). Angstrom himself
has since proved that Lecher's observation was erroneous, and has withdrawn his
higher estimate of the solar constant. See also:—S. Arrhenius: * Ueber den
Kinfluss des atmosphirischen Kohlensiuregehalts auf die Temperatur der
Erdoberfliche,” Bik. till K. 8v. Vet-Albad. Handl, B., Vol. XXIL, 1, Stockholm,
1896 ; Nils Ekholm : * On the Variations of the Climates of the Geological and
Historical Past and their Causes,” Quart. Journ. Roy. Met. Soec., 1901, 1-62;
Knut Angstrim : *‘ Intensitit der Sonnenstrahlung in verschiedenen Hiihen
nach Untersuchungen anf Tenerifa, 1895 und 1896," Naturwiss. Rundscha,



Effect of water vapour upon the absorption of radiation by the
atmosphere.—The chief part in the absorption of radiation by the
atmosphere is undonbtedly played by the water vapour in the atmos-
phere. A much greater amount of heat can he stored at“the earth’s
surface in an atmosphere which contains much water vapour (and
carbon dioxide) than in a very dry atmosphere.  As the amount of water
vapour in the air decreases with altitude much more rapidly than the
pressure, the influence of the atmosphere in absorbing and storing
terrestrial radiation decreases rapidly with increase of altitude. The
absorption of solar radiation, however, both by water vapour and by
carbon dioxide, takes place chiefly in the upper air, because small amounts
of these absorbents, when acting upon an undepleted solar radiation,
are quite effective; but after the more absorbable rays have been taken
out, the remaining ones pass comparatively freely, even through layers
of absorbing vapour of much greater density. The presence of water
vapour is seen, by the active absorption it produces, to be effective
almost wholly in the infra-red portion of the spectrum, and hardly
at all in the optical portion. The losses which solar radiation suffers,
as regards its lighting and heating qualities, therefore do not vary
at equal rates, as Langley has already shown. Thus it is seen that
the heating effects of solar radiation decrease much more rapidly with
inereasing humidity of the atmosphere than the lighting effects.
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Searle has made some valuable suggestions in connection with the atmospheric
economy of solar radiation.’

The atmosphere, in the first place, has the property of easily acquiring heat
from the warmed surface Jof the earth, becaunse the particles of air which are
warmed below ascend and make way for colder particles. Thus heat is carried up
into the upper strata by means of convectional currents.  On the other hand, this
heat is not so easily lost, even when the earth’s surface cools ; for then the cooling
acts only upon the lowest strata of air by conduction. Hence the return of heat
from the atmosphere to the earth is a comparatively slow and imperfect process.
A check upon the process of aceumulation of the stock of energy in the atmosphere
i found in the results of the movement of the airas wind. When the winds have
attained a certain degree of violence, they disturb the portions of the air which
would otherwise remain stagnant over the colder parts of the ground, and the

XV., 1300, 649 ; ** Ueber die Bedeutung des Wasserdampfes und der Kohlensiure
bei der Absorption der Erdatmosphiire,” Annalen d. Physik, 4te Folge, II1., 19000,
T20-732 (M. £, XVIIIL., 1901, 470-471) ; ** Ueber die Abhiingigkeit der Absorption
der Gase besonders der Kohlensiure,” ibid., V., 1901, 168-173. See also: **Knut
Angstrim on ‘ Atmospheric Absorption,”” Monthly Weather Review, XXIX.,
June, 1901, 268,

P Avthur Searle : Proc. Amer. Acad, Arts and Sei., XVI. (new series), 188880,
26-29,
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at the rate of almest 0'6° an hour. *From a caleulation of the amount of
heat that enters the water, it seems that only about 1/50, or less, was used in
heating it, the rest being probably spent in evaporation.” From the rate of
decrease of temperature in the superficial layers, Fitzgerald caleulated that the
coefficient of absorption of heat per yard (0-9 m.) was 71

The annual evaporation at the equator may, on the basis of trustworthy measure-
ments, be assumed to be 23 m.? Assuming a mean water temperature of 27°,
this requires an amount of heat equivalent to about 135,000 calories. As the
maximum amount which the equator can receive, assuming the absorption
to be that in a perfectly clear atmosphere, is barely 240,000 calories, it appears
that nearly 06 of this amount is expended in evaporation. On account of the
cloudiness of the sky, the amount of available energy remaining to heat the water
must be even considerably less.

Diurnal and annual march of temperature in water and under-
ground.— Water is thus seen to warm more slowly, and to a less degree,
than land, because of its high specific heat, and especially because of the
evaporation which accompanies its warming. Morcover, there is still
another factor which is concerned in this process. The daily changes
in temperature penetrate into the ground to a depth of about 1 meter
only, while they reach depths of 10 to 20 meters in the water. Solar
radiation penetrates the water,® and warms even the deeper strata
directly. In the case of the land, however, the heat from the surface
can reach the lower strata only by conduction. Water is therefore
heated to a greater depth than land, but is correspondingly less warmed
on the surface. The annual variation in temperature is no longer per-
ceptible at a depth of 20 meters in the ground, while it reaches a depth

1(i, F. Fitzgerald : “On the Temperature at Varions Depths in Lough Derg
after Sunny Weather,”” Sci. Proe. Roy. Dub. See., V., 1886-87, 169-170 [M.Z.,
XVIIIL., 1888 (22))

2Tt is customary to overestimate the amount of evaporation in warm climates,
for the reason that the measurements are, in most cases, not made under natural
conditions. Some observations made at Adelaide, South Australia, which are
trustworthy in this respect, show an evaporation of only 140 cm. a year, while
the evaporation at Alice Springs, in the hot, dry interior of Australia, is given as
only 258 cm., the rainfall in this district being but 29 cm. In July, 1876, Dieula-
fait found the daily evaporation of ocean water, 15 km. from the coast, between
11 and 12 mm. during a calm. In another place, during July and August, the
amount was observed to be 8 to 13 mm, Dieulafait estimates the mean annual
evaporation over the open sea, on the Mediterranean coast of France, at 22 m.
Pechinet gives the annual evaporation in the Camargue as 25— 2°7 m. (*'Evapora-
tion de I'Eau de Mer dans le Sud de la France et en particulier dans le Delta
du Rhone,” Comptes Rendus, XCVL, 1883, 1787-1790).

3 The red and the infra-red rays arve the most absorbed ; the luminous rays, less
abeorbed ; and the blue rays are the most scattered.



LI LS eLE 1= - +
L | Al Bl §
& e s 1
1 1 e | I [
| T Flis I !
) £l Legs 11 S | I §
£ Vi it 1. (]
ar: T atiticle - Fi)
5 = LAl | 5
FETVE ()] [1& | (2l ] §] r 1
t 1 1 il iy g | i
i i 1L
| ] 3 i ' TR i
5 10 = A1 | i
Y L w L = B 14 |- | 3
1§ | | !
- T 1t FiE] x
i 11 i L
I
3 ! | if !
Wit = | [ DI | 8 (¥} oL & § f i Lt | !
. | i (F | { | & T : L
Hir ") i & L LR L



















1 i 1 1 T 1
1 |
- ¥ T
I - 1 . ' 1
| = 1] ; |
y s - i} \ -
3TT11 T f Tl r !
| L) 1 1 Bk 1 E I
kT ' 1 i 1 s
aTx g ¥ -
| ’ ] |
AL RN Bl L 8RR I ! - i C
1 | ¥ Ls L
L =i il LI - 1 L T =
i Lo L LRl Il
1 gl iy (11 =L L ) (] o % d 1 Bl ¥
1 +i R ¥ Tt i 1 2
; Lii] 7y i 4 | | |
| i 3 I &
AL s vl 1 .
static | | Eandl FYil
| 1l & { 4
& T ik
! Ll ANE ? VL AL




DISTRIBUTION OF TEMPERATURE. 135

Bellary (15:2° N.; 76:9° E.), in the interior, with 29-5°; and Masuli-
patam (16-2° N.; 81-2° E.), on the east coast, with 27-6".

North of latitude 30° land areas distinetly tend to raise the
temperature ; but this effect is proportionally less marked than the
tendency to lower the temperature which appears in higher latitudes.
Furthermore, it is not to be expected that the effect of the land
in raising the temperature should be at a maximum near the equator.
As a result of the uniformity of temperature throughout the year,
~and of the greater clondiness and rainfall in the equatorial belt,
higher mean temperatures are found north and south of the equator
than on the equator itself. Indeed, when the land within the
equatorial zone is covered with extensive forests, as is the case in
the Amazon valley and in the Soudan, the mean temperature at a
great distance inland is relatively low. It is lower, in fact, than
over the oceans along the same parallels of latitude. The mean
annual temperature is 25°-26° in South Ameriea, and is the same on

e Congo, Equatorville, for example, having 24-3°, which, when
reduced to sea-level, gives 25-9°. It is a very noteworthy fact that,
near the equator, water can be warmed at least as much as the
forested continents. The cooling action of radiation and of evapora-
tion from forests wet by heavy rains is greater than that of the
waters of the oceans. The greatest excess of temperature on lands
‘as compared with that on oceans is found in the neighbourhood of
the tropics.

Annual range of temperature in continental and marine climates.
—A common feature of continental climates in all latitudes is their
Jlarge range of temperature. Marine climates, on the other hand,
‘are characterised by a small annual range. Stations which are freely
‘exposed to the influence of winds from the ocean have an extra-
ordinary uniformity of temperature. On the island of Monach (lat.
57" 32" N.), one of the westernmost outposts of Europe, in the Atlantic
Ocean, the temperature of the coldest month is 52°; and of the
-warmest month, 13:1°; which gives an annual range of 7-9°.  Inver-
‘ness, in the same latitude, on the eastern coast of Scotland, has
‘a temperature of 3:2° in the coldest month; 14-2° in the warmest
‘month ; and a mean annual range of 11'0°. Port Stanley, in the
Falkland Islands (lat. 51° 41’ 8.), has a January mean of 9-8°; a July
‘mean of 2-5°; and a mean annual range of 7-3". On Kerguelen
Island (lat. 49° 8.), the difference between the temperature of winter
=and summer is but 5°; and even the minimum temperatures of winter
' . are but little lower than those of summer. The greatest difference
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on the same parallel of latitude (62° N.) is probably that between Thors-
haven, on the Faroe Islands, and Yakutsk, in Siberia. Thorshaven has
a mean temperature of 3:0° in March, and 10-9° in July ; which gives
a range of 79°. Yakutsk has a January mean of —428°; a July
mean of 18-8°, with a range of 616°. In January, the difference
in temperature between the Faroe Islands, in the North Atlantic
Ocean, and the continental station in eastern Siberia, is 46-2°. Some
examples of annual ranges of temperature in North America and
in the British Isles have been given on page 11. A continental
climate is, therefore, with good reason, considered to he severe as
regards its temperature conditions, while a marine climate is mild
by contrast. The geographical distribution of the severe and the mild
climates can be seen upon the charts of annual ranges of temperature.
Supan has drawn a chart of this sort to show the differences in
temperature between the extreme months; and van Bebber has con-

structed one showing the difference between the mean absolute annual '

extremes.! In 1894, Connolly published a new chart of equal annual
ranges of temperature, based on the  Challenger isothermal charts.”
Annual march of temperature in continental and marine climates.
__Continental climates differ from marine climates not only in the
amount of their annual ranges of temperature, but also in having
a different type of annual temperature curve. In continental climates,
the maximum temperature comes about one month after the date
of the sun’s maximum altitude, while the minimum temperature is
similarly, though to a less marked degree, delayed after the sun's
lowest altitude. The only exception to this rule is that of the
tropical monsoon climates, which have their highest temperature before
the rains, and hence before the time at which the sun attains its
maximum altitude. Examples of such conditions are furnished by

India and Senegambia. In marine climates, on the other hand, the

delay in the time of maxima and minima is much greater. The
lowest temperature does not oceur until two, or even three, months

after the greatest declination of the sun, ie, in February or =
March. The highest temperature is likewise delayed, after the -

sun’s greatest altitude, although to a less degree, the warmest month
being August. Thus the temperature rises, as a whole, more rapidly
than it falls. The characteristics of the annual march of temperature

1 Bartholomew’s new Physical Atlas, 1L, Meteorology, Plate 2,
2J. L. 8. Connolly : *“ A New Chart of Equal Annual Ranges of Temperature,”

i ey v iy

Amer. Met. Jour., X., 189394, 505-506. This chart is reproduced in Bar-

tholomew’s Atlas of Meteorology, Plate 2.
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temperature of the air. In the first place, the snow prevents the
ground from having any control over the temperature of the air, and
substitutes its own influence for that of the ground. The influence of
the snow cover during the season of frost is to increase the radiation,
and at the same time to prevent the flow of heat from the ground by
conduetion.! For this reason, radiation from a snow surface under the
clear sky of a continental winter considerably reduces the winter
temperatures and increases the annual range of temperature. At the
same time, the snow cover does protect the ground to a marked degree
against the penetration of frost, and in this respect it is very beneficial.
On the other hand, when the temperature begins to rise in the spring,
a snow cover effectively retards the warming of the air, as do the frozen
surfaces of oceans and lakes, for the reason that the heat of the sun-
ghine and of the warmer air currents is almost wholly expended in
melting the snow and ice.
It is a mistake to suppose that snow cannot melt in the sun until the
. temperature of the air rises above the freezing point, and that, as long
as the temperature is below 0%, snow can be melted only by warmer air
coming from regions where there is no snow on the ground.* Snow is
known to meltin the sun even when the air temperature is below freezing,
" and this fact is readily explained according to physical laws. In Spitz-
. bergen, in the middle of May, Ekholm found the mean temperature of the
snow surface 1° higher than the maximum air temperature. In a snow
layer 2 meters thick, the thermometer showed a rapid warming from — 7°
to 0°, although the mean air temperature during this time was — 6% and
the maximum,—1°1°. The snow melted rapidly, although the air
temperature did not rise to 1° — 2° above freezing until five days later.”
The increase of temperature in the spring is much retarded by the
‘presence of snow, the retardation being greater the thicker the snow
‘cover. Hence it follows that the spring is colder than the autumn, April
being colder than October; and the annual march of temperature
‘approaches that in a marine climate. In cases where the winter precipi-
tation in high latitudes is small, the temperature rises very rapidly over
‘the dry land in the spring, and the increase of temperature in the air
‘more closely follows the sun. April is then warmer than October.
‘The differences in the annual march of temperature in continental

18ge L. Satke: ** Funfjihrige Beobachtungen der Temperatur der Schneedeck
in Tarnopol,” M.Z., XVI., 1899, 97-106.

T : A, Woeikof : Die Klimate der Evde, 1., 71-72.

N

4 J. Hann : * Die Ergebnisse der schwedischen internationalen Polarexpedition,
1882.83, auf Spitzbergen, Kap Thordsen,” M. Z., X1, 1894, 41-53.
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At Lishon, on the coast of Portugal, the greatest mean diurnal range
of temperature (August) is 6-6°, while at Madrid, at the centre of the
peninsula, it is 14'5° in July. On the island Lesina (43:2° N.), the
maximum (July) is 4-9°; at Tiflis (40-7° N.), 10-3°, and at Nukus, on
the Sea of Aral (42-5° N.), it reaches 16-4°, At Kurrachee, on the coast
of the arid Sind (lat. 24° 47" N.), the greatest mean diurnal range of
temperature is 14° in November,! and at Deesa (lat. 24° 16" N.}, on
a dry, sandy plain in the interior, it is 187" in November.? The
mean diurnal range of temperature in August (10 years) is 6:1° at San
Diego, Cal., and 15-3° at Yuma, Ariz.

The diurnal range is greatest on deserts, and espeeially on dry
plateaus. In Death Valley, California, the mean diurnal range of
temperature in August, 1891, was 17-8°, and the greatest daily range
in the same month was 23-3°.  Rohlfs found the average difference in
temperature between sunrise and 3 P.M. at Murzuk as high as 15:5° in
winter. In the Kufra oasis, in latitude about 25° N,, and at an
altitude of 500 m. above sea-level, the mean difference for one
month { August 15—September 14) was 22-2°, and at Audjila (lat. 29° N.)
it was 197" in May. Similar results were obtained by Nachtigal,
during the summer, in the desert between Murzuk and Kuka, the
average diurnal ranges being between 19° and 22°. The diurnal ranges
of temperature are probably the greatest in the interior of South
Africa and of Australia. Aeccording to Livingstone, the average differ-
ence of temperature between sunrise and noon in the interior of Africa
was 26°6° in June. The difference of temperature between sunrise and
afternoon, in deserts, amounts in individual cases to 30°-40°, as the
result of nocturnal radiation and of the general heating of the surface
during the afternoon. The temperature of the sand reaches 70°-80°
Pechuél Loesche frequently observed surface temperatures as high as 80°
on the Loango coast; and once, in February, noted a temperature of
84:6°. On December 25, 1878, at Bir Milrha, which iz south of
Tripoli, and 314 m. above sea-level, Rohlfs noted a thermometer reading
of —0-5° in the morning, while in the afternoon the temperature was
37-2% a difference of 37-7°. On the morning of May 25, 1840, Perrier
found the ground around his tent in the Algerian Sahara covered with
frost, while at 2 p.M. the thermometer stood at 31:5° in the shade. In
northwestern Australia, Mitchell observed — 11-6° at sunrise on the morn-
ing of June 2, and at 4 P.M. the reading was 19-4°. Livingstone and
Wetzstein report, in the cases of South Africa and of Hauran, respec-

"The annual range is 9-4°. *The annual range is 14-8°,
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tively, that the rocks which have been heated during the day occasionally
cool so rapidly after sunset that they break into pieces with loud
reports. Indeed, it seems probable that this rapid change of temperature
is one of the agencies by means of which the rocks of the deserts are
gradually disintegrated, notwithstanding the lack of rainfall, and are thus
changed into fine material which may then be blown about by the winds.!

What a striking contrast there is hetween these great ranges and the
temperature of the air over the open oceans!  An immense number of
observations taken on board ship in the tropical Atlantic Ocean between
the equator and latitude 10° N., gave a diurnal range of only 1'6°, and a
monthly range of only 6:5°. The results of the “ Challenger ” Expedition
show a daily range of temperature over the open ocean between the
equator and latitude 40° of 1-3° to 1-7°, while the water temperature
varies only from 0-4° to 0-5°.*

The variability of the monthly means of temperature is greater in a
eontinental than in a littoral or an insular climate. Hence a longer
period of observation is necessary in the former than in the latter in
order to give mean temperatures within the same degree of accuracy.
The following table gives a few examples of this. The figures show
the average departures of the means of single months from the general
means of those months,

VARIABILITY OF MONTHLY MEANS OF TEMPERATURE.

Hibeiia sail Ul | Maximum, Dec., 31 | Minimum, July, 1°2
Russia—-Interior, - = o s 3D r May, 1°4
Europe—West, - - | 1 Jan., 24 | ) Sept., 1°'1
England, - - - - i o Ty . R

- e — = —

The annual means, derived from the average departures for the
months, amount to 20° for the first two groups, and for the last
two, 1+4° and 1-2°. The mean departures are also very considerable in
the interior of North America. Thus in February, the mean departure
is 246" ; in August, 1-1°, and for the year, 1-7°,

1 8ee J. Walter : Die Denudation in der Witste (Leipzig) ; and *° Ueber Ergebnisse
einer Forschungsreise auf der Sinaihalbinsel und in der Arabischen Wiiste,” Ver-
handl, Berlin. Gesell. Erdkunde, X V., 1888, 244.255. Walter believes that the daily
range in temperature on the upper surface of dark rocks may be set as high as
&0° as a result of insolation by day and radiation by night. The extremes may
reach 41° and 3°, even in the shade.

2 A. Buchan: * Challenger Reports,” Physics and Chemistry, Vol. IL., Part V.,
1889,
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air of Vienna, or even of Paris, in July, and is not much less than that
in the same latitude on the west coast of Europe.

According to observations made by Rohlfs, the vapour contents of
the air in Ghadames, in July and August, were equal to a pressure of
9-8 and 11'9 mm., and in the oasis of Kauar, in the heart of the Sahara
{lat. 18°-8 N.), the absolute humidity in May was 130 mm. In the
Lybian Desert, at the oasis of Kufra (lat. 24°-5 N.), the mean vapour
pressure in the second half of August was 83 mm., and during the
first half of September, 101 mm. This is the same as the average
absolute humidity of the air in Vienna in May and June. Even in
the most extreme cases, the vapour pressure was always at least
H—6 mm. Lichtenberg was therefore not very far from the truth
when he said: “If we could produce cold as easily as we can light
a fire, we could readily obtain water from the atmosphere, even
in the desert.” According to observations made by Rohlfs, the air
at the Kufra oasis in August would have to be cooled 21-5° on
the average, or from 300° to 84° in order to bhring about a
condensation of the water vapour in it. At 3 P.M. on August 14, the
dew-point was actually 39° below the air temperature, which was
538:9°.  Although the absolute atmospheriec humidity in the continental
interiors during the heat of summer iz by no means inconsiderable,
the air is nevertheless far from being saturated. The relative
humidity is very low, and the evaporating power of the climate is
very great.

In regions of summer rains, the relative humidity even far inland is
as high as on the coasts, Woeikof cites the following example. At
Dorpat, the summer mean absolute and mean relative humidity are 10
mm. and 73 per cent., respectively; and at Yeniseisk, in Central
Siberia, 9°0 mm. and 70 per cent. In July, the vapour pressure at
Dorpat is 10°9 mm., and at Yeniseisk, 100 mm. The relative
humidities are 73 per cent. and 69 per cent. The mean relative
humidity for the stations in southwestern Siberia (excepting Barnaul)
and in western Turkestan, named in the first paragraph of this
section, is 45-50 per cent. in July, while it hardly falls below
75 per cent. on the western coast of Europe at the same time.
During the driest months, the percentages are still lower. At Nukus,
the relative humidity in June is 46 per cent., and for 2 pP.M. it
is only 19 per cent. Petro-Alexandrovsk, a degree and a half of longi-
tude to the east of Nukus, in the desert, has 34 per cent. in June;
Aralsk and Kasalinsk have 45 per cent. in July. The dryness is still
more excessive on the steppes and deserts of lower latitudes. Thus
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Ghadames has 27 per cent. in July, and 33 per cent. in August; the
oasis of Kauar has 28 per cent. in June ; the oasis of Kufra, 27 per cent.
in August; 33 per cent. in September ; and 17 per cent. for the 3 P.m.
August mean. In the Punjab and northwestern provinces of India, the
mean relative humidity in May is 31 per cent. at Lahore, 36 per cent.
at Agra, and it is 30 per cent. at Ihansi in April. The lowest mean
annual relative humidities in the United States are those for the
Weather Bureau stations in the dry southwest. Yuma, Arizona, has a
mean annual relative humidity of 429 per cent., with a mean monthly
minimum of 34:7 per cent. in June. Santa Fé, New Mexico, has a
mean annual of 44'8 per cent., with a mean monthly minimum of 287
per cent. in June. Pueblo, Colorado, has a mean annual of 462 per
cent., with a mean monthly minimum of 376 per cent. in April.
Death Valley, California, was found to have a mean relative humidity
of 23 per cent. during five months (May-September) of the year 1891,
when a temporary meteorological station was maintained there by the
United States Weather Bureau.

Absolute and relative humidity of continental interiors in winter.—
The atmosphere is very dry, absolutely, over the continents of middle and
higher latitudes in winter, on account of the severe cold which then
prevails, but it is relafively very moist and near saturation. Under
these conditions, the relative humidity does not decrease inland, but it
actually increases. The January mean for the stations in southwestern
Siberia and western Turkestan is 1'7 mm. for vapour pressure, and 86 per
cent. for relative humidity. Yarkand has means of 1-3 mm. and 58
per cent. In low latitudes, where the temperatures are high, the air is
relatively dry in the interior, even in winter. Thus Rohlfs’ observations
showed a winter mean, at Murzuk (lat. 25° 54’ N.), of 46 mm. for vapour
pressure, and 47 per cent. for relative humidity.

Evaporation.—A number of measurements of evaporation in the
Russian Empire are available, which, in view of the similar exposure of
similar apparatus at all the stations, furnish fairly comparable relative
values of this climatic element. For this reason, some of the most
important results of these ohservations are given here.!

1 E. Stelling : ** Ueber den jihrlichen Gang der Verdunstung in Russland,”
Repert. f. Met., VIL, No. 6, 1880, and O. PBritzke, on the same subject, ibid.,
XVIL, No. 10, 1894. Rainfall and evaporation relate to the same years. The
amounts of evaporation are comparable with one another, but do not represent the
evaporation from a free water surface in the sun, nor the evaporation from the
ground. The latter naturally depends chiefly upon the amount of moisture in the

ground.
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been established by a study of the difference in the variations of
pressure on the coast and inland.

The phenomena of land and sea breezes, and of their changes, should
be clearly in mind at the outset. “The inhabitants of the sea-shore in
tropical countries,” says Maury,!  wait every morning with impatience
the coming of the sea breeze. It usually sets in about ten o'clock.
Then the sultry heat of the oppressive morning is dissipated, and
there is a delightful freshness in the air which seems to give new life
to all for their daily labours. About sunset there is again another
calm. The sea breeze is now done and in a short time the land breeze
sets in. This alternation of the land and sea breeze—a wind from the
sea by day and from the land by night—is so regular in tropical
countries that it is looked for by the people with as much confidence
as the rising and setting of the sun.” The sea breeze is refreshing and
health-giving, not only by reason of its relatively low temperature, but
also beeause it brings in pure air from the ocean and dispels the
miasmas which so frequently make low, tropical coasts below high
tide level extremely unwholesome. In these regions, one of the most
essential requisites of a wholesome location and of a wholesome climate
is the free access of the sea breeze. The land breeze, on the other
hand, is often distinctly unwhaolesome, especially on the tropical west
coast of Africa; and it may give rise to actual epidemics if it blows
for an unusually long period. This is especially the case where
stagnant bodies of water, within reach of high tide, and surrounded
by luxuriant vegetation, stretch inland from the coast.

When the sea breeze has the same direction as the prevailing
winds, it often increases in the afternoon to the velocity of a gale,
while the land breeze is hardly noticeable. “In the summer of
the southern hemisphere,” says Maury, “ the sea breeze at Valparaiso is
more powerfully developed than at any other place to which my
services afloat have led me? Here regularly in the afternoon, at
this season, the sea breeze blows furiously; pebbles are torn up

! The Physical Geography of the Sea, 15th ed., London, 1874, Chap. YL, pp. 133-
145.

2The cause of this unusual development probably lies in the combination of
three circumstances, namely, the abnormally low temperature of the ocean
waters ; the excessive heating of the dry, barren land under the strong insola-
tion of the southern summer; and a prevailing wind from the southwest
which very nearly coincides with the direction of the sea breeze. Similar con-
ditions, attended by similar consequences, are noted on the southwestern
coast of Africa, and on the coast of California.
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from the walks and whirled about the streets; people seek shelter ; the
Almendral is deserted, business interrupted, and all communication
from the shipping to the shore is cut off. Suddenly the winds and
the sea, as if they had again heard the voice of rebuke, are hushed
and there is a calm. The lull that follows is delightful. The sky
is without a cloud ; the atmosphere is transparency itself; the Andes
seem to draw near; the climate, always mild and soft, becomes now
doubly sweet by the contrast. The evening invites abroad, and
the population sally forth—the ladies in ball costume, for now there is
not wind enough to disarrange the lightest curl. In the southern
summer, this change takes place day after day with the utmost

regularity, and yet the calm always seems to surprise, and to come

before one has time to realise that the furious sea-wind could so
soon be hushed.” 1

Height of the sea breeze.—No general statements can be made
as to the height of the sea breeze, or as to its distance of penetra-
tion inland, for these features primarily depend upon local con-
ditions. At Coney Island, which is near New York City, and is
therefore a long distance outside of the tropics, some observations as to
the height of the sea breeze in summer (August) were recently made
by means of a captive balloon. The sea breeze extended above
this low island to a height of about 150 meters, and the upper
eurrent, from the opposite direction, was encountered at about 200
meters. Balloon ascensions have frequently shown that the air blows
seaward above the sea breeze, for the balloons have heen driven
out to sea by this upper, off-shore wind. By causing the balloon
to descend into the lower ewrrent, it could again be brought back
to the land. By means of this method of observation, the height of
the sea breeze at Toulon, in the middle of October, 1893, was found to
be about 400 meters, while a distinet offshore current was found at
600 meters.

On the coast of southern California, the sea breeze blows throughout the
greater part of the year. It is weak in winter and strong in summer. During
the latter season, it is a dry wind even on the coast.* The height of this sea
breeze may be assumed to be about 24 kilometers, as determined by the smoke

IM. F. Maury, loc. cit. Note also in this same book the graphic deseription
given by Lieutenant Jansen of the weather conditions which accompany the
changes of land and sea breezes on the coast of Java.

*The cause is undoubtedly to be found in the fact that the ocean near the
coagt is very cool, while on the other hand the land is very much warmed. The
air which comes off the ocean must therefore seem relatively dry over the land. -
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of the brush fires upon the mountains. The movement of this smoke is toward
the east at first ; at a greater height, this drift becomes progressively less and
less marked, until, at an altitude of about 2500 meters above the sea, there
iz a calm. The smoke which continues to rise above this level turns to the
west. This observation can, however, be made only by elimbing up on a
mountain.  On the summit of Old Gray Back, the wind may be felt moving west-
ward, while 1800 meters lower the sea breeze is blowing in the canyons.! This sen
breeze upon the coast of southern California is, however, a wind which partakes
rather of the character of a monsoon, becanse it is an effect of the prevailingly
higher temperature in the interior of California as compared with the ocean.

The off-shore beginning of the sea breeze was noted as long ago
as the days of Dampier. He called attention to the fact that
the sea breeze begins out at sea, and gradually extends to the shore,
while, on the contrary, the land breeze begins at the shore and
forces its way out to sea. The observer on the shore detects
the approach of the sea breeze out at sea by the rippling of the
surface, and by the deep blue colour which the water assumes, while
near shore the water is still as smooth and shining as glass. In
about half an hour, the sea breeze reaches the land, and inereases
in velocity till afternoon. The land breeze first reveals its presence
out at sea by the odour of plants and flowers, which suddenly fills the
air before the breeze itself is noticeable.

An increase of the sea breeze with a flood tide, when the flood
tide and sea breeze occur simultaneously, has frequently been observed.
Kriimmel is probably right in explaining this fact as due to the
raising of the atmospheric strata by the tide, and the resulting
increase in the pressure gradient toward the land.®

The sea breeze in New England.—The most exhaustive study of
the sea breeze in any special area was that undertaken by the New
England Meteorological Society during the summer of 1837, when a
series of systematic observations was carried out at 130 stations on
the coast of Massachusetts.”

In this region, as elsewhere, the sea breeze begins first over the open
ocean and gradually works in toward the coast, which it reaches at

IT. 8. Van Dyke: Southern Californic, New York, 1856.

* Geophysikalische Beobackiungen der Plankton-Expedition, Leipzig, 1893, 44.
50. Dampier's classical description of land and sea breezes is reprinted in
Amer. Met, Jour,, IV., 1887-88, 59-61.

W. M. Davis, L. G. Schultz, and R. De C. Ward: ‘‘An Investigation of the
Sea Breeze,” Annals of the Astronomical Observalory of Harvard College, Vol.
XXI., Part I1., Cambridge, Massachusetts, 1890. See also W. C. Appleton :
““The Sea Breeze at Cohasset, Mass ;" Amer. Met. Jowrn., IX., 1802.93,
134-138.
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eight o'clock on very warm, quiet mornings ; but the hour is more often
nine or ten o'clock, and not infrequently the arrival is delayed until
noon. The sea breeze advances inland from the shore-line at a rate of
from 5 to 13 km. an hour at first, but the rate afterwards becomes
slower, when the breeze approaches its greatest penetration of 16 to
30 km. late in the afternoon. On sea breeze days, the average velocity
of the wind is 23 km. an hour at 3 r.m., at Boston, the only coast
station with an anemometer. This is much faster than its rate of
penetration inland, and an ascent of the breeze at its inland margin
must therefore be inferred. The development of the afternoon
thunderstorms which accompany sea breezes on many coasts is prob-
ably connected with this fact.

In the summer of 1887, the sea breeze took possession of a narrow
strip of the eastern coast of Massachusetts on thirty days, and, judging
by the weather of that season, this number may fall somewhat below
the normal for the same period in other years. The oceurrence of the
breeze depends on the general weather of the region ; it appears most
distinetly on warm, clear, quiet days; and is absent on cool, eloudy
and rainy days, and on days with strong winds of any direction. It
produces a distinet and agreeable depression of temperature on the
eoast, but this effect soon weakens and disappears inland. Although
the thermometer records fail to indicate the full measure of the
hreeze’s inland advance, observers away from the coast are frequently
able to distinguish the sea breeze by its freshness and its faint scent
of the sea, which give it a character quite apart from that of the land
winds.

The records kept at Manchester, Massachusetts, a station which is
near the water’s edge and very accessible to the unwarmed sea breeze,
show a mean diurnal range on sea-breeze days of 6:9% while in central
Massachusetts the same is 14-2°, A thermograph record from Man-
chester gives clear indications of the effect of the sea breeze in the
truncation of the diurnal temperature curve, two maxima being often
apparent, one before and one after the sea breeze. The same feature
appears, although with less distinetness, in the thermograph records
at Cambridge, Massachusetts, 6 or 8 km. from the shore.

The sea breeze on the coast of Senegambia, at Joal, during the
dry winter season, has been described by Bigourdan, who carried on
an interesting series of obhservations there.!

! Comptes Rendus, CXVIIL, 180, 1201-1204. ‘Résumé des Observations
meétéorologiques faites & Joal (Sénégal) par la Mission chargée par le Bureau
des Longitudes d'observer I'Eclipse totale de Soleil du 16 Avril, 1803,
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During the stay of the solar eclipse expedition at Joal, from January 1 to
April 16, 1893, there were only two or three oceasions on which a trace
of rain fell. The prevailing wind was northeast. While this wind blows, the
temperature and dryness rapidly increase. After noon, the sea breeze sets in,
which comes from the northwest, lowers the temperature and increases the
humidity. The natives await the coming of this breeze with impatience, but it
does not penetrate far inland, and advances very slowly. When the sea breeze
approaches from the ocean, the set of the waves changes, as does the colour of the
water, as far as the eye can reach. The dividing line can be clearly distinguished
at a distance of two to three km., and it usually takes half an hour for the breeze
to reach the land. This gives a maximum velocity of advance for the sea breeze
of six km. an hour, and also explains the deliberate penetration of the sea breeze
inland. During the night and morning, the wind is northeast, and brings in fresh
air, but as soon as the sun begins to shine, the air is warmed by contact with the
hot ground, and the thermometer rises very rapidly. When the sea breeze is delayed
in its beginning until toward 2 or 3 .31, the temperature may be observed to rise
to 40° ; but the breeze usually begins before noon, and then the maximum tem-
perature does not exceed 28°-30°. The fall in temperature when the sea breeze
sets in is extraordinarily rapid ; =o rapid, indeed, that the self-recording thermo-
meter cannot keep up with it, and lags several degrees behind. The humidity,
on the other hand, rises just as rapidly as the temperature falls. The following
data, for April 14, 1893, show what effect the sea breeze has upon the temperature
and the humidity at Joal.

TEMPERATURE, RELATIVE HUMIDITY AND WIND DIRECTION
AT JOAL, SENEGAMBIA, ON APRIL 14, 1893.

Hour, - - - | 6 am. 7 a.m. 53 a.m. 9am. |10am. |1l a.m.
Temperature (in k- 9. . 4002 a. :
iabadnddl | 208 | 288 273 | 304 | 331 | 368
Relative Humidity, 435 33% 249 | 18% | 14% 6
Wind, - - - | ENE. | ENE. ENE. | NE. | NE. | NE
|
Hour, - - - (12 noon.|12.30 p.m.| 12.45 pm.| | p.m. | 2 p.m, | 3 p.m.
Temperature (in : e o1 | o=
F ity } 383 392 28+ 261 | 254 | 240
Eelative Humidity, 4% 3% il G4, 657,
Wind, - - - | NE. NE. NW. | NW. | NW. | NW.
| |

It appears that the arrival of the sea breeze, hetween 1230 and 12.45 P.M., causes
a fall in temperature of 11°, and a rise in the humidity of 42 per cent. Such
sudden changes as these are naturally entirely lost sight of in the regular
observations made thrice daily, and can be followed only when self-recording
instruments are used.’

! Reproductions of some of the records of humidity, temperature, and pressure
obtained by means of self-recording instruments may be found in the Annales du
Burenu des Longitudes, V., Paris, 1897.
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Relative velocity of land and sea breezes. Diurnal variation in
wind velocity on land.—The land breeze, as a rule, seems to be much
less well developed than the sea breeze, and Ferrel explains the greater
velocity of the latter as compared with the former in the following way.
The land is warmer than the water, even when the mean daily temperatures
are considered. This is true for the tropics all the year around, and for
higher latitudes in summer. Hence the nocturnal temperature
gradient, which gives rise to the land breeze, is weaker than the
diurnal gradient, which causes the sea breeze. Furthermore, the
velocity of the lower strata of air moving over the land is much
reduced by friction against the inequalities of the surface ; while there
is much less friction over the smooth ocean surface. Lastly, as a result
of the warming of the land surface, there is the diurnal increase in the
velocity of all winds over the land, and this increase must also affect
the sea breeze.

Since self-recording anemometers came into use, it has become clear
that everywhere, in all climates, over the land and also along shore, the
velocity of the wind, no matter what its direction may be, increases
from morning to afternoon. The velocity reaches its maximum at
about the time of maximum air temperature, and then rapidly
decreases, reaching a minimum after midnight. The increase in wind
velocity from morning (about 8-9 A.M.) to afternoon is most marked on
clear days, and in some climates is so great at certain seasons that the
wind rises to a gale in the afternoon, while it decreases in velocity
again towards evening, and there is a calm at night. Thus Schwein-
furth and Nachtigal desceribe the extraordinary increase in the intensity
of the northeast trade wind in the interior of Africa during the daytime,
while the nights are calm.!

Espy, and more recently Kippen, whose work was quite independent of
that of Espy, have rightly explained the diurnal increase in wind velocity
on land as the result of the interchange of air between the upper and the
lower strata of the atmosphere during the day, oceasioned by the heating
of the ground. In consequence of this interchange, the upper strata,
which always move much more rapidly than the lower ones, are brought
down to the earth’s surface to replace the warmed air, which rises.

Lake breezes.—Even large lakes may give rise to off-shore and on-shore

breezes. Forel has demonstrated the existence of such breezes in the case of the
Lake of Ceneva. On the northern shore of that lake, between Ounchy and Rolle,

| Further discussion of this phenomenon can be found in the author's treatise :
“Die tigliche Periode der Geschwindigkeit und der Richtung des Windes.
S.W.A., LXXIX., 2, 1879, 11-96” (Z./. M., XIV., 1879, 333-349).
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the land breeze (morget) blows as a strong north wind from between 5and 7 o'clock
in the evening to between 7 and 9 in the morning. This breeze always begins on
the land and works out toward the lake, as Forel has hundreds of times had
occasion to observe at Morges. The first weak puffs of wind suddenly appear
along the shore, and thence work out on to the lake. In the autumn, when the
land eools, while the lake is still warm, the air flows toward the lake from all sides
in calm weather, and the morget then blows almost continuously, The same thing
happens to a more marked degree in winter, when the land is covered with snow.
The morget is, however, then no longer a true land breeze, The lake breeze, le
rebat, blows during the day from 10 A.m. till 4 Py, but with less velocity than
the morgef. This lake breeze begins over the open surface of the lake, and
advances toward the shore. The morget and the rebat are true land and lake
breezes, according to Forel, and are not mountain winds. The real descending
mountain wind, known as joran, is much stronger than the morget, but reaches
only the base of the mountains, not advancing on to the lake.!

An excellent example of a lake breeze is described by Hazen.® During the
summer of 1882, observations were made at the Lake Crib, a water-tower station
three miles east of Chicago, in Lake Michigan, and at Chicago, with a view to
determining the relation of the winds at the two stations. From this it appeared
that the mean hourly direction of the wind at Chicago, during July of that year,

indicated a change from almost due east at 1 P.m., through southeast to almost
south at 10 r.m.

The theory of land and sea breezes is as follows. During the
morning, the land warms more rapidly than the water, and the warmed
air over the land expands upward ; or, to put it in another way, the
pressure aloft rises over the land more than it does over the water.
Therefore the air aloft over the land begins to flow off toward the sea,
and the pressure rises over the sea, while it falls over the land. Hence
it follows that a lower current of air is set up, flowing from the sea
toward the land. This is the sea breeze. At night the conditions are
reversed. The land cools more rapidly than the water. The cooling of
the land involves a decrease in the pressure aloft over the land,® and
with it an inflow aloft of warmer air from the ocean. Consequently
the surface pressure over the land must increase, and that over the
ocean must decrease. Thus there results a current of air from the land
out to sea, and this is the land breeze. In the morning and evening,
between these times of changing winds, there is equilibrium of pressure
and a calm prevails.

1 8ee A, Forel : Le Lac Leman, Basel, 1886, Vol. 1., 302,

2 H. A. Hazen : * Report on Wind Velocities at the Lake Crib and at Chicago,
U7.8. Signal Service Notes, No. V1., 1883.

3 In connection with this effect of the warming and cooling of the air upon the
pressure in the upper strata, reference may be made to the table at the beginning
of the seetion on mountain climate,

]J
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The diurnal period is too short to make it possible or any consider-
able differences in pressure to be established between land and water.
Indeed, the differences in pressure from which the land and sea breezes
result are so slight that it has been impossible, until recently, to be
sure of their existence.! Nevertheless, even the annual means of the
hourly pressure readings, obtained with self-recording barometers on
the coasts and in the interior of England, have shown the above-
mentioned differences in pressure at the earth’s surface, which set the
land and sea breezes in motion. From 10 A.M. until 11 P.M., the coast
stations have a relatively higher pressure, while during the night the
inland stations have the higher pressure. This should be the case if
the air aloft really flows from land to sea by day, and back from sea to
land at night. The fact that the sea breeze first begins ofi-shore, and
then works its way in toward the land, probably results from the
circumstance that a weaker gradient can put the air in motion over the
smooth sea surface than over the land, where there is much more
friction. The air over the land cannot overcome the greater amount
of friction, and henee cannot move down the gentle gradients offered to
it, until the increased warming over the land has brought the small
difference in pressure which produces the sea breeze nearer to its
maximum value. Moreover, the vertical air eurrents, which develop
with the inereased warming of the ground, reduce the effect of the
friction.

The anthor cannot accept the explanation given by Seemann of the off-shore
beginning of the sea breeze.? According to Seemann’s theory, the rapid warming
and expansion of the air over the land in the morning exerts a pressure
laterally out toward the ocean, which cannot be overcome until later. There
does not seem to be the slightest reason for assuming such a lateral pressure
of the air. Moreover, it is quite unnecessary to assume that there is such a
pressure simply because of this one phenomenon, since the off-shore beginning
can be explained in another way. If we recall that the most rapid hourly
increase of temperature on a summer forenoon is about 12° and that this rate
is still less aloft, i.e., only 0-02° a minute, the air must certainly be supposed to
have time enough to expand upward in the natural direction of least resistance.

Monsoons,—The two contrasted sets of atmospherie currents which
are due to the reversal of the temperature conditions over land and

1The chief discussion of this matter is due to Blanford and Chambers. H. F.
Blanford : * Luftdruckdifferenzen beim Wechsel der Land- und Seewinde an der
Kiiste von Bengalen,” Z.£ M, XIL, 1877, 129-131 ; and F. Chambers : ** Diarnal
Variations of the Barometric Pressure in the British Isles,” Quart. Jouwrn. Roy.
Met. Soc., V., 1878-79, 133-136; Z./.A[., XV, 1850, 195-196.

2R. H. Seemann: *Ueber Land- und Seewinde und deren Verlaui,” Das
Wetter, 1., 1884, 79-83; 101-105; 124-131.
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water in summer and winter, attain a much greater development than
the land and sea breezes, hy reason of the longer period during
which these differences of temperature are in operation. Hence the
seasonal winds are of very great climatic importance. In the middle
and higher latitudes of the northern hemisphere, these seasonal winds
may even entirely overcome the general circulation of the atmosphere,
at least so far as the lower strata are concerned. The contrast
between equator and poles, or between south and north, is then
no longer the dominant control, but this is replaced by the contrast
between continent and ocean, or between east and west. Correspond-
ing to the diurnal period of change of the land and sea breezes
on the coast, there is an annual period of change of continental
and oceanie winds over the continents. There is, however, a marked
difference in the degree of development. In the latter case, each
of these winds lasts for nearly half a year, and attains a much
greater development and velocity than in the case of land and sea
breezes. The name monsoons, or seasonal winds, is given to those
winds which change with the opposite seasons. Every continent
gives rise to such monsoons, but in practice the term is applied only
to the larger and more dominant winds of this class.

Continental winds of summer.—In order to understand fully the
causes of the atmospheric circulation between continents and oceans,
which is of such fundamental importance in climatology, we need
to consider at somewhat greater length than we have yet done
the effect of the warming and cooling of the land upon the distribution
of pressure. As the causes which are concerned in producing monsoon
winds continue in operation for almost half a year, their effect
upon the distribution of pressure is much more important than in
the case of land and sea breezes, and may readily be shown directly
by means of observations.

The warming of the atmospheric strata over an extended land
surface, and over entire continents, as compared with the warming
over the oceans, proceeds as follows. The surface is warmed under
the influence of insolation during the day; the lower strata of air
are likewise directly warmed, and ascend in individual currents,
while other, cooler currents descend to' replace those which have
risen. Thus there results a continuous interchange of air between
the upper and the lower strata, which can be detected in the *“un-
steadiness” of the air that may always be noted when we look
across a warmed surface toward distant objects. This play of ascend-
ing and descending air currents is interrupted at night, when there



i :
ElF {
11 ;
Lik
N AL .
il Bl e
. II'- |- |
: 11 !
[ L 1
r I
: . . [
1 T T ek L
. ) 1t
=1 | .
AT [ 3
il 15! L :
L& |
i 1] ;
; { | & !
1 f al: 4
) ! ; E I
T 1 B |
I e | I :
o fay X : :
1 § 1
1L ! . : W I I
! |
: T L
BiRlE 1 1 - :
I-I : : :
n Hiphl
i L= I




} i
= o
= i g et - T o g / "
. - 2 F - = - = T
: | = B E







INFLUENCE OF CONTINENTS UPON WINDS. 167

temperature between land and water is slight; if the extent of the
land area is small, or if there are prevailing winds which result from
the general distribution of pressure (as, e.g., the trade winds within
the tropics), then the influence of the continents is seen only in a
deflection of the prevailing winds, the deflective forces having the
directions noted above.

When the air moves in from all sides toward a continent, as 1s the
case over the Iberian peninsula, and as is also seen, on a still larger
scale, over the larger continents in summer, the barometric minimum
would soon be filled up, and disappear, if the air were not continually
moving away in the opposite direction aloft. The reasons for this
outward movement aloft have already heen considered at some
length, and it has also been shown that this is really the primary
phenomenon. The movement of the air over a warmed continent
is often thought of as a great ascending current, on an enormous
seale (cowrant ascendant). This view needs some modification, in so
far as an upeast wind, such as is found to exist in mountains, and
which is really a cowrant ascendani, does not, and indeed cannot,
exist in this case. The air over the land is gradually expanded
by the heat throughout its mass, and the upper strata are raised
above the level of equilibrium. Hence these upper strata move
away aloft on all sides. Now, as the warming continues, new masses
of air from helow are raised by the process of expansion ; they replace
the air which has moved away, and thus the movement continues. It
probably takes a good deal of time for the individual particles of
air, which were on the surface at the start, to reach the higher strata,
in which the outward movement hegins. These particles do not rise
directly from the surface to this altitude, but reach it only by means of
a gradual ascent, during which they become involved in ascending and
descending air currents. That an immediate ascent 40 the maximum
altitude does not take place is evident from the slow rate of decrease
of temperature upwards in clear summer weather; and from the fact
that the sky is not continually cloudy in the afternoon. The air, even
in the desert, is not so dry that it could rise 3000-4000 m. without
producing a eloud cover as the result of its adiabatic cooling. If the
air rose all at once, the decrease of temperature would be 1° in 100 m.,
whereas it is actually only about one-half as large.

Continental winds of winter and their explanation.—The reversed
system of air currents is developed over the continents of the middle
and the higher latitudes in winter, when the oceans are warmer than
the lands. The influence of the land upon the course of the winter
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isotherms is very strikingly shown in the distribution of the mean
temperatures of the month of December, 1892, over Denmark. There
were then reproduced, on a small scale, over Jutland, Fiinen, and
Zeeland, the same conditions as are presented by the average courses of
the isotherms over the great continents of the higher latitudes. Every
island and every peninsula had its cold centre, and the temperature
everywhere increased toward the sea coast.

<%

Fiz. 6.—IsoTHERMS oVER DENMARK, DEcEvprr, 1802,

The difference in temperature between the interior of Jutland and
the outlying islands in the North Sea reaches 5° — 6% in the monthly
mean ; and between the interior and the islands in the Cattegat, the
difference is more than 3°. The temperature minima in the interior of
the main land mass reached —12° to —16°, while they did not go
below — 4'8° over the islands in the North Sea. This, it is to be noted,
is not hy any means an exceptional case, but is the rule every autumn
and winter. Similarly, the isotherms of the British Isles, in December,
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as shown by comparison of the isobars for July and January, must
also be taken into aceount. In summer, the difference of pressure
between the harometric minimum of the interior of Asia and the
barometric maximum of the Atlantie and the Paecific Oceans, is
about 15 mm. In winter, on the other hand, this difference, with a
pressure decrease from land to sea instead of from sea to land, amounts

~ to at least 30 mm. toward the North Atlantic Ocean, and about 25

mm. toward the North Pacific. The difference in winter is, therefore,
on the average about twice as great as in summer. This fact can
easily be explained in the light of what has already been said concerning
the influence of the land upon the temperature of the air. In summer,
the temperature increases at a much slower rate from oeean to continent
than that at which it decreases in this direction in winter. Indeed, it
has already been seen that the difference of temperature at latitude
53° north, between the west coast of Europe and western Siberia is
6:7° in summer and 23:7° in winter. The continent cools much more
in winter than it warms in summer. Hence the wind movement
between ocean and continent is much more energetic and more
extended in winter than in summer. In other words, the slope of the
isobaric surfaces in the upper strata of the atmosphere from the ocean
toward a large continent is much steeper in winter than is the reversed
slope, from the continent to the ocean, in summer. There results from
this fact a considerable accumulation of air over the continents in
winter, and the production of well-marked areas of high pressure over
them ; and similarly the production of deep barometric depressions over
those portions of the northern oceans which are relatively the warmest.
The much more stormy character of the winds, and the greater ranges
of temperature in winter than in summer, result from these pressure
conditions. The distribution of temperature, and therefore also the
distribution of pressure over the hemisphere as a whole, are much more
uniform in summer than in winter.

The climatic contrasts of the eastern and western coasts of
continents in middle and higher latitudes are explained by what has
already been said concerning the prevailing winds of these regions.
On the eastern coasts, dry, cold, off-shore winds prevail during the
winter. Since these winds come from the colder parts of the continent,
the continental elimate extends to the coast at this season. It even
extends still farther, to the islands lying offshore, as in the case of
the islands of the Japan group, off eastern Asia. In summer, on the
other hand, cool, southeasterly, on-shore winds prevail. The coastal
districts north of about latitude 45° now have a damp, cloudy marine
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It must be remembered that the equatorial current occupies about
twenty degrees of latitude, on both sides of the equator, which is one-
third of the earth’s surface, and that it embraces certainly more than
one-half of the ocean surface in the northern hemisphere. With this in
mind, there is nothing surprising in the fact that this great volume of
water, when once set in motion, should not lose its momentum as soon
as it meets the obstruction caused by the eastern coasts of the con-
tinents ; but that, turning north and south toward higher latitudes,
it should, for some distance, retain enough velocity to keep on its course,
even when this course does not everywhere coincide with the direction
of the surface winds. When, however, these branches of the equatorial
current have poured their warm waters into the farther portions of the
ocean basins, in about latitude 40° N. and 5., this warm water comes
under the influence of the westerly winds which prevail there, and is
driven to still higher latitudes. As the result of this movement, the
warm water is pushed toward the western coasts of the continents, and
the only place that is left for the cold surface currents returning from
the polar oceans is on the eastern coasts. In the southern oceans,
where there are no great continental masses beyond latitude 40° 5., the
cold Antarctic currents, which often carry icebergs, have plenty of
TOOTI.

The ocean currents between the equator and latitude 40" north and
south are therefore the following: On the side towards the equator
there is the equatorial current; on the eastern coasts of the con-
tinents we have the warm branch of the deflected equatorial current,
which continues to higher latitudes and there, at about latitude 40°
turns to the right in the northern, and to the left in the southern
hemisphere, flowing in an easterly direction poleward from the horse
latitudes, and gradually losing its velocity and its high temperature.
At this point, the water comes under the influence of the winds which
prevail on the eastern side of the tropical high pressure area, and it is
again driven equatorward toward the southeast and the south.! The
eurrent thus makes a turn and again becomes a part of the equatorial
eurrent, completing the shorter circuit. This return current on the
sub-tropical and tropical western coasts of the continents is cool, for we
here have water which has already been cooled, flowing into lower
and warmer latitudes,

The effect of these currents upon temperature.—This short tropical
and sub-tropical circuit of ocean currents which is developed in the

1In the northern hemisphere. In the southern hemisphere this direction is
towards NE. and N.
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OCEAN CURRENTS. 187

reasons, the coolest season on the Somali coast is the period of the
southwest monsoon, although this really corresponds to the summer.

Captain Hoffmann says: “ At the beginning of July, the temperature of the air
and of the ocean remained fairly constant between Zanzibar and Cape Warshekl,
the water temperature being 25°. The water temperature fell rapidly between
latitudes 4° and 8° N., and reached the abnormally low reading of 15° off Ras al
Khyle. At the same time, the temperature of the air fell, and even with a clear
sky, the thermometer did not rise above 20° at noon ; so that it was pleasant to
sit out under the tropical sun. The horizon was hazy, and heavy dew formed at
night. The colour of the ocean was a dark olive green, and often almost black,
while it was light green close to the shore. The water was always deep blue
where it had its ordinary temperature. The temperature was found to be
uniformly between 15-5° and 15-3% to depths of 200 meters. !

The ocean cwrrents north of latitude 40° must next be considered.
The regions covered by the sub-tropical barometric maxima over the
oceans, between latitudes 25° and 40° are marked by weak variable
winds. These are called the horse latitudes by seamen. On the
northern side of the tropical high pressure belts of these horse latitudes
(in the northern hemisphere), southwesterly winds prevail over the
ocean, especially in winter, when a deep barometric depression forms
over the northern portion of the oceans, in about latitude 60° N.
These southwesterly winds carry the warm water, which was brought
to middle latitudes by the Gulf Stream and the Kuro Siwo, to the
northeast, as a great drift current, and the western coasts in the higher
latitudes are thus warmed. Both air and ocean currents therefore
combine to raise the temperature on these western coasts, especially in
winter. In the case of the eastern coasts, on the ether hand, the warm
branch of the equatorial current, which flows close along the coast up
to about latitude 40°, does not benefit the continent in winter because
the prevailing winds blow off-shore. Thus it is elear that a high ocean
temperature can affect the temperature over the land only when the
prevailing winds blow on-shore. This is the case on the eastern coasts
in summer, but then the ocean is cooler than the land, and at this
season the warm current can help to raise the mean temperature only
by preventing a considerable cooling through the on-shore winds.
Beyond latitude 40° N., where the warm current turns toward the
northeast and east, and leaves the coast, we find cold eurrents on the
east coasts, which considerably reduce the summer temperatures. In
the Atlantic Ocean this cold current brings down icebergs.

1 Hoffmann : ** Reige S.M.EKr. *Mowe® von Zanzibar nach Aden,” dwnn. der
Hydrogr., XIV., 1886, 301-396.
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OCEAN CURRENTS. 191

ocean air departs farther and farther from its point of saturation. The
conditions on the west coast of southern Africa are quite analogous. To
~ a somewhat less marked degree, the phenomenon is repeated on the
coast of California and on the west coast of northern Africa. All these
coasts have a marked tendency toward a deficiency of rainfall so long as
the cool current flows along them, and so long as there is cold water
off-shore.

On the contrary, the coasts along which flow the warm equatorial
branches of the oceanie circulation have abundant rainfall, while at the
same time the winds, at least during the warmer season, also blow from
lower to higher latitudes. The eastern coasts of the continents, there-
fore, have a plentiful supply of rain from the equator into the temperate
zone. The whole eastern coast of Australia has abundant precipitation,
as have the eastern coasts of south Africa and of South America, in
contrast to the corresponding west coasts in the same latitudes.
Eastern North America and eastern Asia also have enough rain. The
proximity of a warm ocean increases the rainfall becaunse the air which
is nearly saturated at a high temperature, is frequently cooled, and
the water vapour which it contains is condensed.

In higher latitudes, where the contrasts in the temperature conditions
between continents and oceans are reversed from summer to winter,
and where a warm ocean current flows along the coast, there is a
tendency to a winter maximum of rainfall, because at this season the
warm air from the ocean is greatly cooled over the cold land. In
summer, on the other hand, when the land is warmer than the sea, the
precipitation decreases both in frequency and in amount. This is the
case on the northwestern coasts of Europe and of North America. It
is true that the prevailing southwesterly and westerly winds on the
eastern side of the low pressure areas which lie over the northern
oceans tend to bring about this same result, and are indeed the cause of
the warm ocean currents themselves. In the southern hemisphere, the
South American continent is the only one which reaches far enough
into the higher latitudes to have these abundant rains on its west
coast. The Chilean coast south of latitude 40° S,, where the prevailing
winds are from west and northwest, is even more rainy than the
coasts of Norway and of northwestern North America. It is a striking
fact that these coasts are also peculiarly alike in that they rise abruptly
from the sea, with their mountain ranges everywhere closely following
the coast, and that their shore lines are indented with numerous fiords
whereby the ocean gains access to the interior.
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TEMPERATURES OF PARALLELS AND HEMISPHERES, 209

mean temperature of the earth in Jurassic time, on the assumption
that the distribution of land and water, at that epoch, was like that
shown on Neumayer’s map of the earth in the Jurassic. Von Kerner
obtained from Neumayer’s map the relative amounts of land and water?
along the different parallels of latitude, and, from Spitaler’s formula,
the temperatures of a land and water hemisphere. It appeared from
this calculation that, in Jurassic time, the temperatures from latitude
20° N. to latitude 40°S. were considerably higher than at present ;
- that they were 6:5° higher along the equator, and that they were also
higher then between latitude 50° and latitude 70° N. than now. At
latitude 30° N., the temperatures were lower in Jurassic time than they
are at present. The mean temperature of the southern hemisphere
appears, if we accept Neumayer’s distribution of land and water, to
have been about 1:5° higher than that of the northern hemisphere, and
the mean temperature of the earth as a whole appears to have been
more than 2° higher than at present.”

Polar temperatures of land and water hemispheres.—Woeikof has
raised certain valid objections against the polar and equatorial tempera-
tures of a land and a water hemisphere which are obtained by the
empirical formulae of Forbes and Spitaler.® It is difficult to see what
causes the low temperature of 22° on the equator of a water hemisphere,
since we have nothing approaching it even in the middle of the Pacific
Ocean. Woeikof is of the opinion that the mean air temperature at
the equator of a water hemisphere would be 267, a result which is the
same as that reached by the author.* Again, the temperature of 44-8°
at the equator of an earth wholly covered with land, is probably too
high.

When the temperature at the pole of a water hemisphere is found to
be —9° to — 107, it is clear that we are already dealing with purely
imaginary temperatures, because even salt water cannot cool below
~3° or —4° without freezing, and the mean annual temperature over
a surface of salt water should hardly be assumed to be lower than

14, in the formula of Spitaler.

*F. von Kerner: ** Eine palioklimatologische Studie,” 8. W.4., CIV., Ila.,
18935, 286-291. Precht has recently used a constant n in the formulae of Forbes
and Spitaler, for he assumes that land and water are everywhere uniformly
distributed along all parallels of latitude. The value of n is then 244 per cent.
By this method he has worked out new normal temperatures, to which, however,
‘no more extended consideration can here be given. (W. Precht: ©“ Neue Normal-
temperaturen,” M. Z., IX., 1894, §1-90.)

* Die Klimate der Erde, 1., 332,
~ 4J, Hann : * Temperatur der siidlichen dlemisphiire,” loc. cit.

o
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-5 to —6°. If the water surface freezes, then we have to do with a
polar temperature similar to that in the case of a land surface. Not-
withstanding these difficulties, however, such calculations as these are
of importance in the study of theoretical climatology, because they
furnish us with some basis for determining the influence of the south
polar ice cap in lowering the temperature in that region.

As regards the polar temperature of a land hemisphere, Woeikof
rightly calls attention to the fact that this could not be so low as that

obtained above, because there would be no snow on a land hemisphere, -

and therefore the summer temperature at the pole would have to be
very high. Following Woeikof’s suggestion, we may conclude that the
January temperature could hardly fall below — 50°, espeecially if the land
were level ! and the July temperature over a dry land area without a
snow cover could easily rise to 16° to 20° if not higher. Under these
conditions we should have, at the pole, a mean annual temperature
of between — 18° and — 15°, or even higher still. It is naturally most
difficult to estimate the temperatures over a land hemisphere, because
the actual conditions of the earth’s surface are so different from the
hypothetical ones.

Zenker's normal temperatures of land and water hemispheres.—
Zenker has determined the normal temperatures of a hemisphere
composed wholly of land, or wholly of water, by a method entirely
different from that used by Forbes and Spitaler. By a purely
theoretical process, similar to that adopted by Angot, he first caleulates
the amounts of heat received on the earth’s surface at every parallel of
latitude, taking into aceount, not only the absorption of solar radiation
by the atmosphere, but also the diffraction in the atmosphere,
and the refleetion from land, water, and snow surfaces. The
diffuse radiation is thus also taken into consideration. Zenker
believes that his estimates of the amounts of heat, which are
naturally computed for a clear sky, nevertheless hold good in the case
of nature, because clouds check radiation at night, just as they
diminish insolation by day. In his last great work Zenker has,
however, endeavoured to take account of the effect of cloudiness as
well, and he has deduced certain factors for use in correcting for the
different degrees of cloudiness.

Zenker believes that it may be assumed that the variation in radiation
at different points is proportional to the differences in temperature. If
there are two points at different latitudes which may be considered, in
so far as their mean temperatures are concerned, to have a typical

!'The air currents would hardly allow so low a mean temperature to be reached.
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TEMPERATURES OF PARALLELS AND HEMISPHERES. 213

The normal temperatures are those given by Zenker in his latest
publication.! The observed temperatures in the southern hemisphere are
the means of the values obtained by Spitaler and Batchelder. The
computed temperatures in the soathern hemisphere were obtained by
an interpolation formula derived by the author.*

It will be observed with satisfaction that the temperatures of a
water hemisphere, which were calculated by Zenker from the amounts
of radiation alone, agree very closely with the observed temperatures
of the southern hemisphere. In the middle latitudes alone does Zenker's
simple formula give temperatures 1-5° too high. We are, therefore,
pretty clear as regards the distribution of the annual temperatures over
. a water hemisphere. There is no way of proving the accuracy of the
computed temperatures of a land hemisphere. The temperature of the
equator, as assumed by Zenker, is too low rather than too high, because
. annual means of 30° are, as a matter of fact, found as far north as
. latitude 15° N. The temperature of the pole is probably too low,
. because the influence of convectional eurrents, which would have to be
a warming one in the circumpolar region, had to be left out of aceount

1W,. Zenker : Die Vertheilung der Wirme awf der Erdoberfliche, Berlin, 1888,
62, et sgq.

“Ueber den klimatischen Wiirmewerth der Sonnenstrahlen und ueber die
zum thermischen Aufbau der Klimate mitwirkenden Ursachen,” M.Z., IX.,
1892, 336-344, 380-394 ; X., 1803, 340-342.
~ “Die gesetzmiissige Vertheilung der Lufttemperatur ueber dem Meere.” With
a chart, Pet. Mitth., XXXIX, 1893, 39-44 (the chart shows the departures of the
| air temperature over the ocean from the theoretical values in a typical marine
climate).

“Der thermische Aufban der Klimate auns den Wirmewirkungen der
Sonmenstrahlung und des Erdinnern,” Nova Acta Acad. Caes. Leop.-Carol. (ferm.
Nat. Cur. (Halle), 1896, 1-252. (This great work embraces 252 quarto pages, and is
'nmnmpa.nled by five charts).

2 The author has determined the temperature at the equator in a typical marine
climate to be 26-0°, on the basis of the mean temperatures of islands lying near
the equator. As the mean temperature of the ocean on the equator is about 277,
and the air over tropical oceans is, according to Schott, about 0°58% cooler, this
value may be considered to be accurate. For latitude 65° 8., the author, following
the observations of Ross and Borchgrevink, has inserted the temperature of - 3-57%
Seven equations of condition gave

Tg=260+4'54 sin ¢ — 40'81 sin’¢.
This equation gives the observed mean temperatures very accurately. Thus, for
example, for latitude 65° the formula gives - 34" This formula gives the mean
temperature of the southern hemisphere as 14°7%, this being a lower temperature
than that originally obtained by the author, but in entire agreement with that
reached by Spitaler.
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altogether in Zenker’s calculation. The influence of such currents must
be very considerable in a continental climate in winter, because of the
poleward decrease of temperature. The caleulation must, therefore,
inevitably result in giving too low polar temperatures. The normal
temperatures of a land hemisphere and of a water hemisphere, as
determined by Zenker, may, nevertheless, be accepted as the most
trustworthy basis for further deductions.!

On the basis of the normal temperatures in a continental and in a
marine climate, we may now try to determine the actual temperatures
of the parallels of latitude in reference to their degree of “continent-
ality,” i.e., of continental area. The temperatures of the parallels of
latitude, which were thus determined by Zenker, showed, when com-
pared with the values obtained by Dove and Spitaler from the isothermal
charts, that the northern hemisphere beyond latitude 20° N. is warmer,
while the southern hemisphere is somewhat cooler at all latitudes than
should be the case, according to Zenker. This may be explained by
the fact that a part of the heat received south of the equator is trans-
ferred to the northern hemisphere by ocean currents.

A comparison of the marine climates of the northern and southern
hemispheres may properly be made at this point. This has been
attempted by G. Neumayer, who compares the observations made on
board of the Challenger, in the Pacific Ocean, in February, 1874, with
those made on board of the Firingen in the North Atlantic Ocean, in
July, 1876-78.  Both sets of observations relate to latitudes 60°-65°,
In the case of latitude 55°, Neumayer uses his own observations in the
South Pacific Ocean, in January, 1856, and compares them with the
results of observations made on board of German vessels in the
Atlantic Ocean, during July and August. The temperatures of air and
water are, in both cases, 9°-10° higher in the North Atlantic than in
the South Pacific, at the same latitude. The markedly low temperature
of the South Pacific is clearly shown in these observations. As com-
pared with the North Pacific Ocean, the difference would have been
less, but still of the same character.

! On the basis of an assumption similar to that made by Zenker, and using the
¢ thermal days " of Angot, Precht has calculated what he terms *‘ideal tempera-
tures * for every 5° of latitude. Starting with the mean temperature of the earth
as 15°1°, and the mean temperature of latitude 45°, 9-6°, Precht finds the transi-
tion from the ¢ thermal days” to the mean temperatures. He computes the mean
temperatures of the equator for the coefficients of transmission, 06, 0°67 and 0°7 as
26-4°, 265" and 26°7° respectively ; those of the pole as —9-0%, - 96" and - 10-0°,
These temperatures, as may be seen, would apply only in the case of a water hemi-
spheve. (W. Precht: “ Neue Normal Temperaturen,” M. Z., IX., 1894, 81-90.)
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COMPARISON OF THE TEMPERATURE OF A MARINE CLIMATE IN
THE NORTHERN AND S0UTHERN HEMISPHERES.

AR TEMPERATURE 1IN MIDSUMMER.

Mean Latifude G64°, Mean Latitude 552,
. Diurnal Diurnal '
Mean. .ﬂ.m]:li- Maximum Minfmum.| Mean, | Ampli- |Maximum Minimom,

tude.
|

L=}

L] L] -] a (=] o
North, - 99| 23 127 70 | 123 15 165 82
South, - -06 | 25 28 | -60 g L 76 | 00

The ocean temperature, at latitude 64° N., was 10°, and at latitude

55° N., 9:0° higher than in corresponding latitudes of the southern
hemisphere.!

Zenker's measure of “continentality.”—In order to obtain a proper
value for the derivation of temperature from the amount of radiation
in a typical continental climate, Zenker was first obliged to establish
the idea of *continentality ” with reference to temperature conditions.
For this purpose, the amount of annual temperature range serves,
because this depends directly upon the difference of radiation in
summer and in winter.

The annual range of temperature is not, however, itself any gauge of the
degree of ** continentality,” because, as is well known, the former increases with
latitude, even when the latter does not change. This increase in the annual
range theoretically depends upon the sine of the latitude. The annual
ranges of temperature must therefore be divided by the sine of the latitude in
order to make them comparable. Zenker gives the reasons that made it seem to
him more rational to divide by the are instead of by the sine of the latitude.®

Zenker has calculated these ranges of temperature for all parts of the world, and
has joined all places having equal ranges by lines. This gives a very clear
picture of these ranges. The relative range of temperature is seen to be 100 per
cent. at Verkhoyansk, north of Peking, and in the Sahara, north of Lake Chad.
In the interior of Australia, the range reaches 80 per cent. only ; in the interior of
North America it is 70 per cent.; in Argentina, 40 per cent. ; in the interior of
South Africa, 50 per cent. Over the oceans, 20 per cent., 10 per cent., and 0 per
cent. are found. From the lines of equal relative ranges, by joining the values

1, Neumayer: **Notwendigkeit und Durchfiibrbarkeit der antarktischen
Forschung,” Verhandl. V. Deutsch. Geographentags, Hamburg, 1885, 172-196.

21§ this is done, the relative value of the range of temperature at Vienna, for
example, is 21-3° +48-2=0°44, or 44 per cent. Yakutsk, at latitude 62° N., with
a January mean of - 42:8°, and a July mean of 18'8", has a relative range of
temperature of 616° -+ 62=99 per cent.
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atmosphere. Whymper also shows that there was a decrease in the
physical powers of himself and his companions on the high platean of
Fenador.! This effect not being noticeable below 2000 m., Jourdanet
suggests that the climates of mountainouns regions may be divided into
elimats de montagne below 2000 m., and climats Caltitude above that
height.

During a stay of several days on Mont Blane, in the Vallot Ohserva-
tory (4400 m.), Dr. Egli-Sinelair was able to prove, in his own case and
in that of his companions, the decrease in the amount of haemoglobin,
or red colouring matter in the blood, which had been suspected by
Jourdanet. All the party, ineluding the veteran mountain climber
Infeld, suffered from mountain sickness during the first three days, the
third day being the worst.  After that, the condition of the party
began to improve, and the amount of haemoglobin in the blood of all
the members increased again.®

The experience of Rotch during three visits of from one to three
days’ duration at M. Vallot's cabin, where Dr. Egli-Sinclair’s observa-
tions were made, corroborates the latter. The sickness did not appear
at once, but after several hours’ rest. It was more severe at night, and
when reclining, and it was alleviated by the inhalation of oxygen and
by taking phenacetine. The acute symptoms disappeared on the
second day, althongh respiration remained difficult.”

Viault examined the blood of acclimated men and of animals on the
Pic du Midi (2877 m.), and on the plateaus of Peru, at altitudes of
3700 to 4400 m. As a result of these studies, it appeared that there
was a very much greater amount of haemoglobin in the blood than
usual, a fact which enables the blood to absorb sufficient oxygen from
the rarefied air. Viault's own blood contained five millions of red
blood corpuscles per cubic millimeter while he was in Lima. After a
stay of fourteen days at Maracocha, at an altitude of 4400 m., the
number rose to seven millions, and a week later, to eight millions.
The examination of the blood of Viault’s companions gave similar
results. The inerease in the numbers of blood corpuscles in the case of
animals which were taken from the lowlands to the plateau, was in the
ratio of 48 to 7:0. Miintz found almost the same ratio in the case of

1 Loe. cit., 373, Compare also the interesting discussion by R. M. Bosanguet
on ** Mountain Sickness, and Power and Endurance,” Philosoph. Mag., London,
XXXVIIL, 1893, 47-52.

2 Jahyh, d. Schwpeiz. Alpen Qlub, XXVIIL., 308.

*A. L. Roteh : * Physiological Effects of High Altitudes,” Am. Mef. Journ.,
XIL., 1895-06, 222,
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noon, the maximum surface temperature was reached before noon, and
was 2° higher than at Bagnéres.

The high surface temperature and the great intensity of the sunshine
are favourable characteristics of mountain climates, as compared with
the climates of polar regions which have the same air temperature.
Thus it comes about that the summit of the Faulhorn, with a surface of
4} hectares, has a total of 131 species of phaenogamous plants, while the
whole archipelago of Spitzbergen is said to have only 93 species. The
long day cannot make up for the lower intensity of solar radiation;
the surface temperature is no higher than the air temperature, and the
ground remains frozen at a depth of a few decimeters.

Nocturnal radiation on mountains.—The rarity of the air, and the
decrease in the amount of water vapour with increasing altitude, involve
a more active radiation of heat at night, as well as more intense
insolation by day. Comparative measurements of radiation at Brienz
and on the top of the Faulhorn, 2100 m. higher, made with Pouillet’s
actinometer, showed 37 per cent. greater radiation at the last-named
station. Similar observations, made simultaneously at Chamonix and
on the Grand Plateau of Mont Blanc (3930 m.), showed that the
radiation was almost twice as great (93 per cent. greater) at the latter
station, which is 2880 m. higher. The temperature of the snow on the
Grand Plateau fell during the nights of August 28-31, 1844, to — 19-2°,
while the air temperature was only — 6:5°, according to Martins. In
Febrnary, Pernter found the nocturnal radiation on the Sonnblick
(3100 m.), 0-20 ealories, while Maurer found it to be only 0-13 calories
at Ziirich (450 m.). On the Pie du Midi, also, the temperature minima
on the surface (September 8 and 9), were 13-1° lower than those at
Bagnéres ; while the maxima on the mountain equalled, or exceeded,
the maxima at the lower station. As the gain and loss of energy by
absorption and radiation are both increased on mountains, it follows
that there is a much greater range of surface temperature from day to
night on mountains than on lowlands.

Importance of exposure in controlling surface temperature in moun-
tain climates.—In all mountain climates the exposure has a marked
influence on the insolation, and therefore upon the surface temperatures.
With the exception of the region about the poles, where the sun
makes a complete cireuit of the horizon, there are, in each hemisphere,
slopes which are at a peculiar advantage, or at a peculiar disadvantage, as
regards the amount of insolation which they receive. In the northern
hemisphere, because of the higher angle at which the sun’s rays strike
them, the southern slopes receive the stronger insolation ; while in the

P —
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southern hemisphere, the northern slopes are the most favourably
situated. Furthermore, when the sun’s altitude is low, the land which
slopes away from the sun is in the shade a longer time, and this fact
still further increases the excess of insolation received by southern
slopes in the northern hemisphere. Along the equator, northern and
southern slopes are equally favoured ; while on the other hand, eastern
and western slopes are in the shade somewhat longer. Valleys which
trend east and west are more favourably situated than those which trend
north and south, provided the angle of slope of the enclosing mountain
sides is the same, because the north and south valleys are in the shade
longer than the east and west valleys. At noon, the sun is high
enough to be above the mountain tops almost everywhere, but the east
and west valleys also have the morning and the evening sun. In
mountainous regions, marked climatic contrasts within short distances
result from differences in situation as regards shady or sunny slopes.
The southern slopes may he decked with a mantle of green in the early
spring, while the northern slopes are still covered with snow. In
summer, the sunny slopes may be gorgeous with yellow fields of ripen-
ing grain, while the northern slopes are covered with dark forests of
evergreen,

In addition to the differences in insolation on the different slopes
of mountains, there is also the influence of winds of varying
temperatures. The effect of the winds is, in general, similar to that of
the exposure, i.e., to warm the southern and to cool the northern
slopes in the northern hemisphere. Unfortunately, there arve hardly
any observations of the effect of exposure, which is an important
climatic factor. If such observations were available, numerical data
could be given regarding the difference in surface and air temperatures
as dependent upon the direction of the slope of mountain sides in
different latitudes.

Soil temperatures under different exposures.—We have, however, a
valuable series of observations of soil temperatures, made by A. von
Kerner under different conditions of exposure as regards direction of *
slope. These observations were carried on during three years, at a
depth of 80 em., on an isolated hill near Innsbruck, at about 600 m.
above sea-level. Later, similar observations were also made for three
years at Trins, in the Gschnitz valley (1340 m.), and these have been
discussed by F. von Kerner.!

1A, Kerner: *Ueber Wanderungen des Maximums der Bodentemperatur,”
Zf. M., VL., 1871, 65-71. F. von Kerner : ** Die Aenderung der Bodentemperatur

- mit der {Exposition,” 8. W. 4., C., 11 a, 1881, 704-729. E. Welluy: * Untersuch=
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fog, and the afternoons are clearer than the mornings. In summer, on
the other hand, the forenoons in the mountains are clearer than the
afternoons, because ascending currents of air cause cloudiness in the
afternoon, and even showers and thunderstorms. The records obtained
by means of sunshine recorders have shown that among mountains the
noon hour and the early afternoon hours have the most sunshine in
winter., The maximum frequency of sunshine is displaced into the
forenoon hours as summer comes on, and the sunshine begins to
decrease again at 11, or even at 10 A.M., oceasionally reaching a slight
secondary maximum again late in the afternoon.

The maximum temperature, 20-8°, is reached on September 4 in
the Inn valley with an exposure of E. 67° 8. ; in the Gschnitz valley,
with an exposure of E. 76° 8., a maximum of 15° is reached on
August 25. The lowest temperature, 3-3°, in the Inn valley, was
noted on March 5, with an exposure N. 7° E.; and in the Gschnitz
valley, — 08", on February 23, with an exposure N. 13° E. The annual
ranges are 17-5° and 15-8°,

In the opinion of A. von Kerner, the fact that in the northern Alps
the red beech grows to the greatest altitude on the southeastern slopes:
while the pine usually grows to the greatest altitude on the south-
western slopes, is explained by these conditions of soil temperature.
The beech prefers a warm, dry soil, while the pine prefers a moist soil
with a more uniform temperature.

On the mountains of Java, according to Junghuhn, the western
slopes below 2400 m., which is the average upper cloud limit, are much
damper and cooler than the eastern slopes, because the sun cannot
shine upon the former owing to the dense mass of clouds which
develops about noon every day. This diurnal march of cloudiness
is both extremely regular, and also very clearly defined, within the
tropics, at least during a portion of the year. Hence the phenomenon
above mentioned, to which Junghuhn has called attention, is probably
not limited only to the mountains of Java.

At Innsbruck, the difference between the soil temperatures on the
southern and on the northern slopes at a depth of 0-8 m. is over 4° in
summer, and must be considerably greater on the surface. For this
reason the upper limits of plants, as well as the snow-line, must be
considerably higher on the southern than on the northern slopes. The
marked difference of exposure and of slope on mountain sides, by
affecting the insolation and the air temperature, produce considerable
variations of the local climate, even when the places have the same

height above sea-level, and are near together. Southern slopes are
Q
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The table on page 245 gives some examples of the average rate of
vertical decrease of temperature in different mountain regions. Except
in the first case, and in the case before the last, in the first section
of the table, the mean annual temperatures are taken as the basis of
the computation.

Weighting Humboldt’s rate one-half, because it is based on few
observations, and giving the weight of 1 to the rates in the Himalayas,
which are really sub-tropical, we have, as a general average for the
tropics, a rate of decrease of temperature of 0-56° per 100 m.

From the second section of the following table the general mean for
extra-tropical regions, as far as latitude 60° N., is seen to be 0-57°,
which agrees with the general mean for the tropics. If we take into
account only the average values and the annual means, and disregard
local departures, it may be said that the same vertical decrease of
temperature prevails in mountain regions from the equator to about
latitude 60° N., and averages 057" for every 100 m. Even if local
peculiarities were to be taken into account, it would be seen that
fluctnations between 0°5° and 0-8° would oceur in these figures, but
these variations show no relation to latitude. Therefore, in the light
of our present knowledge of this subject, a dependence of the rate of
vertical decrease of temperature upon latitude must be disclaimed.

Effect of topography and of exposure upon the vertical decrease of
temperature,.—The effect of different exposures is very considerable.
In the northern hemisphere the decrease of temperature is more rapid
on the southern than on the northern side of the mountains. Thus,
in the Swiss Alps, for example, according to Hirsch, the vertical
decrease of temperature on the southern side is 0-69°, while on the
northern side it is 0°55° ; in the eastern Alps it is 0°51° on the north,
and 0-60° on the south; in the Erzgebirge it is 0-55° on the north,
and 063" on the south.

The difference in temperature between a valley and a mountain
top rising above it is greater than that between two neighbouring
valleys whose altitudes differ as much as do those of the valley and the
mountain top. The summits of isolated mountains have lower mean
temperatures the more isolated these mountains are, and the smaller
their mass is. The vertical decrease of temperature is least rapid in
platean-like mountain districts, and especially on the gradually rising
uplands of moderate height which constifute the main masses of
continents. In these cases, the vertical decrease of temperature some-
times wholly disappears up to a height of a few hundred meters, and
its rate cannot be accurately determined. The determination of the
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- The vertical decrease of temperature in winter is much slower than
in summer. It is slowest in Carinthia, where the pressures and winds
are the most continental in character. In winter one must ascend, on
the average, 220 m. in order to have the temperature fall 1°; in spring,
150 m. ; in summer, 140 m. ; in autumn, 190 m. ; and in the mean for
the year, 170 m. .

In mountainous regions the rate of vertical temperature decrease is
least rapid in December, when the nights are longest and when there
is the most favourable opportunity for nocturnal radiation. The most
rapid rate occurs in spring and early summer, especially in May and
June. Woeikof has shown in detail that this variation is connected
with the retreat of the snow cover to greater altitudes in the spring.
When the valleys and the highlands are free from snow up to a certain
altitude, there is a sudden change in the rate of vertical decrease of
temperature as the temporary snow-line is reached ; for at and above
that point, the radiant energy received from the sun is expended in
melting the snow, and the air temperature can therefore rise but little ;
while farther below the snow-line both the earth’s surface and the air
can be rapidly warmed. In April, for example, the snow-line at Gran-
biinden is at an altitude of 1000 m., while Chur, at 600 m., is already
free from snow. The differences in temperature between Chur and
Churwalden (1210 m.) are 4'2° in March, when there is snow at both
stations ; 4°6° in April, when there is snow at the upper station ; and
4:3° in May, when there is no snow at either station. In June the
snow-line has retreated to nearly 2000 m. ; Sils (1810 m.) is free from
snow, but the Julier Pass (2240 m.) is still snow-covered, although the
snow is gone in July. The differences in temperature are as follows:
May, 2:5°, with snow at both places; Jume, 3-7°, with snow at the
upper station only ; and July, 2-6°, when both places are free from
snow. The month when the vertical decrease is most rapid therefore
depends upon the altitude of the upper station. The greater the
altitude of that station above sea-level, the further towards the summer
is the time of the maximum rate of decrease displaced.

There are, furthermore, certain general reasons why the most rapid
vertical decrease of temperature should oceur in spring and early in
summer on the earth’s surface, as well as in the free air. The results of
the meteorological observations made during recent balloon ascents show
that the free air at altitudes of 2000-3000 m. is cooler in spring than later
on in midsummer. The difference of temperature between the summit
of the Schafberg (1780 m.) and the Sonnblick (3100 m.) is greatest in
May, namely, 89°, which gives a rate of 0°67" in 100 m., although
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there is snow on the ground at both stations ; and, in this case, there is
no sudden change in the rate at the time when the summit of the
Schafberg becomes free from snow. The annual variation in the rate
of vertical decrease of temperature in the eastern Alps has been some-
what carefully determined by the author, who has found that the
slowest rate comes on December 28, when it is 0-33° per 100 m. ; and
that the most rapid rate comes on May 14, when it is 0:66°. The
stations in the passes of the Caucasus, at about 2000 m. above sea-level,
show a decrease of temperature of 0-30°% in winter, and 0°57° in April,
in every 100 m. Mt. Washington, in New Hampshire, U.S.A., in
latitude 44-3° N., at an altitude of 1914 m. gives 0:43°, in winter, and
0'62°, in summer. Observations made at Christianial gave, for the
five winter months, a decrease in temperature of only 0°18%; while the
rate for the five summer months was 0-88°. In general, the amplitude
in the annual march of the rate of vertical decrease of temperature
seems to increase with latitude—a fact which is readily explained.

The temperatures of mountain summit stations when compared with
one another, or with the temperatures of stations on mountain sides,
where no stagnant, cold air locally lowers the temperature in winter,
show a slight annual variation in the rate of vertical decrease of
temperature. They also show remarkably accordant values for this
rate. For example, the rate between Ben Nevis (latitude, 56:8° N. ;
altitude 1343 m.) and Fort William (9 m.), is 0-59° per 100 m. in
January ; 0°79 in May ; and 0:67° for the year. The rate between the
Sonnblick (latitude, 47-1° N. ; altitude, 3106 m.), and the Kolm Saigurn
(1600 m.), and the Schmittenhohe (1950 m.) is 0-53° per 100 m. in
January ; 0°75° in June ; and (0-65 for the year. Between Pike's Peak
(latitude, 38:6° N. ; altitude, 4308 m.) and Colorado Springs (1840 m.)
the rate is 052" in January ; 0-74° in May-June ; and 0:64° for the
year. The seasonal means of these values, which are not controlled by
local influences, are as follows: winter, 0-58° ; spring, 0°71°; summer,
0-70° ; autumn, 0-61°.

Seasonal variations in the rate of vertical decrease of temperature

in the tropics are slight, and are chiefly dependent upon the changes
from rainy to dry seasons, and vice versa. The vertical temperature
gradient is, in general, somewhat more rapid during the rainy season,
and this is probably related to the increase of rainfall and of cloudiness
with increase of altitude. The differences between the rainy and the
dry sides of mountains are much greater than the seasonal variations,

I H. Mohn : ** Temperatur in und um Christiania und Wirmeabnahme mit der
Hiihe daselbst,” Z.f. M., IX., 1874, 97-106.

LLEN
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the vertical temperature gradient being much more rapid on the dry
side than on the rainy. An example from India illustrates this point.

VERTICAL DECREASE OF TEMPERATURE ON RAINY
AND ON DRY SIDES OF MOUNTAINS IN INDIA.

Ceylon. Nilgiri Hills,
Rainy (Windward) Side, - - | 055 0°56
Dry (Leeward) Side, - - 080 071

e it ettt

On the lee side, it is the contrast in temperature between the dry,
sunny lowlands and the cloudy and rainy mountain summits which
causes the rapid decrease of temperature.

A case which is the reverse of the preceding one is noted by Hill, in
the northwestern Himalayas, where the decrease of temperature is
0-76° per 100 m. in January, while it is only 0-41° in July. This
anomaly is explained by the fact that the stations at the southern
base of the northwestern Himalayas, which are very rainy in July, are
compared with the stations in southern Tibet, which are dry, and
are therefore relatively very warm in summer. In winter, on the
contrary, the lowlands are relatively too warm. To a less marked
degree, similar conditions are also met with in extra-tropical mountains.
A still greater difference.of temperature between mountain summits
and the valleys lying to leeward, which oceurs from time to time
during foehn winds, will later be discussed in detail.

The dependence of the vertical temperature gradient upon the
state of the sky in the case of extra-tropical mountains has been
studied in detail by Siiring. The gradient is less rapid in clear
weather, and more rapid in cloudy weather, especially in winter. The
mean annual rate is 0-32° per 100 m. in clear weather: and 0-64" in
clondy weather. In clear weather there is always a tendency toward
an increase of temperature upward in the morning. This is the
so-called inversion of temperature, and may reach 500 m. in summer,
and much higher in winter.!

High-level isotherms. Isothermal surface of 0°.—If we imagine
planes drawn through all places having the same temperature in a
mountainous region, we shall have a series of isothermal surfaces. If the
points of intersection of these surfaces with the mountain sides are

'R, J. Siiring : Die vertikale Temperaturabnahme in Gebirgsgegenden in ihrer
Abhdngigheit von der Bewdalkung, 8vo, Leipzig, 1890, pp. 34, [M.Z., VIL, 1890,
(63)-(66). ]
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change of season in a marine climate, and the very great variations in a
continental climate.

In the eastern Alps, a district for which the anthor has made careful
determinations of the altitude of this isotherm for every month, it is
found that the isotherm is nearest sealevel on January 7, at 280 m. ;
and farthest above sea-level on August 5, at 3560 m. If we take the
cases of the northern and the southern sides separately, the altitude is
found to be 80 m. on the northern side in January ; and 550 m. on the
southern side. In summer there is scarcely any difference in the
altitudes on the two sides, The altitude of the isothermal surface of 0
increases most rapidly at the beginning of May, when the rise is at the
rate of 22 m. a day; it decreases most rapidly at the beginning of
November, at the rate of 38 m. a day. The rise in spring is thus seen
to be much slower than the fall in autumn.!

The observations on the summit of the Sonnblick furnish us with a means of
determining, with some accuracy, the temperature on the Glocknergipfel, at an
altitude of 3800 m. Its winter temperature is found to be —177; its snmmer
temperature, —5°; its mean annual, —11° It is interesting to note that the
probable summer temperature of the Glocknergipfel is the same as the observed
mean winter temperature of Kolm Saigurn, at 1600 m. The isotherm of about
~5° therefore rises from 1600 m. in winter to 3800 m. in summer. The July
temperature at the top of Mont Blanc (4810 m.) is shown by observation to be
—8%; the mean annual temperature is probably —14:5°. This is the temperature
of Arctic North America at latitude 70° N.; but a midsummer temperature of
— #* would probably not be found anywhere at sea-level, even at the South Pole.
The temperature on the summit of Chimborazo (6300 m.) may he estimated at
- 6-5°,2 which is the same as the mean annual temperature of the Sonnblick (3100
m.), in latitude 47° N. The isothermal surface of — 6" (annual mean) therefore
decreases in altitude 3200 m. between the equator and latitude 47° N., and, in the
longitudes of central Europe, reaches sea-level at about latitude 76° N. In north-
eastern Russia, sea-level is renched as far south as latitude 68° N.

On the summit of Chimborazo, Whymper observed a temperature of — 617 in
January, and —8°1%in July. On Cotopaxi (5960 m.), Whymper made a reading of
-84 : Wolf, however, found but -20°. On Kilimanjaro (4000-5000 m.},
Meyer found temperatures between — 11° and - 14° at night, with a strong north-
west wind, while the temperatures by day were above freezing.

The minimum temperatures observed on mountain tops are as follows :—
Pike's Peak (4308 m.), —39-4°: Mt. Washington (1914 m), -456"; Sonnblick
(3100 m. ), during eight winters, —346”; Pic du Midi (2560 m.}, during fifteen
winters, —84'8°; Mont Blane, during the winter of 1894-95, -430°; Mt. Ararat
(5100 m.), during two winters, ~50° and -40°% In the last thre¢ cases the

1], Haun: ** Die Temperaturverhiltnisse der oesterreichischen Alpenlinder,”
8.W.A., XCIL., 1885, 78-82. The height of the isotherm of 0 in the free air over
Berlin has been discussed by Berson in Wissenschafiliche Luftfafivten, 111., 1890, 101.

2]. Haon : ** Klima von Quito,” Zeitschv. f. Erdkunde (Berlin), 1895, 122,
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readings were taken from minimum thermometers which had been left on the
mountain sammits during the winter.

Inversions of temperature.—During clear nights, especially during
the winter in middle and higher latitudes, it is observed that, in calm
weather, the valleys are colder than the slopes and the summits of the
enclosing mountains, up to a certain height. Observations made in
different places have shown that even in the free air, as over a plain,
there is a vertical increase of temperature during clear calm nights
throughout the year, but especially in winter, when the ground is
covered with snow. This increase of temperature upward reaches
altitudes of at least 300 m., and is rapid in the lower strata, but slower
farther up. At Montpellier, Martins found that this increase of
temperature upward, on clear nights, was at the rate of about 1° in
every 10m. In the lower strata the rate was about 0°7° in 2m., and
even more than that in individual cases. Thus, in the case of trees of
6 m. and more in height, the difference in temperature between the
crown and the surface of the ground may easily exceed 2°. This
explains the fact that on frosty nights the tree tops may remain un-
harmed, while the lower branches, as well as the shrubs, are frosthitten.
[f the sky is cloudy, and there is considerable wind, this phenomenon
either does not occur at all, or else it is but very faintly developed.

The hourly observations made on the Eiffel Tower (300 m.), in
Paris, have shown that there is an increase of temperature upward
throughout the year hetween midnight and 4 A.M.; this increase being
greatest in autumn and least in spring. In the afternoon, however,
between 12 M. and 4 r.., there is a very rapid decrease of temperature
upward. An earlier series of observations, made at a height of 39 m.
above the ground on the Great Pagoda, in Kew Gardens, gave a
similar result. For the year, the mean temperature minima on the
Pagoda were 0-3° higher, and the mean temperature maxima were
0-6° lower. In summer, the mean maxima aloft were 1° lower. On
perfectly clear days, the differences of the higher station, as compared
with the lower, were as follows :—

DIFFERENCE OF TEMPERATURE BETWEEN TOP AND BASE OF
PAGODA IN KEW GARDENS.

: Mean
9 A ‘ 3 o, 9 p.ot 9. and9p. .

Winter, - - 03 ‘ S ol e 04
Summer, - - -0 | =0T : 03 01
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It appeared that, in clear weather in winter, it was 04" warmer
at 39 m. than on the ground. In foggy weather, both in winter and
summer, it was more than 1° warmer at the greater elevation.!

Inversions of temperature explained.—The cause of this anomalous
vertical distribution of temperature is clearly to be found in the
nocturnal radiation from the surface of the earth. The resulting
cooling of the ground likewise affects the atmosphere which lies on, or
near the surface, and as cold air is heavier than warm, it follows that
when the air is calm the coldest layers lie nearest the ground. The
upper strata cool but little, because the radiation from the air itself is
much less than that from the earth’s surface, and from the vegetation
which may cover that surface.”

These conditions, however, certainly give no direct explanation of
the increase of temperature at night, from a valley to the enclosing
hill sides and hill tops; because the increase of temperature with
altitude, just described as due to the cooling of the air in contact with
the earth’s surface when the latter has been cooled by radiation, does
not extend to so great a height as from a valley to a mountain side.
Furthermore, the mountain slopes and summits likewise themselves cool
through losing heat by radiation, and we should expect that this latter
cooling would be even greater than that of the valley bottom ; because,
as has already been noted, radiation increases with increasing altitude.
The cause is, nevertheless, the same in both cases. Inversions of
temperature result from nocturnal radiation, and from the arrange-
ment of masses of air of different temperatures in strata, according to.

1A, Angot: **Sur la Décroissance de la Température dans I'Air avec la
Hauteur,” Compies Rendus, CXV., 1892, 1270-1273. R. H. Scott : ** Results
of Observations made at the Pagoda, Royal Gardens, Kew, and elsewhere,
to determine the Influence of Height on Thermometric Readings, on Vapour
Tension and on Humidity,” Quart. Weather Repi., N.8., 1881, Part 1,
Appendix I1I. See also G. J. Symons: “Note on the Establishment and
First Results of Simultaneous Thermometric and Hygrometric Observations
at Heights of 4 and 170 Feet, and of Siemens’ Electrical Thermometer at
260 Feet above the Ground,” Proc. Roy. Soc., XXXV., 1883, 310-319; M. H.
Carlier : ¢ Observations méteorologiques faites i Saint Martin de Hinx, Bayonne,
1875” (Z.f. M., X1, 1876, 123-125). A. Sieberg: “*Temperaturumkehrungen mit
der Hithe zwischen Aachen und dem Aussichtsthurm im Aachener Walde,” M. Z.,
XVIIL, 1901, 33-34 ;'and J. Hann: * Einige Ergebnisse der Temperaturbeobach-
tungen auf dem Strassburger Miunsterthurm,” ibid., 211-Z16.

2(Cf, also the interesting results obtained on two balloon voyages, made from
Munich on summer nights. 8. Finsterwalder and L. Sohncke: * Kinige
Ergebnisse wissenschaftlicher Fahrten des Miinchener Vereines fiir Luft-
schiffahrt,” M. Z., XI., 1894, 361.376, and especially p. 374.
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The water vapour of the air is frequently condensed into thin sheets
«f fog in the cold, stagnant air of valley bottoms. In going down into a
valley which is well covered with vegetation on a warm, calm summer
evening, the sensation of increasing dampness and coolness bears
witness to the distribution of temperature above noted, even without
the aid of any instrumental observation,

Relation of inversions of temperature to wegetation. The con-
siderations of the preceding paragraphs make it clear that mountain
slopes and hill tops have the climatic advantage of less cold at night than
ig found in the neighbouring valleys. This favourable characteristic
is strikingly illustrated in the cultivation of the more delicate plants of
economic importance. Toward the polar limits of the zone occupied
by each particular species of plant, there is found to be greater
immunity from damage by frost on hill sides than in valley bottoms.
In the province of San Paulo, in Brazil (latitude, 20-25° S., altitude,
500-800 m.), the coffee plantations are laid out on the hills only, and never
in the valley bottoms. The reason for this is that frost occurs in the
depressions between the hills, but very rarely on the hills themselves.
Houses built on the sides or tops of hills have the advantage of less
humidity, as well as of higher temperatures at night.

Pammer, the meteorological observer at Pisino, in Istria, says that this station
lies in a hollow, in which the mountain torrent, Foiba, disappears in an under-
ground cavern. This valley is almost always filled with fog on calm nighes, and
to this fog is due the high relative humidity of Pisino. The temperatures of the
city itself are such that the olive and the fig do not thrive there, while these
- trees are found all over the hills surrounding the city, at a height of 100 to 200 m.
above it. The temperature on the hills must, therefore, be considerably higher
than in the city itself. A. von Kerner also remarks that the vegetation at the
‘bottom of the basins in the limestone district of the Karst leads to the conelusion
that the temperature is lower there than in the surrounding country,

Some instructive examples of the effects of inversions of temperature
have recently been given by Stow.! At the end of May, 1894, there
was frost in the interior of England. After the frost, the ash trees in
the valley bottoms were completely frost-bitten; those which grew
somewhat higher on the slopes were frost-bitten below their crowns, but
the crowns were green ; those which grew on still higher ground had
their lower halves frozen, but their upper halves were green ; while the
ashes which were growing on the hills surrounding the valley were
not injured in the slightest. During the severe winter of 1879-80,

1F. W. Stow : ** A Natural Thermometer,” Quart. Journ. Roy. Met. Soe., XXI1.,
1895, 214-215.

r



256 HANDBOOK OF CLIMATOLOGY.

Colonel Ward observed a minimum temperature of —37° in a valley
hottom at Rossiniére, in southwestern Switzerland ; while the minimum
at his house, only 30 m. higher, was but —12%

A typical description of the frost zones which depend upon the local
topography in the Alleghany Mountains has been given by Silas
M Dowell, of Franklin, Macon county, North Carolina.! After a
spell of pleasant spring weather, in March and April, terminated
by a few days’ rain, there comes a clearing off with cold north-
west winds, “leaving the atmosphere of a pure indigo tint.” If
the wind subsides at night, the following morning shows a heavy
hoar frost; plants and all kinds of fruit trees are killed, “and the
landscape, clothed in verdure the day before, now looks dark and
dreary.” Under these conditions the beautiful phenomenon of the
‘“yerdant zone ” or “thermal belt ” exhibits itself upon the sides of the
mountains. * It begins at about 100 m. above the valley, traversing
them in a perfectly horizontal line throughout their entire length, like
a vast green ribbon upon a black ground. Its breadth is 400 ft. (120 m.)
vertical height, and from that under, according to the degree of the
angle of the mountain with the plane of the horizon. Vegetation of all
kinds within the limits of this zone is untouched by frost ; and such is
its protective influence that the Isabella, the most tender of all our native
grapes, has not failed to produce abundant crops in twenty-six con-
secutive years ; nor has fruit of any kind ever been known within these
lines to be frost-killed, though there have been instances where it has
been so from a severe freeze. The lines are sometimes so sharply
drawn that one-half of a shrub may be frost-killed, while the other half
is unaffected.”

The height of the frostless belt above the valleys varies in different
cases. Observations on this point were made by M‘Dowell in Macon
county, North Carolina, “which is traversed by the beautiful valley of
the Little Tennessee River, lying 2000 feet (600 m.) above tide-water.

Here, when the thermometer is down to 26° F. (- 35" C.), the frost

reaches about 300 feet (100 m.) vertical height. A small river, having
its source in a high plateau 1900 feet (580 m.) above this, runs down
into this valley, breaking through three mountain barriers, and con-

sequently making three short valleys, including the plateau, rising one

ahove the other, each of which has its own vernal zone traversing the
hillsides that enclose them, the first of which takes a much lower range
than that of the lower valley, and each taking a lower as the valleys

1], W. Chickering, Jr.: * Thermal Belts,” Admer, Met. Journ., I., 1884-85,
213-218.

i

=




MOUNTAIN CLIMATE: AIR TEMPERATURE. 257

mount higher in the atmosphere, and in the highest one the range of
the belt is not more than 100 feet (30 m.) above the common level of
the plateau, a beautiful level height containing 6000 acres of land, and
lying 3900 feet (1200 m.) above tide water.”!

A similar belt is found along the eastern slope of the Tryon
Mountain range, in Polk county, North Carolina. The differences in
temperature between the top and the base of these mountains and the
thermal zone which lies between, are so great that they are perceived
without the aid of a thermometer. On summer nights, these differences
amount to 3° — 6%, and on winter nights, to 8° - 11",

It is often moticed that while the temperature falls very rapidly on
the slopes and summits of mountains early in the evening, this con-
dition of things is soon reversed, and the temperature may even rise
again near, or after, midnight. The temperatures registered at Kolm
Saigurn have often shown this. A similar case is cited by Clayton as
having occurred at Blue Hill, Mass.,, during the clear sky and dry air
of a summer anticyclone (August 15-23, 1886G). The temperature on
the summit rose steadily during the night of August 22-23, and was
higher at sunrise than in the evening; while at the base the tempera-
ture fell continuously till sunrise, at which time it was 6° lower than at
the summit.?

The foresters in the Thuringian forest speak of “frost-holes.” Simi-
larly, in the Rhine valley, frosts commonly occur locally on lowlands.

The less severe cold of the slopes and the summits of mountains as
compared with that of the valley bottoms is especially noticeable during
the colder spells of winter. Even the mean winter minima are lower
in the valleys than on neighbouring higher land from which the cold
air can easily drain away. In the Alps, the coldest valleys are those
which are protected on the west against the warm winds that fre-

-quently blow with considerable velocity from that direction, and in

these valleys the conditions are therefore favourable for collecting
masses of air which have been cooled by radiation. In valleys of this
kind, the average vertical distribution of temperature shows an increase
of temperature with altitude at the beginning, or even in the middle of

1Cf. A. Kerner: **Die Entstehung relative hohen Lufttemperaturen in der
Mittelhiihe der Thalbecken der Alpen im Spitherbste und Winter,” Z,/. M., X1,
1876, 1-13.

*H. H. Clayton : “*Cause of a Recent Period of Cool Weather in New England,”
Seience, VIIL., 1886, 233, 28]1-282. See also, regarding the climatic characteristics
of hills, ** Observations upon the Climate of Crowborough Hill, Sussex,” 1885, and
Symons's Met, Mag., XI1., 1878, 188-189. This paper gives examples of warm
nights on the uplands of Hampshire.

R
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the winter. In connection with this, it must be remembered that this
winter cold is not usually imported by cold north or northeast winds,
but is locally produced by radiation under the clear sky of the long
nights, especially if the ground is covered with snow. The cooling of
the air under these conditions normally proceeds from below upward,
and the cold strata have at first very little vertical extent. Hence the
distribution of low temperatures in winter is dependent upon all the
circumstances which affect radiation and the unimpeded accumulation
of masses of cold air. Thus Bevers, in the valley of the upper
Engadine, has a January temperature of —10°4° at an elevation of
1715 m. If the ascent is continued to the Julier Pass, at 2244 m., a
January mean of — 88" is there met with, and, on the Rigi Kulm
(1784 m.), which has about the same altitude as Bevers, the January
mean is only —5'1°. The respective mean winter minima of the places
just named show the same relation ; thus, Bevers has — 269" ; Julier
Pass, —23:9°; Rigi Kulm, - 18:9°; Griichen (1632 m.), in the upper
Valais, sitnated on a mountain slope, has a January mean of - 4-4°;
while Davos, in a valley at the same altitude (1650 m.), has - 7-3%
The mean winter minima are —17'3" and - 24'7°, respectively.!

In the valleys of Carinthia, the vertical inerease of temperature in
winter is so well known that it has given rise to a proverb which
may be freely translated as follows :—

* If you climb in winter up a stair,
One less coat you will need to wear.”

Places at an intermediate altitude are the warmest; but the mean
temperature at 2000 m. above sea-level is higher than that of the valley
bottom. The mean annual minimum at Klagenfurt (440 m.)is — 21-7°;
that of St. Paul, in the Lavant valley (390 m.), is also —21+7°; while
at Hiittenberg (780 m.), the corresponding reading is —14:8°; and at
Lalling (1100 m.), —14-7°. Both of these stations are on the western
slopes of the Sau Alp. At Tripolach (590 m.), the mean annual
minimum is - 24°1°; and on the Obir (2040 m.), only — 210",

Air currents during winter anticyclones in the Alps.— During the
clear, calm weather that accompanies winter anticyclones, systems of
slowly descending, cold air currents are developed over the whole of
the Alpine district. The direction and the velocity of these eurrents
are controlled by the inequalities of the surface. Like streams of water,
these currents of air tend to unite in the ravines and side valleys, and
to converge toward the main valleys, in which they continue their

P All these temperatures relate to the same period, 1864-1871, but are not to be
considered normal means.
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descent after the manner of rivers in their channels. The air which
thus flows down from the slopes must be replaced by a new supply.
Hence air descends from aloft upon the mountain tops and slopes, and
this air is not only initially warmer than that which was cooled hy
contact with the cold ground, but is also warmed by compression
during its descent. It is a general principle, to the discussion of which
we shall return later, that air which descends from a lower pressure
aloft to a higher pressure nearer sea-level, without being cooled by any
external cause, is itself warmed. This may be illustrated by the artificial
compression of air in an ordinary air pump. Thus it happens that
extraordinarily high temperatures occasionally prevail on mountain
tops for several days at a time in midwinter, while the temperatures in
the valleys are considerably below freezing. Under these conditions, a
layer of fog several hundred meters in thickness, which results from the
marked cooling of the lower strata of the atmosphere, nsually covers
the valleys and the lowlands; while the air on the slopes and the
summits of the mountains is very dry. The low temperatures are not
limited to any fixed altitude, but all the valleys are cold, and all the
slopes and the summits are warm.!

The months of November, December, and the first half of January,
are the most favourable for the development of this phenomenon,
because the nights are then the longest.

Inversions of temperature in mountain regions in winter. —The
eastern Alps furnish numerous examples of an increase of temperature
with increase of altitude during the winter, especially when the upper
stations are on mountain slopes. As there is a decrease of temperature
with increasing altitude in summer, it follows that, with increasing
altitude, the climate becomes more equable. The valley of the Ahrn,
which unites with the valley of the Puster at Bruneck, furnishes some
excellent examples of this, as is seen in the following table :—

INVERSIONS OF TEMPERATURE IN THE AHRN VALLEY.

Btation. [ﬂ:iti“rff January. ! July. Difference.
Bruneck, - - 525 68 ‘ 15°1 | 249
Steinhaus, - - 1050 —bh8 | 159 217
8t. Peter, - - 1360 ~ 46 | 14°7 I 193
Prettan, - - | 1440 | -5 131 ' 18°7

1 Note the interesting and important observations made by A. von Kerner, at
Innsbruek and in its vicinity, during an inversion of temperature of this kind
{Z.5. M., XI., 1876, 1-13).
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situation of the higher land with regard to sunshine, is shown by the
fact that the differences in temperature between the mountain slopes
and the valley bottoms are greatest at night, when the sun is below the
horizon. The mean difference in temperature between Lilling moun-

tain house and Klagenfurt, 660 m. lower, as determined by observations
~ made during six winters, was 3-9° at 6 A before sunrise, and only
2:3° at 2 P.M. The vertical increase of temperature per 100 m. was
therefore 0-59° at the end of the night, and only 0-35° under the
influence of the afternoon sun. Furthermore, the air at Lélling is dry
in the morning and the evening, and moist at noon, which is further
evidence of a warming of the air that descends along the mountain
slopes at the time when the cold is greatest in the valley. Even in the
southern Tyrol, in the valley of the Etsch, between Bozen and Ala, an
increase of temperature upward is noted in cold winters, there being an
accumulation of cold air over the lower ground, for which the valley of
the Etsch does not supply a sufficient means of drainage.!

Inversions of temperature during winter anticyclones in Europe.—
Within recent years the occurrence of long spells of anticyclonic condi-
tions over central Europe, notably in December, 1879, January, 1880,
and January and February, 1881, resulted in some very remarkable in-
versionsof temperature over the whole district of the Alps,and even in the
central mountainsof Germany. A few examples will serve asillustrations.

MEAN TEMPERATURES OF DECEMBER, 1879, IN CARINTHIA.

Aliibude (meters), - - - | 450 | zs0 | sso | 1200 | 2040
Mean Temperature, - - - | -133 | -104 . -88 -6 - 9+4
Minimum Temperature, - - | -256 | -2111 | -193 | -185 | -24+4

|

1 The vertical distribution of temperature during a spell of high pressure and
clear weather in Pinzgan in January, 1867, has been fully dizeussed by the author.
The mean temperature at 850 m. was - 8-3°.  From that altitude—the level of the
valley bottoms—the temperature increased at first at the rate of 0-9" per 100 m.
as far as 1700 m. above sea-level. The initial temperature of —83° was not
veached again until an altitude of 2520 m. was attained ; and thence upward the
temperature decreased. A stratum 1670 m. in thickness was therefore warmer
than the valley bottom. (J. Hann: ‘“Resultate des ersten Jahrganges der
meteorologischen Beobachtungen auf dem Sonnblick,” S. W. 4., XCVIL., 2a, 1888,
5.38.) See also Billwiller: * Vertikale Temperaturvertheilung innerhalb
barometrischer Maximalgebiete in verschiedenen Jahreszeiten,” Z M., XVL,
1881, 89-94 ; also G. Greim : ** Temperaturumkehrungen im vorderen Odenwalde,”
M.Z., IX., 1892, 417-421, and Eliot on inversions in India, Journ. Asit, Soc,
Bengal, LIX., 1890, Part IL., No. 1, 1-50.
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Zugspitze reported an exceptional clearness of the higher strata of
the atmosphere during this period, while heavy fogs hung over the
lowlands.!

In the region of the great permanent anticyclone and of the winter
“cold pole ” of eastern Siberia, inversions of temperature are probably
normal phenomena, and the severe winter cold of the valleys is
replaced by higher temperatures at greater altitudes.®

Inversions of temperature and human habitations.—The inversions
of temperature above deseribed, which result in giving the summits
and slopes of mountains higher temperatures than prevail on
the lowlands, have, in many cases, been the determining factor in the
location of human settlements. Thus in the Alps, many farms and
villages are built on the mountain sides, often at considerable distances
from the fields and pastures which belong to them, rather than on the
level valley floors which, in many respects, are much more convenient.
Kerner has given a picturesque description of the econditions which
make it easy for the traveller of the present day to see why the
peasants who built these dwellings selected the higher elevations as
building sites. The Swiss have learned by experience that the
mountain sides have far more favourable temperature conditions in late
autumn and in winter than the lowlands. During one of the calm,
clear spells of late autumn the traveller who spends a few days at one
of these farm-houses on the steep mountain side may there breathe air
which has the mildness of summer; he may see the green fields still
decked with autumn flowers, and may watch the sheep grazing in the
fields, while down below, in the valley, the ground is already frozen
hard by the frost, the trees are leafless, and all the activities of plant
life have long ceased.

Liwl calls attention to the fact that settlements in the Alps are not,
as a rule, found on valley floors and ancient lake beaches, but rather on
alluvial fans, terraces, and similar topographic forms. The motive in this
selection of building sites is evidently to avoid the cold, which is charae-

1], Hann: ““Das Barometer-Maximum vom 8 und 9 Oktober, 1900, und die
Witterung auf den Hochgipfeln der Nordalpen,” M.Z., XVIL, 1900, 565-567.

? Further particulars in this connection may be found in the author’s discusgion :
“ Die Temperaturverhiltnisse der vesterreichischen Alpenlinder,” IIL, 8. W.A.,
XCIL, 2, 1885, 89-105, and Zeitschr., des Deutsch, und Oesterreich, Alpenvereins,
1886, 51. ;

In regard to the temperatures and the humidities aloft in anticyclones, see J.
Hann: *“ Ueber das Barometermaximum vom November, 1889, in Mittel-Europa
nebst Bemerkungen tiber die Barometermaxima im Allgemeinen,” . W. 4., LVIL,
1890, 401-424.
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to give an explanation of them. It was noted at the close of the chapter
on Solar Climate (Chapter VI.), that the storage of heat at the bottom
of the atmosphere results from the peculiar behaviour of this atmosphere
toward solar radiation. This process has been called selective absorption.
The radiations of shorter wave-length, including the luminous rays, are
less absorbed, but more scattered, while the radiations of greater wave-
length—the invisible infra-red rays—suffer a greater selective absorption,
and are to some extent altogether prevented from reaching the earth’s
surface. As solar radiation is very rich in rays of such wave-length as
are readily transmitted by the atmosphere, a large proportion of this
radiation is available for warming the earth’s surface. On the other
hand, the “heat rays” which are emitted from the earth’s surface are
to a very considerable extent absorbed by the atmosphere, because this
is non-luminous radiation, of long wave-length, in the extreme infra-red
portion of the spectrum. Thus it is seen that the radiation from the
sun passes to the earth’s surface through the atmosphere more freely
than the non-luminous radiation from the earth passes out again
through the atmosphere. In this way, the atmosphere helps to store
up heat at the earth’s surface, and this process of storage is naturally
most effective in the lower strata, which are the densest and contain
the most impurities, and is least effective in the rare, dry, and clean air
of greater altitudes.!

ITrabert explains this process as follows. The temperature remains constant if
the gain of heat (), equals the loss by radiation, which, following Stefan, may
be set down as aT¥, 7' being the so-called absolute temperature, whose zero is at
-27%° C. We therefore have @Q=aT" and the resulting constant temperature is

But the earth’s atmosphere must also be considered in this problem ; and this
atmosphere transmits one portion of ¢} better than another portion. If a repre-
sents the coefficient of transmission of the * luminous rays,” @I ; and @ represents
the coefficient of transmission of the *‘non-luminous ra.jru,” 2d, the amount
originally transmitted through the atmosphere from the sun is afi+p5Qd. But,
on the way out through the atmosphere from the earth’s surface, the expression
for the amount now transmitted is assumed to be faT¥, because the radiation
from the earth is non-luminous. These two values must again be equal when the
temperature becomes constant. By simultaneously adding g to, and subtract-
ing it from, the first expression—a process which does not alter the value of the

latter—we obtain aQl + fQd + gl — B =pa ™
or (e - B)QU+B(Qd + Q)= (a - B)QI+ pQ=paT"
whence T:{{Q+a}+ﬂiéﬁ %,;: Pl TR (2)

The temperature, 7', is therefore now higher than it was previously in (1), in
consequence of the intervention of the atmosphere, for the sum of the right side is
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Therefore the thinner the atmospheric envelope, the less the effect of
the atmosphere, and the lower the temperature of bodies within it,
Wwhich are then exposed to a freer receipt and loss of radiant energy.
The mean temperature of the air must he distinguished from that of
the surface which the atmosphere protects. The air temperature
decreases with increase of altitude, in spite of the increase in the
intensity of solar radiation with the corresponding decrease in the
vertical thickness of the absorbing envelope. Exception must be made,
however, in the case of an elevated zone of incipient absorption, for
which the vertical temperature gradient is nearly zero.!

Effect of conduction and radiation to and from the earth’s surface.
The foregoing facts would not, however, explain the higher temperatures
of plateaus as compared with mountain summits of equal height.
To make the explanation complete, a further ecircumstance still
remains to be taken into account, viz., the direct effect of the earth’s
surface, which has been warmed by insolation, upon the atmosphere
which rests upon that surface. The ground is warmer than the air

~ during the day, because the land, being a dark, opaque body, is a much

better absorber of radiant energy than the atmosphere itself. Further-
more, the warming of the ground is concentrated near the surface,
because the land does not transmit the radiant energy to any great
depth. The ground communicates its heat to the lowest layers of
the air which lie upon it, in part directly by conduetion, and in part by
radiation outward from the ground, the coarse waves from the ground
being absorbed by the air. Thus the ground becomes a very effective
source of heat for the air which is near it, and it is elear that the

temperature of the air over a plateau, or over an extended mountain

region, must be higher than that of the air around an isolated mountain
peak, or than that of the free air at the same altitude.

The fact that the atmosphere is almost always in motion, makes it
impossible for well-warmed masses of air to accumulate around isolated

increased. The temperature is higher, the greater the coefficient of transmission,
@, for the luminouns rays, as compared with the coefficient of transmission, 8, for
the non-luminous rays. Thus the temperature, 7', at the earth’s surface increases
if @ increases with respect to 8.

As a matter of fact, there is very little difference between @ and 3 for the two,
regions of thefsolar spectrum indicated, but a very great difference if a signifies
the transmission of solar rays and # that of tellurie radiation, for @ is then much
larger than 3. Equation (2) should therefore be written

7= VETE.

'F. W. Very: * AtmospMeric Radiation,” 123.
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mountains, The air around such mountains is quickly carried away
again, and moreover the mountain mass itself, which warms the air by
conduction and radiation, being very limited in area, is not a very
effective source of heat. During the winter, and at night, on the other
hand, the ground cools by radiation more than the air. Hence the
temperature of the air over a plateau at such times is lower than that
of the air on a mountain top, or at the same altitude in the free air.

Changes of temperature in ascending and descending air currents.—
The rate of deecrease of temperature with increase of altitude depends
upon the interaction of several causes. In winter, and especially at
night, the earth’s surface, so far from being a source of heat for the
lower air, is a source of cold. Hence, as has already been seen, inver-
sions of temperature oceur in calm weather. If calm clear weather were
to prevail throughout the winter, inversions of temperature would be
the normal condition.

If the air is in motion, there is abundant opportunity for the lower
and the upper air to become mixed, and in mountainous regions the air
is carried upward along the slopes. Under these conditions, there is a
rapid decrease of temperature upward, because rising air cools at the
rate of 1° for every 100 m. of ascent. Let us imagine a mass of dry air
enclosed in a balloon made of some non-conducting material, and so
constructed that the balloon will expand to any desired extent. Under
these conditions the enclosed air will always assume a volume corre-
sponding to the changes in pressure outside the balloon. The pressure
within and without will, therefore, always be the same. Now, if the
balloon be allowed to rise, in consequence of a higher temperature of
the air within than that of the air outside, the ascending air will con-
tinually expand as a result of the continued decrease of the pressure
with increasing altitude. At the same time, the temperature of the air
inside the balloon will fall at the rate of 1° for every 100 m. of ascent,
as we learn from the mechanical theory of heat. This loss of heat is
" the thermal equivalent of the work done by the air in increasing its
volume against the pressure of the surrounding air outside the balloon.
This loss of heat can be made good at any time ; because, if the balloon
were to be drawn down to the earth’s surface again by a cord, the
«enclosed air wonld warm at precisely the same rate as that at which it
cooled during the ascent. Thus the air inside the balloon would reach
the ground with the same excess of temperature as that with which it
began its ascent. In this process of regaining the initial temperature,
however, the air in the balloon would also be reduced to its original
volume again, because of the increasing pressufe without. The general
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law may therefore be stated as follows: Ascending masses of air cool at
the rate of 1° for every 100 m. of ascent, and descending masses of air
warm at the same rate. This rate applies only in the case of air which
~ 15 not cloudy, i.e., whose temperature is above the dew-point.
~ Btable, unstable and indifferent equilibrinm.—If we imagine the
upper and lower strata of the atmosphere so thoroughly mixed that
every particle of air has been several times to the upper limit of the
atmosphere and back again, the vertical decrease of temperature would
be at the rate of 1° in every 100 m. Under these conditions of vertical
temperature gradient, both ascending and descending masses of air
would find their own temperatures at all altitudes. In other words,
hoth aseending and descending air would everywhere be in equilibrium,
and would nowhere have any tendeney either to rise or to fall.  This is
the condition of indifferent equilibrium.

When the vertical decrease of temperature is more rapid than at the

- rate of 1° in 100 m., a mass of air induced to rise would, at every
- altitude, find a temperature lower than its own at that altitude, and
~ would therefore tend to continue its ascent to the top of the atmo-
sphere. On the other hand, cold masses of air could also come down
from aloft to the earth’s surface under these conditions. Theoretically,
air does not ascend voluntarily, of its own initiative, until the rate of
vertical decrease of temperature amounts to 3-4° in 100 m.! It is not
till these conditions of vertical temperature gradient are reached that
the specific gravity of the lower layers of air is the same as that of the
higher. This is the condition of unstable equilibrium.

On the other hand, with a vertical decrease of temperature of less
than 1° in 100 m., which is actually the usual condition, ascending
movements of the air must soon cease, and descending masses of cold
air are so rapidly warmed that they cannot reach the earth’s surface
as a cold blast. This is the condition of stable equilibrium in the
atmosphere.

In this connection the low temperatures which have thus far been
observed at great heights in the atmosphere may be noted. Barral
and Bixio found a temperature of - 397" at an altitude of 7000 m.
above Paris during their balloon ascent of July 27, 1850, immediately
after a thunderstorm. Yet even this abnormally cold mass of air

would have been warmed 70° if it had been brought directly down to

the earth’s surface, and therefore would have had a temperature of 30°

at sea-level. On May 11, 1894, Berson, in the balloon Phiniz, observed

a temperature of — 36:5° at an altitude of 7930 m. ; and on December 4,
L), Hann : Lehvbuch der Meteorologie, 1901, 752-754.
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the same undaunted aeronaut, with the same balloon, reached a height
of 9150 m., where he found a temperature of —47-9°. A temperature
of — 67° was recorded on one of the voyages of the unmanned balloon
Cirrus at an altitude of 18,000 m., and on the voyage of the balloon
I Aerophile on October 20, 1895, at 15,500 m., —70° was recorded. It
is the rapid warming of descending air which protects the earth’s
surface against invasions of cold air from aloft.

The condition of indifferent equilibrium would oceur in the atmosphere
if the only source of heat were at the earth’s surface, because then the
temperature which each particle of air would have at every altitude
would be due solely to the heat of the earth’s surface. It may be
assumed that this condition of so-called convectional temperature
equilibrium exists in the atmosphere of the sun. In the case of the
earth’s atmosphere, however, the rate of vertical decrease of tempera-
ture is much slower than this condition would invelve. It is, in faect,
on the average only onehalf as rapid. We must therefore conclude
from this fact, if from no other, that the warmed surface of the earth
cannot be the only source of the heat of the atmosphere. It has
already been explained that the atmosphere itself absorbs some of the
radiant energy received from the sun. The upper strata also receive a
considerable increase of heat directly from the sun.

Retarded rate of cooling in cloudy ascending currents.—The con-
densation of water vapour in ascending currents of air is a second
important source of heat for the higher strata of the atmosphere.
Moist air contains a much greater quantity of heat than dry air av
the same temperature. If, for example, a kilogram of dry air, at
a temperature of 25°, is cooled to 0°, it must suffer a loss of a quantity
of heat 0-238°1x 25 =595 calories. This loss of temperature may be
brought about by an ascent of about 2500 m. If, on the other hand,
we take a kilogram of air at the same temperature saturated with
water vapour, the cooling to 0 results in the condensation of about
16 grams of water vapour, whose latent heat of condensation is
equivalent to 16 x 06 =96 units of heat. The kilogram of satu-
rated air must therefore lose 9:6 4+ 5:9=15"5 kilogram-calories. The
heat lost in the case of the moist air whose temperature is reduced
to freezing is therefore nearly three times as great as in the case of
the dry air. Hence, it may be seen that, as soon as condensation begins,
ascending moist air cools much more slowly than ascending dry air.

Rates of cooling with ascent in moist air of different temperatures.
—The following table shows the rates of decrease of temperature in

1 Specific heat of air.
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the cloudiest. The conditions are just reversed on the lowlands. On
Ben Nevis (1343 m.), because of its peculiar situation, the air is
almost saturated with water vapour throughout the year, the mean
annual relative humidity being 94 per cent., and the means for
December and June being 97 and 90 per cent., respectively. On Pike’s
Peak (4308 m.), the relative humidity is 79 per cent. in winter, 81 per
~ cent. in spring, 75 per cent. in summer, 77 per cent. in autumn, and
78 per cent. for the year. In the tropics, the march of the relative
humidity on mountains, as well as near sea-level, follows the rainy seasons.

The daily march of relative humidity at great altitudes is at
present known for a few stations only, In the case of the Sonnblick,
the ohservations of humidity for a whole year have been discussed.!
The results show that the minimum relative humidity occurs between
8 and 9 A throughout the year; while the maximum occurs after
noon in winter, and between about 8 and 10 p.M. throughout the
remainder of the year. The observations made during the summer
on the Faulhorn and at the Grands Mulets, on Mont Blane, give a
similar result, the minimum coming at 10 A.ar, and the maximum,
between 6 and 8 p.M.  On the summit of Ontake (3055 m.), in Japan,
the air was also found to be driest about noon, and most damp at 6 P.M.
(August).

The daily march of vapour pressure on mountains is characterised by
the fact that the amount of water vapour in the air is greatest soon
after noon (between 3 and 4 P.M. on the Sonnblick) ; while it is smallest
in the early morning hours, All well-exposed mountain stations, in all
climates, agree in showing a rapid increase in the vapour contents of the
atmosphere, and also of cloudiness, after noon. The daily march of
atmospheric humidity in the valleys, on the other hand, is the same as
that on lowlands, but has a somewhat greater range; as is also the
case with the daily march of temperature. Because of the fact that
valleys are better warmed, the air in them is generally drier than that
on well-exposed mountain slopes or summits at the same altitude,
although the absolute humidity is the same.®

The rapid variations and the great extremes of atmospheric
~ humidity on high mountains are very characteristic features of
mountain climates. There are frequent changes from complete

1J. Hann : * Die Verhiiltnisse der Luftfenchtigkeit auf dem Sonnblickgipfel,”
8.W.A4., CIV., 2a, 15895, 351-401,

2 For observations of the diurnal changes in relative humidity at different
altitudes in the free air, as determined by kite observations at Blue Hill

Observatory, see Annals Harv. Coll. Obasy., XLIL, 1897, part 1., 104-105,
T
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saturation of the air, when clouds rest on the mountain tops, to great
dryness. These changes are especially frequent and extreme on high,
isolated mountain summits, and they are accompanied by corresponding
changes of temperature.!

Ascending eurrents of air bring up water vapour from below, which
quickly condenses into clouds. On the other hand, calms and descend-
ing air currents cause extreme dryness of the higher strata of the
atmosphere. Junghuhn's psychrometer observations on the peaks of
the high voleanoes of Java, and his classic descriptions of the succession
of weather changes on those mountains, furnish us the most admirable
examples of the extraordinary variability in the humidity conditions
at these altitudes. On Slamat (3374 m.), the mean relative humidity
from June 20 to 22 was 52 per cent. ; but it varied from 13 per cent.
to 100 per cent. within 24 hours. On Semeru (3740 m.), the humidity
on September 26, in the afternoon, was only 26 per cent., with a mini-
mum of 5 per cent. Mats made of pandanus leaves crumbled to dust
between the fingers. The face, lips and hands crack open during the
dry weather at these heights, and people suffer from excessive thirst.?

Similar conditions exist on the summits of the Swiss Alps in fine
weather, but the contrast between the humidities aloft and below is not
s0 marked as in the distriets near the equator. Martin’s observations
on the grand plateau of Mont Blanc (3930 m.) gave a mean relative
humidity of 38 per cent. for the period, August 28—September 1,
1844 ; while the relative humidity at Chamonix for the same period
was 82 per cent. The minimum on the plateau was 13 per cent.; at
Chamonix, 50 per cent. This extremely dry condition of the air
alternates with periods of several days of stormy weather during
which the air is saturated, and when the mountains above a given
altitude are constantly covered with clouds. In the valleys, on the
other hand, and on the lowlands in general, the air is seldom saturated
during the warmer season, saturation occurring only occasionally during
the night and the morning hours. Under these conditions, fogs are
formed.

Evaporation.—In connection with the absolute and relative humidity
in mountain climates, the amount of evaporation must also be con-
sidered. Under similar conditions of relative humidity, temperature
and wind velocity, evaporation is much greater on mountains than at

1In the treatize referred to in footnote 1, on page 289, there is reference to E
the spells which oceasionally occur on the Sonnblick and on the Obir in winter,
when the air is very dry, and there is at the same time an increase in temperature, i |

2 Junghuhn : Jave, Vol. 1. & |
i
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Large numbers of observations are available in connection with
cloudiness in the Alps, and from this abundant material the following
means have been derived by the author.

MEAN CLOUDINESS IN THE ALPS.

3;‘::;‘:; Winter. | Bpring. | Summer. | Autumn. | Year,

Swisa Foreland, - . 4200 73 58 b-2= 62 61
Tyrol (Valleys), - - 13002 4:6* 58 54 52 52
-+ e - - 18307 37* 46 50 42 44
Eastern and Western Alps,| 26007 4G* 61 56 55 54
Siintis, - . - - 2467 6°1* 61 6'6 62 60
Sonnblick, - - - S100 b4l 71 73 62 G

The foregoing data show that the fogs of autumn and of winter are
the cause of the higher mean cloudiness of the lowlands as compared
with that of the higher valleys and the mountain summits. The latter
have a less cloudy autumn and a particularly clear winter, The remark-
ably clear winter sky in the higher Alpine valleys is ome of their
most striking climatic advantages; for, together with the dryness of
the air and the diminished pressure, it is instrumental in favouring an
unusually intense insolation. These climatic peculiarities, combined
with the prevailing calms, have given villages like Davos their repu-
tation as winter resorts. The calms, in this case, are due partly to
the wind-breaking effect of the mountains, and partly to the absence of
local winds, owing to the presence of snow on the ground. The snow
covers the whole surface uniformly, and almost does away with
differences of temperature. On the other hand, mountains which rise
abruptly out of lowlands are more cloudy than the lowlands them-
selves. Such mountains are often cloud-capped, and thus serve as
means of foretelling weather changes. Thus the Schafberg, for
example, has a mean cloudiness of more than 6 ; while the Alpine valleys
at the same altitude have a mean cloudiness of barely 5. Pike's Peak,
which rises to an altitude of 4300 m. from the dry plateaus of the
Rocky Mountains, with their clear skies, has a mean cloudiness of 2-7
in autumn, 3-4 in winter, 4'4 in spring, and 4'0 in summer; the mean
for the year being 3-6. In contrast to these conditions, Ben Nevis has

I Geneva, Neuchitel, Ziirich, Basel, Altstitten.

* Priigraten, Marienberg, 1Vent, Sulden, Sils-Maria,
18t. Bernard, Theodul, Stelvio, Fleiss, Obir.
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a cloudiness of more than 8 in every month but April; the mean for
April being 7-9, for January, 8-8, and for the year, 84,

The diurnal march of cloudiness on mountains, which has heen deter-
mined during recent years by means of sunshine recorders, is a very
instruective element in mountain meteorology. The following table gives
the mean duration of bright sunshine, in hours, on the Obir (2040 m.),
and on the Sonnblick (3100 m.). The diurnal march of clondiness on
mountains is very similar in all climates, as will be seen in the dis-
cussion of other phenomena which follows. Hence these data are on
many accounts of far-reaching importance.

MEAN DURATION OF SUNSHINE ON THE OBIR AND ON THE
SONNBLICK (IN HOURS).

Obir and Sonnblick. Year, Yaar.

Hour, )

November, | February, May, August
Obd d | Vi il
povember, | Yargh | Jome | Sebtemben | Sonmibiok. | Kiagontort

6—T7 0-1 70 344 170 955 729
7—8 12:8 277 427 889 1221 104-0
50 348 376 437 4442 1603 136-9
9—10 413 412 424 455 1704 1610
10—11 450 416 388 44°1 1695 176°5
11—noon 466 400 310 424 1600 | 1825
Noon—1 460 380 290-3 40°8 154°1 1837
1—2 44 -6 366 204 353 1490 1522
2—3 422 339 204 36-7 1422 1752
d—4 33-4 31-8 2843 34'5 12540 1548
4—5 12-3 253 274 304 054 1136
] 00 117 255 176 48 G583
Forenoon, 180G 195-1 2330 232-1 8408 533-5
Afternoon, 1785 1773 170-3 19583 7244 8778
Total, 359°1 3724 4033 4304 15652 17116

During the winter, the greatest frequency of sunshine on the Alpine
summits comes at the noon hours. Every winter month has, on the
average, over 15 hours of sunshine from 11 A.M. to noon, and from noon
to 1 pa. In other words, every other day in winter has its full
complement of sunshine at noon. Toward spring and summer, the
frequency of sunshine about noon continually decreases, both relatively
and absolutely. In the early spring, the hours between 9 and 11 A
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have the most sunshine. In summer, the greatest frequency of sun-
shine comes as early as 89 AM. At that season, the sunshine
decreases rapidly after 10 AL, or, in other words, the cloudiness
increases rapidly toward noon. Finally, in autumn, the hour between
9 and 10 A.M, has the most sunshine. It is thus apparent that there is
a very regular displacement of the sunniest time of day from noon in
winter, to 9 A.M. in summer, and then back again through 10-11 A.ar
in autumn, to noon in winter. During the summer, not even one day
in three has sunshine at noon.

The regularity with which the sunshine decreases at noon as summer
approaches may be seen still more clearly when the frequency of
sunshine in the three-hour period from 11 o.M, to 1 P.M. in the different
months is investigated. We then have the conditions set forth in the
following table :—

DURATION OF SUNSHINE ON THE SONNBLICK AND ON THE OBIR
FROM 11 A.M. TO 1 P.M. (IN HOURS).

December, | 470 | March, - | 398 June, - | 27-0% | September,| 404
January, - | 46°1 | April, - | 322 July, 363 | October, - | 381
February, 440 | May, -| 306 August,- | 437 | November,| 434

The two extremes are found in December and in June. When the
days are shortest, i.e., when there is the least insolation, and when the
earth’s surface is least warmed, the noon hours on mountain tops are
the sunniest. On the other hand, these hours are the most clondy
when the days are longest and when the earth’s surface is most warmed.
These observations show very eclearly the effect of the ascending
currents of air which result from the warming of the earth’s surface.
Certain other meteorological phenomena which are related to this same
process, either as cause, or as effect, will shortly be considered.

This curious diurnal variation of clondiness is one of the most
characteristic phenomena of mountain climates in all warm countries
where ascending air currents are well marked, at least in summer. In
higher latitudes, as on Ben Nevis, for example, the diurnal march of
sunshine is like that on the lowlands of central Europe, the maximum
coming nearly at noon, and the afternoon having more sunshine than
the forenoon.!

'R. C. Mossman : ““Sunshine Values at Ben Nevis Observatory,” Journ. Scot.
Met. Soc., 8rd. Ser., No. IX., 1893, 231-236 (M. Z., X., 1893, 350-352),
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In the Alpine lowlands and on the Alpine foreland, the noon hours in
winter are not the sunniest, as they are on the Alpine summits, but the
noon hours of summer have the maximum frequency of sunshine, The
mean duration of sunshine from 11 A.M. to 1 P, at Vienna and
Klagenfurt, for example, is as follows :—

DURATION OF SUNSHINE, 11 AM. TO 1 P.M., AT VIENNA AND
KLAGENFURT (IN HOURS).

December, - | 21°3% | March, | 497 | June, - | 520 | September, | 57-0
January, - | 324 April, - | 490 | July, - | 642 | October, - | 385
February, - 370 May, - | 540 August, | 665 | November, 233

In Vienna and Klagenfurt an average winter month has sunshine
during 10 noon hours only, while on the Obir and the Sonnblick it has
from 15 to 16 hours. In summer, however, the conditions are reversed.
The lower stations have 20 hours of noon sunshine a month, while the
upper stations have not quite 12 hours, On the lowlands within the

~ tropics, the forenoon is clearer than the afternoon, which is similar to

the condition on the mountains of central Europe.
Influence of mountains on precipitation,—The most important influ-
gnce which mountains have is in causing condensation of the water

~ vapour of the atmosphere, and thus affecting the frequency and the

amount of precipitation. This influence is due to the fact that
mountains give rise to ascending air currents, whereby a rapid cooling
of the air is brought about, and the water vapour is condensed. Both
general and local air movements are affected by mountains for, on the
one hand, the prevailing winds are to some extent forced to climb up
the slopes of mountain ranges which lie in their path, and, on the other
hand, mountains themselves provoke local ascending currents, which
will be discussed later. Mountains in all parts of the world thus
produce “islands” of more frequent and of heavier rainfall. This
action is most distinctly seen in regions in which rain seldom, or never,
falls. Thus the high plateaus and the mountains of the central Sahara,
Asben and Tibesti, have regular summer rains, and the mountains
along the Nubian and Arabian shores of the Red Sea are deluged with
thunderstorm rains, while the coast itself either has no rain at all, or is
visited only by infrequent showers. In the steppe country of central
Asia, wherever there are high mountains, the increased rainfall at a
certain altitude favours the growth of trees and forests. The cultivation
of the arid lowlands in these districts is entirely dependent upon the
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mountain streams which are fed by the melting snow and ice of the
higher mountains. Similar conditions are found in the arid portions of
western North America. As Loew says:!

“In the district lying between the Rocky Mountains of Colorado and
the Sierra Nevada of California, and extending south to the Mexiean
border, it may be stated, as a general rule, that all the country below
1000 m. above sea-level is a real desert, and that between 1000 and
1500 m. is a partial desert. At greater elevations, the ground is more
and more covered with vegetation, and at altitudes of 2000 and 2400 m.
there are magnificent virgin forests, with rich valleys and numerous
springs of water. If this region were all below 1000 m., it would be
one vast desert which would have an extent greater than that of
half of Europe . .. The Painted Desert and the Gila Desert are

|

separated by the forested mountains of central Arizona. In ascending

from the desert across the slowly rising ground to these mountains, the
vegetation, which is more abundant at every step, indicates the increas-
ing altitude above sea-level almost as accurately as does the barometer.

Above 3500 m. the forests again disappear from the mountains,

and the flora becomes more scanty because of the decreasing tempera-

ture.”
In Arizona, the rainfall varies almost directly with the altitude. The
low southwestern section receives less than 125 mm. a year, while

the stations on the plateau have from 400 mm. to 500 mm,

according to their elevation.? \

On Kilimanjaro the steppe extends up to 1000 m. Above that height
comes the cultivated land, and above that, there are bushes up to 2000 m.

The damp virgin forest covers the upper slopes between 2000 and
3000 m., and above the forest come fields of grass, with scattering
bushes, up to 4000 m. Similarly on Mt. Kenia, there is steppe below ;
then the forest-zone begins at 2300 m. and reaches up to 3100 m.,
while still beyond that altitude comes the alpine zone, reaching up to
4500 m.

Windward and leeward slopes of mountains.—Many mountains
have a wet side and a dry side! Such mountains lie more or less

' 0. Loew : ** Die Wiisten Nordamerikas,” Mitt. d. Ver, fir Erdkunde in Leipzig,
1876, 3-13.

A, J. Henry : ** Rainfall of the United States,” U.8. Weather Bureau, Bull, D,
1897, 35.

*The climatic differences between the windward and the leeward sides of the
central mountains of Germany have been very clearly discussed by Dr. R.
Assmann, in Der Einfluss der Gebirge auf das Klima von Mitteldewtsehlond,
Stuttgart, 1886.
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directly across the path of prevailing winds which carry a large amount
of water vapour. In the trade wind belts, the eastern slopes of the
mountains are generally the rainy ones, especially when the trade wind

- blows directly off the ocean. In higher latitudes the western slopes are

usually the rainy ones, because outside the tropics the prevailing winds
are from the west. In southern Asia, however, where the southwest
monsoon is the prineipal rain-bearing wind, the western slopes have the
heaviest rainfall. The wet side of a mountain range is always the side
which is toward the principal rain-bringing wind of that particular

~ locality, and this wind is one which blows off an ocean, or from lower

latitudes. Mountain ranges whose axes are more nearly parallel to the

direction of the prevailing rain-bringing winds have no marked rainy

and dry sides. This is the case with the Alps, for example, whose
southern and northern slopes both have abundant precipitation.
That the rainy side of a mountain range must be matched by a dry

side on the opposite slopes hardly needs any explanation. The side of

the mountain facing the moist wind receives all the precipitation which

- results from the condensation of the water vapour in the ascending

current as it passes over the mountain. The amount of precipitation
depends on the dew point of the ascending air and upon the temperature

~ to which the air is cooled on its passage across the mountain. If the

height of the crest is, say, 2000 m., the air cools about 10° or more
throughout its whole mass in crossing this ridge. If, therefore, the
lower strata have a temperature of 15°, for example, and if the air is
saturated with water vapour, then every cubic meter of air will contain
12:7 grams of water vapour. On reaching the summit and cooling to 5°,
the same volume of air can contain only 6-8 grams; or, if we take into

~ account the fact that the volume has increased in the ratio of 76 : 60 =

1:27, it can contain 8'6 grams. In every cubic meter of air under these
circumstances, 4°1 grams of water vapour are condensed in the passage
over a mountain range 2000 m. high. In the case of an air column
2000 m. high, this condensation will give a rainfall of nearly 8 kilo-
grams per square meter, or 8 mm. of rainfall during the time required
by the air to ascend 2000 m. Now, as this process may continue for
days, it is easy to conceive of the enormous quantities of rain which can

- fall on the windward side of such a mountain range. When the air

gradually descends to its former level on the leeward side of the
mountains, it is warmed during the descent and becomes very dry.
The descending air is not saturated with water vapour after its tempera-
ture rises above that which prevails at the altitude where condensation

- occurred. This difference between windward and leeward slopes is still



298 HANDBOOK OF CLIMATOLOGY.

further accentuated in warmer climates by the fact that while one side
is cloudy, rainy, and cool, the opposite, leeward, side has intense insola-
tion under a clear sky, which results in a considerable warming of the
lowlands. This further increases the dryness on the leeward side, and
is unfavourable to the production of rainfall.

Cloud banners and cloud rings on mountains.—Abbe has made
some interesting observations of the effect of mountains upon eloud
formation in the free air. He calls attention, in connection with this, to
the standing waves formed on the upper surfaces of streams that run
over a rocky bottom, which are analogous to the waves formed in
the atmosphere. Standing waves of this kind, formed in the free
air and capped by clouds, may be seen at the summit of Green
Mountain, on the island of Ascension. The clouds form to leeward of
the peak and drift away 150 km. under the influence of the steady
southeast trade wind. These clouds disappear at night when the
air is cooler and drier, and regularly reappear every day.!

The cloud rings around mountainous islands in the trade winds will
be discussed later. Even low-lying coasts may give rise to clouds, as
in the case of Cape Cod and the island of Nantuckes, Massachusetts,
described by Davis.? Cape Cod, which is a long arm of the land, is
often marked out in the summer sky during quiet weather by floating
cumulus clouds. At the same time, the sky over the mainland to the
northwest is covered with large clouds, but the sky over the ocean
is clear, except that in quiet weather isolated clouds grow over the
sandy island of Nantucket, the island itself not being visible from
the mainland,

Examples of great contrasts between the rainfall on the windward
and leeward sides of mountains may be found in the following cases.
The western coast of Norway has 100-190 em. of rainfall (latitude
58" = 63" N.), while the interior has 50-60 em. The outer portion
of the great fiord at Bergen has 190 cm.; the central portion has

! The so-called ‘“ clond banners” on mountain tops, and the ““table-cloth ™ on
Table Mountain, are described in Hann, Hochstetter und Pokorny : Algemeine
Evdlunde, 5th edition, Vol. I., Vienna, 1896, 180-183. The interesting cloud
formation in the case of the helm wind is described by J. Brunskill and others :
“The Helm Wind" (with discussion), Quart. Journ. Boy. Met, Soc., X., 1884, 267-
275; ** Report of the Committee on the Occurrences of the Helm Wind of Cross

Fell, Cumberland,” ibid., XI., 1885, 226-238; W. Marriott: * The Helm Wind _

of August 19, 1885 " (with discussion), ibid., XII., 1886, 1-10.

Davis has recently described the occurrence of a helm wind, with the
accompanying clouds, in the Cevennes (M. 2., XVI., 1899, 124.125).

*W. M. Davis : Elementary Meteorology, Boston, 1894, 166.
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155 em. ; and the inner portion, only 86 em. The western coast of
Scotland has a rainfall between 120 and 300 em. ; while the eastern
coast has only 60-80 em. The southern island of New Zealand has
a rainfall of more than 250 em. on the western slopes of the New
Zealand Alps, while but 60-80 em. fall on the eastern side of the
island. Of tropical and sub-tropical countries, the eastern coast of
Australia alone needs mention here. In this case, the coast of New
South Wales, between latitude 285° and latitude 33-5° 8., longitude
153-5° and longitude 151'5° E., has a rainfall of 124-188 e¢m.; in the
interior littoral zone in the same latitudes (longitudes 152:5°-150-5%)
the rainfall is fairly uniformly 92 em., while the amount decreases
rapidly inland to less than 30 em.!

On the island of Mauritius during the years 1862-1866, 360 cm. fell
on the eastern side at Cluny,® while only 71 em. fell on the west coast,
at Gros Cailoux, but 27 km. northwest of Cluny during the same
period.® On the average, the rainfall on the east coast is twice as great
as that on the west coast, at the same height above sea-level.

Effect of mountains on rainfall in the Hawaiian Islands.—The
lofty islands of the Hawaiian group, in the northeast trade wind belt,
furnish the most beautiful examples of the contrast between a damp,
rainy, windward slope and a dry, lee slope, which in some places is
almost a desert. On the island of Hawail itself, Hilo, on the north-
east coast, has more than 350 em. of rain. On the mountain sides, the

- rainfall increases to nearly 450 em., and probably even to a very much

larger amount. Dutton assumes a rainfall of 600-700 em. in the region

- of permanent clouds, at an altitude of 1200-1500 m., and this is not an

improbable amount; for, on the windward side of the island of Taviuni,
one of the Fiji Islands, in latitude 17° S., within the southeast trade
wind, 628 em. were recorded as the mean of two years at an altitude
of 170 m. On the western side of Hawaii, the rainfall at Kailua is hut
134 em., while it is still less on the southern coast. Hilea has but 89
em., and at that point is the desert of Kau. The most remarkable
increase of rainfall from the coast inland toward the mountains is seen
on Oahu, near Honolulu.  Here 60-90 em. fall on the coast, but the
amount increases with extraordinary rapidity in going up the Nuuanu
valley. At a distance of 2 km. north of the city, at 120 m. above sea-

1Tn latitude 33° to 34" 8. the mean rainfall is 120 e¢m. at longitude 151-5° K. ; at
longitude 150° E., 77 cm. ; at 148° E., 57 cm. ; at 146° E., 46 em. ; 144" E,, 35
em., and at 142° E., hardly 29 em. of rain falls.
. %14 km. from the 8. K. coast, and 305 m. above sea-level,

*Gros Cailoux is 3 km. from the west coast ; 40 m. above sea-level.
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upon the rainfall appears in the fact that these longitudinal valleys
have very little rain, while the outer portions of the enclosing
mountain chain have abundant precipitation. Thus, the rainfall on the
northern side of the northern limestone Alps, at Isny, is 139 em. ; at
Tegernsee, 118 em. ; and at Salzburg, 116 em.; while behind them, in
the valley of the Inn, Landeck has 57 em., and Innsbruck, 87 cm.
The northern side of the Bernese Alps, according to Benteli, has
150 em. of rainfall and more; on the southern side, in the Rhone
valley, only 60-90 em. fall ; while still farther south, on the southern
slopes of the Pennine Alps, in Piedmont, the amount of rainfall
becomes very large, Pallanza having 236 cm., Biella 102 em., and
Ivrea, 139 em. The examples here given need not he extended
further, because many other cases of the same kind may be found in
the study of the climatology of special districts. The rainfall of the
Inn valley may, however, be referred to here, because it is particularly
instructive as illustrating the desiccating effect of high and massive
mountain ehains upon rain-bearing winds.

MEAN ANNUAL RAINFALL IN THE VALLEY OF THE INN (cu.).

Rosenheim, Inmhmk.‘ Landeck. Remfls. | Zernetz, Ilwcra.l Hils, Iﬂu.stuﬂr:mm-

e e

e

138 87 ‘ 57 |5'I|59 79 9% | 145

The central portion of the Inn valley, between Landeck and Zernetz,

~ is one of the driest portions of the Alps. In order to appreciate the

conditions fully, it must be recalled that the Inn valley has an upper

~ and a lower entrance, The Maloja divide does not close the valley,

but the Inn valley descends into the valley of the Maira at Bergell
over a hardly perceptible saddle. Thus the rain in the valley of the
Inn eomes from both the upper and the lower ends. The amount is
least in the central portion, especially in the lower Engadine valley,
which, in consequence of a change in the direction of the axis of the
valley, is shut in on almost all sides by high mountains.

Increase of rainfall with increase of altitude in mountains.—There
is an increase of rainfall with inereased altitude on mountains, but this
increase continues only up to a certain height, and above this there is
a decrease. The amount of this increase is not governed by any
simple laws. It depends entirely upon local conditions, which may be
favourable or unfavourable. The cause of the increase in the amount
and the frequency of precipitation with increased altitude above sea-
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level is to be found, as has already been explained, in the fact that
elevations of land foree air currents to rise, and hence to cool.
Furthermore, even when there are no general atmospheric movements,
local ascending currents occur in mountain regions. Other factors
favourable to rainfall among mountains rather than over lowlands
are the more abundant covering of vegetation, and the greater damp-
ness of the ground, which together locally increase the amount of
water vapour in the air. The ground is therefore less warmed, and
there is less radiation of heat from it. These conditions are more
favourable to a condensation of water vapour than those over lowlands.
Both the amount of precipitation, and especially the frequency, are
thereby increased.

Mountains cause an abundant condensation of the water vapour
hrought by the rain-bearing winds, and then prevent this supply of
water from being carried away again by the winds in dry, clear
weather.  After warm, bright, summer days, the grass, shrubs and
trees in the Alpine valleys are covered with drops of dew, which give
the appearance of a recent fall of rain. The local ascending air currents
carry the water vapour aloft in the afternoon, and the condensation of
this vapour gives rise to clouds and thunderstorms, which return the
moisture to the earth again as rain. The humidity of the atmosphere,
which is thus locally increased through the presence of forests and the
abundant supply of water, cannot pass over the surrounding mountain
walls without being largely condensed into rain. Mountains thus keep
their own moist atmosphere. The abnormal spring rains in the
Brahmaputra Valley, in Assam, which begin as early as April during
the dry season of northern India, are similarly explained as 4 result of
the presence of extended forests ; of an abundant water supply, and of
the fact that this district is surrounded by mountains. These various
factors unite to increase the humidity of the air; to keep this locally
inereased humidity confined to a limited area ; and to produce ascending
currents of air. These rains are due to the condensation of the water
vapour which has its source locally, and which cannot be carried away
by the winds.

The rainfall increases on approaching a mountain range because the
air is forced to rise even at some distance away from the obstruction
whieh lies in its path. Almost all mountainous regions furnish
examples of the rule that the rainfall does not increase suddenly, just
at the base of the mountains. This has been shown very clearly in the
case of the stations on the railroad from Batavia to Buitenzorg, and on
the island of Hawaii. The following case, cited by Blanford, shows in
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Marriott has recently considered the relation of rainfall in England
to altitude above sea-level.! The mean annual and mean monthly rain-
falls at the English and Welsh stations for the ten-year period 1881-
1890 form the basis of the discussion, and the stations are classified

according to altitude. The increase of rainfall with altitude is thus
summarised :—

30 m. (100 ft.)+ 9 per cent. 180 m. (600 ft.)+ 5 per cent.
60 m, (200 ft.)+ 3 ,, 215 m. (700 ft.})+38 ,,

90 m. (300 ft.)+ 3 ,, 245 m. (800 ft.)+ 3,
120 m. (400 ft.)+14 275 m. (900it.)+ 4
150 m. (500 ft.)+ 1 ,, 305 m. (1000 ft.)-21 ,

In California,* along the line of the railroad from Sacramento to
Summit, the rainfall increases from 49 em. a year at Sacramento (22 m.)
to 115 em. at Colfax (738 m.), or at the rate of 1 em. in a little over
10 m. With a further increase of altitude, the rate of inerease in
rainfall becomes smaller. Thus, at Cisco (1810 m.), the mean annual
rainfall is 125 em., and at Summit (2139 m.), it is 118 em. Between
_Colfax and Cisco the rainfall inereases at the rate of only 1 em. in about
100 m., and between Cisco and Summit there is a slight decrease in the
mean annual rainfall.

Beyond Summit, the rainfall decreases with extraordinary rapidity
toward the east ; for, in the valley of the Humboldt River, the annual
amount is only 8-10 em. Further east, the rainfall increases again
toward the Wahsatch Mountains.

If a chart be construeted showing the amounts of precipitation hy
means of lines of equal rainfall (isohyetal lines), we shall have a very
striking reproduction of a topographic chart of a country. A beautiful
example of this is found in the case of the Bohemian basin, in which the
rainfall increases on all sides toward the enclosing mountain walls, and
especially in the direction from southwest to northeast.

The altitude of the zone of maximum rainfall, that is, of the zone in
which the rainfall is heaviest and above which it decreases again, is a
question of great interest. So far, but few observations on this point
are available, especially from the tropics, where on account of the
greater uniformity of the temperature, the relations are the simplest.®

1%, Macriott: *“Rainfall in the West and East of England in Relation to
Altitude above Sea-Level,” Quart. Jowrn. Roy. Met. Soc., XXV, 1900, 273-278.

?Data furnished by Professor A. G. M‘Adie, of the U.S. Weather Bureau.

# Huber has attempted to show the dependence, in the Canton of Basel, of the
annual rainfall upon the altitude, and upon the average angle of slope of the

surrounding mountain sides over which the rain falls. The following formula is
U
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finds the zone of maximum rainfall at an altitude of about 1000 m.
There are hardly any observations or studies of the altitude of the
zone of maximum rainfall in the case of mountains of the middle and
higher latitudes. In the Alps, this zone is probably not far above
2000 m.

In 1868 Prof. John Phillips pointed out (Rep. British Assoc., 1868,
p- 472) that the amount of rainfall at Keswick, on the plain at the
entrance to Borrowdale (82 m.), was 150 em., while it increased towards
the head of the valley and on the surrounding mountain slopes. Thus
at Seathwaite (128 m.) the annual rainfall was 340 e¢m.: and in ascend-
ing Scafell Pike, from Borrowdale, the maximum rainfall of 420 em. was
found at The Stye (330 m.), while on the summit itself (945 m.) the
rainfall was only 163em. The means of several stations gave the
following amounts of rainfall :—West side (average 160 m.), 212 em.;
east side (average 115 m,), 298 em.!; mean, 255 em. The passes
(460 m.) had 335 em.; the summits (884 m.), 171 em.; and the
maximum rainfall was assumed to oceur half-way up Secafell Pike, at
an altitude of about 500 m. Mr. G. J. Symons showed (British
Rainfall, 1898, p. 27) that the more ample data then available did not
hear out the earlier conclusions, and that no definite law as to the
- variations of rainfall with altitude was indicated by the records for the
Lake District. Recent observations on hoth Snowdon and Ben Nevis
appear to show that, when the disturbing effect of wind is eliminated,
the zone of maximum rainfall is not reached at the highest altitude
(1350 m) in Great Britain.

Decrease of rainfall at great altitudes on mountains.—It is easy to
see why there must be an upper limit of the zone of maximum rainfall
on high mountains, although the same thing is not true of the frequency
of precipitation. The vertical decrease of temperature necessarily also
involves a decrease in the vapour contents of the air; and the intensity
of the precipitation must, consequently, be so much decreased at a
certain altitude above sea-level that it can no longer be compensated
by greater frequency of precipitation. The maximum rainfall is
generally to be looked for at the altitude at which, under the average
humidity conditions of the air near sea-level, that air is sufficiently
cooled during its ascent to bring about a condensation of the vapour it
contains. For, at this altitude, precipitation occurs at the highest

! The heavier rainfall of the east side is explained by Laughton as a resplt of
the fact that the air on the lee side of elevations of moderate amount continues
to ascend. The rainy stations, Stye Head and Seathwaite, are on the northern
side of the mountain. Quart. Journ. Roy. Met, Soe., IV, 80.
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SNOW-LINE AND GLACIERS. 311

an orographie snow-line, as well as a climatic snow-line.! The credit
of establishing and enforcing the conception of the orographic snow-
line, together with that of the climatic snow-line, belongs to Ratzel.
This orographic snow-line is the lower limit of snow fields and of névé
patches, which oceur as isolated patches, or in considerable numbers,
and which owe their permanent preservation essentially to favourable
orographic surroundings.®

Bouguer believed that the climatic snow-line coincides with the
isothermal surface of 0°, Humboldt and Buch substituted for the
mean annual isothermal surface of freezing a mean summer temperature
of 0°, Renou sought to prove that the snow-line is to be found in all
climates at the altitude at which the mean temperature of the warmest
half of the year is zero.

The amount of precipitation, and especially the amount of precipita-
tion which falls during the winter months as snowfall, is a factor which,
in addition to temperature, plays so important a part in this connection
that, as was pointed out by von Humholdt, many phenomena would be
inexplicable unless the effect of precipitation were taken into account.
Furthermore, among the local influences which also play a part may be
noted the exposure of the mountain sides to the sun, and to warm and
dry winds from the land ; the steepness of the slopes, and the height
to which the mountains rise above the region of snowfall. The fact
that the altitude of the snow-line is lower on the northern than on the
southern slopes of mountains in the northern hemisphere, is explained
by the more intense insolation on the latter.

Height of the snow-line: snowfall and snowline.—Near the
equator, the snow-line has a well-defined lower limit, and is everywhere
at about the same height above sea-level. The case is quite different in
higher latitudes, where the exposure, the steepness of the slopes, and
other local influences play a very important part. The course of the
snow-line consequently becomes very irregular, and its mean height
above sea-level is rather difficult to determine, In higher latitudes, the
snow-line has by no means the same altitude throughout the same
mountain range, and isolated fields and patches of snow oceur in shady
ravines and gullies far helow the true snow-line (Ratzel's orographic

IF. Klengel: “Die Historische Entwickelung des Begriffs der Schneegrenze
von Bouguer bis zn A. von Humbeldt,” 1736-1820, Miith. d. Ver. fiir Evdlunde
i Lepzig, 1888, 105-1940,

2R, Ratzel : Zur Kritik der sogenannten Schneegrenze, Leopoldina, 1886, Com-
pare also F. Ratzel : ** Die Schneedecke besonders in dentschen Gebirgen,” Forsch.
zur dewtsch, Landes w. Volkskunde, IV., No. 3, Stuttgart, 1880,
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the height of the snow-line at latitude 30° 8., is 4900 m. (Pissis); at
latitude 32°-33° 8., it is 4200 m. (Giissfeld) and at latitude 34°-35° S. it
is between 3100 and 3500 m. South of latitude 37° S., where the more
rainy, and finally the very rainy zones, are entered, the snow-line
rapidly descends to 1800-2100 m. On Mt. Villarica (lat. 39:5° S.), the
height of the snow-line is but 1600 to 1700 m.; on Osorno (lat. 41° S.),
the height is from 1400 to 1500 m. ; on Corcovado, it is 1360 m. ; and
at the Strait of Magellan, in a latitude corresponding to that of northern
Germany, the height is but 1000 m. The low summer temperatures
and the heavy precipitation on the west coast of South America, south
of latitude 40° 5., give rise to a very curious phenomenon. The snow-
line there almost coincides with the tree-line, as was observed by Pippig,
and later confirmed by Philippi Elsewhere there is always an
intermediate zone, as is illustrated by the high pastures of the Alps,
which have a vertical extent of about 800 meters,

In North America, at latitude 19° N., in Mexico, the snow-line is at
4400-4800 m., but it does not appear at all in the dry sub-tropical lati-
tudes ; and at altitudes of 4000-4500 m. there are only isolated patches
of snow (“orographic snow-line”). Assoon, however, as the precipitation
increases, at about latitude 40° N., the snow-line descends. On Mt.
Shasta, the height of the snow-line is 2400 m.: in the Cascade
Mountains, at the northern boundary of the United States, it is 2000 m.;
on Vancouver Island, it iz between 1600 and 1800 m.; and on Mt. St.
Elias, at latitude 60° N., it is 800 m,

The position of the snow-line in the Himalaya Mountains is especially
instructive. Between latitudes 27° and 34° N,, on the Indian side of
the mountains, which is the rainy side, the average height of the snow-
line is 4900 m.; while on the northern side, toward Tibet, it is 5600 m.
In the Karakoram and Kuenluen Mountains (lat. 35°-36° N.), the
height reaches 5500-6000 m. The reasons for this increase in altitude
of the snow-line on the more northerly ranges are to be found chiefly
in the increasing dryness of the atmosphere; in the scanty precipita-
tion, and, to a less degree, in the excessive heating of the plateaus
during the summer.

Hooker, Strachey, the brothers Schlagintweit and others have shown that,
notwithstanding the higher temperature, the snow-line is lower on the southern
side of the Himalaya Mountains, in congequence of the heavier precipitation, than
it iz on the northern side, which borders on the colder platean of Tibet, where
the rainfall is very much less. This condition, which has been verified by the
statements of every observer, has been found by Diener to exist also in the

central Himalayas. It must, however, by no means be supposed that these
differences in the height of the snow-line will appear on the mountain ridge
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snow-line is between 2700 and 2800 m. above sealevel;l in the
Bernina and Ortler group it rises to over 2900 m.; in the high Tauern
it is 2600 m, on the northern side, and 2800 m. on the southern.?

The northern ranges of the eastern Alps, as well as the southeastern
ranges (Julian Alps), have a low snow-line because of the heavy rainfall.

- The increase in the height of the snow-line in Norway, from the
coast toward the interior, was demonstrated by the classical investiga-
tions of Wahlenberg and Buch. In latitudes 70-71° N. the snow-line
at the coast is found at 700-800 m. above sea-level ; while the height
18 1000 m. in the interior. At latitude 62°N,, the height at the
coast (Aalfotbrae) is 1200 m. ; somewhat farther inland, on Folgefond
(lat. 60° N.), it is 1450 m.; on Jostedalshrae (lat. 61° N ), it is 1600 m.;
and at Jotunheim (lat. 61° N.), it is between 1800 and 1900 m.* In
the same latitude, the snow-line is found about 400 m. nearer sea-level
on the west coast of North Ameriea, which has a heavier rainfall and
a much lower temperature.

In Iceland, the mean of twelve observations by Thoroddsen fixes the
height of the snow-line, in latitudes 64-65° N., at 870 m. above sea-
level. It is lower on the southern side (600 m.) than on the northern
side (1300 m.), because of the heavier precipitation on the coast. On
Myrdalsjokul, the height is 900 m. on the south, and 1150 m. on the
north, the mean being about 1000 m,

In Spitzbergen, in latitude 77° N., in the Hornsund, the height of
the snow-line is 460 m., In Franz Joseph Land, in latitude 82° N, it
15 100-300m. In the regions about the north pole, the snow-line has
nowhere been found to descend to sea-level. In the high latitudes of
the Antarctic, on the other hand, it reaches to the level of the sea.
The winter is relatively mild there, but the summer is cold. On the
island of South Georgia, in latitude 54-5° 8., Vogel believes that the
snow-line may be fixed at 550 m. above sea-level,

The mean annual and mean summer temperatures at the snow-line
(#.e., at the limit of eternal snow) vary very greatly under different
climatic conditions. The heavier the precipitation and the smaller the
annual range of temperature, the higher is the mean temperature at the
snow-line. In the Andes, at Quito, on the equator, the temperature at

! The effect of exposure in the district of the Dammastock is shown by R. Zeller
to be as follows : Northern slopes, 2740 m.; eastern, 2780 m.; gouthern, 2870 m,;
western, 2860 m,

*Compare the instructive chart given by Richter in Die Gletscher der Ostalpen,
Plate 4.

48. Richter : ** Die Gletscher Norwegens,” Hettner's Zeitschr,, 1895-06.
X
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the snow-line in the eastern Cordillera, is + 3°; in the western Cordillera,
+2°  In southern Chile, also, the mean annual temperature at the
snow-line is about 3°. On the southern slopes of the Himalayas, from
Sikkim to the Northwest Provinces, the snow-line coinecides with the
isotherms of +05° to —1°, and with a July temperature of 6:7°. On
the Tibetan slopes of the Himalayas, on the other hand, a mean
temperature of —4° to —5° prevails at the snow-line. In the eastern
Alps, a mean annual temperature of about -3°, and a summer
temperature of 3° to 47, are found at the snow-line. On Nova Zembla
and Spitzbergen, a mean annual temperature of -10" to -11°
corresponds to the height at which perpetual snow is found; and in
the interior of Asia, in northern Siberia, the mountains are not snow-
covered although the mean temperature is —17°. On the coast of
northern Siberia, Nordenskjold found mountains 600 m. high without
any snow in summer. An extreme continental climate, with a slight
precipitation, makes a permanent snow-cover impossible.

Lower limits of glaciers.—The altitude above sea-level, and the mean
annual temperature of the regions down to which the lower ends of
glaciers descend, depend much more upon the local conditions than is
the case with the snow-line. The position of the foot of a glacier also
depends upon the extent of the icefield from which the glacier is
supplied, and upon the slope of the bed, ie, upon the amount of
forward pressure from up-stream, and the rapidity of movement of the
ice down-stream. The sooner and the more completely the losses by
melting are made up, the higher will be the temperature of the regions
into which the glacier may descend. Where there is little precipitation,
and where the summer is hot, the glaciers must end where the mean
temperatures are still low. A few examples will serve to illustrate
these different conditions.

West coast of New Zealand : The Franz Joseph glacier (lat. 43° 35° S.)

mean annual temperature is 10°, which is higher than that of Vienna.
On the eastern side of the mountains, in the same latitude, the great
Tasmanian glacier descends only to 780 m. above sea-level.
Wesl const of Chile: A glacier in latitude 46'5° 8. reaches sea-level.

The mean annual temperature is 8-4°.

- Northwest coast of North America: A glacier at the end of a fiord east
of Fort Simpson, in British Columbia (lat. 54° N.), descends into the
sea. The mean annual temperature here is 10°, according to Dall.

i

ends at 290 m. above sealevel, and the Fox glacier, at 200 m. The i
b

Karakoram Mountains: The Biafo glacier (Balti), in latitude 35° 41'

N., ends 3080 m. above sea-level. The temperature is about 9°, ?
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Himalayas : The Chaia glacier (Gharval ; lat. 31° N.) stops at 3200 m,
above sea-level, with a mean annual temperature of 7°.

Alps : The mean height above sea-level of the lower ends of eight
primary glaciers on Mont Blane is 1450 m. The mean annual temper-
ature is about 4-2°. The Bossons Glacier descends as far as the
1sotherm of 6:5°.

In the mountains about Oetzthal, where the climate is more con-
tinental in character, and where there is less precipitation, the lower
ends of the ten largest primary glaciers are 2100 m. above sea-level,
according to Sonklar ; the mean annual temperature at that point being
—01°, and the summer temperature, 7-8°. In the Altai Mountains of
western Siberia (lat. 50° N.), the Katun glacier descends to 1240 m.
above sea-level, where the probable mean annual temperature is — 1°7°;
and in eastern Siberia, on Munku-Sardyk (lat. 52° N.), a glacier on the
southern side reaches down to 3170 m. above sea-level, where the

. mean annual temperature is about — 10°,

Thus the lower ends of glaciers are seen to lie in districts whose

. mean annual temperatures differ at least 20° from one another. The

R R, AT S e
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influence of climate upon the development of glaciers is shown with
remarkable clearness in Alaska. Along the coast, where there is
abundant precipitation, and where the summer temperatures are very
low, the glaciers are both numerous and large. In the district
about Mt. St. Elias there are hundreds of great rivers of ice which
descend to sea-level, some of them even reaching into the ocean and
breaking off there, with ice walls 100 m. high. In the interior,
however, in the same latitudes, where there is much less preeipita-
tion, and where the summer temperatures are also much higher,
glaciers are absent, even on mountains 1200-1500 m. high within the
Aretic cirele.

Climatic zones on mountains.—The table on the next page, which is
found in the volume prepared by the brothers Schlagintweit on the
physical conditions of the Alps, will serve to illustrate the manner in
which phenological observations emphasise the climatic zones on high
mountains.

During the spring, up to the time when blossoms cease to form, the
retardation in the development of vegetation amounts, in round

- numbers, to 10 days for every 300 m. of increase of altitude. During
~ the fruit season, up to the beginning of winter, the retardation is 12}
~ days for the same distance. As the result of 10 years’ observations in

France, Angot found a retardation of the time of the foliation and
blossoming of plants, as well as of harvesting, of 4 days for every 100 m.
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slopes the zones are carried a hundred meters or more above these limits, while in
the case of morthern and northeastern exposures, especially in gulches and
canyons, the zones may be deflected as much as 200 or 300 m. On the southwest
and northeast sides of the mountain the normal average difference in altitude of
the same zone is about 275 m.

A diseussion of the limiting heights in different climates does not
belong here. The preceding tables are given only as illustrations of
the climatic conditions which determine these limits; the subject, in
all its details, belongs properly within the field of botany or zoology.!

Influence of mountain climates on vegetation.—A few words may here
be added regarding the influence of mountain climates upon vegetation. This
influence results from the decreased temperature, together with the increased
intensity of insolation and increased evaporation on mountains. By means of
experimental cultivation at altitudes up to 2400 m., Gaston Bonnier found
that the same plants, grown under similar external conditions at greater
altitudes, modify their functions in such a way that both aszimilation and
transpiration by daylight ave increased. Thus the necessary nutriment is
obtained with increased intensity during the short period of growth. The
amount of sugar, volatile oils, colouring matter and alkaloids increases with
increased altitude: the blossoms are more brightly goloured ; the leaves are
thicker, and of a darker green, the twigs are shorter and cling more closely
to the ground.* Hoffmann took a plant (solidago virganurea) from the Riffelhans
(2570 m.), and planted it at Giessen (160 m.). The plant blossomed and bore
fruit at the lower level (1856-1888), seven to eight weeks earlier than the native
wild varieties.

The amount of salts in the air and in rain water is less at considerable
altitudes than near sea-level. On the Pic du Midi (2880 m.), Mintz found only
03¢ mg. of sodium chloride in a liter of rain water ; while at the foot of the
mountain, the amount was 2:5-7'6 mg. The plants which grow at considerable
altitudes contain correspondingly less salt. Thus, results obtained from four
varieties of plants show a ratio of 0°18 for plants on mountains to 047 for
those below. Hven the milk and the blood of animals contain less salt at
some distance above sea-level.?

I'F. Ratzel: *Hihengrenzen und Hihengiirtel,” Zeitschr. d. deuwtsch. u. oesterr.
Alpenver., XX., 1888, 102-135. This is an instructive treatment of the subject
with which it deals, and the reader is referred to it for more detailed information.

2. Bonnier: **Cultures expérimentales dans les Hautes Altitudes,” Comptes
Rendus, CX., 1890, 363-365 ; ** Influence des Hautes Altitudes sar les Fonctions
des Végétaux,” Ibid., CXL, 1890, 377-380; ** Des Plantes de la Region Alpine et
leurs Rapports avec le Climat,” dun. de Geogr., IV., 15894-95, 393-413.

4 A, Miintz: **Sur la Répartition du Sel marin suivant les Altitudes,” Comptes
Rendus, CX1L, 1801, 447-450.
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in summer.” Thus Fournet, who made the first thorough study of
the mountain and valley winds of the western Alps, summarises his
views.!

Names of mountain and valley winds.— These day and night winds
frequently have special names. Thus, on the Lake of Como, the wind
which blows up the valley, toward the head of the lake, is called
la breva, the names breva di Leceo and breva di Como being used with
reference to the two branches of the lake. The night wind, from the
opposite direction, is called fivans. On the Lake of Garda, during
the summer, the ora blows as a southerly wind between 10.30 A.M. and
3 .M., from the lower to the upper end of the lake. In the lower
valley of the Etsch, as for example, at Ala, the ore also blows with
great regularity and with high velocity up-stream during the day. The
night wind on the Lake of Garda is known as sever (also sepero; in
Torbole, it is called paesano). It blows with less regularity and with
less velocity than the ora; but at Riva it occasionally resembles
a gale. In the interval between the two opposing winds a calm
prevails. On the lakes of the Austrian Salzkammergut, these winds
are known by the characteristic names of wnferwind (the day wind)
and oberwind (the night wind). With the former, hoats sail to the
upper end of the lake, and with the latter they come back again at
night. In the Alpine valleys, there is a well-known weather
proverb to the effect that when the regular diurnal and nocturnal winds
do not blow, a change to stormy weather is indicated. There is reason
in this proverb, for when these winds fail, it shows that some well-
defined general movement of the atmosphere prevents the development
of local winds, and such conditions as these usually give rise to cloudy
and rainy weather among mountains.

Mountain and wvalley winds in different countries.—* The winds in
the mountains of the Himalayas,” says Strachey, * blow up the valleys
during the day from 9 A to 9 poy, and down them during the
corresponding hours of the night. At the debouches of the principal
streams into the plains, these night winds blow with great violence,
particularly in the winter. They diminish in force as we ascend the
mountains, and at great elevations, and in the plains of western Tibet
the nights are almost always perfectly calm. The diurnal winds, on the
other hand, in the latter country, are terrific, and in travelling there

1J, Fournet: * Des Brises de Jour et de Nuit autour dez Montagnes,” Met.
ilu Bassin duo lernea ITIL., translated in Pogy. Aun., Erginzungshand, 1., 1542,
490-511, 595-631,
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on the heated hill slopes. At night, when the motion of the upper
currents is no longer imparted to the surface air by convectional action,
the downflow from the hills proceeds unchecked :; but owing to the
distance of the city from the highlands, the easterly wind does not
become fully established there until after the evening observation, and
is much more apparent in the early morning.”!

In the valley of the river Jordan, el Ghor, the winds are always from
the north in winter, and from the south (valley winds) in summer.
The east and west winds which blow on the Syrian platean are not felt
in the Jordan valley.

The wind at the mouth of the great Miinster valley, in Alsace, blows out
of this valley every evening after warm, calm days. It lasts throughout
the night, and its cooling effect extends to considerable distances over
the plains of Kolmar. A similar night wind is that of Nyons, in the
department of the Driome, in France, which since early times has been
known by the name of ponfias. This wind blows out of a deep, narrow,
winding ravine nearly 15 km. long, whose mouth opens onto the plains
of the Rhone, while its upper end merges into a broad valley. The
pontias blows in summer after 9-10 paL ; but in winter it begins as
early as 6 P It continues throughout the night, increasing in velocity
until sunrise, when it decrcases again, and after a few hours stops
entirely. It is much colder and more violent in winter than in summer.
The wind is also stronger when the ground is covered with snow, while
it often fails altogether during the short, warm nights of summer,
or when the night is rainy or cloundy. In the Rhine valley, the
Visperwind is well known. This wind blows as a cold stream of air
out of the Visp valley, which enters the Rhine valley at the village of
Lorech. The long Visp valley has a great many narrow side valleys, and
numerous gorges opening into it, and in these the temperature is often
more than 10° lower than in the valley of the Rhine. The Fisperwind
blows only in clear weather, especially during the warmer months. Tt
begins during the night; frequently also in the evening; and lasts until
towards 9, or occasionally even 10 o'clock in the morning. In the
spring, this cold wind oceasionally injures the blossoming fruit trees
and vineyards of the Rheingan. It frequently causes fogs in the
warmer moist air over the Rhine.

During the daytime there is a wind blowing up the Visp valley ;
but no name has been given to this up-stream wind, nor is it known

1 See also F. B. White : ** Topographic Influence on the Winds of the Weather
Maps," Amer. Met. Jowrn,, XI11., 1895-96, 15-19.
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brought about. Let 4B be a mountain slope. The line Ak and the
other lines parallel to it are horizontal. When the temperature is about
the average and there is no general movement of the atmosphere over
the distriet, the pressure is the same at all points along every one of
these lines. Hence no reason for any movement of the air exists.
When the sun rises, the whole mass of air in the valley and over the
mountain slope is warmed. The effect of the increasing temperature is
an increasing expansion of the air. This results in disturbing the
equilibrium, and hence the air must flow toward the mountain side.
The column of air, a«’, is expanded by reason of the increased tempera-
ture ; and the pressure at the point a’ therefore rises, because some of
the air which before was helow «’ has been raised above that point, and
henee inereased the pressure at o', The pressure at b, on the side of
the mountain, however, remains constant, becanse it is on the same
horizontal line. The same is true of the point ¢, as related to 0 ; of d,
as related to ¢, ete. In other words, along every horizontal line the
pressure inereases with inereasing distance from the mountain slope,
while it remains constant on the slope itself.!

Thus the isobaric surfaces are now no longer level, but slope toward
the mountain, and the air at all altitudes descends toward the latter.
If, at the same time, the mountain slope is itself warmed by the sun,
the air at that slope is warmer than the free air at the same altitude
(¢.g., the air at b is warmer than at a'), and it therefore has a tendency
to rise. Thus there are two forces which determine the movement of
the air along the mountain sides—a force which acts horizontally, and
one which acts vertically. These two forces together cause the air to
ascend along the mountain slopes by day ; while the air above the
valley or the lowland actually flows toward the mountain horizontally.
In drawing the surrounding air towards them during the daytime,
mountaing may therefore be said to act like local, stationary harometric
depressions.*

Down-cast diurnal winds from glaciers and snow-fields.—When the
mountain sides are colder than the surrounding air, cold winds may
blow down onto the lowlands, even during the daytime. Such winds
are regularly observed at the foot of glaciers on warm days.

! The expansion of each column of air by the increased temperature is proportional
to its depth, and therefore decreazes toward the mountain summit.

*In regard to the theory of mountain and valley winds compare also E. Chaix .
“Théorie des Brises de Montagne,” Le Globe (Geneva), Mémoires, XXXIIL., 1894,
105-133.
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Cold down-cast winds of this kind are described by Moritz Wagner ! as oceur-
ring on the platean of Quito, which is surrounded by snow-covered volcanoes.  ** As
the snow-line is approached,” says Wagner, ‘‘another phenomenon is noted.  This
attains such indeseribable violence duringhmrtnin months, and in certain districts,
that mountain-climbing becomes difficult, and often quite impossible. I refer to
the severe storms of the Nevados, whose icy-cold winds blow with great violence
down to the warmed valley bottoms, chiefly in the months of August, September,
February, and March. These winds are often so strong that they become dangerous.
The greater the accumulations of snow on the different gigantic voleanoces, and
the more extended and the more barren the plateaus and elevated valleys
upon which the sun shines from an almost cloudless sky during the four months
named, the more regularly and the oftener do these cold storm winds blow.
During my stay in Guaranda in September, 1858, a whole week passed by during
which no caravan dared to cross the pass leading around Chimborazo to Chugui-
poyo. Down from the slopes of this mountain, in a southeasterly direction, the
snowy wind raged with indeseribable fury until three o'clock in the afternoon.

“ These storms usuvally begin when the regular thunderstorm season is over and
when the sun is near the tropics, and they noticeably increase in intensity when a
good many clear days follow one another without interruption. The wind begins,
as a rule, about 7 A.M. ; increases in velocity with the increasing altitude of the
snn, and ceases to blow after sunset.”

Reid has described the occurrence of loecal winds at the foot of the Muir
Glacier, on the coast of Alaska.? The prevailing wind on the Alaskan coast is from
the southwest, but the glacier, by cooling the air in contact with it, gives rise to
a cold wind which blows down the slope. At the camp oceupied by Reid, a north-
east wind blew continuously, except when a strong southerly gale overcame it.
On the western tributary of the glacier there was a west wind., Everywhere the
local wind blew down the slope of the glacier.

Similar winds have been observed by Scott Elliot on Ruwenzori, in equatorial
Africa. * In those valleys which lead directly to the base of the snow peaks. ..
an extremely violent wind (almost a hurricane) blows down from the mountain from
about 6 to 7 (in the evening), then dying suddenly away to nothing. This is
simply the cold air from the snow rushing down to the heated lower slopes. This
wind does not occur on evenings when there has been rain on the lower parts,
which is what one would expect. Sometimes at the same moment there are, in an
upper current of the atmosphere, clonds moving towards the upper peaks.”?

Valley wind in the upper Engadine.— Another apparent exception
to the theory that the valley wind blows up-stream is noted in the
upper Engadine. Here the wind blows down the valley of the Inn
from the Maloja Pass during the warmer months, while the side valleys
have normal valley winds blowing up-stream. This apparent anomaly

1M, Wagner: Naturwissenschaftliche Reisen in Sudamerika, 555.

8H. F. Reid: * Studies of Muir Glacier, Alaska,” Nat, Geogr. Mag., IV., 1892,
19-84.

3 (3, F. Scott Elliot : ¢ Expedition to Ruwenzori and Tanganyika,” Geogr. Journ.,
VI., 1895, 301-317.
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which they slope from the mountains towards the lowlands, Thus the
air finds a slope from the mountain side out into the open. Now since
the cooling of the earth’s surface is greater than that of the free air at
a distance from the mountain, the cooler, heavier air on the mountain
slopes and valley bottoms flows down into the valley, and then down
stream. Thus the cool, descending mountain winds of night-time are
produced.

On the Atter See, in the Salzkainmergut, brisk southerly winds blow over the
lake and along its shores on fine summer mornings. These are the descending
mountain winds of night-time, and they produce well-marked waves. But at a
distance of only a kilometer from the shore it is nearly calm, and while it is then
often quite cool on and close to the lake, it is very warm at this distance back
from the lake. The houses sitnated directly on the shore often have cool windy
nights and mornings, while these conditions are not found a short distance inland
Thiz must frequently occur in the case of lakes enclosed by mountains. The
inequalities of the mountain slopes, and trees, interfere with the movement of the
air along the shores. The day wind comes from down the valley about noon and
in the afternoon. The greater velocity of the wind over the smooth surface of the
lake is characteristic.

Effect of local accumulations of snow upon mountain and valley
winds.—The local cooling effect upon the air which is exerted by
masses of snow lying in shady ravines, may cause the warmer air of the
slopes which are not snow-covered to descend after sunset. The flow-
ing off of the cold air helow likewise draws down the warmer air from
aloft by a kind of suction effect. On the other hand, mountain slopes
which are free from snow may, by their own warming, cause the cooler
air of the snow-covered valley hottom to ascend during the daytime.
Pittier has made some interesting ohservations on this point.?

Diurnal variation of humidity, cloudiness, and precipitation on
mountains.—The periodic alternation of ascending and descending
winds in mountain regions is of the greatest importance in mountain
meteorology, especially in connection with the diurnal variation of
humidity, eloudiness, and precipitation. The currents of air which
rise along the mountain slopes by day carry up with them the water
vapour of the lower strata of the atmosphere. Hence the relative
humidity aloft increases in the afterncon, while it decreases in the
valleys below. Water vapour from the surrounding lowlands is thus
collected during the afternoon hours above all considerable mountain
masses from which numerous valleys radiate. The cooling which results
from this ascending air movement condenses this water vapour into
clouds. These form at some distance above the mountain summits in

! Pittier : ** Note sur les Vents de Montagne.” Bull. Soc. Vaud., XVL., GiM.
¥
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The daily migration of the water vapour upward along the slopes
to the mountain tops where condensation takes place during the
afternoon, and back again to the lower levels at night, has been
graphically deseribed by Junghuhn in the case of Java. Junghuhn’s
account is typical for all mountain regions in warm countries. The
phenomena described are not, however, so well developed, nor do
they occur so regularly throughout most of the year in all parts of
the world, as is the case near the equator.

“We are in the interior of Java, on the southern slope of the
northern Bandong range, at about 1200 m. above sea-level, with an
outlook over the whole Bandong plateau (700 m.), and its enclosing
mountains of 1600 to 2600 m. in altitude. The evening is clear.
The moon shines brightly on the plateau; not a breath of air is
stirring ; and not a cloud, nor a trace of fog is to be seen. The night
passes on peacefully. On the following morning we again gaze
downwards, and seem to be looking at the surface of a great lake
in the depths below. The whole plateau is covered with a sheet
of fog, whose even upper surface is greyish-white at first, but becomes
a dazzling white as soon as the rays of the sun fall upon it.! Half
an hour later, the surface, which at first was perfectly level, begins
to rise in small waves; to surge to and fro, and finally to gather in
masses as cumulus clouds. The sheet of fog breaks up more and
more into single masses of cloud, which rise higher and dissolve, and
between 8.30 and 9 in the morning both fog and clouds have usually
wholly disappeared. Then clouds appear over the slopes of the
mountains which surround the plateau, which up to this time have
been entirely cloudless, like the rest of the sky. Against the dark
background formed by the virgin forests of these great slopes, detached
cloudlets may first be discovered. These appear so suddenly that
they at first seem to be clouds of steam, rising from the crater of a
voleano. Soon, however, their numbers inerease so rapidly, and they
all form close to one another in a horizontal line at so constant a
height above the surrounding mountains, that the mistake is detected.
These clouds visibly increase in size. They grow, unite, and finally, by
about 10 or 10.30 in the morning, they form a strato-cumulus cloud,
whose sharply-defined base looks as if it were cut off along the

'The clearer the night, the more extended and the deeper is this sea of fog.
Under these conditions, the highest trees (16—23 m.) alone project above it,
appearing like dark rocks or little islands. The fog does not begin to form until
2 or 3 o'clock over the lowest portion of the plateau, but by 4 o'clock the whole
platean is covered.
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the air and from the mountain sides within so short a time, seems
almost magical. On the driest days the clouds disappear soon after
sunset, and on other days before midnight. The night iz perfectly
calm and clear. Not a trace of fog is to be seen. When, however,
the moon is shining on the plateau, a sheet of fog may be seen to form
about 3 A on the surface of the plateau, the fog being first visible
on the lowest portions of this surface. When this fog has once begun
to form it spreads with extraordinary rapidity, and in less than an
hour it covers the whole platean, which is 50 km. wide. When
the sun rises, it shines upon a sea of fog, just as it did on the
preceding morning at the same hour. This fog later again rises
into the air like steam and the changes of the preceding day are
repeated.”!

The lofty mountains of the equatorial zone and of the tropies in
general, especially those which are snow-capped, are usually invisible,
because they are almost always covered with clonds during the daytime
in consequence of the regular diurnal ascending currents up their sides.
Wagner and Whymper give graphic descriptions of this phenomenon
in connection with the snow-covered mountains of Ecuador.  According
to the former, there are hardly 60 to 70 days in the year on which the
mountain climber on the high Andean summits is not likely to
encounter one of the regular afternoon thunderstorms, which are
always accompanied by hail and snow. Of Illiniza, Whymper says
that he could not once in 78 days see the whole mountain. Even
during May and June, in the dry season, his guide, Carrel, saw the
mountain but twice in five weeks.? During Whymper’s encampment,
from the end of December to the middle of January, at an altitude
of about 5000 m., the snowy peaks of Chimborazo could clearly be
seen during the morning hours up to 8 A.M.  The clouds were then
below the summit, reaching up to about 4000 m. above sea-level.
After 8 A.M., the clouds began to move upward on the eastern
side of the mountain, and they concealed the summit after 10 AL
Thunderstorms occurred every day regularly, and many were ex-
traordinarily severe. These storms seldom began before noon. Snow
and hail fell every day.

Precisely similar observations have been made on the snow-covered
mountains of eastern equatorial Africa.

! Junghuhn : Jave, 1., 288-291. Further on (p. 354), there is an interesting
description of a similar diurnal variation of cloudiness and of rainfall on
Sumbing, with illustrations of the cloud forms.

2E. Whymper : Travels amongst the Great Andes of Ecundor, 1896, 130,









A = £
W
|

& = }
- vy




T —

S—

-

FOEHN, SIROCCO, BORA AND MISTRAL 345

Characteristics of the foehn in Switzerland.— The foehn is a warm
dry wind, which blows down from the crest of the Alps with great
violence from a southeasterly, southerly, or, less frequently, from a south-
westerly direction. The exact compass-point from which the wind
blows clearly depends chiefly upon the trend of the valleys. Even in
places where the foehn always appears as a southeast wind, it is noted
that the clouds which are visible at the same time at greater altitudes
drift from the southwest. The main valleys which trend S.E.-N.W., or
S.-N., on the northern side of the central range of the Alps are the most
exposed to the foehn. The valleys whose trend is east and west are
seldom, or never, visited by the foehn. Thus the upper Valais, and the
valley of the Aar between Brienz and Thun, seldom have foehn winds ;
while above Meiringen and at Guttannen, where the trend of the
valley is north and south, the foehn frequently blows. The distriet of
most frequent oceurrence is between Geneva and Salzburg, immediately
adjoining the main chain of the Alps to the south ; and the velocity of
the foehn, as well as the rise of temperature and the dryness which
accompany it, are greatest in the valleys themselves. The foehn
attains its greatest development in the valley of the Vorarlberg Ill
(at Bludenz, for example); in the valleys of the Rhine as far as the
Lake of Constance ; of the Linth, to near Ziirich ; of the Reuss and of
the Engelberg Aa, to near Muri ; and of the lower Rhone, to the Lake
of Geneva. In the upper portion of the valleys of the Rhine, the
Linth and the Reuss, as well as in the lower Rhone valley, the foehn
sometimes attains the velocity of a gale. The violence decreases with
increasing distance from the main range of the Alps, and throughout
the greater part of the Swiss highland, in the Jura and beyond the
northern frontier of Switzerland, the foehn is noticeahle only because of
the slight rise in temperature and the decrease in the humidity which
it causes.

The phenomena associated with the occurrence of the foehn in Switzerland are
thus described by Tschudi: “ A light veil of cloud over the mountain smnmits
appears on the southern horizen ; the sun sets pale and lustreless in the red sky.

1894. J. M. Pernter: ** Ucber die Hiiufigkeit, die Dauer und die meteorologis-
chen Eigenschaften des Fohn in Inusbruck,” 8. W.4., CIV., 2a, 1895, 427-461 ;
“ Die allgemeine Luftdruckvertheilung und die Gradienten bei Foln,” [Ihid.,
CV., 2a, 1896, 117-137. Miihry : ** Ueber den Fohnwind,” Z. £ M., I1., 1867, 385-
307 ; * Zur Kartenskizze eines Folmwindes,” Ihid., 111., 1868, 363-364. H. Wild -
i Ugber den Foehn und Vorschlag zur Beschriinkung seines Begriffs,” Denkschr,
schweiz. naturf. Ges., XXXVIIL, 2, Zirich, 1901 (M.Z., XVIIL, 1801,
476-479).
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The clonds glow for a long time with the most vivid purple colours. The night is
oppressive, and no dew is formed. Cold breezes are noted from time to time,
occurring in streaks. The moon is surrounded by a dull reddish corona. The
air is exceedingly clear and transparent, and the mountains seem to be much
nearer than usual. There is a bluish-violet tinge to the distant landscape.’

“In the distance is heard the rustling of the forests on the mountains. The roar
of the mountain torrents, which are filled with an unusual amount of water from
the melting snows, is heard afar through the peaceful night. A restless activity
seems to be developing everywhere, and to be coming nearer and nearer. A
few brief gusts announee the arrival of the foechn. These gusts are cold and raw
at first, especially in winter, when the wind has crossed vast fields of snow.
Then there is a sudden calm, and all at once the hot blast of the foehn bursts into
the valley with tremendous violence, often attaining the velocity of a gale which
lasts two or three days with more or less intensity, bringing confusion every-
where ; snapping off trees ; loosening masses of rock ; filling up the mountain
torrents ; unroofing houses and barns—a terror in the land. Those portionsof the
valleys which are nearest to the southern mountain barrier usually have the most
violent foehns," *

Relations of the foehn to customs, habitability and crops.——Human
beings as well as animals suffer under the influence of this wind, which
relaxes the nerves, and has a depressing effect upon the mind. Fires
in fire-places or stoves are carefully extinguished. In many Swiss
valleys fire patrols go quickly from house to house in order to be sure
that the fires have been extinguished, for great conflagrations may
easily oceur at such times, owing to the drying of the wood by the
wind. On the other hand, the foehn is also a welcome visitor, especially
in spring, for it causes the snow and ice to melt rapidly, and almost in
an instant changes the whole aspect of the country. In the Grindel-
wald valley the foehn often melts a snow-cover more than 65 cm. thick
in 12 hours. The foehn is the real harbinger of spring. It accomplishes
as much in 12 hours as the sun does in two weeks ; for even the old
snow, which has become very compact, and upon which the sun has
long been shining without effect, cannot resist the foehn. Indeed, in
many shady valleys high up among the mountains, this wind actually
brings on spring, just as, in the autumn, it ripens the grapes in many

! Thisrich deep blue, or violet colour of the mountains and the clearness of their
outline before the arrival of the foelin are noted in New Zealand, where the foehn
comes from the northwest, as well as by observers in the Alps.

*The clouds over the mountains lying south of the valleys often have the
appearance of a massive wall, and this is known by the name of the foehn-wall.
The fochu-wall as it appears from the Gschnitz valley above the Stubai ranges
has been described, illustrated and explained by F. Von Kerner (** Ilie Fohnmauer :
eine meteorologische Erscheinung der Zentralalpen,” Zeitschr. d. dentsch. w. oesterr.
Alpenver., 1892).
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The temperature at Andermatt was the same as at San Vittore, on
the southern side, 1200 m. lower down. On Mt. St. Gotthard itself,
“althongh there was a strong south wind, the temperature rose but
little, while the rise at Altdorf was very marked. The southerly wind,
therefore, did not gain its high temperature until it descended from a
relative altitude of about 1700 m. During the protracted foehn period
at the beginning of January, 1877 (Jan. 1 and 3-10), the mean tempera-
ture departure at the southern stations, Lugano and Castasegna, was
only +4:3°; on the St. Bernard, at 2478 meters, it was only +3:7%;
while in the “foehn valleys " it was +11'4° at Altdorf, and +13-3°
at Altstitten. The departures again became less on the lowlands of
Switzerland, but they were greater than on the southern side of the
Alps. Thus at Ziirich the departure was +6+9°; and at Basel it was
+ 8:0°, These examples must suffice to show that the foehn attains its
high temperature, as well as its dryness, on its descent from the
summits of the Alps on their northern side, and that these character-
isties are not imported from a distance farther south.

Cause of the high temperatures and dryness of the foehn. It is
clear that a mass of air which warms so rapidly during its descent
must become relatively very dry. Assuming, for example, that the air
on January 31 and February 1, 1869, was saturated with water vapour
at the altitude of the St. Gotthard, every enbic meter of air at the
temperature of — 4:5° would have contained 3-5 grams of water vapour.
On reaching Altdorf, with a temperature of 145, this air could have
- contained 12'4 grams of water vapour, and the relative humidity of
this south wind would therefore have become 23 per cent.!

The high temperature of the foehn is explained by the law which has
already been discussed, viz., that a mass of air, descending to levels
where the pressure is greater, warms at the rate of 1° in every 100 m,
This is also the law of the vertical increase of temperature in foehn
winds. The observations made at Swiss stations between 300 and 2700
m. above sea-level show that the increase in temperature from the
summits of the Alps down into the ‘““foehn valleys™ is at the rate of
0-97° in every 100 m. ; while, on the other side of the mountains (on
the southern side during a southerly foehn), the vertical decrease of

1 By taking into account the change of volume resulting from the change in
pressure and in temperature (19° in this case), we should obtain a more accurate
result in the folliowng way : A cubic meter of air from the altitude of the St.
Gotthard reaches Altdorf with a volume of £§ (1 +0°00367 < 19°) =0°86, which, at
a temperature of 145°, can at a maximum contain 10°6 grams of water vapour.
Hence the relative humidity becomes 35 per cent.
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temperature is only 0-44° per 100 m., which is the average value for
winter.

Weather conditions which give rise to foehn winds.—The European
daily weather maps, which are constructed on the basis of telegraphic
reports concerning the weather conditions all over the country, have
shown why the air occasionally rushes down from the erests of the Alps
into the valleys at their base, and thus gives rise to a foehn.!

This phenomenon is connected with the advance of barometrie depres-
sions or storm centres from the Atlantic Ocean toward western Europe.
When a barometric depression is central west, or northwest, of the
Alps, on a line between the Bay of Biseay and Ireland, the air flows
across the Alpine foreland, as a southeasterly or southerly wind,
toward the region of lowest pressure. The air within the Alpine
valleys is likewise drawn toward this same region. As the wall of the
Alps prevents any direct supply of air from coming in from the south,
the air must come down from aloft, from the summits of the Alps, to
replace that which has been removed from the valleys. Thus the foehn
results. The stormy character of the foehn gusts in the valleys, and
their remarkably local oceurrence and great irregularity as a whole, may
be explained as the result of this mode of origin, combined with the
influence of the ecomplex topography upon the movement of the air.
On the level country away from the mountains, the air which flows
toward the barometric depression is not interfered with by irregularities
of the surface, and its movement is horizontal. Here the violence of
the foehn, as well as its high temperature and low relative humidity,
are lacking. Here the warm, dry air, coming out of the valleys, soon
becomes a part of the prevailing atmospheric movements. As the
evelonic depression and the general southwesterly storm approach from
the west, the southerly storm wind occasionally appears considerably
sooner in the northern Alpine foreland than does the foehn in the
Alpine valleys.

The air on the southern side of the Alps remains calm for a long
time after the foehn has begun to blow on the northern side, because
the barrier of the Alps prevents a supply of air from coming in from
the south in the lower strata of the atmosphere. The pressure falls
much less rapidly on the southern than on the northern side, and the

! The angle of descent of the air which comes down from the crest-line into
the valleys is not nearly so great as is generally supposed. The angle of descent
of a current of air flowing from the top of the Tidi to Auen, in the Glarna valley, is
9 ; from the crest-line of the Titlis range to Engelberg, it is about 12°; and from
Crenx du Champ to Ormont, it is 25° (Wettstein).
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temperature is still low, as is usually the case during winter anti-
eyclones. The temperature decreases slowly with increasing altitude.
A rise of temperature on the southern side does not oceur until later,
and is usually of less amount than that in the northern Alpine foreland,
and hence very much less than that in the valleys where the foehn is
blowing. Heavy rain almost always oceurs with the rise in temperature
on the southern side of the Alps.

The extent to which the ranges of the Alps operate to keep the air
near sea-level from flowing toward the cyclonic depression to the
northwest is shown by the great differences in pressure between the
northern and southern sides of the Alps. On the average of seven days
with foehn winds, the barometric gradient in 1° of latitude was
2-3 mm. between Basel and Altdorf ; and 7:3 mm. between Altdorf and
Lugano. The difference along the latter line was, therefore, three
times as great as along the former. In individual cases, the difference
may become 10-12 mm.

The southerly or southwesterly storm thus first appears on the
western coast of Europe and advances towards Central Eutope and the

- Alpine foreland. The air which descends from the summits of the

Alps at first does not come from a great distance to the south. Its
relatively high temperature is sufficiently explained as the result of
the normal, slow, vertical decrease of temperature (shown by the
relatively mild temperatures of the upper strata), and of the rapid
warming of the air in its descent, In winter, the average rate of
decrease of temperature with increase of altitude is 0-45° in 100 m.
Indeed, under the weather conditions which precede the foehn, this rate
is usually still slower. On the other hand, the descending air warms at
the rate of exactly 0:99° in every 100 m. Hence the air which is
coming down from the crests of the mountains increases in temperature
0:54° in every 100 m. In 2500 m., the rise in temperature is 13-5."
Hence the temperature may easily rise to 14° or 15°, in midwinter, with-
out there being any necessity of postulating an importation of air from
more southerly and warmer latitudes.  After a time, to be sure, air is

- also brought in from the southern side of the Alps. This involves an

ascent of the air on the southern slopes, and likewise a considerable
condensation of water vapour in this mass of rising air. In conse-
quence of this condensation, the ascending air cools but slowly, and the
conditions which are necessary for the marked warming of the air on

~ the northern side of the Alps remain unchanged, or are even accen-

tuated. As the higher strata of the atmosphere are relatively much

eolder in summer, when the vertical temperature gradient is 0-6°-0-7"
b
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in 100 m., it naturally follows, from the explanation already given,
that the foehn eannot cause so great a rise of temperature in summer
as in winter, when the vertical temperature gradient is only
0-3°-0-4°. Furthermore, the eyclonic depressions which come from the
Atlantic are fewer in number and much weaker in summer than in
winter. Hence the primary cause for the descent of the air from the
crests of the Alps to the valleys is present less often, and to a less
marked degree, during the warmer months.

Valleys which, by their trend or topography, prevent or interfere
with the movement of the air toward the eyclonic depression in the
northwest, also seem to be unfavourable to the occurrence of foehn
winds ; as, for example, are the upper portion of the canton of Valais ;
the valley of the Aar between Brienz and Thun, etc. On the other
hand, the Rhine valley, and the valley of the Reuss at Altdorf, which
open to the north, have very violent foehn winds, as has the lower
Rhone valley, which turns to the northwest at B&x. When the
eyclonie depression moves farther to the northeast or east, the wind
veers from south and southwest to west and northwest, and the foehn
is followed by a rapid fall of temperature and heavy rain, while the
weather on the southern side of the Alps becomes fine.

Secondary depressions as related to the occurrence of foehn winds.
—FErk, Billwiller, and Pernter have lately made a detailed study of the
pressure conditions which produce foehn winds on the northern side of
the Alps. The results of these studies show that in the rear of the
larger barometric depressions, which usually pass by on the western or
northwestern side of the Alps, there are developed local depressions,
with their own inflowing spiral wind systems, along the northern
border of the Alps and in the Alpine valleys themselves, and that
these are the immediate cause of the foehn. This faet also explains
the extraordinary local violence of the stormy foehn winds, and the
frequent occurrence of these winds in the eastern Alps, especially at
Innsbruck, in apparent disregard of the general distribution of pres-
sure. In the case of the foehn of October 15-16, 1885, in the Bavarian
mountains, which was not only an exceptionally violent one, but was
also remarkable for other reasons, Erk has shown the existence, and
has traced the progression, of a secondary local system of spiral
winds in the northern Alpine foreland.!

Similarly, in the case of the foehn of January 13, 1895, Billwiller
has been able to show that under the influence of a large barometrie

17, Erk: “ Der Fihnsturm vom 15 u. 16 Oktober 1885, und seine Wirkungen
im bayerischen Gebirge,” M. Z., ITL., 1886, 24-31.
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depression on the coast of Ireland, a secondary depression formed over
central and northeastern Switzerland, and local depressions formed in
the “foehn valleys ” of the Aar, Reuss, Linth, Upper Rhine, and TIL!
Probably all foehn storms oceur under the influence of such local de-
pressions, which are too faint to appear on the ordinary weather map.?

Foehn on the southern side of the Alps.—If the explanation of the
foehn which has just been given is correct, and if this wind has no con-
nection with the Sahara, we may expect that foehn winds will also
oceur on the southern side of the Alps when the pressure is high in
the northwest and low in the southeast; i.e, when the conditions of
pressure distribution are the opposite of those ahove described as
causing a foehn in Switzerland. As a matter of fact, the foehn is hy
no means unknown on the southern side of the Alps. When the
distribution of pressure is as just stated (i.e., high in the northwest and
low in the southeast), warm north and northeast winds blow in the
southern valleys of the Alps, and sometimes the north foehn is
observed as far away as Milan. Yet the north foehn does not, on the
average, attain nearly the violence of the south foehn, and similarly,
the barometric depressions of the Mediterranean Sea are much weaker
and less numerous than those of the Atlantic Ocean. Places which
are well known to have frequent north foehns are Bellinzona, Lugano,
Castasegna, the Lake of Como, Riva, Brixen, ete.®

The foehn occurs much less frequently in the eastern Alps, east of
the longitude of Imnsbruck, but it is by no means unknown on the
southern side of the eastern Alps. Violent foehn storms oceasionally
occur in the valleys of the northern Alps, while at the same time the
southern side of the Alps, as well as Carinthia, have heavy rains.* On
the southern side of the Hohen Tauern there is a north foehn.®

1 R, Billwiller : * Der Fihn vom 13 Januar, 1895, am Nordfuss der Alpen und
die Bildung einer Theildepression daselbst,” M. Z., XII., 1895, 201-209.

2The theory advanced by Hébert is thus partly confirmed and explained,
although in a sense somewhat different from that intended by the author himself.
** Etude sur les grands Movements de I’ Atmosphére et sur le Foehn et le Sirocco pen-
dant 'Hiver 1876-77," Atlax Météorologique, VIIL (Z. 7M., X111, 1878, 317-320).

3 Acconnts of foehn winds at various stations in Europe will be found as
follows :—Z. f. M., III., 1868, 561-574 ; XIX., 1884, 89, 192 ; M. Z., V., 1888, 175-
180 ; V1., 1880, 192 ; VIL, 1890, 228-230; X., 1893, 152-153.

+ Z.f.M., VIII., 1873, 10-11 ; XX., 1885, 515-516.

5The following references relate to foehn winds in the central mountains of
Germany :—Vosges, M.Z., XI., 1804, 143-147; Riesengebirge, ihid., XIL,
1895, 463-467; and B. Assmann: Einfluss der Gebirge auf das Klime Mittel-
deutschlaids,
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Foehn winds in Greemland.—It follows from the theory that other
mountains must also have their foehn winds, and the accounts
concerning the geographical distribution of foehn winds show that
this inference is fully borne out by observation. The most interesting
case is that of the foehn on the western coast of Greenland, which was
admirably described by Rink many years ago,! although not by him
called a foehn wind. This is a very warm, dry, easterly or south-
easterly wind, which comes across the ice-covered interior of Greenland,
and blows down on to the fiords in stormy gusts. This wind raises the
temperature on the average 12°-20° above the mean in winter, and
about 11° in spring and antumn. Even as far north as Upernavik
(latitude 72-5° N.), a foehn on November 24, 1875, brought a
temperature of 10°, which was 25° above the mean. The foehn of
November and the beginning of December, 1875, blew for 18-20 days
over the whole of western Greenland, and caused an average rise of
temperature above the mean of 8% in the south, and 15° in the north.

The Greenland foehn has been carefully studied by Hoffmeyer, who
has shown that it is to be explained in precisely the same way as the
Alpine foehn. While the foehn of November and December, 1875,
above referred to, was blowing, there was a barometric depression
south of Davis Straits, and high pressure over the North Atlantic
Ocean near Ieeland. This distribution of pressure caused southeast and
east winds over Greenland, and these winds, blowing down on to the
fiords from the elevated interior of Greenland, where the altitude above
sea-level is at least 2000 m., necessarily gained the high temperatures
to which reference has been made. The foehn of western Greenland
cannot get its high temperature directly from the North Atlantic Ocean
hecause the temperature of this wind in southern Greenland (latitude
62° N.) in winter is sometimes as high as that found over the Atlantic
Ocean in the latitude of the Azores? Kane, at Rensselaer Bay, in
latitude 78° N., and Nares, at Floeberg Beach, in latitude 82+5° N., felt
the warmth of the Greenland foehn.

On the eastern coast of Greenland, the foehn comes from the west and
northwest. In Scoresby Sound, for example, the temperature on

1H. Rink: * Physikalische Beschreibung von Nord- und Siidgronland,”
Zeitschr., Allgem. Erdk., 11., 1854 ; N.S., 111., 1857.

IN. Hofftmeyer: Le Foehn du (froenland, Copenhagen, 1877. Review of above
in Z.f. M., XIIL., 1878, 65-70. More recent discussions of the Greenland foehn are
the following :—M. 2., VIL., 1890, 109-115, 268-271; A. Paulsen: ** Ueber die
milden Winde im grinlindischen Winter,” M. Z., V1., 1889, 241-249; H. Stade:
Verhandl. Gesells. fiir Erdk., Berlin, XX., 1803, 356-358,
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January 10, 1892, rose from —21-2° at 4 A.M. to +6°0° at 8 A.M., with
a west-northwest wind which blew from the ice-covered plateau.!

In Augmasalik (latitude 65° N.), in eastern Greenland, the foehn
comes from north and northeast.”

Foehn winds in other countries.—Iceland also has its foehn, as
Hoffmeyer has pointed out.? At Hermannstadt, in Hungary, the
dry warm southerly wind is called the Rofenfurmwind. Kutais
has dry, warm east winds, which are most common in spring. They
blow down from the Suram Mountains, and often injure the tobacco
plantations, At Resht, on the southern shore of the Caspian Sea, a
hot, dry wind oceasionally blows down from the Elburz Mountains, as
has been described in detail by Tholozan.* The stormy south winds at
Gilan are extraordinarily dry and warm. They oceur with the greatest
violence at Kodum, 24 km. from Resht, and are most frequent in
autumn ; but they also oceur in winter and spring when the highlands
are covered with snow. These dry, warm, southerly winds oceur
throughout Gilan and in the western portion of Mazenderan.?

Trebizond also has its foehn.® On the Lake of Urmia, in Persia,
there is occasionally a strong west wind which Perkins associates with
the Arabian samun. It often blows for three days, and although it
comes across the high snow-covered mountains of Kurdistan, it is so
hot and dry that it scorches the vegetation.”

On the southern island of New Zealand the northwest storms, after
causing very heavy rainfall on the western slopes of the New Zealand
Alps, blow down on to the Canterbury Plains, on the eastern side of the
mountains, as hot dry winds,

1 th-, E'l l'ag'sl M'ﬁl

2Ree M.Z., V1., 1889, 378-381, and the explanation given by Hann ; see also A.
Woeikof: “Klima und Fihne der Danemark-Insel, Scoresby-Sund,” M.Z.,
XVIIIL., 1901, 5-10. ;

3Z.M., XIIL, 1878, 146.

48ee also G. Radde: * Reise nach Talysch, Arderbeidshan und zum Sawalan,™
P‘E#‘ Miﬂ., x.x.m., 1331. 51'52-

8J, D). Tholozan : * Bur les Vents du Nord de la Perse et sur le Foshn du
Gilan,” Comptes Rendus, C., 1885, 607-611, Ann. Soc. Mét. de France, 1835, 95.

6 z+ﬂ H+1 xqu. 135"3,. 325'328‘-

TRev. J. Perkius, in a letter quoted by J. H. Coffin: Winds of the Globe,
Washington, 1875, 444 (Smithsonian Contributions to Knowledge, No. 268).
Perkins also describes the land and lake breezes and other local winds on the lake
of Urmia.



358 HANDBOOK OF CLIMATOLOGY.

Regarding the ““nor'wester” of these plains, Murrough O'Brien writes as
follows :—** The plaing are about 100 miles (160 km.) long by 30 (48 km.) to 40
miles (64 km.) wide, reaching from the sea on the east to a range of mountains
varying from eight to twelve thousand feet (24530 to 3650 m.) in height. Strong
- winds are very prevalent on the plains: that from the nor'west is the strongest
and most furious that blows, At the foot of the hillsand on the plains it is a very
dry and often a hot wind, unaccompanied with rain—the sky is a peculiar deep,
dull blue, and any clouds there may be seem not to move. On the tops of the
ranges there rest heavy black clouds which, notwithstanding the furious wind,
remain fixed. In the upper valleys very heavy showers accompany the nor’wester,
the snow melts, and the rivers which rise in the glaciers and upper valleys are very
suddenly freshed, rising from ten to twenty feet (3-6 m.) in a night. This wind
frequently dies away at night, and begins again before midday. On the plains the
rainfall is small, probably less than thirty inches (760 mm.). On the western
slope of the backbone range, the climate is very wet. This nor'west wind blows
continually all through the summer, and is stronger than any wind I have ever
felt: in the river beds, dust and pebbles are blown along furiously, and even on
the grassy plains it is often impossible to ride against the storm. . . . The wind
in its greatest fury does not reach entirely across the plain, and is often con-
fined to the lower front ranges, and some few miles to the east. I had on one
occasion to harvest (working for a week) a field of corn by moonlight, being
entirely prevented from working by day by this wind.”?

In the valley of Lake Ohau the nor'westers are particularly violent at all
seasons. They are most frequent from October to March, especially in February.
They usually begin about 10 A.M., and are followed by rain until evening.*

The (German international expedition to South Georgia had an
opportunity to observe foehn winds on that island. Under the
influence of these warm winds the maximum temperatures of the
winter were almost as high as those of the summer.® Travellers
among the Andes have noted the occurrence of a warm wind blowing

1 M. O'Brien, in a letter quoted by S. Haughton : Siz Lectures on Physical
Geography, Dublin, 1880, 102 ; quoted by W. M. Davis, Am. Met. Journ., IIL.,
1886-87, 442-443;: see also F. v. Hochstetter: New Zealand, itz Physical
Geography, Geslogy, and Natural History (transl. from German), Stuttgart, 1867 ;
and J. v. Haast: Geology of the Provinces of Canterbury and Westland, New
Zealand, Christchurch, 1879, 193-199.

*Alex. M‘Kay: ““On the Hot Winds of Canterbury”; Cockburn-Hood :
 Observations regarding the Hot Winds of Canterbury and Hawke Bay,” T'rans.
and Proc, New Zealand Inst., VIL, 1874, 105-112. The last-named writer con-
siders these winds as a continuation of the hot winds of Australia. When the
northwest winds blow for several days vegetation withers, and even the leaves of
succulent plants are scorched until they may be rubbed to dust like dry tinder.
These winds have a very depressing eflect upon human beings and upon
animals,

# Deutsche Polorstationen, I1., 339.
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on the eastern side of these mountains, and have aseribed the high
temperature of this wind to voleanic origin, because there seemed to be
no other way of accounting for the warmth of a blast of air descending
from snow-clad mountain peaks.! The foehn at Kanazawa, in Japan,
has been described by Knipping.®

Chinook wind in North America.—Especial interest attaches to the
so-called chinook wind which occurs east of the Rocky Mountains in
North America, and which is a factor of great importance in the
climate of a belt of country of considerable extent lying along the base
of these mountains. The following description of this wind is given
by Ballou :—*

“The extreme severity of the winters in certain parts of our north-
western States among the Rocky Mountains and along their eastern
base, is much tempered by the prevalence of a mild westerly wind,
locally called the chinook. Its name is derived from that of the
tribe of Chinook Indians, living near Puget Sound. It is said first to
have been applied by the early Hudson Bay trappers and voyageurs,
who, meeting the wind while travelling towards the Pacific coast, and
finding it particularly strong and warm as they approached the lands
of this particular tribe, called it the chinook wind.

“ It is described as a soft, balmy wind, varying in velocity from a
gentle breeze to a steady gale. Though its temperature rarely exceeds
10°, yet, coming as it does when one is accustomed to a low tempera-
ture, it seems warm by contrast with the preceding weather. The
thermometer often rises from below —17-8° (0° F.) to 45" or
7° in a few hours, and the maximum temperatures of the winter
months in the Rocky Mountain region nearly always are coincident
with the oceurrence of a chinook.

“The sky is usually clear while the warm wind blows, though
observers often note a few leaden-coloured clouds of a kind seen only
during the chincok. These clouds are deseribed as pancake-shaped,
with peculiarly smooth, rounded edges, and stand apparently motion-
less, high above the mountain ranges.

1J. Miers: Travels in Chile and La Plata, London, 1826, 1., 282; N. H.
Bishop: A 1housand Mile Walk across South America, Boston, drd ed., 1874,
230, Both quoted by W. M. Davis, Am. Met, Journ., II1., 1886-87, 507-508.

2B, Knipping: Der Fohn bei Kanawaza, Yokohama, 1890 [M. 2., VIL, 1890
(88)-(89)].

3H. M. Ballon: *The Chinook Wind,” Am. Met. Jouwrn., IX., 1882.93,
541-547, with hibliography. See also A. B. Coe: * How the Chinook came in
1806,” Mo. Weather Rev., XXIV., 1896, 413.
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“The continuance of a chinook is as uncertain as its coming. It
may last a few hours, or for several days. With a change of wind the
temperature falls rapidly, and winter weather once more sets in.

“The chinook wind possesses to a remarkable degree the power of
melting snow, for it is not only warm, but appears to be dry.
Although a foot or more of snow may lie on the ground at the
beginning of a chinook, it disappears within a very few hours, often
seeming rather to evaporate than to melt. For this reason the chinook
is most welcome to the cattlemen on the plains of Montana and
Wyoming. In fact, without it, stock-raising would be almost im-
possible, as the dried grasses of the plains, on which the cattle subsist,
would otherwise be buried the greater part of the winter. To a
few, however, this wind, instead of being hailed with delight as a
break in the cold of the winter, is a source of much discomfort. . . .
‘ Many nervous people feel prostrated by it, and tremble and fidget
incessantly during a chinook. The faster the wind, the worse these
symptoms are, . , .’

“ The effect of the chinook on trees, especially those near the foot of
the mountains, is far from beneficial, as sometimes, in early spring,
under the influence of one of these winds, they are tempted unseason-
ably to start their sap and to open their leaf buds, only to be nipped in
a few days by a cold wave.” '

It is natural that the cause of the unseasonable warmth of the
chinook should have been commonly ascribed to the Kuro Siwe, or
warm Japanese current of the Pacific Ocean, very much as the foehn
in Switzerland has been popularly supposed to-have its origin in the
Sahara. The real explanation of the warmth and dryness of these
winds is the same in both cases.

Of Alberta, in western Canada, M*‘Caul says:—1

“The grand characteristic of the climate as a whole, that on which the
weather hinges, is the chinook wind. It blows from west to southwest,
in varying degrees of strength. . . . In winter the wind is distinetly
warm ; in summer not so distinctly cool. Its approach is heralded by
the massing of dark cumulus clouds about the mountain tops, and a
distant wailing and rumbling from the passes of gorges. Its effect in
winter is little short of miraculous. When a real chinook blows, the
thermometer often rises in a few hours from 20° F. below ( - 30 C.) to
40° F. above zero (+5° C.); the snow, which in the morning may have
been a foot (03 m.) deep, disappears before night; everything is

10, C. M*‘Caul: “ South Alberta and the Climatic Effects of the Chinook
Wind," Am. Met. Journ., V., 1888-89, 145-159.
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dripping ; but before another night falls all the water is lapped up by
the thirsty wind, and the prairie is so dry that a horse’s hoofs hardly
make an imprint.”

Another description of the chinook in Canada has heen given by
Ingersoll,! as follows :—

“This wind is marvellous in its effects. To it is due the pleasing
dryness of even the deepest gorges and nooks in the rocks in summer,
while in winter it clears the plains for hundreds of miles away from
the mountains of nearly all the snow—always scanty in amount—with
amazing celerity. . . . Near the mountains only a few hours suffice to
lick up all the snow, except from the gullies, into which it may have
drifted to a great depth. Cattle and horses find the grass exposed, and
resume their feeding. The cold has done them no harm, for there has
been no wet snow or sleet.”

It is owing to the chinook that snow seldom remains long on the
ground on the plains along the foot of the Rocky Mountains in
Canada. On the Kootenay Plains, cattle are left out all winter.
Farther east, towards Winnipeg, it is colder. Edmonton, 480 km.
east of the base of the Rocky Mountains, is still within reach
of the chinook. The effects of these winds are noted from lati-
tude 55° to 60° N. in Montana, Alberta, and in the Saskatchewan
country, on the upper Peace and Liard Rivers. The exceptionally
favourable climate of the Peace River and Saskatchewan country as
compared with that of the same latitudes farther east, is due to the
warm west winds from the Pacific Ocean, which, however, do not gain
the characteristic high temperature and low relative humidity of the
chinook until they reach the eastern side of the Rocky Mountains. At
Isle & la Crosse, in latitude 56° N., potato plants are still green at the
end of September, while in Manitoba they are exposed to frost as early
as the middle of August. The fact that the wind does not become
warm and dry until it reaches the eastern slopes of the mountains
is shown by many interesting observations.

The westerly winds which blow down from the Rocky Mountains in
latitudes lower than those which have been named above are dry and
warm, but the conditions are no longer favourable for the development
of strong foehn winds. Of Colorado Springs (lat. 39° N.) Loud says:
*The excess of the westerly component (in the wind directions) here is
due to the temporary prevalence of a wind quite characteristic of this
region, and known locally (and somewhat facetiously) by the name of
‘ zephyr.” In the winter and spring it frequently blows with consider-

1'E. Ingersoll, quoted by M*‘Caul, loe. cif., p. 149.
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During the sirocco of June 20, 1874, at Algiers, which has been
described by Sainte-Claire Deville,! the thermometer quickly rose, at

~ the beginning of the south-southeast wind, to 38-8°, while the relative

humidity fell below 15 per cent.

On the northern eoast of Spain, there is a hot, dry, southerly wind,
whose presence may often be detected in the daily telegraphic weather
reports from Bilbao, During the sirocco of September 1, 1874, the
temperature at Biarritz, on the coast, rose to 38°; and Piche, with a
sling thermometer, obtained a reading of 38'5° on the dunes of St.

. Jean de Luz.? The relative humidity was below 37 per cent. as late as

4 p.M., during the prevalence of strong south and southeast winds
caused by a eyclonic depression off Ireland.

On the northern (French) side of the Pyrenees, the warm, dry wind
is known as the vent d’ Espagne. This wind blows during the approach

. of the larger depressions from the southwest, and rain is sure to follow,
. with a shift of wind to southwest, west, and northwest. Thus, as

Piche has pointed out, the following, apparently paradoxical, proverb
is true for the vicinity of Pau: Plus il fail sec, plus la pluie est proche

. (The drier it is, the sooner comes the rain).

The foehn is known as the sirocco as far as Innsbruck. Oceasion-
ally, the dry, warm, northerly winds (north foehn) along the southern
side of the Alps, in the district of the upper Italian lakes, are called
siroccos, the popular belief being that, because of their high tempera-
tures, they must be southerly winds which have heen turned aside
from their onward course by the Alps, and as it were reflected by these

mountains.?

These examples of the geographical distribution of the foehn must
suffice. With the increasing number of meteorological observations,
the phenomena associated with foehn winds will be discovered in
many other places. It is to be expected, however, that these pheno-
mena will be limited to the temperate and the polar zones, which are
visited by well-developed cyclonic depressions and storms. The

- author knows of no case of a real foehn wind within the tropies,

although the occurrence of such a wind may be looked for when a
tropical eyclone approaches a high mountain range.

The bora and the mistral—The explanation of the characteristics
of the foehn on the ground that the latter is a descending wind

1 C. St.-Claire Deville : ** Coup de Sirocco, éprouvé i Alger le 20 Juin 1874, et
suivi sur une grande Partie de 'Algérie,” Comptes Rendus, LXXTX., 1874, 2758-284.

2 A, Piche : Le Coup de Siroceo du 1 Septembre, 1874.  Pan, 1876.

2J. Hann : ** Der Seiroceo der Sudalpen,” Z. 7. M., I11., 1868, 561-574.
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{(fallwind) has been doubted by some persons because the bora, which
is certainly a very marked example of a down-cast wind, is cold. The
bora of the Istrian and Dalmatian coasts is a strong northeast wind,
which rushes down from the crest of the mountains on to the sea as an
icy-cold blast, and is often accompanied by cloudy weather. The
hora at Novorossisk, which has been described by Baron Wrangel, is
still colder.

Why does not the bora become warmed during its descent, and
why does it not reach sealevel with a high temperature, instead of
being so cold? The contradiction in this case is only apparent. The
air of the bora, as well as that of the foehn, is warmed during its
descent from the mountain tops, but the initial temperature in the
former case is so low that, notwithstanding this warming, the wind
reaches the warm coasts of the Adriatic, or of the Black Sea, as a cold
wind, The bora oceurs only in those localities where the back-
country is very cold as compared with the coast; where, in other
words, the isotherms are crowded closely together. The difference in
temperature between the coast and the cold, elevated interior is so
great that, even with an increase of temperature of 1° in every 100 m.
of descent, the bora still appears as a cold wind. Moreover, the bora
is really not so cold as it seems to be, its temperature being seldom
below freezing. The crest of the Waraddh, across which the bora
of Novorossisk blows on its descent, is only about 600 m. in height,
but, according to Wrangel, the vertical decrease of temperature is
nearly 2° in every 100 m., and occasionally it is undoubtedly much
more rapid. Similarly, the country inland from the Adriatic coasts is
very cold in winter. At Gospie, the mean minimum temperature in
January is —16-7"; while it is 0-2° at Lussinpiccolo. The absolute
extremes are —27°1° and - 20°, and the difference in altitude is
560 m. Even when the cold air of the Karst plateau warms at the
rate of 1° in every 100 m. of descent, it still reaches the coast and the
islands as a cold wind.®

1F. Wrangel : ** Die Ursachen der Bora in Noworossisk,” Repert. f. Met., V.,
No. 4, St. Petersburg, 1876 (Z.£.M., X1., 1876, 238.240). For a description of the
bora of the Karst, the following important article should be referred to: F.
Heidel : ** Bemerkungen iiber die Karstbora,” M. Z., VIII., 1801, 232-235.

?See W. Kippen: ** J. Hann iiber den Fihn von Bludenz," Z.7. M., XVIL.,
1882, 461-468, and ** Franz A. Velschow und der Fohn,” M. 2., IX., 1892, 75-T6.
Further, W. Trabert: “Zur Theorie der Erwiirmung herabsinkender Luft,” ihid.,
141-143 ; Huge Meyer: *‘Uecber Fallwinde,” Das Wetter, IV., 1887, 241-246;
R. Klein: “ Der Nordfohn zn Tragiss.,” Zeitschr. dewtsch. u. oesterr. Alpenver,
1900, 61.
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A similar condition exists in the case of the mistral, a stormy
northwest wind which occasionally blows down from the Cevennes, in
the department of Provence, in southern France. The difference in
temperature between the cold plateaus of central France and the warm
southern valley of the Rhone, and especially the Mediterranean coast
from Montpellier to Toulon, is so great that even air which has been
warmed during its descent from the mountains must still appear as a
cold wind. It should, moreover, be remembered that the bora and
the mistral usually blow only when the interior districts are under the
influence of cold which has been imported from more northerly lati-
tudes. The amount of cooling is therefore very considerable, and the
difference of temperature, which even under ordinary circumstances
is very large, becomes still further exaggerated.!

Both bora and mistral oceur when a barometric depression central
over the southern Adriatie, or the Gulf of Lyons, draws the air out
from the interior; or when a rapid rise of the barometer over the

. interior markedly increases the usual pressure gradient to the south.
| The southern Adriatic often has a siroceo from the southeast while a

bora is blowing at Trieste and Fiume on the northern side of the
barometric depression. Under these conditions, the bora may also be
accompanied by cloudy weather, and even by rain and snow. When a
depression lies over central or northern Italy, the Dalmatian coast has
a sirocco and warm weather, while a mistral, with low temperatures,
prevails in Provence. For example, on December 2, 1886, a cyclonic
depression (750 mm.) was central at Leghorn. Toulon had a tempera-
ture of 2:3° and Perpignan had 5°, with a mistral blowing. Lesina, on

- the other hand, had 13° with a sirocco from south-southeast, accom-

panied by rain; and Pola had 9°, with heavy rain. On the 21st of
the same month, when there was a depression over northern Italy
(750 mm.), Perpignan had 3°, and Toulon had -1°, with a mistral

- from northwest. At the same time, Pola and Trieste had 15°, Lesina

16°, and Rome and Naples 15°. At all the last-named stations, a
sirocco was blowing.

The cold, descending currents of air in valleys at night also arise
from a difference of temperature which the warming during descent
cannot overcome, Furthermore, this deseending air continues to lose
heat on the way down, and the descent is too slow to cause any
appreciable warming as in the case of the foehn.

10. Dersch: ** Ueber den Ursprung des Mistral,” Z.f .M., XVI., 1881, 52-57.
See also Sonrel : Ann. Soc. Met. de France, XV., 1867, 45.
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A similar effect to that here noted in the case of the mountains of

southern Norway is also seen in the case of other mountain ranges
which lie more or less at right angles to the direction of the prevailing
winds, and hence act as climatic divides. It should further be noted
that calms are more than twice as frequent on the eastern side of the
Norwegian mountains as on the western side (19 per cent. : 8 per cent.).
As is well known, the west winds are the strongest.
. Mountains as wind breaks and barriers.—The fact last mentioned
suggests the important climatie functions of mountains as wind-breaks
and as checks to the interchange of air between the two sides of a
mountain range. To a limited extent this effect may be seen in the
relatively small average wind movement in a valley as compared with
an open plain.}

The more luxuriant vegetation, and especially the more vigorous
tree growth of such valleys, are effects not only of the more favourable
conditions as regards temperature and of the more abundant precipita-
tion, but also of the decreased air movement and the decreased
evaporation as compared with the open country. Extended plains are
exposed to more constant and more violent winds than are valleys, and
such winds are, to a certain extent, unfavourable to tree growth. One of
the difficulties in re-foresting great plains is the injury done by strong
winds to the young trees. When considerable groves of trees once
exist, they protect themselves against storms.

The Alps as a climatic divide.—In extra-tropical latitudes, mountain
ranges which trend east and west, or which have approximately this
direction, protect their southern slopes against cold northerly winds,
and thus constitute important climatic bounds. The Swiss Alps furnish
an illustration of this. If we cross one of the passes, such as the
Brenner, the Spliigen, the St. Gotthard, or the Simplon, from north to
south, we are transferred in a few hours from the climate of central
Europe to that of Italy. The climatic transition in this case is much
more marked than it is between the eastern and the western ends of
the range of the Alps. In fact, in crossing these Swiss passes the
climate changes with great suddenness. The reason for this is to be
found in the protection against the cold, northerly winds which the
massive barrier of the Alps affords for the valleys on its southern side.
It has also been seen that this protection is not always a negative one,
80 to speak, but is also positive in the sense that the cold wind, even

.1 Some narrow valleys which furnish a means of communication between larger
valleys are, however, very windy, because the currents of air in them are accele-
rated, just as in the case of water in the narrower portions of river channels.
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when it does descend across the mountains, becomes warmer dunng ’bhlﬂ
descent. This beneficial influence of the Alpine range is most stri
scen in the protected southern valleys themselves, the plain of northern
Italy being colder and much more exposed than are these valleys.
Villa Carlotta, on the Lake of Como, is 2'4° warmer in winter than
Milan, and its minimum temperatures are 5° higher than those at
Milan in winter. Riva is 1:5° warmer than Milan in winter.
The mean annual minimum is —50° at Riva, and -8'0° at Milan.
Even Bozen, which is 1° farther north and 110 m. higher, and lies
at the foot of the Bremner, has precisely the same winter tempera-
ture as Milan. The mean annual minimum at Bozen is - 7°7°,
which is higher than that at Milan. These southern Alpine valleys
have therefore been well named, *the fence of the garden of Europe.”
When Dove says that the Alps have a eooling effect upon the plain
of northern Italy in winter,! his meaning is easily misunderstood. The
low winter temperatures of the plain of northern Italy are due, as has
previously been suggested, to the fact that there is also a high
enclosing mountain ridge on the south and west, which keeps out the
warm winds from these directions in winter, while it allows free access
to the colder winds from northeast and east. Of still greater import-
ance is the further fact that the air which has been cooled as the result
of radiation from the earth’s surface has an excellent opportunity to
accumulate over the plain. These cold masses of air stagnate over the
lowlands, and are the cause of excessively low temperatures in winter,®
the lowest temperatures always being found over the lowest portions of
the plain in the axis of the valley of the Po. This characteristic is
clearly seen even in the mean winter temperatures (1866-1880), as
appears from the following table :—

MEAN WINTER TEMPERATURES (1866-1880) IN NORTHERN ITALY.

Station. | Latitude. Altitude (meters) Temperature.
Milan, - . . - | 455 N. 147 2-3
Brescia, - . . - 455 N. 172 27
Alessandria, - - - 449 93 1:3
Pavia, - . - - 452 93 22

1H. W. Dove: *‘Ueber den Einfluss der Elpnn anf das Klima ihrer Umgebung, ™
Monatsher. Berliner Akad. der Wiss, 1863, 96-114, and Zeitschr. f. Allg. Erdk. XV.,
1863, 241.

2 Compare the Engadine, Carinthia, the Lungau.
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and at latitude 22:5° N., the Indian winter is 7° warmer than that on
the Chinese coast. The d}ﬂ'erenw would be still greater if the comparison
could be made with stations in the interior, instead of on the coast of
China. The reason for this difference is found in the fact that China is
exposed to the cold northwest winds from the interior of Asia, while
the massive mountain barrier of the Himalayas wholly prevents an
interchange of air between the interior and northern India. Northern
India has the winter climate which is appropriate to its latitude, the
cooling effect of winds coming from higher latitudes being prevented. |

Mountains in North America as climatic barriers.—If there were,
in the United States, a lofty mountain range trending east and west,
instead of the Rocky Mountain ranges which run more or less parallel
with the meridians, the States lying south of such a range would be
protected against cold winds from the north. Under existing
conditions, however, these cold winds blow all the way to the Gulf
of Mexico without meeting any obstruction ; and they occasionally
cause extraordinarily low minimum temperatures even in the southern
States. The mean temperatures in the southern States are, to be sure,
higher than in eastern Asia on the same latitude ; but they are much
lower than those in northern India, as is shown by the following table :—

WINTER TEMPERATURES IN THE UNITED STATES IN LATITUDE

31°-32° N.
Stations. Latitude. |Temperature. Stations, Latitude. | Temperature.
a o
Mt. Vernon, n° & N. 11'3 Natchez, - | 31" 34" N. 105
Savannah, - a2 5 Ni 112 Ft. Jessup, | 31° 35" N. 10°7

As northern India, in the same latitudes, has a winter temperature of
14+0°, the southern United States are 3° colder. The difference is still
more striking when the extremes of cold are compared.

Protection against cold afforded by mountains.—The extraordinarily
low winter temperature of northeastern Siberia, as well as the prevail-
ingly high pressure which accompanies it, and to which attention was first
directed by Woeikof, are undoubtedly chiefly due to the fact that air
which has been cooled by radiation is prevented from flowing away by
high mountain ranges on the south, and especially on the east, toward
the neighbouring Sea of Okhotsk. These mountains also prevent an
interchange of air between their opposite sides. In higher latitudes,
where the ground is snow-covered in winter, such a stagnation of the



5

MOUNTAINS AS CLIMATIC BARRIERS. 371

cold air always means an increase of the winter cold. A high mountain
range, unbroken by deep ravines and valleys, protects the country in its
lee very effectively against the invasion of winds from a cold interior
district of this kind behind the mountains. Under these conditions,
the lowest temperatures usually oceur along the valley bottoms ; in any
case, there is certainly no decrease of surface temperature with increase
of altitude. Hence the amount of warming which the air from the cold
back-country undergoes in crossing the mountains and descending on
to the lowland, or to the coast, is sufficient to maintain a considerable
difference of temperature between the two sides of the mountains, If
we imagine a “ cold pole” of this kind, separated from a neighbouring
warm coastal district by mountains 1500 or 2000 m. high, then the
cold air, descending from these mountains, will be warmed 15° to 207,
and its temperature therefore becomes very mueh milder.

There are many examples of this beneficial effect of a mountain
range. Even the course of the winter isotherms in eastern Asia and in
northwestern North America shows how a high mountain range brings
about a crowding of the isotherms. Another example is the case of
Dalmatia, whose narrow coast is separated from a very cold interior
by an almost unbroken mountain range. Exceptionally low winter
temperatures occur over this interior, and the winds very often blow
down as a bora from the crest of the mountains. Yet the cold of this
off-shore wind is so much modified by its descent that, notwithstanding

' jits bora, the Dalmatian coast has very moderate extremes of cold and
very high mean winter temperatures. Thus we find a mean annual
minimum temperature of — 20+4° at Gospic (latitude 44:5° N., altitude

* 570 m.) in Croatia, near to, but shut off’ from, the Dalmatian coast by

~ the Velebich.! This is almost the same as the mean minimum tempera-
~ ture at Cracow, and is evidently due to the stagnation of the cold

. winter air in the valley of the Lika. Very low winter temperatures

" undoubtedly also oceur over the whole interior of Dalmatia. Even at

~ Janina (latitude 39-8° N.) the mean minimum is — 8:0°; and in January,

* 1869, the minimum was — 17-8°. The minima on the coast are, however,

very moderate. Thus Fiume has —4-4°, with an absolute minimum of

—9:0°, in January, 1869 ; Lesina has — 1:6°, with an absolute minimum of

—7-2°; and Ragusa has — 0-9°, with an absolute minimum of —6-0".
The intensity of the cold is modified by the descent of the cold air. Thus
* a mountain range is a most effective protection against invasions of cold

~ from a neighbouring cold district, and makes it possible for decided
extremes of temperature to exist in close proximity.

! In Jannary, 1893, the temperature actually fell to —30°1°
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If, however, a mountain range of this kind is crossed by
valleys through which the cold air may drain away, the districts at the
mouths of these valleys are abnormally cold. Thus Woeikof attributes
the excessively low winter temperature of Vladivostok (January mean,
—152°, at latitude 43° 9’ N.) to the fact that, at this point, the top of the
divide, across which the cold air from the interior has to pass, is only
180 m. high. To the eastward, the mountains become higher again,
and the coast is warmer. To the north comes the wide gate at the
mouth of the Amur, and here lies Nikolaiewsk, with a January
temperature of — 24-5°. Still farther north the mountains again separate
the cold interior from the coast, and Ayan properly has a temperature
of but —20'1° in January, although its latitude is 3° more nurt-h.eﬂg‘
than that of Nikolaiewsk.!

In summer, on the other hand, mountain ranges protect the inte io 2
against the entrance of cold winds from the ocean, and thus very high
summer temperatures may be reached close to the coast. Etrlklng
examples of this condition are found in northwestern North America,
where the rainy coastal district of British Columbia, with its cool
summers, is separated by the mountains from the neighbouring
interior, which lies very close by, and has hot summers. The
isotherms are much crowded in this region, and high summer tempera-
tures extend far to the northward in the lee of the mountains.
Similarly, the cool air of the Sea of Okhotsk is prevented by the coast
range of mountains from lowering the high summer temperatures of
eastern Siberia, although the winds blow on-shore during this season.
The contrast between the weather conditions on the two sides of the
Aldan Mountains, in summer, is said by Erman and Middendorf to be
a very striking one. On the eastern side hangs a chilly fog, through
which the sun ean rarely be seen; on the western side there is hot,
bright summer weather. In much lower latitudes a similar dividing
wall is formed by the Coast Range of California, which separates the
cool, damp summer of the coast from the hot summer of the broad
valley of the Sacramento and the San Joaquin rivers. In this
Californian case there is one of the greatest contrasts in temperature
which exists within a limited distance. At Monterey, for example, in
latitude 36-5° N., the July isotherm of 16° runs along the coast, while
hardly three degreas and a half to the eastward, beyond the Coast
Range, we find the isotherm of 34°. This means an increase of
temperature of nearly 51 in one degree of longitude, or 6° in 100 km.

' A, Woeikof : ““ Die Vertheilung der Wiirme in Ostasien,” Z.7. M., XIIL., 1878,
200-218.










P




376 HANDBOOK OF CLIMATOLOGY.

Miocene flora of Spitzbergen (latitude 78° N.) puint-a to a mean
annual temperature of about 11°, and that of Disco Bay, in Greenland
(lat. 70° N.), to a mean of about 13°. In short, at the present time we
must travel 20° — 30° southward in order to find the mean tempera-
tures that probably prevailed in Greenland and Spitzbergen during
Tertiary time.

In contrast to these facts which indicate a warmer climate, we have
evidences of the so-called (Glacial period, which oceurred at a much
later date in the earth’s history, and during which an ice sheet covered
northern Europe nearly as far south as latitude 51° N., and North
America as far as latitude 40° N.; while the snow-line in the Alps
reached at least 1300 m. nearer aemlevel than at present. There were
glaciers in the Erzgebirge and the Riesengebirge, as well as in the
Black Forest and in the Vosges. The climatic snow-line on these
mountains was then 1200 m. above sea-level. Glacial geologists are
now of the opinion that the great Ice age did not consist simply of one
period of glaciation, but was made up of a succession of glacial and
interglacial periods, and thus had an oscillatory character. The
succession and the extent of these diverse climatic changes in Spain
has been carefully discussed by Penck.!

During Miocene time the climatic conditions of Spain were similar
to those which are now found in Morocco. Not only were the
isotherms then about 12° farther north than at present, but the whole
wind system was correspondingly displaced. The northern limit of
the trade wind belt must therefore also have been about 12° farther
from the equator than it now is, and there must have been a dry
period in Spain. The Miocene flora of central Europe (Oenningen),
according to Heer, also points to a mean annual temperature of about
18°.  During the Glacial period, on the contrary, the snow-line in
central Spain was at least 1000 m. lower than at present, as was also
the case in the mountains of central Germany. This leads to the
conclusion that the temperature was 4:5° — 5° lower. The displacement
of the climatic zones by more than 20° of latitude in Spain therefore
closely corresponds with the conditions in central Europe. i

Evidence of secular changes of climate.—FEven at the present
time there is evidence of changes of climate of smaller amount. This
evidence is based on the fluctuations in the size of glaciers and in the
extent of inland lakes. We have been living during a period of

VA, Penck : * Studien iiber das Klima Spaniens wilhrend der Jiingeren Ter-
tifirperiode und der Diluvialperiode,” Zeitschr. Gesell. f. Erdk. zu Berlin, XXIX.,
1894, 109-141.
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marked retreat of the Alpine glaciers, although this great retreat has
now ceased, and is being replaced lﬂc&]]}T by movements in the opposite
direction.!

The lakes of eastern Turkestan are at present rapidly drying up.
The level of the Lake of Balkash is said to fall 1 m. in 14-15 years,
and Lake Alakul is turning more and more into a salt deposit. In his
work on Turkestan, Muschketoff gi-.es many illustrations of the pro-
gressive desiccation and change in the climatic conditions of that
country.? Rossikoff also gives evidences of the drying of the lakes
on the northern side of the Cauncasus,® where many steppe-lakes have
already wholly disappeared. Briickner has given a general review of
the conditions of increasing desiceation in western Siberia,* and Sieger
has summarised the fluctuations of the water-levels of lakes.”

Evidence of changes of climate in the interior basin of the United
States.—The results of investigations concerning the history of the
fossil or extinet lakes which lay west of the Rocky Mountains in the
United States are of great interest in establishing the fact of repeated
changes of climate in the past. These lakes were Lake Bonneville, of
which the present Great Salt Lake is a last remaining trace, Lake
Lahontan, in Nevada, and Lake Mono, in California, all of which
belonged to the Quarternary.

The ecareful investigations carried on by Gilbert® led to the con-
clusion that there is evidence of five distinct stages in the history of Lake
Bonneville, which are as follows :—First, a long period of drier climate
and of low water, during which alluvial cones, now more or less buried
by later lake deposits, were built along the bases of the mountain ranges

1 0n page 323, the altitude above sea-level of the lower ends of the glaciers in
the Oetzthaler Alps was given as 2100 m. This figure has reference to about the
year 1860. Abont the middle of the 18807s, the altitude was 2230 m., ¢r 150 m.
higher. See also: * Rapport de la Commission internationale de Glaciers,” pre-
sonted to the International Geological Congress, Paris, 1900 ; and Ch. Balbot:
“ Les Variations de Longueur des Glaciers,” Geneva, 1900,

* Nature, XXXIV., 1886, 119; 237. * Naiure, XLIX., 1803-94, 515.

4 (Jaea, 1887, 187. See also Pet. Mitt.,, XXXIX., 1886, Litteraturber. 76 (on
the desiccation in the Aral-Caspian depression) and Scof., Geogr, Mag., V., 1889,
327. .
~ 5R. Sieger: Mit. K.K. Geogr. Gesell., Vienna, 1888, 95, 159, 390, 418;
Globus, LXII,, 312; LXV., 73; Zeitschr. Gesell. f. Erdk. (Berlin), XXVIIL,
1893, 478-481.

5. K. Gilbert : * Lake Bonneville,” U.5. Geol. Survey, Monagraph I., 1800,
summarised by R. DeC. Ward : * The Climatic History of Lake Bonneville,”
Am. Met. Journ., VIIL., 1801 92, 164-170.
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enclosing the lake. Second, a period of moister climate, and of high
water which, however, did not result in an overflow. Third, a period
of perhaps complete desiccation, as is shown by the unconformity
between certain deposits on the lake bottom, and the difference in their
character, the yellow clay of the first high-water epoch being overlaid
by masses of gravel and boulders which are evidently not of subagueous
deposition. This has been called the inter-Bonneville time of low
water. Fourth, a period of high water, which resulted in an overflow
of the lake at the northeast corner of the basin, which was the lowest
point that could be found. This was at a height about 300 m. above the
level of the present Great Salt Lake, and here a channel was cut to a depth
of about 100 m., first through alluvium and then through solid rock.
Fifth, the present period of desiccation has resulted in the practical
extinction of the old lake, which had an extent of about 550 km. in
length and 200 km. in breadth. The periods of high water Gilbert
helieves to have been coincident with two epochs of maximum
glaciation. :

The study of the former great lakes, Lahontan and Mone, in
Nevada and California, led Russell to similar conclusions.!

The causes of the fluctnations in the levels of these lakes do not
appear to have been elevations or depressions of the land, but elimatie
changes. The lakes began to disappear when evaporation exceeded the
water supply, and this was a result of abnormally high temperatures,
and a long continuance of summer weather conditions. The lakes
hegan to fill when the water supply was in excess of evaporation, and
this corresponds to a deficiency of temperature, i.c., a continuance of
winter weather conditions. It is not necessary to assume any special
excess of rainfall, for a moderate degree of humidity, with a low
temperature, and the consequent decrease of evaporation would suffice
to fill the lake basins.

Great Salt Lake even now shows long periods of high and of low
water. The level of the lake rose more than a meter from 1847 to
1854 ; and then fell a meter and a half till 1859 and 1860. In 1861
the lake began to rise again, and in 1868 had risen 35 m., and
continued rising a few centimeters until 1873, when it again began to
fall. A granite post which Professor Joseph Henry had set up as a
gauge in 1874, on the southern shore of the lake, was so far out in the
lake in 1877 that a new gauge had to be set up further inland.* For

1, €. Russell: ** Lake Lahontan,” U.8, Geol. Surv., Monograph X1I.
2. W. Powell : Report on the Lands of the Arid Region of the United States,
nd ed., Chap. IV., Washington, 1879,
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40 years a lake gauge has been maintained on Great Salt Lake by
the U.S. Geological Survey. The zero of the scale was arbitrarily
placed at what was supposed to be 03 m. (1 ft.) below the lowest
known level. On December 31, 1900, the level of the lake was
230 mm. (9 ins) below the zero of the scale. A tabulation of the
rainfall records for three stations on or near the lake, since 1863,
shows that the last fifteen years constitute the driest period of equal
consecutive duration since the establishment of the Weather Burean
stations. In the light of the available data, Murdoch believes that
there is no indication of a change in the climate of the Great Salt
Lake basin; that a return to normal preeipitation is probable, and
that the lake will then return to about the same level as it reached
in the past.!

Gilbert is of the opinion that variations in precipitation are a
true cause of lake fluctuations, but believes that the increasing
diversion to cultivated fields, of waters which would otherwise flow
unimpeded to the lake, is also an important factor in this complex
problem.?

Topographical records of past climates.— The relation of climate and
topography has recently been considered by Davis.®

The dependence of certain topographic forms upon the conditions of
greater or less rainfall of cooler and warmer climates are clearly
recognised, and the correlations thus gained from the study of existing
conditions may enable us to infer the vanished climates of the past by
means of their still-preserved topographic produets. The effect of the
introduction of a dry climate in a region where rainfall had formerly
been in abundance, and of a wet climate ina region that had previously
been arid, may be seen in the changes of stream grades: in the con-
ditions of valley-cutting, and in the increase and overflow or the
desiccation of the lakes.* :

Suggested causes of changes of climate.—Phenomena such as those
which have just been described naturally prompt us to seek the causes
which may have brought about these changes of climate in the past, and

'L. H. Murdoch : ** Relation of the Water Level of Great Salt Lake to the
Precipitation,” Mo. Wea. Rev., XXIX., 1901, 22.23,

*G. K. Gilbert : ** The Water Level of Great Salt Lake,” ibid., 23-24.

*3W. M. Davis: * A Speculation in Topographical Climatology,” Am. Mes
Journ., XII., 1895-96, 372-381.

4 See also in this connection Th. Rucktischel : ** Ungleichseitigkeit der Thiiler
und Wirkung der vorherrschenden westlichen Regenwinde auf die Thalformen,”

Pet. Miw., XXV., 1889, 224.225 (M. Z., V1I., 1890, 34-35, 180-152).
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also to ascertain the facts concerning any changes and periodicities of
climate which may be in progress at the present time. Climatie changes
may either be progressive in one direction, or they may reecur periodi-
cally, oscillating within certain fixed limits. The former class includes
the changes that depend upon the progressive cooling of the earth’s
interior, a process which results in the gradual disappearance of the
influence of the earth’s internal heat upon the climates on its surface.
To this first class belong also such changes as depend upon the cooling
of the sun itself, the result of which is a progressive diminution in the
intensity of solar radiation. In seeking the cause of the changes of
climate which recur periodically, and which belong to the second class,
we must begin with an examination of the periodic variations of the
elements of the earth’s orbit in order to determine whethar ‘these
variations can explain the phenomena in question.

It is not our present purpose to consider the effect whwh a hlghar
temperature of the earth’s interior may have had upon the temperatures
of the circumpolar regions, or upon a more uniform distribution of
terrestrial climates. Such an influence may easily be overestimated,
as has been shown by Sartorius von Waltershausen.? The influence of
the earth’s internal heat must have decreased rapidly after the surface
became rigid, on account of the poor conductivity of the solid crust,
which must soon have made the surface temperatures independent of
the high temperatures of the interior. On the other hand, it is not
quite 50 easy to see clearly what influence the oceans and their currents
had upon climate in this transition period. A large amount of water
vapour, and possibly also a higher percentage of carbon dioxide in the
carth’s atmosphere, may then have considerably increased the supply of
heat from the sun stored up at the bottom of the atmosphere, and may,
at the same time, have decidedly checked the cooling of the higher
latitudes in winter. A more powerful radiation from the sun and
a greater extent of water surface probably combined to maintain
a humid atmosphere during the earlier ages. This condition may be
assumed to have lasted for a very long time, during which the higher
internal temperature of the solid crust of the earth no longer
had any considerable direct influence upon the temp&ratura of the
ground.

Theory of Dubois.—The relations between a decrease or a uha.nge in
the intensity of solar radiation and variations in the climates of the
earth’s surface must also be passed by without discussion.  This

18, von Waltershausen : Unfersuchungen diber die Klimate der Gegenwart und
Vorwelt, Harlem, 1865, L wdd v e i Yy
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question has lately been very carefully and fully discussed by Dubois,!
whose theories have been eritically reviewed by Woeikof in a very
instructive article.? To this review the reader is here referred.

In so far as the conclusions reached by Dubois regarding climatic
changes, and the explanation of these changes, depend upon purely
geological facts, we must forego discussion at this point. We therefore
turn at once to the cosmic causes of terrestrial climatic changes which
are periodic in character, and as to whose effects we can, to some
extent, make a quantitative estimate. Such estimates are not possible
in the case .of Dubois’ assumption that the sun, like a star, has
already passed through certain stages, during which the amounts of
heat emitted by it to the earth varied. In the first stage, that of
a white star, solar radiation was more intense, and the earth was
warmed more than at present. With the transition to the yellow
stage there comes a rapid decrease in the amount of radiation emitted,
and hence a cooling of the earth, which Dubois believes to have lasted
from the beginning of the Tertiary to the Pleistocene. During the
yellow stage, there are variations in the amount of radiation emitted ;
the star temporarily has a red colour, and then radiation decreases.
According to Dubois, these periods of partial darkening of the sun are
glacial periods, while the return of the yellow light corresponds to the
more extended inter-glacial epochs, in one of which we are living.
These assumptions do not contradict our present knowledge of astro-
physics. It is, nevertheless, impossible to reach any definite conception
of the influence of these hypothetical variations in solar radiation upon
terrestrial climates. One thing, however, is certain, and this is that, in
explaining the climates of the geological past, the sun cannot be con-
sidered to be an absolutely constant source of heat. Hence, such
considerations as those which have been urged by Dubois are perfectly
legitimate.

Changes in the obliquity of the ecliptic.—Let us next consider the
sun as a constant source of heat, and see what variations in the amount
of heat received by the earth from the sun are produced by the periodic
variations in the different elements of the earth’s orbit. The climatic
changes which result from this cause may be estimated with some
accuracy. The variations in the amount of radiation can, as a matter
of fact, be accurately calculated, but the effect of these variations

1 Bugen Dubois: Die Klimate der geologischen Vergangenheit und ilive Beziehungen
sur Entwickelungsgeschichte der Sonne, Leipzig, 1893 ; The Climates of the Geological
Past, London, 1895,

2 A Woeikof : ** Geologische Klimate,” Pet. Mitt,, XLI., 1805, 252-256.
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The eccentricity of the earth’s orbit may vary between 0-0694 and
nearly 0. The quantity of heat which the whole earth receives from
the sun increases somewhat when the eccentricity becomes greater, the
increase being inversely proportional to /T —¢%, where ¢ represents the
eccentricity.!

If the quantity of heat received at the present time, when the
eccentricity is 000168, is taken as unity, then at the maximum eccen-
tricity the earth receives from the sun a quantity of heat equal to
1:0024, which is less than 0-3 per cent. more. The difference is
therefore a slight one. On the other hand, the influence which a great
eccentricity has upon the differences in the intensity of insolation at
perihelion and at aphelion is important, as has already been shown
in the note on page 96.

While, at the present time, the intensity at perihelion is only one-
fifteenth greater than at aphelion, this difference increases at a maximum
eccentricity to nearly one-third. In the hemisphere which, under these
conditions, has its winter in perihelion, the difference between the
seasons is considerably decreased, because the low altitude of the sun
above the horizon is partially made up for by the less distance of the
earth from the sun. In summer, on the other hand, there is decreased
insolation because the sun's distance is much greater, notwithstanding
the fact that the sun’s altitude is high. In the other hemisphere,
whose winter comes in aphelion, the difference between the seasons is
similarly increased.

We must, however, be careful not to overestimate the influence, as
there is a tendency to do. At the greatest eccentricity the solar
constant (of Langley) would be 3:53 at perihelion and 247 at aphelion,
and the mean value during the extreme seasons would be about 326
and 2-73. According to Angot, latitude 50° N. now receives, with a
coefficient of transmission of 0-7, 22-9 heat days during the winter half-
year, and 956 during the summer half-year, the difference being 72-7.2

At a time of greatest eccentricity, when the northern hemisphere had
its winter in perihelion as at present, these values would be 249 and

1The amount of heat received by the earth from the sun in the course of a year
is expressed by the formula, C7T/a®~1-¢%, in which 7 represents the time
occupied in making one revolution around the orbit; @ is one-half of the major
axis; and Cis a constant. The time occupied in making one revolution and the
half of the major axis remain constant ; therefore the heat can only vary with e.

?See page 127. The coeflicient 0°7 is too large for the direct transmission of
solar rays, but may represent their virtual heating power when the effect
of diffuse sky reflection, and the influence of the winds in bringing upper layers of
air, warmed by the sun, down to the surface, are included.
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870 (difference 62:1). The winter half-year would thus gain two heat
days, and the summer half-year would lose 86, At latitude 50° 8., the
conditions at the same time would be the following :—Summer hali-
year, 1039 heat days ; winter half-year, 20-8 ; difference, 83-1. This
difference would thus be one-third greater than that in the northern
hemisphere. The southern hemisphere winter would have four heat days
(about 16 per cent.) less than the northern hemisphere winter at the
same time, while the southern hemisphere summer would have 169
days more, or about 20 per cent. more than the northern hemisphere
summer.

Whichever hemisphere has a perihelion winter therefore has a
modified solar climate, and a smaller annual range of temperature ;
while the other hemisphere at the same time has an extreme solar
climate, with a large annual range. With the existing eccentricity of
the earth’s orbit, which is 1/60 in round numbers, as has been previ-
ously seen (page 201), the unequal distribution of land and water in.
both hemispheres has so great an influence upon climate that these
theoretical relations do not appear at all. Moreover, existing climate
is actually entirely different from the climate which results directly
from solar radiation. The northern hemisphere, which is also the land
hemisphere, whose winter comes at perihelion, has an extreme climate ;
while the southern, or water hemisphere, has a very temperate climate.
Henece it may well be supposed that an extreme eccentricity of the
earth’s orbit would be unable wholly to overcome the climatic differ-
ences which at present exist between the two hemispheres. It would
simply diminish these differences when the northern hemisphere winter
came at perihelion, as at present, and would increase them when the
northern hemisphere winter came at aphelion. The unequal distribu-
tion of land and water in the two hemispheres is the most potent
climatic factor. ;

Differences in the length of the seasons: precession of the equinoxes.
—A great eccentricity of the earth’s orbit has another important result
in that it can bring about considerable differences in the lengths of the
winter and the summer half-years. The term winfer half-year, or more
briefly, winfer, means that period during which the hemisphere in
question always has the sun below the celestial equator, or when, in
other words, the sun’s declination is negative. Swummer denotes the
period during which the sun is above the celestial equator. Winter
and summer are therefore the periods between the equinoxes. As long
as the orbit is eccentric the only time at which the lengths of the
opposite seasons are the same is when the spring equinox coincides with-
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perihelion or with aphelion. Under these conditions winter and
summer would each last exactly half a year. When these conditions
do not exist, the seasons are unequal in length. The inequality is
greatest when the eccentricity is at a maximum, and when, at the same
time, the line which joins the positions of spring and autumn equinoxes
cuts the line of the apsides, which joins perihelion and aphelion, at
right angles. The former line then divides the earth’s orbit into two
parts of unequal length. The shorter of these two portions of the orbit
contains perihelion, and over this portion the daily movement of the
earth around the orbit is also more rapid, because the distance from the
sun is less. The longer portion of the orbit contains aphelion, and the
velocity of the earth’s progression along its orbit is here less. Hence
it follows that the distance from the spring equinox to the autumn
equinox (i.e., summer) cannot be passed over as rapidly as the distance
from the autumn to the spring equinox (i.e, winter). When one
hemisphere has its winter at perihelion, as is now the case in the
northern hemisphere, the winter is shorter than the summer ; while at
the same time the opposite condition exists in the other hemisphere.
The difference in the length of the seasons in days, with a given
eccentricity, ¢ 1s 465 x e, At present, when ¢ = 0-0168, the difference is
7'8 days. This means that the sun is north of the equator 7-8 days
longer than it is south of it. At a time of maximum eccentricity,
according to Lagrange, this difference may become 355 days, or, in
other words, the difference may amount to more than one month.
If we follow Leverrier in assuming 0-0777 as a maximum, the
extreme difference in the length of the seasons is 361 days.
Using Stockwell’s value of the maximum eccentricity, 0-:0694,
which results when the perturbing action of Neptune, neglected
by the earlier computers, is also included, the extreme seasonal
difference is 32-3 days.

The progressive change in the position of the equinoxes amounts to
50-26 seconds annually. 1In a period of about 25,800 years the position
of the spring equinox would therefore have travelled completely
around the orbit. As the major axis of the earth’s orbit also has a
progressive movement, but in the opposite direction, the spring equinox
returns to its original position in a shorter time; or, in round numbers,
in 21,000 years. This is, therefore, the whole length of the period in
question at the present epoch. Whenever, at any given time, the
spring equinox coincides with perihelion or with aphelion, the
difference between the seasons is zero. The difference then increases

for, roughly, 5000 years, until it reaches a maximum ; and then it
2B
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decreases again in the next 5000 years. Thus, during about 10,000

years, one hemisphere has the long winter and the short summer,
and during the next 10,000 years a similar condition prevails in
the other hemisphere. As the periods during which the eccentricity
of the earth’s orbit remains at a maximum are very much longer
than these 10,000-year periods, these inequalities in the lengths of
the seasons always occur several times during one period of great
eccentricity, and they affect the two hemispheres in opposite
ways.!

Adhémar’s theory.— Many theories concerning great climatic changes
which have affected the two hemispheres in opposite ways, have been
based on these differences in the lengths of the winter and the summer
half-years which recur periodically, and which, as has been seen,
occasionally become very considerable. The first of these theories was
that of the French mathematician, Adhémar. According to this
theory, there is so great an accumulation of ice around the pole of the
hemisphere which is having its long winter that the earth’s centre of
gravity is displaced somewhat toward this hemisphere. This results
in a partial displacement of the ocean waters and a flooding of this
hemisphere, which still further increases the cooling. The southern
hemisphere, which is now having the longer winter, apparently illus-
trates these consequences. The curious forms of the southern portions
of the continents of the southern hemisphere exemplify the flooding of
the land ; as do the enormous extent of the oceans of the middle and
the higher southern latitudes, and the great extension of the lower
limits of snow and of glaciers.

Because of its deceptive character, Adhémar's theory found many
adherents, and, in a different guise, it has also often been brought
forward again in more recent years.*

There is, however, as yet no proof that masses of ice could aceumn-
late, in the hemisphere which has the long winter, to such an extent
as to displace the earth’s centre of gravity enough to cause a partial
transfer of the surface waters of the oceans. The possibility of the

displacement of the earth’s centre of gravity by means of masses of

ice about the pole, to a sufficient extent to produce a difference of
level of over 800 feet between the Arctic and Antarctic Oceans, the
Antarctic having the higher level at present, has been shown by

1A fuller discussion of these matters will be found in the text-books of
astronomy.

2 Adhémar: Les Révolutions de ln Mer ; Déluges périodiques, Paris, 1842,

i
]
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Proctor,! who also attributes the smaller barometric pressure of the
southern hemisphere to the same cause.

Schmick's theory.—Schmick has endeavoured to refer the periodic
transfers of water, which he also supposes to have taken place, to
another cause, a mathematieal and physical explanation of which seems to
be easier. The southern hemisphere now has its summer in perihelion,
and therefore that portion of the earth’s surface which is nearest the
sun is in the southern hemisphere. Hence, according to Schmick’s
calculation, the solar tide in this hemisphere is increased by 4 em., and
great quantities of water are drawn over into the southern hemisphere
every day. This water cannot flow back again, because, when this
process ceases at aphelion, the sun’s attraction is weaker. Further-
more, the transfer of these great volumes of water south of the
equator somewhat displaces the earth’s centre of gravity toward the

- southern hemisphere, and this is followed by a partial flooding of this

hemisphere. In eonjunction with these conditions, there is a greater
cooling in this hemisphere ; more water is changed into ice, and this
ice remains there. These floods and this refrigeration oceur in the
hemisphere which has its summer in perihelion. By reason of the
apparently sound physical tidal theory upon which it rests, Schmick’s
hypothesis was long recognisedd and supported by scientific men of
high standing. The most complete refutation of Schmick’s views con-
cerning the possibility of such a transfer of water from one hemisphere
to the other by means of the solar tide is contained in Zoppritz's dis-
cussion of the theory.?

Croll's theory.—The theory of great periodic changes of climate
advocated by James Croll has become of much more importance than
the preceding theories, and has also gained a firmer and more lasting
foothold. Croll’s theory likewise depends upon the inequality in the
length of the seasons at a time of great eccentricity of the earth’s
orbit. Croll, however, showed great skill and ingenuity in starting

! Proctor and Ranyard : Old and New Astronomy, Arts. 1092.1095, London,
1895.
:J. H. Schmick : Die Umsetzungen der Meere und die Kiszeiten der Halblbugeln
der Erde : ihre Ursachen und Perioden, Cologne, 1869 ; Die neuwe Theoric period-

ischer sdbuldren Schwankungen des Seespiegels und gleichzeitiger Verschiebung der

oo et

Wéarmezonen auf der Nord- wnd Sidhalblugel, Miinster, 1872 ; Das Flutphdinomen,
und sein Zusammenhang mit den sikuldven Schwankungen des Seespiegels, Leipzig,
1879 ; Die Aralo-Kaspi-Nicderung und ihre Befunde im Lichte der Lelre von den
sibuldren Schwankungen des Seespieqels und der Wirmezonen, Leipzig, 1874, K.
Zoppritz: Criticism of these articles in the Géttingische Gelehrte Anzeigen, 1878,
B65-871. 2
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with a sound climatological basis as the foundation of his hypothesis.
In so doing, he was enabled to make most effective use, in support of
his theory, of the great influence of warm ocean currents in tempering
the climates of the higher latitudes. It thus became necessary for him
to advocate most strenuously the wind theory of ocean currents, about
which there was, in his time, still considerable dispute; and for this
very reason, Croll’s theory will always occupy a prominent place in the
history of our science, even when that theory has lost the last sup-
porter of the principal portion of its teaching. It should not be
forgotten that climatology owes much to Croll's hypothesis for its
suggestion of new points of view ; for the emphasis which it has laid
upon elimatic factors before largely overlooked, and especially for the
instructive discussions to which the controversy regarding the hypo-
thesis has given rise. Croll’s theory still has a good many adherents.!
For these various reasons, this theory demands somewhat careful
attention.®

Croll’s views may be summarised briefly as follows, the statements
being largely those used by their original author :?

When winter oceurs at aphelion during a period of very great
eccentricity of the earth’s orbit, that season is very mueh longer and
eolder than at present. Snow then falls over the temperate zones,
even in latitudes in which the precipitation is now altogether rain, and
although the snowfall may not be very heavy, the snow remains on
the ground without melting because the temperature is far below the
freezing point. On the approach of spring and summer, the rising
temperature at first still further increases the snowfall over the lands,
because of the increased evaporation over the oceans. When, how-

1A, R. Wallace : Island Life, London, 1892, The anthor is an advocate of a
very mueh modified Croll's theory. James Geikie: The Great Iee Age, 3rd ed.,
London, 1894. The anthor still holds the view that Gmlls theory gives the
most probable explanation of glacial periods.

2 James Croll first discussed his theory in a series of articles in the Philosophical
Magazine and the Geologicnl Magazine ; the first article baving the title, **On
the Physical Cause of the Change of Climate during Geological Epochs,” Philo-
soph. Mag. (London), 4th Series, XXVIIIL., 1864, 121-137. These pﬂpﬂﬂ'ﬂr_g
later published together in book form, with the title, Climate and Time in their
Geological Relations : a Theory of Secular Changes of the Earth's Climate, I.mldun,
1875, A second book had the title, Discussions on Climate and Cbamahgy
don, 1889,

3 These quotations may also serve to illustrate Croll's manner of drﬁwing coln
clusions. These are frequently very uncertain, and therefore cannot easily be
refuted.
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ever, the snow begins later to melt, a long time must elapse before it
wholly disappears from the lowlands. It will remain on mountains of
moderate height, and with the coming of autumn there is a renewed
fall of snow. In the following year the process is repeated, with the
difference that the snow-line then descends to a lower level than in the
preceding year. The snow-line thus descends lower and lower, year
after year, until finally all the more elevated portions of the land
remain permanently snow-covered. The valleys are then occupied by
glaciers, and perhaps one-half of Scotland, a large portion of England
and Wales, and nearly all Norway, may be covered with ice. Then a
new and important factor comes into play, which very greatly hastens
the process of glaciation. This is the influence of a snow-cover on
climate. The extended surfaces of snow and ice change the water
vapour which is brought by the winds into snow. They also cool the
air during the summer, and produce dense, permanent fogs, which shut
out the sun’s rays, and give rise to climatic conditions such, for example
as those which now prevail in South Georgia. The melting of the
snow is largely retarded by these conditions.

It is a mistake to assume, says Croll, that the perihelion summers of
the glacial periods must be hot. No continent which is covered with
snow and ice can have a hot summer, as is proved by the conditions in
Greenland to-day. Even India, if it were covered with ice, would
have a colder summer than England now has. Another circumstance
of the very greatest importance also comes into play, and that is the
mutual reaction of the physical conditions. The great eccentricity
produces long, cold winters in one hemisphere. The cold produces a
more extended snowfall. The snow-cover, in its turn, increases the
cold ; it cools the air and gives rise to more snowfalls. A third factor
then comes into play; namely, the formation of clouds and fogs,
which partially shut out insolation, weaken the effect of the sun’s rays,
and increase the accumulation of snow. Thus the cold increases the
snowfall, and the snowfall increases the cold. In other words, the
effect, operates to increase the cause.

While snow and ice are accumulating in one hemisphere, they are
decreasing in the other. This increases the trade winds in the cold
hemisphere, and weakens them in the warmer hemisphere. The result
will be that the warm water of the tropical oceans is driven over,
more and more, into the middle latitudes of the warm hemisphere.
If, for example, the northern were the cold hemisphere, with the
long aphelion winter, the Gulf Stream would thus continue to decrease
in volume, while the warm ocean currents of the southern hemisphere
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would at the same time increase in strength. This diversion of the
sources of heat from the higher latitudes of the northern hemisphere
again favours the accumulation of snow and ice over that hemisphere,
and thus the warm ocean currents are still further weakened.! Thus
these two consequences mutually strengthen one another.

A similar process of mutual action and reaction also comes into
play in the warmer hemisphere, but in the opposite sense. Here every-
thing co-operates to raise the mean temperature, and to decrease the
quantity of snow and ice in the temperate and the polar zones. All
these forces are set in operation by a great eccentricity of the earth's
orbit, coupled with an extreme perihelion position.

The foregoing paragraphs contain the essential points in Croll’s
theory of glacial periods. The inter-glacial epochs correspond to the
periods during which one hemisphere has the perihelion winter and,
coupled with that, the long summer. The periods of equality in the
length of summer and of winter, in both hemispheres, are periods of
transition.

Objections to Croll's theory.—It may at once be urged against Croll's
theory that the known climatic conditions of both hemispheres at the
present time decidedly contradict the assumption of any such marked
change for the worse in the climate of the hemisphere which has the
long aphelion winter. At present, the difference in the duration of the
opposite seasons is eight days ; yet this condition of things does not seem
to lead to any definite consequences. It is, moreover, perfectly clear
that the longer winter of the southern hemisphere is milder than that
of the northern ; that the equatorial limit of winter snowfall is, on the

1 This is one of the chief argnments in Croll’s theory. Croll has, in several of
his publications, endeavoured to prove the extraordinary importance of the Gulf
Stream, and of the warm ocean currents in general, as means of modifying the
temperature of the higher latitudes. The great volume of the warm ocean
currents in the northern hemisphere is, however, caused by the extension of the
southeast trade winds into that hemisphere, which results in driving the warm
surface waters of the whole equatorial zone over into the northern bemisphere,
and thus helping to supply these warm currents. This exteusion of the southeast
trade winds is, however, a consequence of the low temperature of the southern
hemisphere, and this low temperature is a consequence of the longer winter
of that hemisphere. When this latter condition is reversed, so as to be un-
favourable to the northern hemisphere, then the northeast trade wind will play
the part which is now played by the southeast trade wind. The northeast trade
wind will then blow across into the southern hemisphere, and will transfer warm
water from the northern into the southern hemisphere. This will result in the
diversion of the present warm currents referred to in the text, and will cause a
marked change for the worse in the climate of the higher latitudes.




e

GEOLOGICAL CHANGES OF CLIMATE. 391

average, to be found in higher latitudes in the southern hemisphere
than in the northern.

It is in the highest degree improbable that, even if the difference in
the length of the seasons does become four times as great, conditions
should undergo so decided a change as that which is demanded by
Croll’s theory. Furthermore, the effect of the short but hot summer
upon the hypothetical accumulation of snow cannot be considered as
unimportant as it is regarded by Croll. An Indian sun which can
melt a layer of ice 50 to 60 m. thick in a year, or 17 em. thick in one
day, would quickly dispose of a snow-cover which certainly could not
attain any such thickness over night.

The greatest importance is attached by Croll to the diversion of the
warm ocean currents, which is supposed to occur, at a time of great
eccentricity of the earth’s orbit, in the hemisphere which has the long
severe winter. This postulate rests on a very weak foundation. In
this connection John Ball notes that the case of the southern hemi-
sphere, with its mild winter and weak temperature gradient between
poles and equator, shows clearly enough that the strength of the trade
winds, and their extension into the other hemisphere, can by no means
depend upon a low temperature and a severe winter, Therefore Croll
has no right to assume that a cold hemisphere, with severe winters, will
have unusually strong trade winds, which will drive the warmer water
over into the other hemisphere.!

Woeikof further rightly calls attention to the fact that the reason
for the extension of the southeast trade wind into the northern hemi-
sphere is not that the southern hemisphere is now having its winter in
aphelion, but that the extent of the oceans of the southern hemisphere
is s0 great. This makes the trade winds of the southern hemisphere
steadier and stronger. Land surfaces, and even small clusters of
islands, check the development of the trade winds by giving rise
to monsoons and land and sea breezes, and thus interfering with the
steadiness of the trades. When the northern hemisphere happens to
have the longer winter, it by no means necessarily follows that the
northeast trade winds will be so much stronger as to extend over into
the southern hemisphere. The fact that so much warm water is at the
present time driven over into the northern hemisphere is also largely
due to the form of the continents within the tropies, and especially to
the trend of the coast-line of South America north of Cape San Roque.
The position of the belt of calms between the two trade wind belts

1John Ball: Notes of a Natwralist in Sowth America, London, 1887,
 Appendix B, Remarks on Mr. Croll’s Theory,” 383-406.
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does not depend upon the severity of the winter in the higher lati-
tudes, but is determined by the general distribution of temperature in
the lower latitudes, i.c., upon the position of the heat equator. It is
clear that, notwithstanding the severe winter of the northern hemi-
sphere, the heat equator and the belt of calms do not migrate into
the southern hemisphere. The position of the belts would remain
about the same as long as there was no change in the distribution of
land and water. The higher temperature of the oceans of the northern
hemisphere is not alone due to the extension of the southeast trade
winds across the equator, and to the warm ocean drift which depends
upon these winds. The oceans of the northern hemisphere, which are
shallower and more enclosed than those of the southern, are also
warmed to a greater degree. Furthermore, the distribution of land
about the north pole almost altogether prevents any supply of eold
polar water and of floating ice from coming into these oceans, as is the
case in the southern hemisphere. The amount of cooling by the
melting of polar ice is therefore very slight in the northern oceans, but
is very considerable in the southern hemisphere. A long aphelion
winter in the northern hemisphere would change these conditions but
little. In view of all these facts, the diversion of the Gulf Stream and
of the warm ocean currents in general, in consequence of more severe
winters, must be regarded as a very fanciful hypothesis. Howarth also
calls attention to the fact that the drift of warm water to the higher
latitudes is due to the prevailing westerly winds north of the 30th
parallel. These winds, however, are stronger, the greater the difference
of temperature between pole and equator ; they would therefore be
more effective in the hemisphere which has the cold winter.

Another consequence of a more severe winter, and hence of a stronger
temperature gradient, has been pointed out by Davis.! The greater activity
of the general circulation in extra-tropical latitndes would provoke more active
cyclonic processes, and this would cause a greater snowfall. Further, an
increased severity of winter temperatures would carry the subtropical belt of
winter rains farther towards the equator, and thus give more precipitation over
the continents.

Finally, as regards the phenomena of glaciation, it is now
recognised as an established fact that glaciers do not depend upon a
long severe winter. On the contrary, such conditions are unfavourable
to the development of large glaciers, as may be seen in districts of
severe winter cold in the interior of the northern continents, especially

'W. M. Davis: **Note on Croll's Glacial Theory,” Trans. Edinb. Geol. Soc.,
VII., 1894, 77-80. Reprinted in Am. Met. Journ., XI., 1594-95, 441-444.
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in Siberia. The case of the coast and of the interior of Alaska, to
which reference has been made on p. 323, is also very instructive. [t
18 not a severe winter, but a cool summer, which favours the descent of
glaciers to low altitudes. It is not the extreme hemisphere, with the
cold aphelion winter and the hot perihelion summer, that offers the
most favourable climatic conditions for a great extension of glaciers ;
but it is the temperate hemisphere, with a slight difference between
winter and summer, as may be clearly seen in the case of the southern
hemisphere at the present time, and also in the glaciers on the west
coasts of North America and of northern Europe. The smaller the
annual range of temperature, the further toward sea-level do the
glaciers extend, and the higher is the mean annual temperature at
their lower limits. These facts therefore wholly contradict Croll’s
theory, which maintains that the greatest extension of glaciers will
oceur in the hemisphere with a severe winter and a hot summer.!

(Glaciers are phenomena which are associated with mountainous
coasts and islands. They do not find climatic conditions suited to
them in the interior of the larger land areas. The winter in the
interior of these continents in the higher latitudes is too cold and too
dry, and the summer is too hot. Glaciers need a moderate marine
climate, with abundant precipitation; and these two econditions are
found together on the western coasts of the continents, while the
eastern coasts, with their colder winters and their more severe climates,
are unfavourable to the development of glaciers,

The interior ice of Greenland, unless it be a formation which dates
from a former period in the earth’s history, probably owes its existence
to the fact that a land mass lies between two relatively warm bodies of
water. These waters are not frozen over in winter ; and for this reason,
as well as because of the neighbouring warm North Atlantic Ocean on
the south, they are the principal tracks of cyclonic storms which cause
frequent and abundant snowfalls over the Greenland platean. The
winter temperatures along both coasts of Greenland are much milder,
and even the summer temperatures are higher, than they are in the
Chukt Peninsula in eastern Asia, in the same latitude, and yet, not-
withstanding its mountainous character, the latter district has no
glaciers.

1Tt cannot be denied, however, that the southern hemisphere, now in its
aphelion winter, possesses much the largest accumulation of polar ice, forming a
veritable ice cap:; but whether this is due to the existence of an Antarctic
continent permanently glaciated, or to causes which are independent of
topography, can only he determined by further gengraphical exploration.
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We therefore reach the conclusion that Croll’s theory as to the cause
of the great changes in climate which have taken place in the two
hemispheres, and as to the resulting periodic glacial epochs, contradicts
our present knowledge of climates, and is therefore untenable.!

Ball's theory.—The eccentricity theory of glacial periods has recently
again been taken up by the English astronomer, Sir Robert Ball.?

As it might very naturally be supposed that this book treats the old
problem in a new way, it may be said at once that such is by no means
the case. The statement upon which the whole “new” theory rests,
and which is reiterated in many different ways, is as follows:—The
ratio of the quantity of heat which a whole hemisphere receives from
the sun in winter to that received in summer is expressed by 37 :63,
and is virtually independent of the changes in eccentricity.”? :

Ball considered this a new statement, but it had already been used
by Wiener in his important discussion of the distribution of the
intensity of solar heat over the earth’s surface.® Starting with this
constant relation, Ball considers the temperature conditions of both
hemispheres at a time of great eccentricity on the basis of the

LOf the instructive discussions and refutations of Croll's theory, the following
may be referred to :—S, Newcomb: ¢ Review of Croll's Climate and Time, with
especial Reference to the Physical Theories of Climate maintained therein,”
Am. Jowrn. Sci., 3vd Series, XI., 1876, 263-273. A. Woeikof : ** Examination of
Dr. Croll’s Hypothesis on Geological Climates,” Philosoph. Mag., London, 5th

Theory of Alternate Glacial and Warm Periods in each Hemisphere, and of
Interglacial Climates,” Mem. and Proc. Manchester Soe. Lit. and Philosoph., 4th
Series, IIL., 1890, 65-111. W. N. Rice: *The Eccentricity Theory of the
Glacial Period,” Seience, VIIL., 1886, 188-180, 347.

In connection with the relations between glaciers and mean temperatures, the
following articles may be referred to:—Frankland : **Physikalische Ursache der
Eiszeit,” Pogg. Ann., CXXIIL., 1864, 419. G. F, Becker: *‘On the Relations of
Temperature to Glaciation,” Amer. Journ. Sei., 3rd Series, XX V1., 1883, 167-175;
“ The Influence of Convection on Glaciation,” ihid., XXVIL., 1884, 473-476.

2Sir Robert 8. Ball: The Cause of an fee Age, London and New York, 1801,

31f the sun’s heat received by the hemisphere in one year is expressed by 1,
the amount received in winter by 1-a, and that in summer by 14 a, half the

annual amplitude, a, is equal to 2 gin §: 7w,

if & represents the obliquity of the ecliptic. When § =23 27" 30", a=0-253;
l-a=0747, and 1+4+a=1253. Hence winter:summer=0-37:063, or still
better, =3:5, This relation, however, holds only for the whole hemisphere,
and as may easily be seen, not for the different latitudes. It therefore has
no special significance for glacial theories.

+(0. Wiener : “* Ueber die Stiirke der Bestrahlung der Erde durch die Sonne in
den verschiedenen Breiten und Jahreszeiten,” 2.0 M., X1V., 1879, 113-130.
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following calculation :—If the difference between the seasons has
inereased to 35 days, then the winter in the hemisphere which has its
winter in aphelion lasts 200 days, and the summer 165 days. If the
annual quantity of heat is taken as 365 heat days, the winter, according
to the above proportion (37:63), has 136 of these days and the
summer 229. The quantity of heat received on these 136 heat days
is, however, distributed over 200 days, and the winter day therefore
receives, on the average, only 0-68 heat units; while the summer day
receives 229 : 165, or 1:39. The difference hetween a summer day and
a winter day is therefore 0:71 heat units. This corresponds to the
glacial period in that hemisphere. When this same hemisphere then
has the long summer, a summer day receives 229 :200, i, 1-14 units
of heat, and a winter day receives 136:165, i.e., 0-82 units. The
difference between the summer day and the winter day is then only
0-32 units of heat. This corresponds to the interglacial epochs. This
calculation leads to the same result as that which has already becn
given above for the 50th parallel. The hemisphere which has the long
winter at a time of great eccentricity has an excessive dilference
between summer and winter; while in the other hemisphere the
difference is very slight. All this contains nothing new as regards an
explanation of glacial periods, especially since this caleulation refers
only to one hemisphere as a whole and cannot be applied to given
parallels of latitude.

Darwin’s discussion of Ball's theory.—Substantially the same con-
clusion is reached by G. H. Darwin, who has devoted an article to a
discussion of Sir Robert Ball’s bool.!

Duarwin lays no special emphagis upon Ball's statement above referred to, and
believes that the main point is contained in the following consideration :—

When the eccentricity is at a maximum, and winter occurs in aphelion, the
length of the winter is to that of the summer as 6:5. The reverse is true with
summer in aphelion. We therefore have the condition that the daily supply of
heat during the short summer is to that during the long winter as 1/5 (1 +a): 1/6
(1-a). During an interglacial epoch, on the other hand, the ratio is 16 (1 +a):
1/5 (1 -a). If these extreme values of the daily supply of heat are compared, it
iz seen that they are related to one another as

6(l+a) 5(l+a) 36
S{l—a) 6(1-z) 25

The ratio of the daily supply of heat in summer to that in winter, when winter

comes in aphelion, is to the same ratio during aphelion summer as 36 : 25, This is

1G. H. Darwin : ** Review of Ball’s * The Cause of an Ice Age,”” Nature, XLV.,
1802, 280-29] : and ** The Astronomical Theory of the Glacial Period,” ibid., L1I1.,
15495-96, 196-197,
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the more emphatic expression for the relative severity of the climate at a time of
maximum eccentricity, when the longest winter coincides with aphelion. It has,
however, already been fully explained that this excessive annual range in solar
climate does not, by any means, furnish the conditions for a glacial period.
Nevertheless, the determination of the relations of these extreme conditions is of
gome interest in general climatology. The term, a, has a different value for each
parallel of latitude, as has already been noted.

Culverwell’s discussion of Ball’s theory.— Culverwell! has discussed
Ball's “astronomical theory ” of glacial periods very eritically, and has
taken the pains, using Meech’s results, to obtain the actual amounts of
heat received by latitudes 40° to 80° in winter, at the height of the
“Ice age,” when the winter is 200 days long. If the parallels of
latitude which receive the same amounts of heat from the sun during the
winter are compared one with another at the height of the Ice age and
at present, it appears that the latitudes which have the same “sun-
heat ” winter isotherms are as follows :—

LATITUDES OF SOLAR WINTER ISOTHERMS DURING AN ICE AGE
AND AT PRESENT.

-] L]

& o -]
During an ice age, - | 40 50 G0 70 80 N.

a4 635 74 845

|
|
i
At present, > S @2 |

—

The climatic effect of the longest winter as compared with that at
present is that the latitude of 54°, for example, now has the same solar
climate as latitude 50° would have in the supposed ice age. The change
is less than that which would be experienced if London were to be
moved up to the latitude of Edinburgh. Culverwell is certainly right
when he says that no ice age could be produced by such a climatic dis-
placement.  “ When we take account of the ocean currents it seems
probable that, instead of being lowered, the winter temperature in the
British Isles would be raised in the long winter of the supposed glacial
epoch. For the Gulf Stream flows at about four miles (6 km.) per
day between the Azores and Norway—that is about 10° of the earth’s
surface in six months, so that we may fairly suppose the mid-winter

TE. P. Culverwell : ** A Mode of Calculating a Limit to the Direct Effect of
Great Eccentricity of the Earth’s Orbit on Terrestrial Temperatures, showing the
Inadequacy of the Astronomical Theory of Tce Age and Genial Ages,” Philosoph.
Mag., XXXVIIL, 1594, 541.552 ; “*A Criticism of the Astronomical Theory of the
Ice Age and of Lord Kelvin's Suggestions in Connection with a Genial Age at the
Pole,” Geol. Mag., N.S., XXII., 1895, 3-13, 55-65 ; see also ** A Criticism of the
Astronomical Theory of the Ice Age,” by the same author, in Nature, LI., 1894-95,
33-35. This is a criticism of the astronomical theory of the Ice age advocated by
Croll and Ball.
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heating of these countries to be dependent on the summer heating at
about lat. 40° — 45°. Now during the 166 days of the short summer in
the epoch of great eccentricity, these latitudes received a greater daily
average of heat than any latitude, even the equator, now receives in an
equal time. Hence it is likely that the midwinter receipt of ocean heat
in that epoch was much greater than at present.”

The *astronomical theory of the Glacial period ” is thus shown to be
incompetent to explain the facts. It also appears, in the light of the
foregoing discussion, that the known periodic changes in the elements
of the earth’s orbit do not warrant us in concluding that any very
marked changes have taken place in terrestrial climates. In fact, from
an astronomical point of view, it must rather be concluded that there
has been a certain permanence of the climates of the earth’s surface.

De Marchi's theory.—After a very thorough theoretical investigation
of the climatic conditions during the Glacial period, and of the depend-
ence of the temperature of the air upon the ratio of the radiant
energy received to that lost by the earth, as well as upon the distribu-
tion of land and water, Luigi de Marchi comes to the conclusion that
neither the astronomical nor the geological theories! lead to any
plausible explanation of the Ice age. De Marchi does find, however,
that a slight decrease from 06 to 054 in the coeflicient of transmission
of the atmosphere for solar rays, accompanied by a corresponding
change in the coefficient of transmission for the heat radiated from land
and water, would suffice to produce the climatic conditions of an ice age
in the middle and the higher latitudes, and the decrease would be
greater in marine than in continental climates.*

The difference in temperature between the continents and the oceans.
in higher latitudes would thus be decreased, and this, according to

! Elevations of the land.
2 Luigi de Marchi finds the following changes in the mean temperatures for
q=054 and g=06 :—

[
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These calenlated differences of temperature are probably much more likely to be
right than the temperatures of the different parallels of latitude themselves,
which de Marchi has obtained, and which, in the opinion of the present author,
have no reality whatever. The former at least give an accurate general idea of
the distribution of temperature.



398 HANDBOOK OF CLIMATOLOGY.

Briickner, is one of the most important conditions for a rainy period on
the continents, and indirectly also for a glacial advance. The tempera-
ture gradient between pole and equator is at the same time increased,
and the general circulation of the atmosphere thus becomes more active.
The decreased annual range of temperature in the higher latitudes
would also favour the development of glaciers.

De Marchi further refers to the fact that, according to Sonklar, the
glaciers of the Hohen Tauern covered 422 sq. km. at the time of their
most recent maximum development ; while, after 20 years of retreat,
this area has, according to Briickner, been reduced to 363 sq. km. The
area has therefore decreased by about one-seventh, and perhaps it may
be assumed that the decrease has amounted to omefifth. This glacial
retreat corresponds to a change of elimate of hardly 1° in temperature,
according to Briickner. De Marchi is therefore of the opinion that a
decrease of temperature of 4° — 5°, according to his caleulation, together
with the other favourable conditions above referred to, would probably
explain the occurrence of an ice age. When, on the other hand, the
coefficient of transmission again increases, there is an increase of tem-
perature in the higher latitudes, and a more uniform distribution of
temperature between the equator and pole. De Marchi does not feel
prepared to say what causes may bring about an increase or a decrease
in the coefficient of transmission of the earth’s atmosphere, i.e,, an
increase or a decrease in the amount of water vapour, and of carbon
dioxide contained in the atmosphere.}!

Arrhenius’ theory.—Svante Arrhenius considers it much more likely
that the cause of the great changes in temperature between the Miocene
epoch and the Glacial period was a change in the amount of carbon
dioxide in the atmosphere, and coneludes that a two-fold to three-fold
increase in the present amount of this gas would raise the mean
temperature of the circumpolar regions 8°—9°; while, on the other
hand, a decrease of 55 to 62 per cent. of the present content
could produce a fall in temperature of 4° -5 in middle latitudes
(40° - 50%), which would suffice to explain the temperature of the
glacial period. Accepting the interesting conclusions reached hy
Hogbom, Arrhenius believes that it is by no means unlikely that
increased voleanic activity at different periods of the earth’s history
may have caused changes in the amount of carbon dmxlde in the
atmosphere.®

1 Luigi de Marchi: Le Cause dell’ Era Glaciale, Padua, 1895,

28vante Arrhenius: * On the Influence of Carbonic Acid in the Air upon tha
Temperature of the Ground,” Philosoph. Mag., 5th Series, XLI., 237-276.
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Knut Angstrom,! however, has demonstrated that the theory of
Arrhenius is founded on an erroneous interpretation of observations,
attributing to carbon dioxide ahsorption effects which are principally
due to water vapour. Angstrom also proves that the earth’s atmo-
sphere now contains sufficient carbon dioxide to absorb substantially
all of the solar radiations which are capable of being removed by this
gas, rays constituting not more than 1} per cent. of the whole.

Chamberlin has also recently advanced a working hypothesis of a
cause of glacial periods, the fundamental postulate of which is that
variations in the amount of earbon dioxide in the atmosphere have been
the direct cause of variations of elimate. This hypothesis takes account
of the changes in the amount of carbon dioxide in the atmosphere
which result from the weathering of rocks and through the agency of
organisms, and also considers the effects of continental elevation and
denudation.?

Changes in the position of the earth’s axis.—The simplest and most
obvious explanation of great secular changes in climate, and of the
former prevalence of higher temperatures in the northern circumpolar
region, would be found in the assumption that the earth’s axis of
rotation has not always had the same position, but that it may have
changed its position as the result of geological processes, such as
extended rearrangements of land and water. This hypothesis has
frequently been advanced, but has still more frequently, and partly
for geological reasons, been shown to be untenable. The question for
us to consider in this connection is simply whether mathematical
physies furnishes us with any warrant for believing in the possibility
of a considerable change in the position of the earth’s axis.

This mathematical problem has been investigated by G. H. Darwin,
who has eome to the conclusion that if the earth is considered to be
quite rigid, the pole may have moved about 3° from its original
position. If, however, the earth is considered plastic, as it undoubtedly
is to a certain degree, so that it could readjust itself to the form of
equilibrium, then there is the possibility of a cumulative effect, and

'"Knut Angstrém: ‘‘Ueber die Bedeutung des Wasserdampfes und der
Kohlensiiure bei der Absorption der Erdatwosphiire,” Annalen der Physik, (4)
IIL., 1900, 720-732. Bee also * Knut Angstrim on Atmospheric Absorption,”
Monthly Weather Review, XXIX., 1901, 268,

*T. C. Chamberlin: * Working Hypothesis of a Cause of Glacial Epochs,” re-
viewed by Bailey Willis : **Climate and Carbonic Acid,” Pop. Sei. Mo., LIX.,
1901, 242-256. In this connection see also N. Ekholm: “On the Variations of
the Climate of the Geological and Historical Past and thmr Cn,uses,” Quart, Journ.
Roy. Met. Soc., XXVII., 1901, 1-G1.
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the pole may have wandered 10° - 15° from its original position. No
such cumulation is possible with respect to the obliquity of the
ecliptic.!  More recently, Schiaparelli? has taken up the question
whether, and in what way, changes in the form of the earth may
affect the position of the axis of rotation. The results reached agree
essentially with those of Darwin.

It cannot yet be considered as proved beyond question by astrono-
mical and mechanical considerations that the geographieal pole has
remained in the same position on the earth’s surface. The permanence
of the pole may be a fact to-day, but it must also be an established fact
so far as the earth’s past history is concerned. A permanent position
of the earth’s pole is possible only in an earth of a certain rigidity.
(ieological processes, although they be insignificant, may, if they only
operate long enough, interfere with the conditions of the permanence
of the pole, even after these conditions have once been attained. Thus
considerable movements of the pole may be brought about as long as
the earth is not absolutely rigid.

The climatic consequences which would result from a displacement
of the north pole to latitude 70° N., and longitude 20° W,, have
recently been discussed by Davis, in a highly instructive paper.?
The change in the limits of the wind and rain belts, which would
follow such a displacement of the pole, would tend to glaciate north-
western Europe and northwestern America; would place arid trade
wind climates on the northern side of the belt now oceupied by the
equatorial rains of Africa and of South America, and would at the same
time place the equatorial rains on the northern margin of the arid land
areas now found in the southern parts of these continents. It is
suggested that evidenece of such changes in climate should be sought in
the topographic forms and in the conditions of lake desiecation, or over-
flow, in torrid Africa and South America. .

1(G. H. Darwin: *“On the Influence of Geological Changes on the Earth's
Axis of Rotation,” Proc. Roy. Soc., XXV., 1876-77, 328-332: also Natfure,
XV., 1876-77, 360-361. 3. Haughton : ** Preliminary Formulae relating to the
Internal Change of Position of the Earth's Axis arising from Elevations and
Depressions caused by Geological Changes,” Proe. Ray Soe., XXVI., 1877, 51-55;
also Nature, XV., 1876-77, 542-543.

#(. V. Schiaparelli: ** De la Rotation de la Terre sous I'Influence des Actions
Gedlogiques,” Mémoire présentd @ I'Obsercatoire de Poulkova, St. Petersburg,
1889. Reviewed in Pet. Mitt., XXVIIL., 1892, 4245,

*W. M. Davis: ““A Speculation in Topographical Climatology,” 4Am. et
Jour., XII., 1895-96, 372-381. '
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Changes in the distribution of land and water.——Some idea of the
great climatic changes, which would result from a radically different
distribution of land and water on the earth’s surface, may be gained
from what has already been said concerning marine and continental
climates. Lyell was the latest advocate of great geographic rearrange-
ments as a possible cause of climatic change! Von Kerner has also
made a speculation of a similar kind (see p. 208).

Secular variations of climate.—The question whether the climate of
certain districts has, or has not, changed within historical times, has
been the subject of numerous investigations and discussions, but no
definite results have been reached. It has often been thought that
a change in the climate of a certain country could be proved beyond
question ; but, on the other hand, it has just as often been found
possible to prove that these changes have not taken place. Thus, for
example, it has frequently been plausibly maintained that there was
once a more abundant water supply in northern Africa. This has been
disproved by Partsch, who has shown that such could hardly have
been the case within historical times. Partsch bases his argument on
the fact that the ancient settlements on the interior lakes of northern
Africa, which do not overflow and which may be regarded as real rain-
gauges, clearly show that these lakes formerly contained no more water
than they do at present. An examination of the records of temperature
and of rainfall from the period at which they first began to be
kept, and for which they are to some extent comparable—i.e., at the
most, during 150 years—does not bring to light any evidence of a

ive change in the temperature of the air, or in the amount
of rainfall. Whenever it has heen supposed that these records did
show an increase in temperature or in rainfall, it has always turned
out that this increase may have been due to the method of expos-
ing the thermometer, or the rain-gauge. The oldest meteorological
records were always begun in cities, which grew very rapidly in course
of time, and it has already been pointed out that “city temperatures”
are always higher than those in the surrounding country. Further-
more, little attention was formerly paid to the influence of the height
of the rain-gauge upon the amount of rain collected. Most of the
older measurements of rainfall, which were obtained in cities by
exposing the gauges on terraces and roofs, or within enclosed court-
yards, gave too small a rainfall. To this extent, therefore, do direct
meteorological records leave us in doubt as to the question of a change
in the climatic elements.

18ir C. Lyell : Principles q,; Geoloyy, Vol. I., Chap. XIL
L
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therefore very natural to aseribe to the visible changes on the surface
of the sun a noticeable influence upon our atmosphere. Nevertheless,
the results of the numerous and varied studies which have been made
of this problem have not quite come up to expectations. The influence
of sunspots upon the meteorological elements has turned out to be
rather insignificant. Even in the most marked cases, the only thing
that can be considered as proved is that there are traces of a parallelism
in the march of certain meteorological elements and that of the sun-
spot period. A forecast of the weather on the basis of sunspot perio-
dicity is still impracticable. The case is, however, quite different
with the magnetic elements and their variations, for these are subject
to the same cycles as those of the sunspots, with great ranges.

A full diseussion of the results of the investigations which have been
made of the 10-11 year periodicity of the climatic elements, following
the sunspot period, cannot be entered into here.! We must content
ourselves with citing a few cases only.

Sunspots and temperature.—Kippen has given the clearest proof of
the existence of a sunspot period in the mean annual temperatures of
the different elimatic districts on the earth’s surface.? In the tropics,
the parallelism between the variations of the mean annual temperature
and those of the sunspot frequency is fairly well marked, but it is less
apparent in middle and in higher latitudes. The mean value of the
variation in the mean annual temperatures, from a sunspot minimum
to a sunspot maximum, amounts to (°73° in the tropies, and to 0-54°
in the extra-tropical zones. The following data, which show the
departures of the annual mean temperatures from the means derived
from many years’ observations, will serve to show the march of this
phenomenon in the tropies :—

SUNSPOT PERIODS IN THE MEAN ANNUAL TEMPERATURES
OF THE TROPICS.

Sunspot Minimum, - 1 2 3 | 4 years.
033 £015 | 4004 | 021 | —02s

Sunspot Maximum, 1 2 3 4 5 years.
-o:» - |-021 | -0 30 | 40

14 | 4008 | +030 | +041
! The earlier results may be found clearly summarised in H. Fritz: Die Bezie-
dungen der Sonnenflecken zu den maguetischen wnd meteorologischen Erscheinungen
der Erde, Harlem, 1878, 275 quarto pages, with tables.
*W. Koppen : ** Ueber mehrjihrige Perioden der Witterung,” Z. /3., VIIL,
1873, 241-248, 257-267 ; XV., 1880, 279-283 ; XVI., 1881, 140-150.
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frequent in the years of sunspot minima than in the years of sunspot
maxima. The violence of these cyclones is also greater at the time of
sunspot maxima. Piey later made a similar study of the eyclones of
the Antilles, with reference to their periodicity, and came to the same
conclusion as that reached by Meldrum.! In both the Atlantic and
the Indian Ocean, cyclones oceur more frequently with inereasing
numbers of sunspots, and become less frequent again at times of sun-
spot minima.

Sunspots and other meteorological phenomena.— Furthermore, the
minimum winter temperatures, as well as severe winters themselves ;
the periods of the advance and retreat of glaciers; the height of
rivers ; in short, all the meteorological elements and the phenomena
which depend upon them, have been studied in their relation to sun-
spots, and evidences of some connection have been found. This
evidence is, however, still too uncertain to show any actual relation of
cause and effect.?

Briickner’s oscillations of climate.*—By following the second of the
two methods above referred to, Briickner came to the econclusion that
there is a 35-year period of climatic oscillation. A study of the
remarkable long-period oscillations in the water level of the Caspian
Sea, forced Briickner to the conclusion that these changes have a
period of 34 to 36 years. Out of this discovery there naturally grew
an investigation into a possible correspondence of periodicities in
temperature and precipitation and in the levels of the rivers which
flow into the Caspian Sea, as well as in the dates of the opening
and closing of the rivers of the Russian empire given in Rykatschew’s
great work.* This study shows that the cause of the periodic oscilla-
tions in the level of the Caspian Sea is to be found in corresponding

'C. Meldrum : *“ On a Periodicity in the Frequency of Cyclones in the Indian
Ocean south of the Equator,” Rept. Brit. Ass., 1872, 56-58 ; “* On a Periodicity
of Cyclones and Rainfall in Connection with the Sunspot Periodicity,” ibid., 1873,
466-478. A. Poey : ** Rapports entre les Taches solaires, les Orages i Paris et &
Fécamp, les Tempétes et les Coups de Vents dans 'Atlantique nord,” Comptes
Rendus, LXXVII., 1873, 1223-1226.

*See also F. G. Hahn : Ueber die Bezichungen der Somnenfleckenperiode zu den
meteorologischen Erschetnungen, Leipzig, 1877. D. Ragona: “ Ueber die Jihr-
liche Periode der Variabilitit der Temperatur,” Z.7. M., XIII., 1878, 33-35. H.
C. Russell believes that there is a 19-year periodicity in the weather conditions of
New South Wales (* Periodicity of Good and Bad Seasons,” Proc. Roy. Soe. N. 8.
Wales, 1896 ; abridged in Nature, LIV., 1896, 379-380).

*E. Brl‘lckuer Klimaschwankungen seit 1700, nebst ..Eemer.l:uﬂgm fiber die
Klimaschwankungen der Diluvialzeit, Vienna, 1890,

4 M. Rykatschew: Rep. /. Met., I1. Supplementnrv Volume, St. Petemhurg, 1887.
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periods in the temperature and the rainfall. This led to the con-
clusion that all European Russia has passed through great climatic
oscillations since the beginning of the eighteenth century. Cold, wet
periods prevailed about the years 1745, 1775, 1810, 1845, and 1880 ;
and dry, warm periods prevailed about the years 1715, 1760, 1795,
1825, and 1860. These climatic oscillations affected the rivers by
determining the length of time during which they were frozen, and by
controlling the depth of water in them ; and the rivers, in their turn,
affected the great Caspian Sea by first raising and then lowering its level.

Further investigations into the oscillations of lakes without outlets
in general, as well as of rivers and discharging lakes, and then into
the oscillations of the rainfall of the whole world, led Briickner to the
conclusion that the period discovered in the case of the Caspian Sea
holds over a much wider area. The periods of highest and lowest
levels in lakes were as follows :—Minima in 1720, 1760, 1798, 1835,
1865 ; maxima in 1740, 1777, 1820, 1850, 1880. The rainfall periods
after 1830 have been as follows:—Dry periods, common to all parts
of the world, in 1831-1840, and 1861-1865 ; wet periods in 1846-1855,
and in 1876-1880. Districts certainly exist in which these phases and
epochs are exactly reversed. These are called districts which are
permanently exceptional” by Briickner, and they are limited almost
altogether to the regions which have marine climates.

Briickner ! has lately made a supplementary study of the latest
rainfall data for Russia and the United States, as well as for some
stations in Central Europe and Eastern Siberia, and finds satisfactory
confirmation of his earlier conclusions, in a decrease in the rainfall
for these districts as a whole, beginning about the middle of the
decade 1880-1890,

Hann? has recently discussed the monthly and yearly means of the
rainfall at Padua (1725-1900), Klagenfurt (1813-1900), and Milan
(1764-1900), and finds that they all conform to a period of definite
length, and that the alternation of wet and dry epochs is in harmony
with the 35-year period of rainfall indicated by Briickner.

Oscillations in the mean annual pressure.—The study of the oseil-
lations in the mean annual pressure led to the important discovery
that the periods of these oscillations are not the same on the continents
as over the oceans, but that there is a compensating relation between

I E. Briickner : *“ Zur Frage der 35-jihrigen Klimaschwankungen,” Pet. Mitt.,
XLVIIL, 1902, 173-178.

2J. Hann : ““Ueber die Schwankungen der Niederschlagsmengen in gri=seren
Zeitriunmen,” 8. W. 4., CXL, 2a, 1902, 1-120,
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These departures relate to the stations for which records are now
available, and naturally do not really represent the temperature con-
ditions of the whole world, especially not during the earlier periods.
The average length of the periods is seen to be 36 years. A period of
about 35 years, which is now regarded by Briickner as being more
nearly the true length of the period, is likewise apparent in the records
which reach back much further than do those of temperature. ~These
records are those of the conditions of ice in rivers (from the year 1736) ;
the date of vintage (from the year 1400), and the occurrence of severe
winters (from the year 800). Loeckyer believes that this thirty-five year
period in climate is connected with a long-period sunspot variation of
thirty-five years.1

Variations in the Swiss glaciers.—The periodicity in elimate dis-
covered by Briickner is strongly supported by the results of Richter’s
study of the variations in the Alpine glaciers.? This study shows
- that “the advance of the glaciers recurs in periods whose length
varies between 20 and 45 years, and was exactly 35 years in the
mean of the last three centuries. These periods, on the whole, agree
with the dates which Briickner obtained for his climatic oseilla-
tions during the last three centuries. The advance of the glaciers is
noticeable during the cold, damp period.” The years when the
glaciers began to advance were 1592, 1630, 1675, 1712, 1735, 1767,
1814, 1835 and 1875 ; and the cold periods, according to Briickner,
~ were 1591-1600, 1611-1635, 1646-1665, 1691-1715, 1730-1750, 1766-
1775, 1806-1820 and 1836-18565.

Price of grain and climatic cycles.—The effect which these oseilla-
tions of climate have upon the harvest and upon the price of grain in
Europe has recently been fully discussed by Briickner in a special
paper.” He comes to the conclusion that the prices of grain were on
the average 13 per cent. higher in the wettest lustrum than in the
driest.

Gteneral conclusion regarding supposed changes of climate.—Briick-
ner’s oscillations of climate help to explain the prevailing views, which
are so often contradictory, of a change in the climate of certain districts
for better or worse to a moister, or a drier, condition. Such views have

IW, J. 8. Lockyer: **The Solar Activity, 1833-1900," Proc. Royal Soec.,
LXVIIL., 1901, 285. Abstract in Natwre, LXIV., 1901, 196-197.

2E. Richter: **Geschichte der Schwankungen der Alpengletscher,” Zeitschr,
dentsch. osterr, Alpenver. (Vienna), XXII., 1891, 1-74.

*E. Briickner : ** Der Einfluss der Klimaschwankungen anf die Ernteertriige
nnd Getreidepreizse in Europa,” Geograph, Zeitschr., L., 1895, 39-51, 100-108.
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TABLE IV.
MILLIMETRES INTO INCHES.
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20882
30-276
30660
al-063
31457
31850
32244
32635
33031
33-423
33819
4213
34606
35000
35304







CONVERSION TABLES.

TABLE V.
METRES INTO FEET.

1 metre=30-3700 inches= 5280833 feet,

2 ]

470
490
500

Feet.
19-68
22+49

530
118-11
150022

183-73
216-53
24934
282:15
3 E L]
4777
350-58
41338
+46°19
47900

Feat. Feet.
13-12| 1640
4503 4921
7874 82-02
11155 114°83
144-36] 14764
17716 134}-4.-1]
20007 21325
24278| 24606
27550 27887
30840 31168
341-21| 34449
37401| 877
40682 410°10
43963
472-44] -

7 8

0

Feet.
2297
8677
8858

121 -39|
15420
18701
2]19-82
252-62
28543
31824
45105
A83-86
416-67
44947
48228

26-25

5905

9186
124-67
15748
190-29
223-10
25590
28871
32152
354-33
387-14
41995
45275
48556

305-25) 50853
53806
S7086
60367
63648
669-29
T02-10
73163 734-91
Th4-43 T6771
79724 80052
850-05 83533
862-86, 866 14
80567 89895
923-48| 03176
961-25 96456
99737
1030°18

577743
61023
64304
67585
70866
Td1 47
71428

T'u3|

50711
629-92

=]
]
“: -

-

66273
60554
T728°34
761-15
79306

8727

080551
93832
97113
1000-65{1003-03
1083-46(1036°74

51181
54462

839-89)|

51509
547 ")
580°71
61352
64632
670°13
711-94
74475
77706
810-37)
843°17|
87508
0905879
04160
97441

518-87
551°18
HR300
61680
64960
682741
71522
74803
78054/
81365/
84645,
870926,
91207
04488
97769
1007 22 1010-50
104002104330

106299
1089-24/1092-52 109580
0112533112861

1066-27|1069-55/
1099-08/1102-36
1131891113517

1158°13/1161 41 11647011 167 -08
1181-10{1184 381187 66119004 119422 1197 5001 200-78
1213-01(1217-19{1220-47|1223-75 1227 -03|1230-31{1233-59
1246-72(1250-00{1253 281256 -56]1 259 -84 1263 12| 1 26640
1279-52/1282 8112860 11‘339'37 1202-65{1205-93/1200-21 |

1345°14{1348-42{1351-70,1354-98/1355 26| 1361 -55(1364 83
1377-95/1381 -23|1384 511387 791391 07 1394 -35(1397 63
1410°76(1414-04) 1417 32 14206011423 881 1427 16143044
1443°57(1446°85(1450°13 145341 IMH'E!}EI#?EI'ET 146325
1476-87(1479°66(1452-04 148622 148050 1492781149606
1509°18|1512-46 1515'T4|151‘5!1}3h15'2‘3'31 1525-59'1528 87
1541°99(1545-27| 1548551551 -83|1555°11| 1558 4001561 68
1574 80{1578 08|L 58136 158464 1587 02 1591 2001594 48

1512-3311315°61 /131889132218 132546 132874133202,

107283 1076-11
110564 110902
113545114173
117126117454
120407120735
1236°871240°15
1269-68 1272 06
1302:49 130577
133530133558
1368°11{1371-39
140002 140420

146653 146081
1499-34/1502-62
153215153543
156496 156824
1597 77160105
1630571633 -85

Feet. Fect.

0 -53
H2-34
H5-14
12795
160-76
19357
*35-38
259-19
&01-09
324-580
357-61
a00-42
495-23
45604
48554
521-65
554-46
DET 27
62008
3280
(85-G9
71850
75131
T84°12
516-93
840-74
BR2-54
01535
045-16
08097
101378
104659
1079-39
111220
1145-01
117782
1210-63
1243 44

(127624

130905
134186
137467
1407 -48

143372 1437 0¥ 1440729

1473-09
1505-90
153871
1571-52
16G04-33
1637-14

1607 61(1610-89 151417i1m?*45 1620-7311624-01|1627 20
1640-42(1643-70/1646-98 1650°26/1653:54

165682 lﬁﬁ[l‘ll]':iﬁﬁﬁ'ﬁﬁllﬁﬁll'ﬁﬁ“ﬁﬂﬂ'ﬂé
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TABLE V.

METRES INTO FEET.
1 metre = 39-3700 inches = 3-280833 feet.

Metres.| ) 10 20

suim s0 | 6o | 70

Fant, Feet, Feot. Feet. Faat.

1738°8| 1771+6] 1804°5| 1837-3 1870°1
20669 2000°7| 2132-5 21653 2198
2305-00 2427-8] 24606 24934| 2526

27931 27550 27887 2821-5| 2854-
30512 30840 3116-8 31496 31824
3379-3 3412-1| 34449 34777 35105
3707+3| 3740°1| 37730 3805-8 38386
40354, 40682 4101°0{ 41338| 41667
43635 4306-3| 44291| 4461-9| 4494 7
4691°6] 4724-4| 47572 4700°0| 18228
50107 5052-5 5085-3 5118-1| 51509
5347°8| 53806 54134 54462 54790
56758 5708:6] 57415 57743 58071
60039 6036-7| 60695 G102-3| 61352
63320 63648 6397-6! 6430°4| 64632
66601 6602-00 67257 'Ei"aﬂ*ﬁ 67913
69852 T021-0] 7053
73163 7349-1] 73810

Faat. Feat. Feet,
500 | 16404 1673-2 17060
GO0 | 196G5-5 20013 2034-1
T00 | 22066 2320-4| 23622
S00 | 2624-7| 26575 2690°3
900 | 2052-7| 29856 30184
1000 | 3230°8| 33136 33464
1100 | 36089 3641°7] 36745
1200 | 3937-0 3969-8 40026
1300 | 4265-1 42970 4330°
1400 | 450932 4626-0 46588

1500 | 4921-2| 4054°1| 49869
1600 | 5249-3| 52582:1| 53149
1700 | 5577-4| 56102 5643
1800 | 50055 59383 59711
1900 | 6233-6) 6266-4 6299-2
2000 | 65617 65945 66273
2100 | GR8O-T| 692246 69554
2300 | 72178 7250-6) 7283
2300 | 75450 7578°7| T611-5| T644-3| T6TT-1| 77100
2400 | 7874-0{ THOG'8| 79396, T972°4, 5005-2| 80380
2500 | 8202-1| 8234 s}l 8267-7 8300°5| 8333-3| 8366°1
2600 | 85302 85363-0| 85058 86286 86614 86942
2700 | 8858-2| 8801-1| 89239/ 89GG-7) BI85 90223
2800 | 9186-3 9219-1! 92519 9284-8 0317-6! 93504
2900 | 9514-4| 9547-2| 95800 9612-8| 06456 96785
3000 | 9842-5 98753 00081 9940-9| 99737100065
3100 [10170°6 102034102362 10260-0/10301 8103346
3200 |10498-7 105315/ 10564-3 10507 1 106299106627
3300 |10826-7 10859610892 -4 10925-2/10058-0 109908
3400 [11154°8 11187 -6{11220-4 11253-3/11286-1/11318-9

2500 [11482-0(11515-7(11548°5/11581-311614-1{11647 -0
3600 |11811°0/11843-8/11876:6/11909°4/11942-2 119750112007 -8{12040°7/12073-5/12106 3
3700 [12139°1 121710012204 712237 -512270-3123031/12335-0(12368 7 12401 -5/12434°4
2300 (12467 2/12500°012582-8|12565-6{12508°4;12631 2/ 12664 0 12696-8/12729-
3000 |12795-212828°1/12860-9 128037 120265120593 12002-1/13024°9 13057 7]13090°5

4000 |13123-3(13156-1/13188-9 13221 813254 6 13287 +4/13320+2/133530 133858 134186
4100 13451 -4/13484-2(13517-0 13549813582 -6|13615°5(13648-3/13681°1/13713-0/13746°7
4200 13779-5/13812-3/13845°1 13877 -9/13910-7:13943- 13976+3/14009-
4300 |141076/14140-4{14173- 9 142060114235 8]1427 1 6/14304 414337
4400 144357 14468°514501 3 145341145669 14599°7)14632°5 146653

4500 [14763-714796°6 14829 -4 148622148050/ 14927 '8(14960°6(14993 4 150262 150590
4600 |15091 815124 E'lﬁl’i.r -4 15190-31152231115255 -0(15288-7|15321 5153543 15387 1
4700 |15419-9(15452-7 15485°5 15518-3|15551 115584 0156168 156496/16682-
4800 |15748-0(15780-8/15813°6 15846-4/15879-2{15012-0/15944-8{15977 7 160105 160433

4900 16076°1/16108-0]16141 -7 16174516207 -3{16240°1(16272-9/ 163057 163385 163714

5000 164042 16437 [I'llﬂ-'-lﬁﬂ 8 16502+ ﬁilﬁnﬂﬁ 4(16568-2) 16601

101050
104330
3107611
~4{11089-2
511417

Tenths of a metre, (-1 02 0-3 0-4 05 06 07T 08 . 09
Feet, - - _ 0328 0°656 0084 1-312 1640 1-968 2297 2625 2-953

1




CONVERSION TABLES.

TABLE VL
KILOMETRES INTO MILES,
1 kilometre =0-621370 mile.
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TAELE VL

KILOMETRES INTO MILES.
1 kilometre = 0-621370 mile.

Py | 1 2 3 4 5 6 T 8

Miles. | Miles, | Miles. | Miles. | Miles, | Milas, | Miles. | Miles. | Miles

450 | 279-6 | 280-2 | 2809 | 281+5 | 282-1 | 282°7 | 2833 | 2840 | 2846
460 | 285'8 | 2865 | 287-1 | 287-7 | 2883 | 288-9 | 2806 | 2002 | 2908
470 | 2920 | 292-7 | 203'3 | 293-9 | 204'5 | 2952 | 2058 | 2964 | 2070
480 | 2083 | 208-9 | 2995 | 300°1 | 3007 | 3014 | 3020 | 3026 | 3032
490 | 3045 | 305°1 | 3057 | 3063 | 3070 | 3076 | 3082 | 3088 | 3004

500 | 310°7 | 311-3 | 3119 | 312-56 | 3132 | 3138 | 314-4 | 3150 | 315°7
510 | 3169 | 317'5 | 3181 | 318-8 | 319+4 | 3200 | 3206 | 3212 | 3219
520 | 3231 | 3237 | 324°4 | 825-0 | 325°6 | 326-2 | 3268 | 3275 | 3281
530 | 329-3 | 320-0 | 3306 | 3312 | 3318 | 3324 | 3331 | 3337 | 3343
540 | 3355 | 3362 | 336°8 | 337-4 | 338-0 | 3386 | 3393 | 330D | 3405

550 | 841°8 | 342+4 | 3430 | 3436 | 3442 | 3449 | 3455 | 34671 | 3467

560 | 348-0 | 348°6 | 340-2 | 349-8 | 8505 | 351°1 | 3517 | 852'8 | 3520 | 353-6

70 | 3542 | 3548 | 355°4 | 3360 | 356-7 | 3673 | 3579 | 3585 | 3502 | 3508
580 | 3604 | 361-0 | 361-6 | 3623 | 3629 | 363-5 | 364-1 | 364'7 | 3654 | 366-0
590 | 366°6 | 367-2 | 3679 | 368-5 | 3691 | 369°7 | 370-3 | 3710 | 371 3722
600 | 3728 | 3734 | 3741 | 374°7 | 375-3 | 3759 | 3766 | 3772 | 377 3784
610 | 3790 | 370:7 | 3803 | 380-9 | 3815 | 382-1 | 382-8 | 3834 | 384 3846
620 | 385-2 | 385-0 | 4865 | 3871 | 8877 | 388+4 | 380-0 | 3896 | 390-2 | 3008
630 | 391-5 | 392-1 | 302-7 | 303-3 | 3039 | 346G | 3952 | 395°8 | 396°4 | 3971
640 | 307-7 | 398-3 | 398-9 | 3995 | 4002 | 400°8 | 401-4 | 402'0 | 4026 | 403°3
G50 | 4030 | 4045 | 4051 | 4058 | 4064 | 4070 | 4076 | 408-2 & 4089 | 4005
660 | 410°1 | 41077 | 411°3 | 412°0 | 4126 | 413-2 | 4138 | 4145 | 415°]1 | 415°7
G70 | 416-3 | 416-9 | 417°6 | 4182 | 418°8 | 419-4 | 4200 | 42007 | 421°3 | 4218
6RO | 4225 | 4232 | 423°8 | 4244 | 425°0 | 4256 | 426-3 | 4260 | 427-5 | 4281
600 | 4287 | 420-4 | 4300 | 430°6 | 431-2 | 431°D | 4325 | 433°1 | 4337 | 4343

T00 | 4350 | 435°6 | 4362 | 436°8 | 4374 | 438°1 | 438°7 | 439°3 | 4300 | 4406
TIO| 441°2 | 441°8 | 442-4 | 4430 | 443°7 | 4443 | 444°0 | 4455 | 446°1 | 4468
T20 | 4474 | 448°0 | 448°6G | 449°3 | 440°0 | 450°5 | 451°1 | 4517 | 4524 | 4530
T30 | 4536 | 4542 | 454°8 | 453°5 | 456°1 | 456°7 | 4573 | 457D | 458°6 | 4592
740 | 450°8 | 4604 | 461°1 | 461 7 | 462-3 | 462-0 | 4635 | 4642 | 4648 | 4654

750 | 46670 | 466°6 | 4673 | 467°0 | 468°5 | 469°1 | 460°8 | 4704 | 4710 | 4716
760 | 4722 | 4720 | 4735 | 47471 | 474°7 | 4753 | 476°0 | 476°6 | 4772 | 477°8
T70 | 4785 | 479°1 | 4797 | 4803 | 480°9 | 481°6 | 4822 | 482'8 | 4834 | 4840
T80 | 484°7 | 4853 | 4850 | 486-5 | 4872 | 4878 | 4884 | 480°0 | 489 E 490-3
TOO | 490°9 | 491-5 | 492-1 | 4927 | 4934 3 5 :

4940
800 | 497°1 | 497-7 | 498-3 | 490-0 | 4996 | 5002
810 | 5033 | 5039 | H04-6 | 5052 | 5058 | H06-4 70 | 5077 | 508-3 | 5089
H . "
]
1

820 | 5095 | 510-1 | 510°8 | 511-4 | 5120 | 51
830 | 515°7 | 516°4 | 517°0 | 5176 | 518-2 | 518
840 | 522-0 | 522-6 | 523-2 | 523-8 | 5244 | 525

850 | 528-2 | 5288 | 5204 | 5300 | 5306 | 5313
860 | 5344 | 5350 | 5356 | H36

870 | 5406 | 541-2 | H41-8 | 5424
880 | 546°8 | 5474 | 5480 | 548-
890 | 5530 | 5536 | 5543 | 554
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INDEX.

Bort (L. T. de), range of temperature in
free air, 275. g
— winds of Spain and Portugal, 166.
Brandenburg (F. H.), dry periods at
Bra Dmffi?f ds
vais ouds on mountains, 338,
Briickner (E.), oscillations of climate,
4005-412,
= price of grain and climatic cycles, 411.
Burl:ga.na- effect of mountains on rainfall,

Bunsen (R.) and Roscoe (H. E.), chemieal
effects of sunlight, 112, 114, 116-117,
235-236.

Buj!tﬂ-jinliut, temperatures of meridians,

C
Carbon dioxide, 75-76.
Carpathians as climatic divides, 369.
Chamberlin (T. C.), caunses of glacial
periods, 399,
Chemical climatic zones, 117.
—E%ﬂ;ﬂtﬂ of sanlight, 114, 116-117, 235-
inook winds, 359-362,

ty tem tures, 29-32,
Clayton (H. H.), rainfall, commerce and
polities, 59.

— temperature in anticyclone, 257.

— — ranges in free air,

Climate, changes, canses of, 379-401.

— — evidence of, 375-379. :

logical, 375.400.

— — secular, 376-379, 401-403.

— definition of, 3.

— distinguished from weather, 1.

— effect of cold water near shore, 185-187.

— influence of ocean currents, 181-187.

— — — forests, 192-197.

— mountain, 222242,

— — and vegetation, 327.

— of Davos,

— oscillations of, 408-411,

— periodic variations of, 404-412,

-— physical, 128-129,

— golar, definition of, 91-92,

— — of Montpellier and Kiev, 108-199,

— — of Pawlowsk, 109. .

— — gr mathematical, 91-127.

C’!im;gt?, continental and marine, 130-

— marine, of hemispheres, 214-215.

Climatic barriers, mountains as, 366-374.

— contrasts of eastern and western
aoasts, 171-175.

— elements, 2, 4.

— zones, 26.

— — on mountains, 323-327.

— — Ptolemy’s, 92-93.

— — thermal, optical and chemical, 117.

431

Climatology, distinguished from meteor-

ology, 2.
— meaning, aims, and methods, 1-5.
Clondiness, 63-64.
— along parallels of latitude, 216-218.
— effect of mountains on, 366-367.
— on mountains, 291-295, 337-343.
— over continents, 152-153.
Cloud banners and rings, 298,
Clouds, effect on temperature, 135.137.
— over islands, 298,
Colours of the sky, 120,
Composition of the atmosphere, 74-83.
Enﬂn'_; 'i:.l-:t-:'on. effect on air temperature,
Connolly (J. L. 5.), temperature ranges,
12, 140
Continental and marine climates, 130-22],
— — — and crops, 141.
— winds, 163-165, 166-171.
{L‘untgtimnmlit}f, Zenker’s measure of, 215-
BI'
Conversion tables, 415-427.
Dnnggg (W. M.), mountain sickness,

Croll ég ), cause of glacial periods, 387-

Croll’s theory, objections to, 390-394.

Crops, influence of climate, 141.

Crova’s observations of solar radiation,
105-106, 109,

Culverwell (E. P.), glacial periods, 396.

Cuartis (G. E.), wind breaks, 196,

Cyelones, sunspots and, 407,

Cyclonic wind systems, 165-166.

D
Darwin (G. H.), Ball's theory of glacial
periods, 395-396,
— change in position of earth’s axis, 399,
Davis (W. M.), clouds over islands, 298,
— Croll's theory, 392.
— displacement of pole, 400.
— inversions of temperature, 265.
— sea breeze in New England, 157.
- t{:‘?%gmphi-:ﬂl records of past climates,
w

Davos, climate of, 38,

Diaylight, ehemical intensity of, 116-117.
— measurement of, 113,

De l‘.ﬂlséudﬂlle {A.), eritical temperatures,

Denver, dry periods at, 62.

De %eﬁtée (C.), wind roses for Norway,
Deville (St. C.), sivocco, 363,

Dew, 64-65.

— point, 49.

— protection of vegetation, 65-66.
Diener (C.), snow-line in Himalayas, 319,
Diurnal variation of wind velocity, 160.
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Dove (H. W.), climatic influence of Alps,
368

— distribution of temperature, 199,

— ranges of temperature, 16.

Drude (0.), phenclogical observations,
8485,

Dubois (E.), theory of, 380-381.

Dufour (H.), effect of colour on tempera-
ture, 42,

— reflected heat, 40.

Dufour (L.), change of climate, 402.

Dust, 76-78.

E
Earth, mean temperatures, 201-202.
Ebermayer (E.), forest air, 76.
Eecentricity of earth’s orbit, changes,
383-384.
Eeliptic, changes in obliguity, 381.
Egli-Sinclair (Dr.), mountain sickness,
, 229,
Electricity, atmospherie, 82.
Elster (J.), solar radiation, 234.
Engadine, valley wind in, 335.
Equinoxes, precession of, 384-356.
Erk (F.), foehn, 354.
Evaporation, 72-73.
— at equator, 131.
— effect on heating of water, 130.
— on mountains, 290-291,
— over continents, 151-152.
— relation of pressure to, 71-72.
Exposure and surface temperatures,
238.

F

Fécamp, solar radiation at, 114,

Ferrel (W.), pressures along latitude
lines, 216,

Fischbach (K. von), hoar frost on trees,
196.

Fischer (H.), limit of snowfall, 513-314.

Fitzs:gjald (E. A.), mountain sickness,
B

Fitzgerald (G. F.), temperatures in Lough
erg, 131.

Flammarion (C.), coloured light and
plants, 36.

Fleischer (Dr.), sultry air, 52.

Foehn, 344-359.

Fog, 64.

— deposits, analyses of, 77-78.

— London, 78.

Forbes (J. 1).), terrestrial temperatures,
198, 205, 219-221,

Forel (A.), lake breeze, 161.

Foreats, influence on climate, 192-197.

— — on humidity, 193.

— — on rainfall, 194-196.

— — on temperature, 192,

— protection against winds, 106.
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Fournet (J.), mountain and valley winds,
328.-320 ;

Frankland (E.), climate of Davos, 38.

— reflected heat, 41.

— temperatures in sun and shade, 232,

Fraser (W. H.), rainfall and wﬁmﬁ in
California, 58-59.

Frequency of days with certain amount
of rainfall, 61. i

— — different wind directions, 69. '

Fritzsch (M. ), elimatic zones in Alps, 326,

Fl‘ﬂﬂtr, E‘T, ﬂﬁ‘ﬂﬂr

— data relating to, 28.

G
Geitel (H.), solar radiation, 234.
Gilbert (G, K.), Lake Bonneville, 377.
— Great Salt Lake, 370.
Glaciers, lower limits of, 322-323.
— variations in Swiss, 411.
— winds from, 334-335.
Great Salt Lake, 378.
Gl‘ﬁﬂ‘lf (A, W.), dry heat of western
nited States, 45,
Greenland, foehn winds in, 356.
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